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FOREWORD 

ADVANCES IN CHEMISTRY SERIES was f o u n d e d in 1949 b y the 

A m e r i c a n C h e m i c a l Society as an outlet for sympos ia a n d 
col lections of data in spec ia l areas of t op i ca l interest that c o u l d 
not be accommodated in the Society's journals . I t prov ides a 
m e d i u m for symposia that w o u l d otherwise be f ragmented , 
the ir papers d i s t r ibuted among several journals or not p u b 
l i shed at all. Papers are r e v i e w e d c r i t i ca l l y a c cord ing to A C S 
ed i to r ia l standards a n d receive the care fu l attention a n d proc 
essing character ist ic of ACS publ i cat ions . V o l u m e s in the 
ADVANCES IN CHEMISTRY SERIES m a i n t a i n the integr i ty of the 

symposia o n which they are based; however , v e r b a t i m repro 
duct ions of prev ious ly p u b l i s h e d papers are not accepted. 
Papers m a y include reports of research as well as reviews since 
symposia m a y embrace b o t h types of presentation. 
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PREFACE 

M O S T B O O K S P U B L I S H E D U N D E R T H E T I T L E " W O O D C H E M I S T R Y " COuld 

m o r e a p p r o p r i a t e l y b e t i t l e d " T h e C h e m i s t r y o f W o o d C o m p o n e n t s " 
b e c a u s e t h e y d e a l m a i n l y w i t h t h e c h e m i s t r y o f c e l l u l o s e , h e m i c e l -
l u l o s e s , l i g n i n , e x t r a c t i v e s , b a r k , a n d p u l p i n g . U n d e r s t a n d i n g t h e 
c h e m i s t r y o f t h e c o m p o n e n t s is e s s e n t i a l , b u t w e use t h e t o ta l c o m 
p o s i t e as a m a t e r i a l . T h e t i t l e o f th i s b o o k m a y s e e m s o m e w h a t r e 
d u n d a n t , b u t i t was c h o s e n to m a k e t h e p o i n t that th i s text c o n c e n 
trates o n t h e c h e m i s t r y o f s o l i d w o o d a n d dea ls w i t h c o m p o n e n t 
c h e m i s t r y o n l y to t h e e x t e n t n e c e s s a r y to e x p l a i n the c o m p o s i t e . 

U n t i l t h e 1920s, w o o d c h e m i s t r y was a s i gn i f i cant s c i ent i f i c d i s c i 
p l i n e . T h e a d v e n t o f p e t r o l e u m c h e m i s t r y took w o o d c h e m i s t r y o u t 
o f t h e l i m e l i g h t . O v e r t h e past 20 years , t h e s teady d e c l i n e o f t r a i n e d 
p e o p l e i n c a r b o h y d r a t e , l i g n i n e x t r a c t i v e s , a n d w o o d c h e m i s t r y has 
r e d u c e d d r a s t i c a l l y t h e a v a i l a b l e w o r k force , a n d these w o r k e r s are 
s c a t t e r e d a r o u n d t h e w o r l d . T h e " e a s y " w o o d c h e m i s t r y q u e s t i o n s 
h a v e b e e n a n s w e r e d ; t h e m o r e d i f f i c u l t ones w i l l r e q u i r e a w e l l -
d i r e c t e d , c o o p e r a t i v e r e s e a r c h effort. W e m a y no t b e a b l e to a n s w e r 
t h e d i f f i c u l t q u e s t i o n s , b u t t h r o u g h m u l t i d i s c i p l i n a r y r e s e a r c h w e 
w i l l , at least , b e a b l e to ask m o r e i n t e l l i g e n t ones . 

T h e r e a l m o s t s e e m s to b e a s t i g m a assoc ia ted w i t h w o o d c h e m i s t r y . 
S o m e m e m b e r s o f t h e s c i e n t i f i c c o m m u n i t y f e e l that b e c a u s e w o o d 
has b e e n u s e d for so l o n g , w e m u s t s u r e l y k n o w a l l t h e r e is to k n o w 
a b o u t i t . A n d b e s i d e s , i t is s u c h a v a r i a b l e m a t e r i a l w i t h i n c o n s i s t e n t 
p r o p e r t i e s that i t does not r e q u i r e a h i g h l e v e l o f s o p h i s t i c a t i o n i n its 
r e s e a r c h a p p r o a c h . U s i n g a m a t e r i a l a n d u n d e r s t a n d i n g i t are a w o r l d 
apar t ! W o o d w i l l n e v e r r e a c h its h i g h e s t use p o t e n t i a l u n t i l w e f u l l y 
d e s c r i b e i t , u n d e r s t a n d t h e m e c h a n i s m s that c o n t r o l its p r o p e r t i e s , 
a n d , finally, are a b l e to m a n i p u l a t e those p r o p e r t i e s to su i t o u r n e e d s . 
B e c a u s e t h e p r o p e r t i e s o f w o o d are t h e r e s u l t s o f t h e c h e m i s t r y o f 
w o o d , th i s m a n i p u l a t i o n is p o s s i b l e o n l y t h r o u g h w o o d c h e m i s t r y 
r e s e a r c h . 

P e r h a p s w h a t is n e e d e d is a l i t t l e m o d e r n " h y p e . " I n s t e a d o f c a l l i n g 
th is b o o k " T h e C h e m i s t r y o f S o l i d W o o d , " the t i t l e " T h e C h e m i s t r y 
o f T h r e e - D i m e n s i o n a l B i o p o l y m e r C o m p o s i t e s " m i g h t at tract m o r e 
a t t e n t i o n . T h i s a p p r o a c h c o u l d b r i n g n e w p e o p l e i n t o a " n e w " s c i e n c e 
a n d r e v e r s e t h e d e c l i n e i n t h e n u m b e r o f t r a i n e d w o o d c h e m i s t s . A t 
a n y r a t e , t h e t i m e is r i g h t for a r e n e w e d c o n s i d e r a t i o n o f th i s s c i e n c e 
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w i t h n a t i o n a l a n d i n t e r n a t i o n a l a t t e n t i o n focused o n r e n e w a b l e r e 
sources . W o o d w i l l r e c e i v e a f r e s h l o o k b y s c i ent i s t s , p o l i t i c i a n s , a n d 
e c o n o m i s t s b e c a u s e o f i ts u n i q u e p r o p e r t i e s , aes thet i c s , l o w cost , l o w 
c o n v e r s i o n e n e r g y , a b u n d a n c e , a v a i l a b i l i t y , a n d r e n e w a b i l i t y . T h e 
large a t t e n d a n c e at t h e S e a t t l e shor t c o u r s e f r o m w h i c h th i s b o o k was 
d e r i v e d i n d i c a t e s a m o r e a c t i v e f u t u r e for w o o d c h e m i s t r y r e s e a r c h . 

T h i s b o o k is a r e s u l t o f m a n y h o u r s o f effort b y m a n y p e o p l e . I 
t h a n k a l l o f t h e m for t h e i r t i m e a n d c o n c e r n for th is pro j e c t . I w o u l d 
e s p e c i a l l y l i k e to t h a n k m y w i f e , J u d y , for h e r efforts as t h e s e c r e t a r y 
to t h e s h o r t c o u r s e a n d to K a t h y W a l k e r w h o has b e e n t h e s e c r e t a r y 
for th i s b o o k . 

T h e b o o k is d e d i c a t e d to a l l past , p r e s e n t , a n d f u t u r e s c i ent i s t s 
w h o p r o u d l y c o n s i d e r t h e m s e l v e s w o o d c h e m i s t s . 

ROGER M. ROWELL 
U.S. D e p a r t m e n t o f Agriculture  
Madison, WI 5 3 7 0 5 

A u g u s t 1983 
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1 
Formation and Structure of Wood 

RUSSELL A. PARHAM and RICHARD L. GRAY 
ITT Rayonier, Inc., Shelton, W A 98584 

Wood—a natural, cellular, composite material of bo
tanical origin—possesses unique structural and chem
ical characteristics that render it desirable for a broad 
variety of end uses. The level of suitability for a given 
end use (i.e., wood quality) is frequently determined by 
the wood's response to imposed physical and chemical 
treatments. However, in addition to these criteria, wood 
quality is also often based on the behavior of wood when 
subjected to the natural forces of the environment (e.g., 
weather, fire, and decay). All of these performance cri
teria are related either directly or indirectly to wood 
chemistry together with the wood's organizational ar
chitecture at the macroscopic and microscopic levels. 
This chapter reviews both of these structural domains, 
the development of wood characteristics in a growing 
tree, and why these characteristics can govern the be
havior of wood under various treatment regimes. Em
phasis is also given to the potential sources of wood 
variability, including wood type (softwood or hard
wood), tree genus or species, and the variability present 
even within a single tree. 

Wood Sources 

B o t a n i c a l O r i g i n . W o o d is a n a t u r a l m a t e r i a l f a m i l i a r i n at least 
s o m e w a y to e v e r y o n e . W o o d is o b t a i n e d f r o m t w o b r o a d ca tegor ies 
o f p l a n t s k n o w n c o m m e r c i a l l y as softwoods a n d hardwoods. T h e s e 
g e n e r a l n a m e s c a n n o t b e u s e d u n i v e r s a l l y to r e f e r to t h e a c t u a l p h y s 
i c a l h a r d n e s s o r d e n s i t y o f a l l w o o d s b e c a u s e s o m e so f twoods are q u i t e 
h a r d (e .g . , D o u g l a s - f i r a n d s o u t h e r n y e l l o w p ines ) a n d s o m e h a r d 
w o o d s are soft (e .g . , y e l l o w b u c k e y e , a s p e n , a n d c o t t o n w o o d ) . N e v 
e r t h e l e s s , t h e n a m e s d o a c c u r a t e l y a p p l y to m a n y w o o d s w i t h i n these 
t w o ca tegor ies a n d t h u s c a n b e u s e d as p r a c t i c a l d e s i g n a t i o n s for t h e 
t w o g e n e r a l c lasses o f c o m m e r c i a l t i m b e r s . 

F r o m a m o r e s c i e n t i f i c p e r s p e c t i v e , so f twoods are t r ee spec ies 

0065-2393/84/0207-0003/$ 15.50/0 
© 1984 American Chemical Society 
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4 T H E CHEMISTRY OF SOLID WOOD 

o f a class o f p l a n t s c a l l e d gymnosperms (seeds are b o r n e n a k e d ) , a n d 
h a r d w o o d s are w o o d y , d i c o t y l e d e n o u s ( two s e e d leaves) angiosperme 
(seeds are b o r n e i n a f r u i t s t r u c t u r e ) (see S c h e m e I). T h e so f twoods 
are also r e f e r r e d to as conifers b e c a u s e m a n y p r o d u c e s e e d cones , 
p o l l e n c ones , o r b o t h . T h e con i f e rs h a v e n e e d l e l i k e (e .g . , p i n e ) o r 
s c a l e l i k e (e .g . , cedar ) l eaves a n d a p p e a r to b e e v e r g r e e n i n that t h e y 
r e t a i n n e w l eaves for u p to s e v e r a l years ( w i t h t h e e x c e p t i o n o f l a r c h e s 
a n d b a l d c y p r e s s ) . 

H a r d w o o d s h a v e l eaves that are g e n e r a l l y b r o a d o r b l a d e l i k e , 
a n d m o s t c o m m e r c i a l s p e c i e s — a t least i n t e m p e r a t e c l i m a t e s — a r e 
d e c i d u o u s , w h i c h m e a n s t h e y c o m m o n l y s h e d t h e i r l eaves e a c h fa l l 
at t h e e n d o f t h e t ree ' s g r o w i n g season . 

T h e s e l e c t i o n o f a p a r t i c u l a r t r e e spec ies for v a r i o u s e n d uses i s , 
i n m o s t cases, b a s e d o n t h e p h y s i c a l a n d c h e m i c a l c h a r a c t e r i s t i c s o f 
the w o o d . H o w e v e r , i n m a n y s i tua t i ons p r o x i m i t y to the w o o d s o u r c e 
a n d t o t a l w o o d p r o c u r e m e n t cost c a n s i g n i f i c a n t l y affect spec ies se 
l e c t i o n . 

A c o m p r e h e n s i v e l i s t i n g o f c o m m e r c i a l so f twoods a n d h a r d w o o d s 
i n c l u d i n g d o m e s t i c a n d f o r e i g n s p e c i e s , a n d t h e i r s c i e n t i f i c (or L a t i n ) 
n a m e s , is p r e s e n t e d i n C h a p t e r 2. 

T e c h n i c a l N a t u r e . W o o d is a c o m p l e x p l a n t t i s sue c o m p o s e d 
o f s e v e r a l d i s t i n c t t y p e s o f c e l l s . I n t h e t rees d i s c u s s e d i n th is text , 
w o o d is eas i l y r e c o g n i z e d as that t i s sue l o c a t e d to t h e i n s i d e o f the 
t ree b a r k a n d f o r m i n g t h e i n t e r i o r b u l k o f a l l m a j o r s t ems , b r a n c h e s , 
a n d roots . T e c h n i c a l l y , w o o d is t h e m a i n c o n d u c t i v e a n d m e c h a n i c a l 
(or s u p p o r t i v e ) t i s sue o f t h e t r e e , a n d is l a r g e l y r e s p o n s i b l e for t h e 
u p w a r d t r a n s l o c a t i o n o f w a t e r a n d d i s s o l v e d m i n e r a l s f r o m t h e roo t 
s y s t e m to t h e a c t i v e t r e e c r o w n (buds a n d f u n c t i o n i n g leaves) (J). T h e 
h i s t o l o g i c a l a n d c e l l u l a r s t r u c t u r e o f w o o d a n d h o w i t serves c o n d u c 
t i v e , m e c h a n i c a l , a n d s torage f u n c t i o n s i n the t r ee w i l l b e d e a l t w i t h 
l a t e r i n th i s c h a p t e r . 

I n t h e i r f u l l y m a t u r e state , t h e vast m a j o r i t y o f w o o d ce l l s are 
d e a d a n d h o l l o w , a n d t h e r e s u l t i n g t i s s u e — k n o w n t e c h n i c a l l y as sec 
o n d a r y x y l e m — i s c o m p o s e d e s s e n t i a l l y o f o n l y c e l l w a l l s a n d v o i d s , 
the v o i d s b e i n g t h e h o l l o w i n t e r i o r s o f t h e ce l l s (or l u m e n s ) ( F i g u r e 
1). I n so f twoods , t h e c e l l s m a k i n g u p 9 0 - 9 5 % o f t h e w o o d v o l u m e 
are fibrous i n f o r m ( m o r p h o l o g y ) a n d are t h u s t e r m e d fibers. H a r d 
w o o d s , o n t h e o t h e r h a n d , a re c o m p o s e d l a r g e l y o f fibers a n d m u c h 
w i d e r ce l l s c a l l e d vessel elements. T h e v e s s e l e l e m e n t s are j o i n e d 
e n d - w i s e to f o r m t u b e s o r vesse l s a l o n g t h e s t e m , b r a n c h , o r roo t 
axis a n d are s e e n as pores o n t h e w o o d cross s e c t i o n ( F i g u r e 1). 
A m o n g v a r i o u s h a r d w o o d s , fiber v o l u m e w i l l v a r y o v e r a w i d e r a n g e 
b u t averages a b o u t 5 0 % for c o m m e r c i a l spec ies (2). B o t h so f twoods 
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1. PARHAM A N D GRAY Formation and Structure of Wood 5 
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Scheme I. Botanical origin of commercial woods. 
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6 T H E CHEMISTRY OF SOLID WOOD 

Figure 1. Commercial timber is obtained from angiosperme (hardwoods) 
or from gumnosperms (softwoods). The wood tissue is made up hrgely of 
dead, hollow plant cells that are arranged to form a composite material 

of substantial void volume. 

a n d h a r d w o o d s c o n t a i n v a r i o u s o t h e r n o n f l b e r ce l l s w h i c h w i l l b e 
g i v e n a p p r o p r i a t e a t t e n t i o n i n t h e " W o o d A n a t o m y " s e c t i o n . 

F r o m a c h e m i c a l p e r s p e c t i v e , w o o d t i s sue ( i n c l u d i n g ce l l s a n d 
i n t e r c e l l u l a r substance ) is a c o m p o s i t e m a t e r i a l c o n s t r u c t e d f r o m a 
v a r i e t y o f o r g a n i c p o l y m e r s — m o l e c u l e s that are m a d e o f m a n y r e 
p e a t i n g s u b u n i t s o r m o n o m e r s . T h e bas i c s t r u c t u r a l o r s k e l e t a l m a -
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1. PARHAM A N D GRAY Formation and Structure of Wood 7 

t e r i a l o f a l l w o o d c e l l w a l l s is c e l l u l o s e , a l o n g - c h a i n , l i n e a r sugar 
m o l e c u l e o r p o l y s a c c h a r i d e (and c a r b o h y d r a t e ) c o m p o s e d o f g lucose 
m o n o m e r s . G l u c o s e is a h e x o s e o r s i x - c a r b o n r i n g sugar, a n d as a 
c e l l u l o s e p o l y m e r i t a c c o u n t s for a b o u t 4 0 - 4 5 % o f t h e d r y w e i g h t o f 
n o r m a l w o o d t i s sue (3). 

S e r v i n g as a m a t r i x s u b s t a n c e for t h e c e l l u l o s e s u p e r s t r u c t u r e 
are o t h e r , l o w e r m o l e c u l a r w e i g h t p o l y s a c c h a r i d e s that c o n t a i n shor t 
s ide c h a i n s . T h e s e c a r b o h y d r a t e s r e p r e s e n t m o s t l y c o m b i n a t i o n s o f 
v a r i o u s f i v e - c a r b o n s u g a r s ( x y l o s e a n d a r a b i n o s e ) a n d s i x - c a r b o n 
sugars (g lucose , m a n n o s e , a n d galactose) . T h e y are d i f f e r e n t i n sev 
e r a l r e spec t s f r o m c e l l u l o s e ( m a i n l y i n c o n f o r m a t i o n a n d m o l e c u l a r 
w e i g h t ) , b u t t h e y are s i m i l a r e n o u g h i n f o r m to w a r r a n t the n a m e 
hemicelluloses. 

T h e t h i r d m a j o r c o n s t i t u e n t o f w o o d c h e m i s t r y is lignin, a t h r e e -
d i m e n s i o n a l , h i g h l y b r a n c h e d , a n d p o l y p h e n o l i c m o l e c u l e o f c o m p l e x 
s t r u c t u r e a n d h i g h m o l e c u l a r w e i g h t . L i g n i n is f r e q u e n t l y c o m p a r e d 
to a n i n c r u s t a n t s u b s t a n c e b e c a u s e i t en joys a n e s s e n t i a l l y u b i q u i t o u s 
d i s t r i b u t i o n i n f u l l y m a t u r e w o o d t i s sue . It p e r m e a t e s b o t h c e l l w a l l s 
a n d i n t e r c e l l u l a r r e g i o n s , o r middle lamella, a n d r e n d e r s w o o d a h a r d , 
r i g i d m a t e r i a l a b l e to w i t h s t a n d c o n s i d e r a b l e m e c h a n i c a l stress . T h e 
m i d d l e l a m e l l a r e g i o n ( F i g u r e 2, A a n d B) is a b o u t 7 0 - 8 0 % (or m o r e ) 
l i g n i n b y w e i g h t a n d is t h e c e m e n t i n g m a t e r i a l that h e l p s b i n d a l l 
w o o d ce l l s t oge ther . A l t h o u g h t h e m i d d l e l a m e l l a r e g i o n has a v e r y 
h i g h l i g n i n c o n t e n t , b e c a u s e t h e c e l l w a l l s are also l i g n i f i e d a n d oc 
c u p y m o s t o f t h e w o o d s s o l i d v o l u m e , a b o u t 7 0 % o r m o r e o f the t o t a l 
w o o d l i g n i n is l o c a t e d i n t h e c e l l w a l l s t h e m s e l v e s (4, 5) ( F i g u r e 2 C ) . 

T h e w o o d c e l l w a l l p o l y s a c c h a r i d e s — c e l l u l o s e a n d t h e h e m i 
c e l l u l o s e s — h a v e a s t r o n g a f f in i ty for w a t e r m o l e c u l e s i n e i t h e r t h e i r 
l i q u i d o r v a p o r state . L i g n i n , o n t h e o t h e r h a n d , is a l m o s t w a t e r 
r e p e l l i n g . I n fact, w i t h i n t h e w o o d ' s i n t e r n a l a r c h i t e c t u r e o r u l t r a -
s t r u c t u r e (see l a t e r sect ions) l i g n i n acts to b l o c k p o t e n t i a l sites for 
w a t e r a b s o r p t i o n . 

It f o l l ows that t h e g a i n o r loss o f w a t e r o r o t h e r l i q u i d s o r v a p o r s 
i n t o o r o u t o f w o o d t i s sue c a n b e i n f l u e n c e d g r e a t l y b y t h e n a t u r e , 
a m o u n t , a n d d i s t r i b u t i o n o f w o o d p o l y s a c c h a r i d e s . A s w i l l b e d i s 
c u s s e d i n C h a p t e r 3, these s a m e s o r p t i o n p h e n o m e n a ( i . e . , a d s o r p 
t i o n a n d d e s o r p t i o n ) , t o g e t h e r w i t h t h e a r c h i t e c t u r a l a r r a n g e m e n t o f 
w o o d ce l l s i n t h e t r e e , are r e s p o n s i b l e for p a r t i c u l a r p a t t e r n s i n w o o d 
s w e l l i n g a n d s h r i n k a g e w h e n w o o d is s u b j e c t e d to v a r i o u s e n v i r o n 
m e n t s . T h e a r r a n g e m e n t o f p o l y s a c c h a r i d e m o l e c u l e s w i t h i n t h e c e l l 
w a l l i tse l f , e s p e c i a l l y that o f t h e c e l l u l o s e , also has a p r o f o u n d effect 
o n t h e p h y s i c a l a n d m e c h a n i c a l p r o p e r t i e s o f i n d i v i d u a l c e l l s a n d 
w o o d as a w h o l e . 
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1. PARHAM A N D GRAY Formation and Structure of Wood 9 

Wood Formation in Trees 

M e r i s t e m s . T h e f o r m a t i o n o f w o o d i n trees is a n i n t e g r a l aspect 
o f t o ta l t r ee g r o w t h a n d i n c l u d e s no t o n l y increases i n t h e d i a m e t e r s 
o f t h e s t e m , b r a n c h e s , a n d roots , b u t also t h e e l o n g a t i o n o f these 
m a j o r t r ee par t s . A l l o f th i s v i s i b l e o r m a c r o s c o p i c g r o w t h is t h e r e s u l t 
o f a c t i v i t y b y s p e c i a l c e l l z o n e s c a l l e d meristems, d e r i v e d f r o m t h e 
G r e e k , m e r i s t o s , m e a n i n g d i v i s i b l e ( i ) . T h u s , m e r i s t e m a t i c ce l l s are 
those i n t h e t r e e that r e t a i n a c o n t i n u e d a b i l i t y to d i v i d e , e v e n t u a l l y 
p r o d u c i n g m a n y ce l l s ( d e r i v a t i v e s o r d a u g h t e r cel ls ) o f a g i v e n t y p e 
(e .g . , w o o d a n d b a r k ) f r o m o n l y o n e c e l l . T h e l a t t e r c e l l is c a l l e d a n 
initial a n d r e m a i n s i n t h e m e r i s t e m . 

D e v e l o p i n g t rees c o n t a i n t w o m a j o r t y p e s o f m e r i s t e m s : (1) t e r 
m i n a l o r a p i c a l m e r i s t e m s a n d (2) l a t e r a l m e r i s t e m s . Apical meristems 
are l o c a t e d at t h e t ips o f a l l s t e m s a n d b r a n c h e s (bo th t e r m e d shoots) 
w h e r e t h e y are c o n t a i n e d w i t h i n t e r m i n a l b u d s ; t h e y are also l o c a t e d 
w i t h i n t h e t i p r e g i o n s o f a l l r oo ts . I n the t i p r e g i o n s , t h e m e r i s t e m a t i c 
z o n e is u s u a l l y p r o t e c t e d b y a n o t h e r z o n e o f c e l l s c a l l e d t h e root cap. 
R o o t h a i r s , o r m i c r o s c o p i c r oo t s , h a v e n o a p i c a l m e r i s t e m s , b u t t h e s e 
m i n u t e s t r u c t u r e s a re l a t e r a l p r o j e c t i o n s o f roots that d o h a v e a p i c a l 
m e r i s t e m s . 

I n v e r y y o u n g t rees o r s e e d l i n g s , a p i c a l m e r i s t e m s are r e s p o n 
s i b l e f o r e s s e n t i a l l y a l l s h o o t a n d r o o t g r o w t h — c a l l e d p r i m a r y 
g r o w t h . D u r i n g t h e f i rs t y e a r o f s e e d l i n g g r o w t h , a l a t e r a l m e r i s t e m 
is i n i t i a t e d t h r o u g h o u t m o s t o f t h e m a i n shoots a n d roots . T h i s l a t e r a l 
m e r i s t e m — t h e vascular cambium—is r e s p o n s i b l e for t h e m a n u f a c 
t u r e o f a l l i n i t i a l a n d s u b s e q u e n t w o o d t i s sue . T h e c a m b i u m is a t h i n , 
c i r c u m f e r e n t i a l s h e a t h o f c e l l s t h a t p r o d u c e s w o o d o r s e c o n d a r y 
x y l e m to t h e i n s i d e ( i . e . , t o w a r d t h e t r e e c e n t e r ) a n d phloem o r i n n e r 
b a r k t i s sue to t h e o u t s i d e ( F i g u r e 3 A ) . 

E v e n i n its f i rs t f e w m o n t h s o f g r o w t h , a s e e d l i n g a l r e a d y has 
w e l l - d e v e l o p e d t i ssues that f u n c t i o n i n t r a n s l o c a t i o n a n d p h y s i c a l s u p 
p o r t . T h e s e e a r l y b u t c r i t i c a l l y i m p o r t a n t t issues a re c a l l e d primary 
xylem a n d primary phloem a n d are p r o d u c e d b y d e r i v a t i v e s o f a p i c a l 
m e r i s t e m s ; t h e y a re l o n g i t u d i n a l l y a r r a n g e d i n t o t i s sue zones c a l l e d 
vascular bundles ( J , 2). T h e s e s t r u c t u r e s are t h e o n l y c i r c u l a t o r y 

Figure 2. The technical nature of wood tissue. (A) Scanning electron mi
crograph (SEM) of the surface of a softwood resulting from a cut directed 
perpendicular to the tree axis. This view is known technically as the trans
verse or cross-sectional plane. (B) Schematic showing the Location of the 
major constituents of wood chemistry. (C) Transmission electron micro
graph (TEM) of the transverse section of a white spruce wood lignin 
skeleton that was prepared by removing cellulose and nemicelluloses with 
hydrofluoric acid. Key: L, lumen; W, wall; and ML, middle lamella. (Re
produced with permission from Ref. 38. Copyright 1974, Forest Products 

Research Society.) 
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10 T H E CHEMISTRY O F SOLID WOOD 

Figure 3A. The location and manufacture of wood cells in an oak tree 
cross section illustrating various tissue systems. (Reproduced from Ref. 

39. Copyright 1982, American Chemical Society.) 

Figure 3B. Light micrograph of the location and manufacture of wood 
cells in the cross section of a young pine (softwood) stem. The cambial 
zone (CZ) produces phloem or inner bark cells to the outside and wood 

cells to the inside. 
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1. PARHAM A N D GRAY Formation and Structure of Wood 11 

t issues i n t h e t r e e u n t i l t h e y are c o m p l e m e n t e d i n o l d e r t r e e par ts 
b y secondary xylem a n d secondary phloem f r o m the v a s c u l a r c a m 
b i u m . W h e t h e r p r i m a r y o r s e c o n d a r y i n o r i g i n , x y l e m f u n c t i o n s 
l a r g e l y i n u p w a r d c o n d u c t i o n a n d m e c h a n i c a l s u p p o r t , a n d p h l o e m 
acts as a c o n d u i t for d o w n w a r d m o v e m e n t o f p h o t o s y n t h a t e s ( m a n 
u f a c t u r e d foodstuffs) a n d h o r m o n e s f r o m t h e leaves a n d b u d s . B o t h 
x y l e m a n d p h l o e m also f u n c t i o n i n a s torage capac i ty , w h i c h takes 
p lace l a r g e l y i n parenchyma c e l l s (see l a t e r sect ions) . 

W o o d C e l l P r o d u c t i o n . T h e s i te o f w o o d c e l l p r o d u c t i o n , the 
v a s c u l a r c a m b i u m , is i l l u s t r a t e d i n F i g u r e 3 B . T e c h n i c a l l y , i t is a 
m i c r o s c o p i c s h e a t h o f m e r i s t e m a t i c c e l l s . H o w e v e r , t h e exact c i r c u m 
f e r e n t i a l l i n e o f c a m b i a l c e l l s is v e r y d i f f i c u l t to locate p r e c i s e l y , p a r 
t i c u l a r l y d u r i n g t h e tree ' s g r o w i n g season , b e c a u s e o f t h e p r e s e n c e 
o f r e c e n t x y l e m a n d p h l o e m d e r i v a t i v e s . T h e r e f o r e , i t i s m o r e 
c o m m o n to r e f e r e n c e th i s l a t e r a l m e r i s t e m as t h e cambial zone (2). 

A l l c e l l s i n t h e c a m b i a l z o n e are l i v i n g . H o w e v e r , as x y l e m d e 
rivatives ( i . e . , d e v e l o p i n g w o o d ce l ls ) b e g i n a s e q u e n c e o f t rans fo r 
m a t i o n s that w i l l c o n v e r t t h e m i n t o m a t u r e w o o d e l e m e n t s , t h e y 
e m b a r k o n a p a t h o f c e l l s p e c i a l i z a t i o n o r differentiation that w i l l l e a d 
e v e n t u a l l y (for f i b e r s , v e s s e l e l e m e n t s , a n d c e r t a i n o t h e r ce l ls ) to c e l l 
d e a t h . 

R e c e n t x y l e m d e r i v a t i v e s m a y f u n c t i o n for a p e r i o d o f t i m e as 
mother cells, d i v i d i n g to f o r m s t i l l o t h e r d e r i v a t i v e s . N e v e r t h e l e s s , 
the u l t i m a t e fate o f m o s t x y l e m d e r i v a t i v e s is se l f d e s t r u c t i o n , auto
lysis, o f t h e i r l i v i n g c o n t e n t s , protoplast, a n d t h e e v e n t u a l p r o d u c t s 
are f u l l y d i f f e r e n t i a t e d , o r s p e c i a l i z e d , w o o d ce l l s p o s s e s s i n g r a t h e r 
e labora te w a l l s a n d h o l l o w c e n t e r s , lumens. O n l y a r e l a t i v e l y s m a l l 
n u m b e r o f c e l l s i n w o o d — c a l l e d parenchyma—retain a v i a b l e p r o 
top last a f ter e x i t i n g t h e c a m b i a l a n d d i f f e r e n t i a t i o n z o n e s . P a r e n 
c h y m a are s m a l l , n o n f i b r o u s c e l l s that h a v e s p e c i a l s torage o r s e c r e 
t o ry f u n c t i o n s . 

I n h a r d w o o d s , p a r e n c h y m a c e l l s m a y b e o r g a n i z e d i n t o n u 
m e r o u s v e r t i c a l s t rands a n d c a n o c c u p y u p to 2 5 - 5 0 % o f t h e w o o d 
v o l u m e (2). H o w e v e r , s u c h s t rands u s u a l l y o c c u p y a r e l a t i v e l y s m a l l 
p e r c e n t a g e o f t h e t o t a l w o o d v o l u m e i n con i f e r s ( 1 - 2 % ) . I n m a n y 
so f twoods a n d h a r d w o o d s t h e v e r t i c a l s t r a n d p a r e n c h y m a are e s s e n 
t i a l l y a b s e n t (2). 

P a r e n c h y m a also c o m p o s e m o s t (or a l l i n h a r d w o o d s ) o f t h e w o o d 
t i ssue r e g i o n s r e f e r r e d to c o l l e c t i v e l y as w o o d rays. T h e s e s t r u c 
tures are n a r r o w r i b b o n s o f c e l l s that are o r i e n t e d l e n g t h w i s e a l o n g 
t h e t r e e r a d i u s a n d p e r p e n d i c u l a r to t h e s t e m axis ( F i g u r e 4). R a y 
h e i g h t is m e a s u r e d a l o n g t h e s t e m axis , a n d ray w i d t h is m e a s u r e d 
p a r a l l e l ( t a n g e n t ) to t h e t r e e c i r c u m f e r e n c e . I n a d d i t i o n to t h e i r 
storage o r s e c r e t o r y f u n c t i o n s (see l a t e r sect ions ) , r ay p a r e n c h y m a 
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12 T H E CHEMISTRY OF SOLID WOOD 

Figure 4. The location of wood rays. (A) Portion of an oak tree cross 
section showing that rays are oriented normal to tree growth rings and 
along the tree radius. (Photo by W. J. McCleary.) (B) SEM of wood rays 
(R), vessels or pores (V), and wood fibers (F) as seen in a two-plane view 

of soft maple. 

ce l l s also f u n c t i o n i n r a d i a l t r a n s p o r t o f t r ee p h o t o s y n t h a t e s a n d b i o -
c h e m i c a l s i n w a r d f r o m t h e p h l o e m a n d c a m b i a l z o n e . 

D u r i n g t h e d i v i s i o n a n d e n l a r g e m e n t phases o f w o o d c e l l d e 
v e l o p m e n t , t h e c e l l w a l l is a t h i n , d e f o r m a b l e , a n d e x t e n s i b l e e n v e 
l o p e o f m a t e r i a l r e f e r r e d to as t h e primary wall. N e a r t h e cessat i on 
o f c e l l e n l a r g e m e n t , h o w e v e r , a secondary wall m a y b e g i n to b e 
m a n u f a c t u r e d to t h e l u m e n s i d e o f t h e p r i m a r y w a l l . W o o d f i b e r s , 
v e s s e l e l e m e n t s , a n d c e r t a i n o t h e r x y l e m o r p h l o e m e l e m e n t s that 
f u n c t i o n i n p a s s i v e c o n d u c t i o n a n d / o r s u p p o r t n o r m a l l y d e v e l o p a 
s e c o n d a r y w a l l ( F i g u r e 5). 

P e r h a p s as e a r l y as t h e m a n u f a c t u r e o f t h e s e c o n d a r y w a l l , d i f 
f e r e n t i a t i n g w o o d f ibers (and m o s t o t h e r w o o d cel ls ) a n d t h e reg i ons 
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1. PARHAM A N D GRAY Formation and Structure of Wood 13 

Figure 5. Cross-sectional view of fully differentiated wood fibers. (A) 
SEM of a Doughs-fir. Note the thick secondary walls (S) and the fiber 
lumen (L). (Reproduced from Ref. 39. Copyright 1982, American Chem
ical Society.) (Β) TEM of two adjacent fibers in white spruce. Key: P, 
primary wau, S, secondary wall; L, lumen; and ML, middle lamella. (Re
produced with permission from Ref. 38. Copyright 1974, Forest Products 

Research Society.) 

b e t w e e n t h e ce l l s ( m i d d l e l a m e l l a ) start to b e c o m e lignified. T h a t i s , 
l i g n i n m a n u f a c t u r e d b y t h e c e l l s starts to i n f i l t r a t e a n d i n c r u s t t h e 
e n t i r e w o o d t i s s u e , a n d m o s t o f t h e process c o m e s n e a r t h e e n d o f 
s e c o n d a r y w a l l d e p o s i t i o n . I n f u l l y d i f f e r e n t i a t e d w o o d t i s sue , l i g n i n 
c o m p o s e s a b o u t 2 5 - 3 5 % o f t h e t o t a l w o o d w e i g h t ( m o i s t u r e - f r e e 
basis) a n d p l a y s a m a j o r r o l e i n i m p a r t i n g r i g i d i t y to t h e p o l y s a c 
c h a r i d e w a l l subs tances (3). 
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14 T H E CHEMISTRY OF SOLID WOOD 

T h e o v e r a l l p ro cess o f w o o d c e l l p r o d u c t i o n is i n f l u e n c e d b y 
n u m e r o u s factors , i n c l u d i n g g e n e t i c s , c l i m a t e , p h o t o p e r i o d o r d a y 
l e n g t h , a n d forest s o i l c o n d i t i o n s . H o w e v e r , these factors are o n l y 
i n d i r e c t l y i n v o l v e d i n t h e c o n t r o l o f w o o d c e l l d e v e l o p m e n t , b u t t h e y 
d i r e c t l y affect t h e t r e e c r o w n — t h e l eaves a n d b u d s — a n d t h e c r o w n 
t h e n exerts a d i r e c t i n g i n f l u e n c e o n c a m b i a l z o n e a c t i v i t i e s , i n c l u d i n g 
t h e f o r m a n d n u m b e r o f d e r i v a t i v e s p r o d u c e d . 

W o o d T i s s u e s a n d G r o w t h I n c r e m e n t s . W o o d c e l l p r o d u c t i o n 
o c c u r s d u r i n g o n l y p a r t o f e a c h y e a r ( i n t h e s p r i n g a n d s u m m e r 
m o n t h s ) i n t e m p e r a t e z o n e s . W o o d p r o d u c t i o n o c c u r s o n a m o r e 
i r r e g u l a r t i m e s c h e d u l e i n t r o p i c a l r e g i o n s o f t h e w o r l d a n d , to s o m e 
e x t e n t , i n s u b t r o p i c a l areas . I n t r o p i c a l a n d s u b t r o p i c a l r e g i o n s , the 
c a m b i u m has n o t r u e seasona l d o r m a n c y , a n d t r e e g r o w t h is r e l a t e d 
m o r e to v a r i a t i o n s i n l o c a l c l i m a t e , p a r t i c u l a r l y to t h e s u p p l y o f a v a i l 
a b l e w a t e r (6). I n t r o p i c a l t r ees , z o n e s o f w o o d t i s sue that c a n b e 
a t t r i b u t e d to s p e c i f i e d p e r i o d s o f g r o w t h are no t u s u a l l y d e c i p h e r a b l e 
b e c a u s e t h e t rees c a n g r o w e s s e n t i a l l y o n a c o n t i n u o u s bas is . 

I n t h e s u b t r o p i c s , o r i n h i g h l y e l e v a t e d t r o p i c a l areas , s o m e trees 
c a n lose t h e i r l eaves d u r i n g p a r t o f the year . T h i s s i t u a t i o n c a n t h e n 
b e r e f l e c t e d i n a v i s i b l e c h a n g e i n t h e t y p e o f w o o d p r o d u c e d . T h e 
g e n e r a l r e s u l t is a d e t e c t a b l e growth increment that appears as a 
growth ring o n a c r o s s - s e c t i o n o f the t r ee s t e m . 

G r o w t h i n c r e m e n t s r e a c h t h e i r m o s t a d v a n c e d f o r m i n t e m 
p e r a t e - z o n e t rees w h e r e t h e n o r m is a s i n g l e , g e n e r a l l y d i s t i n c t , a n d 
c i r c u m f e r e n t i a l b a n d o f w o o d p r o d u c t i o n each y e a r ( F i g u r e 6). T h e 
a p p e a r a n c e o f t h e s e s o - c a l l e d a n n u a l r i n g s var i e s b e t w e e n h a r d w o o d s 
a n d so f twoods w i t h s p e c i e s , t r e e age, a n d g r o w i n g c o n d i t i o n s . T h e s e 
factors , t o g e t h e r w i t h c e r t a i n o t h e r e n v i r o n m e n t a l effects, c a n also 
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1. PARHAM A N D GRAY Formation and Structure of Wood 15 

l e a d to a b e r r a t i o n s i n g r o w t h k n o w n as multiple rings o r discontin
uous rings (2). 

G r o w t h r i n g s a n d t h e t y p e s a n d d i s t r i b u t i o n o f ce l l s t h e r e i n g i v e 
r i se to t h e s i t u a t i o n w h e r e b y t h e g e n e r a l s t r u c t u r e o f w o o d t i ssue c a n 
be r e f e r e n c e d b y t h r e e m a j o r p l a n e s o r surfaces . E a c h surface has 
a u n i q u e a p p e a r a n c e that s t e m s f r o m t h e m a n n e r i n w h i c h ce l l s o f 
spec i f i c o r i e n t a t i o n s are c u t b y p l a n e s d i r e c t e d e i t h e r p a r a l l e l o r p e r 
p e n d i c u l a r to t h e tree ' s l o n g i t u d i n a l axis . T h e s e t h r e e p l a n e s are the 
c r o s s - s e c t i o n a l o r t r a n s v e r s e p l a n e , t h e r a d i a l p l a n e , a n d t h e t a n g e n 
t i a l p l a n e . T h e y a re i l l u s t r a t e d a n d d e f i n e d i n F i g u r e 7. 

B e c a u s e t rees g r o w f r o m t h e t ips o f s t e m s a n d roots , g r o w t h 
r ings are l a i d o n t o t h e t r e e i n t h e f o r m o f i n v e r t e d h o l l o w cones , a n d 
each r i n g (except t h e m o s t r e c e n t ) e x t e n d s o n l y p a r t w a y u p the t ree 
a n d tapers to a p o i n t i n t h e d i r e c t i o n o f t h e s t e m t i p ( F i g u r e 8). 
T h e r e f o r e , c o u n t i n g g r o w t h i n c r e m e n t s o n a t ree cross s e c t i o n w i l l 
a l m o s t a lways n o t r e v e a l t h e t o t a l age o f a t r e e b u t o n l y t h e age o f 
t h a t p a r t i c u l a r v e r t i c a l l e v e l i n t h e s t e m . O t h e r a s p e c t s o f t r e e 
g r o w t h , s o m e b e i n g s p e c i e s - d e p e n d e n t , p r e c l u d e t h e ac cura te e s t i -

Figure 7. Representation of a tree cross section cut to reveal the three 
major structural planes of wood. This particuhr stem was cut in the spring 
of its 10th growing season. Key: X , cross-sectional or transverse plane! 
surface; R, radial surface; T, tangential surface. (Reproduced with per
mission from Ref. 40. Copyright 1982, Technical Association of the Pulp 

and Paper Industry Press.) 
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16 T H E CHEMISTRY OF SOLID WOOD 

Figure 8. Representation of growth increments in a 6-year-old tree stem. 
Note that the increments are deposited as inverted hollow cones. (Repro
duced with permission from Ref. 40. Copyright 1982, Technical Associa

tion of the Pulp and Paper Industry Press.) 

m a t e o f t r e e age v i a r i n g c o u n t i n g . T h e s e top i cs are d e a l t w i t h i n 
o t h e r texts (2, 7). 

T h e i n i t i a t i o n o f a g r o w t h i n c r e m e n t a n d t h e p r o d u c t i o n o f n e w 
w o o d ce l l s e a c h y e a r i n a g i v e n t r e e are g o v e r n e d b y a c o m p l e x 
s y s t e m o f t r e e p h y s i o l o g y i n v o l v i n g i n t e r a c t i o n o f t h e t r ee c r o w n w i t h 
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1. PARHAM A N D GRAY Formation and Structure of Wood 17 

c l i m a t e , s o i l , a n d o t h e r e n v i r o n m e n t a l factors , i n c l u d i n g i m p o s e d 
forest m a n a g e m e n t (8). N e v e r t h e l e s s , i n t e m p e r a t e trees i t is n o r 
m a l l y p o s s i b l e to separate v i s i b l y e a c h " a n n u a l " r i n g i n t o t w o d i s t i n c t 
t issues . T h e s e t w o t i s sue zones are k n o w n t e c h n i c a l l y as early wood 
(also s p r i n g w o o d o r i n i t i a l w o o d ) a n d latewood (also s u m m e r w o o d o r 
t e r m i n a l wood ) . T h e y are m a n u f a c t u r e d d u r i n g a p p r o x i m a t e l y t h e 
s p r i n g a n d s u m m e r m o n t h s , r e s p e c t i v e l y , o f a g i v e n g e o g r a p h i c a l 
r e g i o n . G r o w t h r i n g s are n o r m a l l y r e a d i l y d e t e c t e d i n b o t h so f twoods 
a n d mos t h a r d w o o d s b e c a u s e o f d i f f e rences i n t h e d i a m e t e r a n d w a l l 
t h i c k n e s s o f ce l l s c o m p o s i n g t h e e a r l y w o o d a n d l a t e w o o d zones . 

S O F T W O O D S . E a r l y w o o d f ibers i n so f twoods are t h i n - w a l l e d a n d 
have w i d e r a d i a l d i a m e t e r s . A s s p r i n g passes i n t o s u m m e r , t h e f ibers 
d e v e l o p t h i c k e r w a l l s , e i t h e r a b r u p t l y o r g r a d u a l l y , d e p e n d i n g o n the 
spec ies . A t t h e s a m e t i m e fiber r a d i a l d i a m e t e r is r e d u c e d ( F i g u r e 
9). T h e s e c h a n g e s i n fiber s t r u c t u r e a n d m o r p h o l o g y p r o v i d e a l a t e 
w o o d t i s sue that is n o r m a l l y s e v e r a l t i m e s d e n s e r ( w e i g h t / v o l u m e ) 
a n d c o n s i d e r a b l y h a r d e r t h a n e a r l y w o o d o f the same g r o w t h i n c r e 
m e n t (2). T h e l a t e w o o d z o n e a p p e a r s d a r k e r t h a n e a r l y w o o d o n the 
tree cross s e c t i o n as w e l l as o n t h e r a d i a l a n d t a n g e n t i a l surfaces , a n d 
this d i f f e r e n c e i n a p p e a r a n c e b e t w e e n e a r l y w o o d a n d l a t e w o o d , t o 
g e t h e r w i t h t h e a n g l e at w h i c h t h e t r e e o r w o o d is c u t o r m a c h i n e d , 
h e l p s g i v e r i s e to figure o r grain i n so f twood t i m b e r . 

H A R D W O O D S . F o r m o s t h a r d w o o d s g r o w t h r i n g s are d i s t i n g u i s h 
ab le b u t no t b e c a u s e o f a s i gn i f i cant c h a n g e i n t h e fiber ce l l s f r o m 
e a r l y w o o d to l a t e w o o d . F i b e r m o r p h o l o g y a n d w a l l t h i c k n e s s are r e l 
a t i v e l y s i m i l a r w i t h i n a g i v e n ring. I n h a r d w o o d s , g r o w t h i n c r e m e n t s 
are mos t o f ten d i s t i n g u i s h e d b y c h a n g e s i n v e s s e l o r p o r e d i a m e 
t e r s — c h a n g e s that r a n g e f r o m s u b t l e to v e r y d i s t i n c t . 

F i g u r e 10 s h o w s that c o m m e r c i a l t e m p e r a t e h a r d w o o d s c a n b e 
c lass i f i ed as h a v i n g a b r u p t t r a n s i t i o n , g r a d u a l t r a n s i t i o n , o r l i t t l e i f 
any t r a n s i t i o n i n p o r e s i ze f r o m e a r l y w o o d to l a t e w o o d . T h e s e t h r e e 
types o f w o o d s are c o m m o n l y k n o w n as ring-porous, semi-ring-po
rous (or semi-diffuse-porous), a n d diffuse-porous, r e s p e c t i v e l y . H e r e , 
as i n t h e so f twoods , t h e s t r u c t u r a l d i f f e r e n c e s , o r lack thereo f , b e 
t w e e n e a r l y w o o d a n d l a t e w o o d t i s sue g i v e rise to the aes the t i c p r o p 
e r t y o f w o o d g r a i n . B e c a u s e o f t h e m o r e c o m p l e x o r v a r i e d a n a t o m y 
o f h a r d w o o d s , g r a i n s h e r e s h o w m u c h m o r e d i v e r s i t y t h a n i n the 
sof twoods . 

W o o d Q u a l i t y . T h e r e l a t i v e n u m b e r o f t h i n - w a l l e d a n d t h i c k -
w a l l e d fibers i n so f twoods a n d h a r d w o o d s , a n d the v e s s e l s i ze a n d 
n u m b e r i n h a r d w o o d s , h a v e a m a j o r i m p a c t o n w o o d c h a r a c t e r i s t i c s 
that o f ten d i c t a t e t h e w o o d s e n d use . S u c h c h a r a c t e r i s t i c s i n c l u d e 
the m e c h a n i c a l p r o p e r t i e s o f w o o d , t h e t y p e o f sur face r e s u l t i n g f r o m 
w o o d m a c h i n i n g , t h e p e r m e a b i l i t y o f w o o d to l i q u i d s a n d gases, w o o d 
w e a t h e r a b i l i t y , a n d p e r h a p s o t h e r s . I n essence , the types a n d p r o -
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18 T H E CHEMISTRY OF SOLID WOOD 

Figure 9. Light micrograph of the earlywood-to-latewood transition 
within softwood growth increments as viewed in cross section. Key: A , 
abrupt transition in eastern larch, with thick-walled latewood fibers (D 
= resin duct); and B, gradual transition in eastern white pine, with 

relatively thin-walled latewood fibers. 

p o r t i o n s o f v a r i o u s c e l l t y p e s i n a g i v e n p i e c e o f w o o d , t r e e , o r spec ies 
are r e s p o n s i b l e for t h e g e n e r a l c o n c e p t o f w h a t is w i d e l y r e f e r r e d to 
as w o o d q u a l i t y . H o w e v e r , w o o d q u a l i t y is s u c h a n a r b i t r a r y t e r m 
b e c a u s e i t is e m p l o y e d to d e s c r i b e t h e g e n e r a l s u i t a b i l i t y o f a p a r t i c 
u l a r w o o d s o u r c e for a v e r y spec i f i c e n d use a p p l i c a t i o n (8). T h a t 
spec i f i c use m i g h t b e f u r n i t u r e p a r t s , b a s e b a l l bats , p l y w o o d , p a n 
e l i n g , r a i l r o a d t i e s , t o o t h p i c k s , firewood, p e n c i l s , f ence posts , etc . 
T h e p o i n t is that a w o o d s o u r c e r a t e d as e x c e l l e n t for o n e a p p l i c a t i o n 
m a y no t b e s u i t a b l e for c e r t a i n o t h e r uses , a n d v i c e v e r s a . 

T h i s d i s c u s s i o n m a y s e e m to i m p l y that o n e o f t h e m o s t i n f l u e n 
t i a l factors c o n t r o l l i n g w o o d q u a l i t y , i . e . , w o o d v a r i a b i l i t y , is no t d e 
s i r a b l e a n d that a m a j o r g o a l o f forest m a n a g e m e n t s h o u l d b e to 
e l i m i n a t e o r at least m i n i m i z e th i s v a r i a b i l i t y . T h i s is o f ten i n d e e d 
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1. PARHAM A N D GRAY Formation and Structure of Wood 19 

the o b j e c t i v e i n s o m e cases , p a r t i c u l a r l y for t rees o f a g i v e n forest 
s t a n d o r for t h e s a m e spec i es b e t w e e n s tands . H o w e v e r , a m o n g s p e 
c ies o r t r e e t y p e s , i t is th i s s a m e n a t u r a l v a r i a b i l i t y that g ives r i s e to 
t h e d i v e r s i t y o f a v a i l a b l e t i m b e r r e s o u r c e s a n d t h e spec i f i c o r e v e n 
u n i q u e w o o d p r o p e r t i e s u p o n w h i c h m a n y e n d p r o d u c t s a re b a s e d . 

Wood Anatomy 
S o f t w o o d s . T h e w o o d o r s e c o n d a r y x y l e m o f g y m n o s p e r m s is 

c o m p o s e d o f r e l a t i v e l y f e w c e l l t y p e s (see box) . 
T h e p r e d o m i n a n t c e l l t y p e i n so f twoods is t h e v e r t i c a l l y o r i e n t e d 

(a long t h e s t e m axis) longitudinal tracheid. M o r e c o m m o n l y k n o w n 
as fibers, t h e s e t r a c h e i d s are h o l l o w , s q u a r e to r e c t a n g u l a r i n cross 
s e c t i o n , h a v e c l o s e d a n d t a p e r i n g e n d s , a n d are a r r a n g e d so that t h e i r 

Figure 10. Light micrograph of the three types of pore patterns of growth 
increments in hardwoods as seen in cross section. Key: A, ring-porous 
(red oak); B, semi-ring-porous (aspen); and C, diffuse-porous (yellow 
birch). (Reproduced with permission from Ref. 40. Copyright 1982, Tech

nical Association of the Pulp and Paper Industry Press. ) 

M a j o r T y p e s o f C e l l s i n S o f t w o o d s 

A . 
B . 
C . 

Vertically Oriented 

. L o n g i t u d i n a l t r a c h e i d s 
A x i a l p a r e n c h y m a 
E p i t h e l i a l cells* 7 

Horizontally Oriented 

A . R a y t r a c h e i d s 0 

B . R a y p a r e n c h y m a 
C . E p i t h e l i a l c e l l s* 

H o m o c e l l u l a r rays : A o r Β 
H e t e r o c e l l u l a r rays : A + Β 
( F u s i f o r m r a y : A + Β + C ) 

a Presence is species-dependent. 
b Surround normal resin ducts in pines, spruces, larches, and Douglas-fir, and trau 

matic resin ducts (formed as a result of tree injury) in these and other softwoods (2). 
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20 T H E CHEMISTRY OF SOLID WOOD 

e n d s o v e r l a p ad jacent fibers. T h e y are also a r r a n g e d i n t o w e l l - a l i g n e d 
r a d i a l r o w s (see F i g u r e 9). 

W i d t h s o f l o n g i t u d i n a l t r a c h e i d s g e n e r a l l y r a n g e f r o m 3 5 to 5 0 
μηι a n d l e n g t h s a v e r a g e b e t w e e n 3 a n d 5 m m . T h e s e c e l l s s e rve a 
d u a l r o l e o f p r o v i d i n g s t r e n g t h a n d m e c h a n i c a l s u p p o r t as w e l l as 
b e i n g t h e p a t h w a y b y w h i c h w a t e r a n d d i s s o l v e d m i n e r a l s are t r a n s 
l o c a t e d f r o m t h e t ree ' s r oo t s y s t e m u p w a r d to t h e t r ee c r o w n . 

A r r a n g e d h o r i z o n t a l l y o r r a d i a l l y i n t h e t r e e are the w o o d rays , 
w h i c h , as m e n t i o n e d e a r l i e r , are c o m p o s e d p r e d o m i n a n t l y o f s m a l l , 
b r i c k l i k e , a n d o f ten l i v i n g c e l l s c a l l e d p a r e n c h y m a (see F i g u r e s 4, 7, 
a n d 11). T h e s e c e l l s f u n c t i o n i n r a d i a l t r a n s l o c a t i o n b u t h a v e a m a j o r 
r o l e as a storage r e c e p t a c l e , a n d f r e q u e n t l y c o n t a i n e x t r a n e o u s m a 
ter ia l s s u c h as s t a r c h , fats, o i l s , v a r i o u s sugars , a n d i n o r g a n i c d e p o 
s i t i ons s u c h as c a l c i u m oxalate c rys ta l s o r s i l i c a ( F i g u r e 12). 

T h e rays i n s o m e spec ies a lso c o n t a i n c e l l s k n o w n as ray tra
cheids, w h i c h are s i m i l a r i n s ize to p a r e n c h y m a b u t are d e a d at m a 
t u r i t y (see F i g u r e 11). P r e s e n c e a n d / o r t y p e o f ray t r a c h e i d is s o m e 
t i m e s a v e r y u s e f u l d i a g n o s t i c f e a t u r e i n i d e n t i f i c a t i o n o f a p a r t i c u l a r 
w o o d g e n u s o r spec ies . W i t h o r w i t h o u t ray t r a c h e i d s , rays are u s u a l l y 
s e v e r a l c e l l s h i g h , b u t i n so f twoods t h e y are g e n e r a l l y o n l y o n e c e l l 
w i d e (un iser ia te ) ( F i g u r e 13), e x c e p t i n s p e c i a l cases w h e r e t h e y c a n 
b e u p to s e v e r a l c e l l s w i d e ( m u l t i s e r i a t e ) . 

Resin ducts o r resin canals a re t u b e l i k e v o i d s that are b o t h l o n 
g i t u d i n a l l y a n d r a d i a l l y o r i e n t e d t h r o u g h o u t t h e x y l e m o f s o m e soft
w o o d s (see F i g u r e 9). T h e s e d u c t s a re l i n e d w i t h s p e c i a l i z e d p a r e n 
c h y m a , c a l l e d epithelial cells, that sec re te i n t o t h e d u c t a subs tance 
c a l l e d o l e o r e s i n ( F i g u r e 14A) (3). 

V e r t i c a l a n d h o r i z o n t a l r e s i n d u c t s are n a t u r a l a n d c o n s t a n t f ea 
tures o f f o u r d o m e s t i c g e n e r a : p i n e s (Pinus), s p r u c e s (Picea), l a r ches 
(Larix), a n d D o u g l a s - f i r (Pseudotsuga). R e s i n d u c t s also d e v e l o p as a 
r e s p o n s e to i n j u r y o r t r a u m a i n o t h e r g e n e r a , as w e l l as i n t h e f our 
l i s t e d a b o v e (2). H o r i z o n t a l r e s i n d u c t s are c o n t a i n e d i n s p e c i a l m u l 
t i se r ia te r a y s , c a l l e d fusiform rays b e c a u s e o f t h e i r s p i n d l e shape i n 
t a n g e n t i a l v i e w ( F i g u r e 14B) . 

A f e w so f twoods , n o t a b l y t h e c e d a r s a n d b a l d c y p r e s s , c o n t a i n a 
n o t i c e a b l e a m o u n t o f l o n g i t u d i n a l (strand) p a r e n c h y m a , b u t as m e n 
t i o n e d p r e v i o u s l y , t h e s e a x i a l l y o r i e n t e d p a r e n c h y m a are g e n e r a l l y 
sparse i n m o s t c o n i f e r s . 

H a r d w o o d s . V a r i o u s c e l l t y p e s are f o u n d i n h a r d w o o d s (see 
box). H a r d w o o d a n a t o m y is m o r e v a r i e d o r c o m p l i c a t e d t h a n that o f 
t h e so f twoods , b u t m o s t s t r u c t u r a l c o n c e p t s are ana logous . 

H a r d w o o d s c o n t a i n a s u b s t a n t i a l v o l u m e o f fiber c e l l s , b u t the 
d i s t i n g u i s h i n g f e a t u r e o f a n g i o s p e r m x y l e m is t h e o c c u r r e n c e o f ves
sels. T h e vesse ls are s e e n o n t h e w o o d cross s e c t i o n as ho les o r p o r e s 
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1. PARHAM A N D GRAY Formation and Structure of Wood 21 

Figure 11. Light micrograph of ray structure in softwoods as seen in 
radial section. Key: A , homocellular ray composed of procumbent paren
chyma (RP) in white fir; B, heterocellular ray with nondentate ray tra-
cheids (RT) in black spruce; and C, heterocelluhr ray with dentate ray 
tracheids in red pine. (Reproduced with permission from Ref. 40. Copy-
right 1982, Technical Association of the Pulp and Paper Industry Press.) 

i n v a r i o u s p a t t e r n s . T h u s , a l l h a r d w o o d s are also r e f e r r e d to as p o r o u s 
w o o d s , i n c ont ras t to t h e so f twoods that are t e c h n i c a l l y n o n p o r o u s 
(compare F i g u r e s 9 and 10). 

A n i n d i v i d u a l v e s s e l o r p o r e cons is ts o f a v e r t i c a l ser ies o f shor t 
( 0 . 0 2 - 0 . 5 m m ) v e s s e l s e g m e n t s , w h i c h are j o i n e d e n d - t o - e n d a l o n g 
t h e g r a i n . I n d i v i d u a l vesse l s c a n m e a n d e r to a l i m i t e d e x t e n t i n t h e 
r a d i a l o r t a n g e n t i a l d i r e c t i o n to j o i n , t e r m i n a t e i n , o r d e p a r t from 
o t h e r vesse l s , b u t t h e i r m a j o r f u n c t i o n is t h e v e r t i c a l t r a n s l o c a t i o n o f 
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22 T H E CHEMISTRY OF SOLID WOOD 

Figure 12. SEM of calcium oxalate crystals in the ray parenchyma of the 
wood radial surface of a tropical hardwood. (Reproduced from Ref. 39. 

Copyright 1982, American Chemical Society.) 

sap. To fac i l i ta te th is t r a n s l o c a t i o n , t h e e n d s o f a l l v e s s e l s e g m e n t s 
are p e r f o r a t e ; that i s , t h e e n d s are o p e n for f ree f l o w o f l i q u i d s b e 
t w e e n ce l ls , i n contrast to the s i tuat ion o f c o m p l e t e l y imper forate ends 
o f a l l w o o d fibers. I n s o m e h a r d w o o d s t h e v e s s e l s e g m e n t e n d s are 
e n t i r e l y o p e n ( s imp le ) , w h i l e i n o t h e r s the e n d s c o n t a i n a ser ies o f 
p a r a l l e l c rossbars ( sca lar i form) o r s o m e o t h e r d e s i g n (e .g . , r e t i cu la te ) . 
T h e p a r t i c u l a r t y p e o f o p e n i n g h e r e is o f c o n s i d e r a b l e v a l u e i n w o o d 

Figure 13. Light micrograph of tangential section of redwood showing 
uniseriate rays (UR), the most common type of ray in softwoods, together 
with multiseriate rays (MR). The latter, if not containing a horizontal 

resin duct, are rare in softwoods. 
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1. PARHAM A N D GRAY Formation and Structure of Wood 23 

Figure 14. SEM of resin ducts in spruce wood. (A) Vertical duct with 
exuded resin droplets. (Reproduced from Ref. 39. Copyright 1982, Amer
ican Chemical Society.) (B) Horizontal ducts contained in fusiform rays 

(FR) of the wood tangential surface. 

spec ies i d e n t i f i c a t i o n (2). (See discussion on " V e s s e l E l e m e n t s : A r 
c h i t e c t u r e , " page 34). 

H a r d w o o d fibers, b e c a u s e o f t h e p r e s e n c e o f vesse l s , o c c u p y a 
p r o p o r t i o n a l l y s m a l l e r v o l u m e o f w o o d t i s sue t h a n so f twood fibers 

M a j o r T y p e s o f C e l l s i n H a r d w o o d s 

Vertically Oriented 

A . F i b e r s 
1. L i b r i f o r m fibers 
2. F i b e r t r a c h e i d s 
3. V a s i c e n t r i c t r a c h e i d s 

B . A x i a l p a r e n c h y m a 
C . V e s s e l e l e m e n t s 

Horizontally Oriented 

R a y p a r e n c h y m a 
1. P r o c u m b e n t ce l l s 
2. U p r i g h t c e l l s 0 

H o m o c e l l u l a r rays : 1 o r 2 
H e t e r o c e l l u l a r rays : 1 a n d 2 

a Upright cells are actually oriented parallel to the fiber axis (i.e. , axially), but within 
a ray they are arranged in radial or horizontal lines (with or without procumbent cells). 
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24 T H E CHEMISTRY OF SOLID WOOD 

do . T h e fibers t h e m s e l v e s are also s m a l l e r , a n d average a b o u t o n e -
h a l f t h e w i d t h a n d o n e - t h i r d t h e l e n g t h o f s o f twood t r a c h e i d s (2). T h e 
s c u l p t u r i n g o f h a r d w o o d fiber w a l l s di f fers i n s e v e r a l r espec t s f r o m 
that o f s o f t w o o d fibers, a n d these d e t a i l s , i n a d d i t i o n to s t r u c t u r a l 
in format ion on s o f t w o o d f ibers, are discussed in the section on " W o o d 
C e l l W a l l s . " 

T h e p a r e n c h y m a - c e l l c o n t e n t o f h a r d w o o d s i s , o n t h e average , 
m u c h g r e a t e r t h a n that o f so f twoods . T h i s s i t u a t i o n is a r e s u l t o f t h e 
w i d e r rays ( 1 - 5 0 cel ls ) a n d g r e a t e r r a y v o l u m e o f h a r d w o o d s , a n d 
also the r e l a t i v e l y h i g h p r o p o r t i o n o f l o n g i t u d i n a l p a r e n c h y m a (2). 
A d d i t i o n a l l y , t h e rays are a l l p a r e n c h y m a — n o ray t r a c h e i d s . 

T h e v o l u m e r a t i o o f vesse l s to fibers a n d fiber w a l l t h i c k n e s s are 
t w o i m p o r t a n t factors i n f l u e n c i n g t h e h a r d n e s s a n d d e n s i t y o f d i f 
f e r e n t h a r d w o o d spec ies a n d t h e p e r m e a b i l i t y o f these w o o d s to l i q 
u i d s a n d gases. W o o d g r a i n is a lso p a r t l y a f u n c t i o n o f these t w o 
p a r a m e t e r s . 

R e s e a r c h o n t h e c h e m i c a l n a t u r e o f h a r d w o o d x y l e m has r e 
v e a l e d that t h e w a l l s o f f i b e r s a n d r a y c e l l s c o n t a i n l i g n i n o f o n e t y p e , 
syringyl, w h i l e v e s s e l w a l l s t o g e t h e r w i t h t h e s u r r o u n d i n g m i d d l e 
l a m e l l a are r i c h i n l i g n i n o f a s e c o n d t y p e , guaiacyl, w h i c h is the 
s a m e t y p e f o u n d i n s o f t w o o d x y l e m (9, 10). T h i s bas i c c h e m i c a l d i f f e r 
e n c e b e t w e e n h a r d w o o d s a n d so f twoods c o u l d , i n s o m e i n s t a n c e s , 
p o t e n t i a l l y i n f l u e n c e p h e n o m e n a that d e p e n d o n t h e c h e m i c a l n a t u r e 
o r r e a c t i v i t y o f w o o d t i s sue at t h e c e l l u l a r l e v e l . F u r t h e r d e t a i l s o n 
t h e n a t u r e a n d d i s t r i b u t i o n o f w o o d c h e m i c a l c o n s t i t u e n t s are f o u n d 
i n C h a p t e r 2. 

Wood Cell Walls 
F i b e r s . A R C H I T E C T U R E . T h e b a s i c s k e l e t a l subs tance o f the 

w o o d c e l l w a l l — c e l l u l o s e — i s , i n t h e m a t u r e c e l l , a g g r e g a t e d i n t o 
l a r g e r u n i t s o f s t r u c t u r e c a l l e d elementary fibrils that , i n t u r n , are 
aggregated to f o r m t h r e a d l i k e e n t i t i e s k n o w n as microfibrils. T h e 
l a t t e r are r e a d i l y o b s e r v e d i n t h e e l e c t r o n m i c r o s c o p e a n d are u s u a l l y 
f o u n d t o g e t h e r i n s t i l l l a r g e r e n t i t i e s tha t c o u l d b e l a b e l e d macrofi-
brils, a l t h o u g h t h e y are s t i l l m i c r o s c o p i c ( F i g u r e 15). C o n s i d e r a b l e 
c o n t r o v e r s y s t i l l r e i g n s o v e r t h e s i z e , m o r p h o l o g y , o r e v e n e x i s t e n c e 
o f e l e m e n t a r y fibrils [or s u b e l e m e n t a r y fibrils i n c a m b i a l t i s sue (11)] 
a n d the a r c h i t e c t u r e o f m i c r o f i b r i l s (12-14). H o w e v e r , b e c a u s e at 
least s o m e t y p e o f t h r e a d l i k e e n t i t y is r e a d i l y d i s t i n g u i s h a b l e , w e 
w i l l r e f e r to tha t e l e m e n t o f s t r u c t u r e as a m i c r o f i b r i l a n d r e c o g n i z e 
its a g g r e g a t i o n i n t o m a c r o f i b r i l s . M i c r o f i b r i l s a n d m a c r o f i b r i l s c o m 
b i n e to f o r m sheets o f w a l l s u b s t a n c e , a n d u l t i m a t e l y these sheets o r 
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1. PARHAM A N D GRAY Formation and Structure of Wood 25 

Figure 15. TE M of cellulose microfibrils (Mi) and macrofibrils (Ma) 
within the secondary fiber wall of balsam fir; direct carbon replica. 

l a m e l l a e f o r m r e l a t i v e l y d i s c r e t e w a l l l a y e r s . T h i s a r c h i t e c t u r a l 
s c h e m e is d i a g r a m e d i n F i g u r e 16 for a t y p i c a l , n o r m a l w o o d fiber. 

A s m e n t i o n e d e a r l i e r , t h e i n i t i a l p o r t i o n o f a fiber c e l l w a l l is 
m a n u f a c t u r e d i n t h e c a m b i a l z o n e a n d is r e f e r r e d to as t h e primary 
wall. H e r e , c e l l u l o s e m i c r o f i b r i l s f o r m a r a n d o m , i r r e g u l a r , a n d i n 
t e r w o v e n n e t w o r k ( F i g u r e 17) to fac i l i ta te c e l l e x p a n s i o n d u r i n g t h e 
e n l a r g e m e n t p h a s e o f f i b e r d e v e l o p m e n t . I n a d d i t i o n to c e l l u l o s e , 
the p r i m a r y w a l l c o n t a i n s a l a r g e p r o p o r t i o n o f m a t r i x c a r b o h y d r a t e s , 
p a r t i c u l a r l y p e c t i c m a t e r i a l s a n d h e m i c e l l u l o s e s (see C h a p t e r 2). T h e 
c o m b i n a t i o n o f t w o ad jacent p r i m a r y w a l l s a n d t h e i n t e r d i s p o s e d t r u e 
m i d d l e l a m e l l a z o n e is c o l l e c t i v e l y r e f e r r e d to as t h e compound 
middle lamella. M i c r o s c o p i c a l l y , i t is d i f f i c u l t to separate w a l l s u b 
stance h e r e f r o m t h e i n t e r f i b e r s u b s t a n c e . 

A t t h e i n n e r m o s t r e g i o n o f t h e p r i m a r y w a l l , m i c r o f i b r i l s b e g i n 
to e x h i b i t a p r e f e r r e d o r i e n t a t i o n a n d s h o w a t e n d e n c y to a l i g n t h e m 
selves a b o u t t h e fiber axis as a h e l i x a n d to h a v e a spec i f i c microfibril 
angle ( m e a s u r e d as t h e a n g u l a r d i s p l a c e m e n t f r o m t h e fiber axis). 
F r o m th i s p o i n t i n w a r d to t h e fiber l u m e n , t h e w a l l is r e f e r r e d to as 
secondary wall. T h i s p o r t i o n o f t h e w a l l is i n i t i a t e d at t h e e n d o f t h e 
c e l l e n l a r g e m e n t p h a s e a n d is c o m p o s e d o f m a n y l a m e l l a e , e a c h w i t h 
a spec i f i c o r i e n t a t i o n . T h e l a m e l l a e are o r g a n i z e d i n t o d i s t i n g u i s h a b l e 
w a l l l ayers ( F i g u r e 18A) . 
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26 T H E CHEMISTRY OF SOLID WOOD 

Figure 16. Schematic of what is widely considered to be (at least in ρήη-
ciple) the general wall architecture of normal wood fibers. Key: ML, 
middle lamella; P, primary wall; and Sly S2, and So, layers of the second

ary wall. (Adapted from Ref. 15.) 

I n n o r m a l w o o d t i s s u e , t h e fiber s e c o n d a r y w a l l cons is ts o f t h r e e 
f a i r l y d i s t i n c t l a y e r s . T h e o u t e r m o s t l a y e r o r S i is v e r y t h i n ( 0 . 1 - 0 . 2 
μπι) a n d e x h i b i t s a n a v e r a g e m i c r o f i b r i l a n g l e (for t h e l a y e r as a w h o l e ) 
o f a b o u t 5 0 - 7 0 ° (2). T h e b u l k o f t h e s e c o n d a r y w a l l is m a d e u p o f 
t h e S 2 l ayer , w h i c h is t y p i c a l l y s e v e r a l m i c r o m e t e r s t h i c k ( F i g u r e 18). 
H e r e t h e m i c r o f i b r i l s a re u s u a l l y o r i e n t e d to t h e fiber axis at a r e l a 
t i v e l y s m a l l a n g l e ( 5 - 2 0 ° ) . T h e t h i c k n e s s a n d s m a l l m i c r o f i b r i l ang le 

Figure 17. TEM of randomly arranged microfibrils in the fiber primary 
wall (PW) of balsam fir; direct carbon replica. 
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1. PARHAM A N D GRAY Formation and Structure of Wood 27 

Figure 18. TEM of normal layering (SJSJS^ in the fiber secondary wall 
ofloblolly pine; transverse sections. (Reproducedfrom Ref. 41. Copyright 
1971, Springer-Verlag.) Key: A , portion of two earlywood fibers (ML 
= middle lamella); and B, lignin skeleton of region similar to that 

shown in A. 

of the S2 c on t r ibute s ign i f i cant ly to the h i g h strength propert ies o f 
w o o d para l l e l to gra in (tensile a n d compress ion , see C h a p t e r 5) (2). 

T h e i n n e r m o s t l a y e r o f n o r m a l w o o d f i b e r s , t h e S3, is g e n e r a l l y 
s i m i l a r to t h e S l 5 a l t h o u g h it is p e r h a p s a l i t t l e t h i n n e r , a n d has 
s u b l a m e l l a e a v e r a g i n g 6 0 - 9 0 ° to the fiber axis (15). 
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F i g u r e 16 s h o w s that t h e v a r i o u s s u b l a y e r s o r l a m e l l a e i n t h e S l 5 

S 2 , a n d S 3 c a n e x h i b i t l e f t - h a n d e d ( p a r a l l e l to m i d d l e b a r o f a n S) a n d / 
o r r i g h t - h a n d e d ( p a r a l l e l to m i d d l e b a r o f a Z ) h e l i c e s . T h i s p a r t i c u l a r 
v a r i a t i o n i n fiber-wall a r c h i t e c t u r e has b e e n i n v e s t i g a t e d i n v e r y f e w 
w o o d spec i es , a n d g e n e r a l i z a t i o n to i n c l u d e a l l s o f twood a n d h a r d 
w o o d fibers m a y b e a b i t r i s k y . H o w e v e r , a v a i l a b l e d a t a i m p l y that 
a l l n o r m a l w o o d fibers m a y b e c o n s t r u c t e d i n p r i n c i p l e f r o m a s i m i l a r 
b l u e p r i n t . 

S C U L P T U R I N G . Pits. S o f t w o o d a n d h a r d w o o d f ibers h a v e c l o s e d 
e n d s , b u t a s p e c i a l w a l l f e a t u r e fac i l i ta tes m o v e m e n t o f the tree ' s sap 
s t r e a m f r o m o n e fiber to a n o t h e r , f r o m fibers to v e s s e l e l e m e n t s , a n d 
f r o m fibers to r a y c e l l s . T h i s s p e c i a l f ea ture is a s m a l l o p e n i n g o r 
recess i n t h e fiber s e c o n d a r y w a l l k n o w n t e c h n i c a l l y as a pit. 

T h e m o s t o b v i o u s fiber p i t s are those that o c c u r b e t w e e n c o n 
t i g u o u s s o f t w o o d fibers. T h e y are d o n u t - s h a p e d i n face v i e w w i t h a 
c i r c u l a r r i d g e o f w a l l m a t e r i a l o v e r a r c h i n g a n d b o r d e r i n g t h e a c t u a l 
a p e r t u r e i n t h e w a l l . T h e s e p i t s a re k n o w n t e c h n i c a l l y as interfiber 
bordered pits a n d are l o c a t e d p r e d o m i n a n t l y o n r a d i a l fiber w a l l s 
( F i g u r e 1 9 A ) . A c t u a l l y , p i t s i n c o n t i g u o u s c e l l s u s u a l l y o c c u r i n 
m a t c h e d p a i r s ; e a c h o f t h e t w o p a r t i c i p a t i n g c e l l s c o n t r i b u t e s o n e -
h a l f o f a p i t p a i r ( F i g u r e 19, Β a n d C ) . 

W i t h i n a g r o w t h r i n g , s o f t w o o d i n t e r f i b e r p i t s are l a r g e r a n d 
m o r e a b u n d a n t i n e a r l y w o o d . I n l a t e w o o d t h e y are f ewer , s m a l l e r , 
a n d o f ten a p p e a r s l i t l i k e i n v e r y t h i c k - w a l l e d fibers (2). T h i s s a m e 
t y p e o f p i t i n h a r d w o o d fibers v a r i e s m o r p h o l o g i c a l l y w i t h t h e fiber 
t y p e , c h a n g i n g f r o m a n o b v i o u s l y b o r d e r e d p i t i n t h i n - w a l l e d ce l l s to 
o n l y a s l i t l i k e a p e r t u r e i n fibers w i t h t h i c k w a l l s . 

A s a l l p i t s d e v e l o p i n so f twoods a n d h a r d w o o d s , a s p e c i a l i z e d 
p i t m e m b r a n e r e m a i n s w i t h i n t h e p i t c o m p l e x ( F i g u r e 19, D a n d E ) . 
T h i s m e m b r a n e is i n i t i a l l y c o n s t r u c t e d f r o m t h e c o m p o u n d m i d d l e 
l a m e l l a i n a l l cases , b u t i n i ts f u l l y d i f f e r e n t i a t e d state the m e m b r a n e 
c a n d i f f e r c o n s i d e r a b l y b e t w e e n v a r i o u s c e l l t y p e s , b e t w e e n soft 
w o o d s a n d h a r d w o o d s , a n d to s o m e e x t e n t e v e n b e t w e e n d i f f e r e n t 
spec ies (3). I n h a r d w o o d s , p i t m e m b r a n e s are o b s e r v e d to b e t h i n 
a n d g e n e r a l l y n o n p o r o u s p a r t i t i o n s o f m i c r o f i b r i l s , m a t r i x m a t e r i a l s , 
a n d l i g n i n ( F i g u r e 20). M o v e m e n t o f l i q u i d s t h r o u g h t h e p i t c o m p l e x 
to a n ad jacent c e l l m u s t t h e r e f o r e o c c u r l a r g e l y b y d i f fus i on r a t h e r 
t h a n b y f ree l i q u i d t r a n s l o c a t i o n . F o r t u n a t e l y , h a r d w o o d s h a v e an 
e f fect ive a l t e r n a t e m e c h a n i s m for l i q u i d m o v e m e n t , at least i n t h e 
v e r t i c a l d i r e c t i o n , a n d that m e c h a n i s m is t h e v e s s e l s y s t e m . 

T h e i n t e r f i b e r - p i t m e m b r a n e s i n so f twoods are s u b s t a n t i a l l y d i f 
f e r e n t f r o m t h e p i t m e m b r a n e s i n h a r d w o o d s . M u c h o f t h e m e m b r a n e 
p e r i p h e r y is q u i t e o p e n , w i t h o n l y t h e c e n t r a l p o r t i o n b e i n g n o n p o -
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1. PARHAM A N D GRAY Formation and Structure of Wood 29 

Figure 19. Anatomy of softwood interfiber pits. (Reproduced from Ref. 
39. Copyright 1982, American Chemical Society.) (A) SEM of interfiber 
pits in earlywood as seen on the wood radial face. Note the donut-shaped 
borders. (É and C) SEM of pit pairs between adjacent fibers; cross-sec
tional surface. (D) SEM ofboraered-pit membranes (PM) in face view of 
a split wood radial surface. (E) Light micrograph of pit pairs as seen in 
cross section with a light microscope. Key: PM, pit membranes; PB, pit 

border; and PA, pit aperture. 

rous ( F i g u r e 21 A ) . T h e exact m o r p h o l o g y o f t h e m e m b r a n e is s p e c i e s -
d e p e n d e n t (2). 

I n t h e s t a n d i n g , l i v i n g t r e e t h e b o r d e r e d - p i t m e m b r a n e s b e 
t w e e n so f twood fibers act as valves to p r e v e n t t h e s p r e a d o f a i r o r 
b u b b l e s i n t o s a p - f i l l e d c e l l s i n t h e e v e n t o f t r e e i n j u r y a n d p o t e n t i a l 
r u p t u r e to v e r t i c a l w a t e r c o l u m n s . U n f o r t u n a t e l y , t h e y p e r f o r m a 
s i m i l a r f u n c t i o n i n t h e p r o c e s s i n g o f w o o d i n t o c o m m e r c i a l p r o d u c t s . 
F o r e x a m p l e , d u r i n g w o o d d r y i n g , s u b s t a n t i a l c a p i l l a r y a n d surface 
t e n s i o n forces are d e v e l o p e d u p o n w a t e r r e t r e a t f r o m t h e fiber l u 
m e n s t h r o u g h t h e p i t s , a n d t h e m e m b r a n e s m o v e e f f e c t ive ly (par t i c 
u l a r l y i n e a r l y w o o d ) to sea l t h e a p e r t u r e s i n t h e d i r e c t i o n o f w a t e r 
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Figure 20. SEM of intervessel-pit membranes in hardwoods. (A) Vessel 
in western red alder. The cell wall at the lumen is partly torn away to 
reveal the nonporous nature of the pit membranes (PM) (PA = pit aper
ture). (B) High magnification of pits in Anthocephalus, a tropical species. 
The secondary wall (S) at the lumen has been removed to expose the 
nonporous pit membranes (PM) and a special structure known as vestures. 
The latter can be found in the pit complex of various hardwoods (2). 
(Reproduced with permission from Ref. 40. Copyright 1982, Technical 

Association of the Pulp and Paper Industry Press. ) 

m o v e m e n t ( F i g u r e 2 1 , B - D ) . T h i s c o n d i t i o n , k n o w n as pit aspiration, 
g r e a t l y i m p e d e s t h e s u b s e q u e n t m o v e m e n t o f f l u i d s o r gases t h r o u g h 
t h e w o o d t i s sue i n q u e s t i o n (2). P i t a s p i r a t i o n o c c u r s n a t u r a l l y i n 
con i f e rs u p o n c o n v e r s i o n o f s a p w o o d to h e a r t w o o d (d i s cussed later ) . 
H o w e v e r , a s p i r a t i o n is a n a l m o s t u n a v o i d a b l e c o n s e q u e n c e o f a n y 
c i r c u m s t a n c e that p r o m o t e s w o o d d r y i n g , i . e . , t h e c r e a t i o n o f w a t e r / 
a i r in ter faces w i t h i n t h e w o o d s t r u c t u r e . 

P i t s w i t h s o m e f o r m o f b o r d e r also o c c u r at i r r e g u l a r i n t e r v a l s 
a l o n g so f twood fibers w h e r e t h e fibers contac t r a y ce l l s ( F i g u r e 22). 
S u c h p i t s are v e r y r a r e i n h a r d w o o d fibers, b u t i n so f twoods t h e y are 
a b u n d a n t a n d c o n s p i c u o u s , e s p e c i a l l y i n e a r l y w o o d . T h e s e p i t s are 
k n o w n t e c h n i c a l l y as r a y cross-field pits (see F i g u r e 11), a n d t h e y 
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Figure 21. Softwood bordered-pit membranes of western hemlock. (Re
produced from Ref 39. Copyright 1982, American Chemical Society.) (A) 
SEM of unaspirated pit in earlywood. Note porous periphery of the mem
brane. Rodlike bacteria are also present here, apparently filtered out onto 
the membrane during sample preparation; split wood radial surface. (B) 
Light micrograph of aspirated pits (A?) in late wood; cross section. (C) 
Light micrograph of aspirated pit and unaspirated pit (UP) in earlywood; 
cross section. (D) Fully aspirated pit in earlywood. Note the reduction in 

porosity upon aspiration. (Compare to A above.) 
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Figure 22. SEM of ray cross-field pits in softwoods as seen on the wood 
radial surface. Key: A , pits to ray parenchyma (RP) in western white fir; 
and B, pits to ray parenchyma and ray tracheids (RT) in lodgepole pine. 

p r o v i d e m u c h o f t h e i n f o r m a t i o n n e e d e d for i d e n t i f i c a t i o n o f soft
w o o d s (2). 

M e m b r a n e s w i t h i n r a y c r o s s - f i e l d p i t s are e s s e n t i a l l y n o n p o r o u s 
p a r t i t i o n s o f compound middle lamella, a l t h o u g h t h e m e m b r a n e a r 
c h i t e c t u r e v a r i e s to s o m e e x t e n t , d e p e n d i n g o n w h e t h e r fiber contac t 
is m a d e to r a y p a r e n c h y m a o r r a y t r a c h e i d s . I n e i t h e r case , c ross -
field p i t s d o p r o v i d e a p a t h o f c o m m u n i c a t i o n b e t w e e n fibers a n d 
rays that is at least s o m e w h a t m o r e e a s i l y t r a v e r s e d t h a n o n e r e 
q u i r i n g passage o f m a t e r i a l s t h r o u g h e n t i r e c e l l w a l l s . R a d i a l t r a n s p o r t 
o f l i q u i d s is f a c i l i t a t e d b y d i f f u s i o n t h r o u g h s i m p l e p i t s ( i . e . , w i t h o u t 
b o r d e r s ) l o c a t e d i n t h e s i d e a n d e n d w a l l s o f c o n t i g u o u s p a r e n 
c h y m a ce l l s a n d b y s m a l l b o r d e r e d p i t s b e t w e e n c o n t i g u o u s ray t r a 
c h e i d s (2). 

Spiral Thickenings. T h e f i bers o f a v e r y f e w spec ies o f soft
w o o d s a n d h a r d w o o d s are l i n e d w i t h h e l i c a l l y o r i e n t e d r i d g e s o f w a l l 
m a t e r i a l ( F i g u r e 23). T h e s e r i d g e s , w h i c h c a n b e r o p e l i k e i n c e r t a i n 
w o o d s , are assoc ia ted w i t h , a n d are a n i n t e g r a l p a r t of, t h e S 3 w a l l 
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Figure 23. SEM of spiral thickenings in the fibers of Doughs-fir; wood 
radial surfaces. Key: A, spirals in the vicinity of ray cross-field pits in 
earlywood; and B, nigh magnification of spirals in the last htewood fiber 
of one year and the first earlywood fiber of the next year. Pits shown in 

Β are interfiber-bordered pits. 

l a y e r (2, 16). T h e exact m o r p h o l o g y o f s u c h sp i ra l s v a r i e s w i t h t h e 
spec ies i n q u e s t i o n , b u t i n a l l cases t h e y p r o b a b l y d o no t h a v e a 
d e t e c t a b l e i n f l u e n c e o n w a l l p h y s i c s o r c h e m i c a l r e a c t i v i t y . T h e y are , 
h o w e v e r , a f ea ture o f d i a g n o s t i c v a l u e . O n th i s bas i s , D o u g l a s - f i r is 
r e a d i l y d i s t i n g u i s h e d f r o m o t h e r c o m m e r c i a l , d o m e s t i c s o f t w o o d 
t i m b e r s . 

Warts. W a r t s are c o n e l i k e o r d r o p l i k e p r o t u b e r a n c e s , s o m e 
t i m e s f o u n d c o v e r e d w i t h a n a m o r p h o u s d e p o s i t i o n , that are s c a t t e r e d 
i n a r a n d o m p a t t e r n o n t h e i n n e r fiber-wall sur face i n m o s t so f twoods 
a n d t h e fibers o f s o m e h a r d w o o d spec i es ( F i g u r e 24). T h e w a r t s t r u c 
t u r e , k n o w n c o l l e c t i v e l y as t h e warty layer (17), is m a n u f a c t u r e d b y 
the l i v i n g c e l l p r o t o p l a s t b e f o r e c e l l a u t o l y s i s (18,19). T h e w a r t y l a y e r 
is l i g n i n l i k e i n n a t u r e b u t has n o a p p a r e n t p h y s i o l o g i c a l r o l e ; i t p r o b -

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
00

1

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



34 T H E CHEMISTRY OF SOLID WOOD 

Figure 24. TEM of warty layer in softwood (A) and hardwood (B) fibers; 
direct carbon replicas. (A) Lumen surface of fiber in bahamfir. Note the 
amorphous substance masking the S3. (Reproduced with permission from 
Ref. 20. Copyright 1974, Society of Wood Science and Technology. ) (B) 
Lumen surface of a warty fiber in sycamore. The slits shown here are pit 
apertures. (Reproduced with permission from Ref 23. Copyright 1974, 

Springer- Verlag. ) 

a b l y also has l i t t l e o r n o effect o n w o o d p h y s i c a l b e h a v i o r . H o w e v e r , 
l i g n i n i n t h e w a r t y l a y e r does s e e m to b e m o r e h i g h l y c o n d e n s e d (or 
b o n d e d t h r e e - d i m e n s i o n a l l y ) t h a n t h e l i g n i n i n t h e rest o f t h e fiber 
w a l l (20, 21) , a n d p e r h a p s th i s s i t u a t i o n c o u l d i n f l u e n c e w a l l c h e m i c a l 
r e a c t i v i t y o r p e n e t r a b i l i t y at t h e c e l l u l a r l e v e l . 

V e s s e l E l e m e n t s . A R C H I T E C T U R E . T h e c e l l w a l l o f v e s s e l e l e 
m e n t s appears to b e c o n s t r u c t e d a l o n g the s a m e g e n e r a l s c h e m e as 
w o o d fibers. H o w e v e r , t h e l a y e r i n g is g e n e r a l l y m o r e c o m p l i c a t e d , 
a n d t h e p r e s e n c e i n m a n y spec ies o f n u m e r o u s i n t e r v e s s e l b o r d e r e d 
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1. PARHAM A N D GRAY Formation and Structure of Wood 35 

p i t s causes m a r k e d d e v i a t i o n s i n t h e w a l l ' s i n t e r n a l m i c r o f i b r i l l a r a r 
r a n g e m e n t (22). 

S C U L P T U R I N G . Pits. T h e r e g i o n s o n v e s s e l e l e m e n t s w h e r e 
contac t is m a d e w i t h ad jacent vesse l s , fibers, a n d p a r e n c h y m a are 
d i s t i n c t l y p i t t e d ( F i g u r e 25). T h e a r r a n g e m e n t , s i ze , a n d shape o f 
these p i t s are o f t en s p e c i e s - d e p e n d e n t a n d are thus v a l u a b l e i n w o o d 
i d e n t i f i c a t i o n efforts (2). H o w e v e r , h a r d w o o d p i t s are n o t an o p e n 
r o u t e f o r r a p i d i n t e r c e l l u l a r t r a n s p o r t ( F i g u r e 20) ; c o n s e q u e n t l y , 
t h e r e is a n e e d for v e s s e l e l e m e n t p e r f o r a t i o n s as a m o r e e f fect ive 
r o u t e for f l u i d t r a n s l o c a t i o n . 

Perforations. T h e o p e n areas at t h e e n d s o f v e s s e l e l e m e n t s 
are c a l l e d perforation plates. T h e f o r m o f these e n d - w a l l r e g i o n s 
var i es b e t w e e n spec i e s a n d s o m e t i m e s b e t w e e n e a r l y w o o d a n d l a t e -

Figure 25. SEM of vessel pitting in hardwoods. (A) Vessel/vessel pitting 
(VP) and vessel/ray parenchyma pitting (RP) as seen from a transverse/ 
radial perspective in cottonwood (F = fibers). (B) Individual vessel ele
ment of cottonwood isolated by chemical pulping. (C) Isolated earlywood 

vessel element of white oak (FP = fiber!vessel pitting). 
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36 T H E CHEMISTRY OF SOLID WOOD 

w o o d o f t h e s a m e spec i es (2). H o w e v e r , i n a l l cases the p e r f o r a t i o n 
p lates a l l o w t h e f ree f l o w o f l i q u i d s o r gases b e t w e e n v e r t i c a l l y c o n 
t i g u o u s v e s s e l e l e m e n t s a l o n g t h e s t e m axis . M a j o r t ypes o f p e r f o 
r a t i o n p la tes are i l l u s t r a t e d i n F i g u r e 26 . T h e i r v a r i a b i l i t y a m o n g 
d i f f e rent w o o d spec i es is b e n e f i c i a l i n efforts to i d e n t i f y a p a r t i c u l a r 
w o o d s o u r c e . 

Spiral Thickenings. T h e s e s t r u c t u r e s are c o m m o n i n the v e s 
sels o f m a n y h a r d w o o d s (e .g . , m a p l e , c h e r r y , b a s s w o o d , b u c k e y e , 
s o u t h e r n m a g n o l i a , a n d m a d r o n e ) . T h e p a r t i c u l a r f o r m is v a l u a b l e to 
the w o o d a n a t o m i s t for spec i e s i d e n t i f i c a t i o n , b u t t h e p r e s e n c e o r 
absence o f s p i r a l s has n o a p p a r e n t effect o n w o o d b e h a v i o r (2). 

Warts. T h e p r e s e n c e o f a v e s s e l e l e m e n t w a r t y l a y e r is spec i e s -
d e p e n d e n t , a n d w h e r e i t is f o u n d , i t t e n d s to b e assoc ia ted m o r e w i t h 
the o c c u r r e n c e o f s c a l a r i f o r m - t y p e p e r f o r a t i o n p la tes ( I , 23) . A s i n 
t h e case o f fibers, v e s s e l w a r t s h a v e n o o b v i o u s r o l e at t h e c e l l u l a r 

Figure 26. SEM of major types of perforation plates in hardwood vessel 
elements. (A) Wood radial section of redgum showing scalariform (lad-
derlike) perforation plates in three vessel elements (RP = ray cross-field 
pits). (B) Portion of a maple vessel element containing a simple perforation 
plate; chemically pulped wood. (C and D) Portions of vessel elements from 
yellow poplar (C) and paper birch (D) showing scalariform plates with 

very few bars and with numerous bars; chemically pulped wood. 
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1. PARHAM A N D GRAY Formation and Structure of Wood 37 

l e v e l a n d are l i k e l y to h a v e n o d e c i p h e r a b l e i n f l u e n c e o n w o o d p r o p 
er t i es . 

O t h e r C e l l s . T h e w a l l a r c h i t e c t u r e / s c u l p t u r i n g o f ray t r a c h e i d s 
i n so f twoods a n d o f t h e ray a n d a x i a l p a r e n c h y m a ce l l s i n b o t h soft
w o o d s a n d h a r d w o o d s is d i s c u s s e d at l e n g t h i n o t h e r texts (2 a n d 
re fe rences c i t e d t h e r e i n ) . D e t a i l s s h o w i n g v a r i a b i l i t y i n c l u d e p i t t y p e , 
w a l l l a y e r i n g , d e g r e e o f l i g n i f i c a t i o n , a n d w a l l s c u l p t u r i n g p e c u l i a r to 
a f e w spec ies (e .g . , d e n t a t i o n s i n ray t r a c h e i d s o f t h e h a r d p ines ) . 
A l t h o u g h t h e s e d e t a i l s are o f b o t a n i c a l a n d a c a d e m i c i n t e r e s t , t h e i r 
exact f o r m a n d v a r i a b i l i t y a re o f l i t t l e r e l e v a n c e to t h e r e m a i n d e r o f 
th is text a n d t h e m a j o r aspects o f w o o d c h e m i s t r y a n d w o o d b e h a v i o r . 

Wood Physical Characteristics 
T h e w e i g h t a n d s t r e n g t h p r o p e r t i e s o f w o o d , t o g e t h e r w i t h t h e 

b e h a v i o r o f w o o d i n r e s p o n s e to w e a t h e r , c h e m i c a l t r e a t m e n t , f i r e , 
o r m i c r o b i a l o r g a n i s m s , a re i n f l u e n c e d g r e a t l y b y t h e w o o d ' s w a t e r 
c o n t e n t a n d t h e mass o f w o o d t i s sue p e r u n i t v o l u m e (its d e n s i t y ) . 
T h e p h y s i c a l c h a r a c t e r i s t i c s o f w o o d t i s sue at g i v e n l e v e l s o f m o i s t u r e 
a n d d e n s i t y w i l l b e g i v e n spec i f i c a t t e n t i o n i n C h a p t e r 3. H o w e v e r , 
s o m e bas i c aspects o f w o o d p h y s i c s are i n c l u d e d h e r e to p r o v i d e a 
m o r e c o m p r e h e n s i v e i n t r o d u c t i o n to t h e t e c h n i c a l n a t u r e o f s o l i d 
w o o d . 

H y g r o s c o p i c i t y . T h e c h e m i c a l n a t u r e o f w o o d s u b s t a n c e , p a r 
t i c u l a r l y that o f t h e p o l y s a c c h a r i d e s , r e n d e r s w o o d c e l l w a l l s h y g r o 
s cop i c (or h y d r o p h i l i c ) . T h e h y d r o x y l g r o u p s o n t h e c e l l u l o s e a n d 
h e m i c e l l u l o s e m o l e c u l e s a r e r e s p o n s i b l e f o r t h i s g r e a t a f f i n i t y f o r 
w a t e r a n d h a v e a v e r y s t r o n g p r o p e n s i t y to f o r m h y d r o g e n b o n d s 
(2). L i g n i n , o n t h e o t h e r h a n d , possesses c o m p a r a t i v e l y f e w free h y 
d r o x y Is, a n d as a r e s u l t is m u c h less h y g r o s c o p i c . I n fact, f or a l l 
p r a c t i c a l p u r p o s e s , l i g n i n is g e n e r a l l y c o n s i d e r e d to b e e s s e n t i a l l y 
h y d r o p h o b i c (or l i p o p h i l i c ) . 

A s a c o n s e q u e n c e o f its h y d r o p h i l i c i t y , w o o d t i s sue w i l l seek to 
m a i n t a i n , t h r o u g h e i t h e r g a i n o r loss o f m o i s t u r e , a n e q u i l i b r i u m 
m o i s t u r e c o n t e n t w i t h t h e s u r r o u n d i n g a t m o s p h e r e . I f t h e w o o d takes 
o n w a t e r , t h e c e l l w a l l s p r o c e e d to s w e l l u n t i l t h e c e l l w a l l s b e c o m e 
w a t e r - s a t u r a t e d . T h e l a t t e r m o i s t u r e c o n t e n t is c a l l e d t h e w o o d ' s f i b e r 
s a t u r a t i o n p o i n t . I n c o n t r a s t , loss o f w o o d w a t e r ( b e l o w t h e fiber 
s a t u r a t i o n p o i n t ) , d u e to d i f f u s i o n a n d e v a p o r a t i o n , r e s u l t s i n w o o d 
s h r i n k a g e . 

T h e w a t e r c o n t e n t o f t h e w o o d c e l l w a l l has a s t r o n g i n f l u e n c e 
o n t h e w o o d ' s m e c h a n i c a l p r o p e r t i e s , a n d a h i g h e r m o i s t u r e c o n t e n t , 
at least b e l o w t h e fiber s a t u r a t i o n p o i n t , a n d n o r m a l l y is i n v e r s e l y 
r e l a t e d to m o s t s t r e n g t h p r o p e r t i e s (see C h a p t e r 5). T h i s s i t u a t i o n is 
eas i l y r e c o n c i l e d i f o n e c o n s i d e r s that t h e t a k e u p o f w a t e r b e l o w t h e 
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38 T H E CHEMISTRY OF SOLID WOOD 

fiber s a t u r a t i o n p o i n t r e s u l t s i n a p u s h i n g apart o f p o l y s a c c h a r i d e 
m o l e c u l e s as w a t e r is i m b i b e d , a n d that the d r y i n g o f w e t w o o d , i f 
r e s u l t i n g i n w o o d s h r i n k a g e , p r o m o t e s c oa les cence a n d b o n d i n g o f 
t h e w o o d ' s i n t e r n a l a r c h i t e c t u r e o r u l t r a s t r u c t u r e . 

O t h e r w a y s i n w h i c h t h e p r e s e n c e o f w a t e r i n f l u e n c e s w o o d 
b e h a v i o r w i l l b e d i s c u s s e d la ter . 

D e n s i t y a n d S p e c i f i c G r a v i t y . D E F I N I T I O N A N D C A L C U L A 
T I O N . A w o o d p r o p e r t y that f u r n i s h e s o n e o f t h e m o s t u s e f u l i n d i c e s 
to t h e p r e d i c t e d b e h a v i o r a n d t r e a t a b i l i t y o f w o o d is w o o d ' s bulk 
density—the mass o r w e i g h t o f w o o d s u b s t a n c e p e r u n i t v o l u m e , 
u s u a l l y e x p r e s s e d as g r a m s p e r c u b i c c e n t i m e t e r o r k i l o g r a m s p e r 
c u b i c m e t e r (2, 24). U n f o r t u n a t e l y , as d e f i n e d a b o v e , b u l k w o o d d e n 
s i ty has t w o m a j o r p r o b l e m s assoc ia ted w i t h its m e a s u r e m e n t . T h e 
f i r s t is t h e c o n s t a n t q u e s t i o n : at e x a c t l y w h i c h m o i s t u r e c o n t e n t 
s h o u l d t h e w e i g h t a n d v o l u m e o f t h e s a m p l e b e d e t e r m i n e d ? T h i s is 
a lways a c o n s i d e r a t i o n b e c a u s e t h e v o l u m e (at least b e l o w t h e fiber 
s a t u r a t i o n p o i n t ) a n d w e i g h t o f w o o d t i s sue c h a n g e w i t h its m o i s t u r e 
c o n t e n t . T h e s e m e a s u r e m e n t s c a n b e m a d e at a g i v e n m o i s t u r e c o n 
tent , b u t a c c u r a t e l y a c h i e v i n g a n d m a i n t a i n i n g a p a r t i c u l a r m o i s t u r e 
c o n t e n t is n o t s t r a i g h t f o r w a r d a n d c e r t a i n l y n o t c o n v e n i e n t . 

T h e s e c o n d p r o b l e m assoc ia ted w i t h the d e t e r m i n a t i o n o f w o o d 
d e n s i t y is s t r i c t l y o n e o f l o g i s t i c s ; that i s , exac t l y h o w s h o u l d t h e 
necessary m e a s u r e m e n t s b e m a d e , p a r t i c u l a r l y that o f v o l u m e ? I f a l l 
w o o d s a m p l e s o f i n t e r e s t c o u l d b e eas i l y d r e s s e d to per f e c t g e o m e t 
r i c a l shapes , v o l u m e m e a s u r e m e n t w o u l d no t b e a p r o b l e m . H o w 
ever , th is is n o t t h e case , a n d d e n s i t y i n f o r m a t i o n is o f ten d e s i r e d for 
l a rge s p e c i m e n s , i r r e g u l a r l y s h a p e d s p e c i m e n s , o r s m a l l s a m p l e s o f 
e a r l y w o o d o r l a t e w o o d o f a s i n g l e g r o w t h i n c r e m e n t . 

To c i r c u m v e n t these t w o p r o b l e m s , t h e w o o d t e c h n o l o g i s t uses 
a s p e c i a l o r a r t i f i c i a l p a r a m e t e r k n o w n as basic density. I t is a n a r t i 
ficial p a r a m e t e r b e c a u s e t h e w e i g h t a n d v o l u m e m e a s u r e m e n t s r e 
q u i r e d for its c a l c u l a t i o n are m a d e o n e x t r e m e l y d i f f e rent w o o d c o n 
d i t i o n s — t h e c o m p l e t e l y d r y [or o v e n - d r y ( O D ) ] s tate f o r w e i g h t 
m e a s u r e m e n t s a n d t h e c o m p l e t e l y w e t (or w a t e r - s a t u r a t e d ) state for 
v o l u m e m e a s u r e m e n t s . I n th i s way , e v e n t h o u g h w o o d changes i n 
w e i g h t a n d v o l u m e w i t h c h a n g e s i n m o i s t u r e c o n t e n t , m e a s u r e m e n t s 
o f w e i g h t a n d v o l u m e o f a g i v e n s a m p l e are p o s s i b l e at c o n d i t i o n s 
that are as n e a r l y c o n s t a n t a n d r e p r o d u c i b l e as c a n b e o b t a i n e d w i t h 
w o o d t i s sue (2). A n a d d i t i o n a l a d v a n t a g e o f u s i n g w a t e r - s w o l l e n o r 
g r e e n w o o d v o l u m e is that t h e s i m p l e t e c h n i q u e o f w a t e r d i s p l a c e 
m e n t c a n b e u s e d to m e a s u r e t h e v o l u m e o f l a r g e , s m a l l , a n d / o r 
i r r e g u l a r l y s h a p e d s a m p l e s . T h i s c o n v e n i e n c e , t o g e t h e r w i t h t h e fact 
that 1 c m 3 (or 1 m L ) o f w a t e r w e i g h s 1 g, p e r m i t s t h e c o n v e r s i o n o f 
bas i c d e n s i t y e x p r e s s e d as O D w t / g r e e n v o l to a n e q u i v a l e n t f r a c t i o n 
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e x p r e s s e d as O D w t / w t w a t e r d i s p l a c e d . T h e l a t t e r f r a c t i o n is a p u r e 
n u m b e r ( i . e . , w i t h o u t u n i t s ) , a n d as s u c h , is e q u i v a l e n t to a r e l a t e d 
t e r m — s p e c i f i c gravity. 

T h e spec i f i c g r a v i t y o f a m a t e r i a l is d e f i n e d as t h e ra t i o o f t h e 
d e n s i t y o f t h e m a t e r i a l to t h e d e n s i t y o f w a t e r (2). I f th i s c o n c e p t is 
b r o a d e n e d to i n c o r p o r a t e t h e p a r a m e t e r o f basic density, a n o t h e r 
t e r m is o b t a i n e d : basic spec i f i c g rav i ty , w h i c h is d e f i n e d as: 

spec i f i c - bas i c d e n s i t y _ ^J^^QJ O D w t 
g r a v i t y d e n s i t y o f w a t e r g r e e n v o w t d i s p l a c e d w a t e r 

C o n s e q u e n t l y , t h e t e r m s bas i c d e n s i t y a n d bas i c spec i f i c g r a v i t y g i v e 
the same i n f o r m a t i o n , a n d t h e y are d i f f e r e n t o n l y i n t h e f u n d a m e n t a l 
sense that bas i c spec i f i c g r a v i t y is a p u r e n u m b e r a n d bas i c d e n s i t y 
is not . T h e c h o i c e o f o n e t e r m o v e r t h e o t h e r for d e s c r i p t i o n s o f w o o d 
q u a l i t y is a m a t t e r o f p r e f e r e n c e a n d var i e s w i t h p a r t i c u l a r a u t h o r s 
o r i n v e s t i g a t o r s . H o w e v e r , t h e a s s i g n m e n t o f u n i t s to these t e r m s is 
a p p r o p r i a t e o n l y for b a s i c d e n s i t y . 

A v a i l a b l e t e c h n i q u e s m a k e i t p o s s i b l e to m e a s u r e t h e t r u e d e n 
s i ty o f w o o d (at a g i v e n m o i s t u r e c on tent ) . T h e s e i n c l u d e s p e c i a l 
p r o c e d u r e s t o o b t a i n d r y - w o o d v o l u m e s (25) , as w e l l as s p e c i a l 
m e t h o d s u s i n g β-ray o r X - r a y t e c h n o l o g y (26). H o w e v e r , these p r o 
c e d u r e s are not eas i l y a p p l i e d i n a r o u t i n e f a s h i o n , o n a large sca le , 
o r o n l a r g e w o o d s p e c i m e n s . 

A n y p r o c e d u r e for w o o d spec i f i c g r a v i t y o r d e n s i t y b a s e d o n 
m e a s u r i n g w e i g h t a n d v o l u m e c a n b e c o n s i d e r e d a c c u r a t e o n l y i f t h e 
w o o d s a m p l e has b e e n first e x t r a c t e d w i t h s u i t a b l e o r g a n i c so lvents 
to r e m o v e e x t r a n e o u s r e s i n s , o i l s , fats, g u m s , etc . (27). T h e s e m a 
ter ia ls b u l k c e l l w a l l s , b l o c k p o t e n t i a l s i tes for w a t e r a d s o r p t i o n / a b -
s o r p t i o n , a l t e r p o t e n t i a l w o o d s w e l l i n g / s h r i n k a g e , a n d t h e r e b y i n t e r 
fere w i t h t h e a c c u r a t e c h a r a c t e r i z a t i o n o f w o o d t i s sue . 

SIGNIFICANCE. T h e bas i c d e n s i t y o f w o o d v a r i e s w i t h c e l l s i z e , 
c e l l w a l l t h i c k n e s s , a n d t h e v o l u m e p r o p o r t i o n o f c e l l s o f a g i v e n 
t y p e . I t affects w o o d s h r i n k a g e a n d s w e l l i n g , m a c h i n a b i l i t y , sur face 
t e x t u r e a n d m i c r o s m o o t h n e s s , g l u a b i l i t y , p e n e t r a b i l i t y o f f l u i d s a n d 
gases, a n d i n o t h e r r e s p e c t s , g o v e r n s t h e d e g r a d a t i o n o f w o o d b y 
c h e m i c a l s , fire, a n d m i c r o o r g a n i s m s . I n p a r t i c u l a r , t h e s t r e n g t h o f 
w o o d a n d i ts sti f fness c l o s e l y p a r a l l e l c h a n g e s i n t h e bas i c d e n s i t y . 
B a s i c d e n s i t y is no t a n i n d e p e n d e n t p r e d i c t o r o f w o o d p h y s i c a l p e r 
f o r m a n c e b e c a u s e t o t a l w o o d b e h a v i o r is p r o f o u n d l y af fected b y its 
m o i s t u r e c o n t e n t (2). N e v e r t h e l e s s , i t m a y b e p o s s i b l e to l e a r n m o r e 
a b o u t t h e n a t u r e o f a g i v e n w o o d s a m p l e b y d e t e r m i n i n g its bas i c 
d e n s i t y t h a n b y a n y o t h e r s i n g l e m e a s u r e m e n t (24). 
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40 THE CHEMISTRY OF SOLID WOOD 
I n so f twoods , b a s i c d e n s i t y is s t r o n g l y r e l a t e d to t h e v o l u m e 

p r o p o r t i o n o f late w o o d a n d i ts a v e r a g e fiber w a l l t h i c k n e s s . H o w e v e r , 
h a r d w o o d b a s i c d e n s i t y d e p e n d s n o t o n l y o n fiber w a l l t h i c k n e s s b u t 
also i n v o l v e s t h e v o l u m e r a t i o o f fibers to vesse ls . N a t i v e c o m m e r c i a l 
w o o d s f a l l m o s t l y i n t h e b a s i c d e n s i t y r a n g e o f 0 . 3 5 - 0 . 6 5 g / c m 3 , 
a l t h o u g h n a t i v e spec i es c a n b e as l o w as 0 .21 g / c m 3 ( corkwood) a n d 
as h i g h as 1.04 g / c m 3 (b lack i r o n w o o d ) (2). 

W o o d s w i t h b a s i c d e n s i t y v a l u e s (means for t h e species) that f a l l 
i n t h e r a n g e o f < 0 . 3 6 , 0 . 3 6 - 0 . 5 0 , a n d > 0 . 5 0 g / c m 3 are c o n s i d e r e d 
l i g h t , m o d e r a t e l y l i g h t to m o d e r a t e l y heavy , a n d heavy , r e s p e c t i v e l y , 
a n d i n c l u d e b o t h t e m p e r a t e a n d t r o p i c a l w o o d s (2). H o w e v e r , for a 
g i v e n spec i es , t h e r e is c o n s i d e r a b l e v a r i a b i l i t y a b o u t a n y p u b l i s h e d 
a n d a c c e p t e d m e a n . S p e c i f i c a l l y , at least for m o s t N o r t h A m e r i c a n 
w o o d s , t h e e x p e c t e d coe f f i c i ent o f v a r i a t i o n ( i . e . , s t a n d a r d d e v i a t i o n 
d i v i d e d b y t h e m e a n ) is a b o u t 1 0 % (24). T h u s , i f t h e 9 5 % p r o b a b i l i t y 
l e v e l is to b e c o n s i d e r e d , a r e a s o n a b l e e s t i m a t e o f t h e t o ta l e x p e c t e d 
r a n g e o f v a r i a b i l i t y w o u l d b e t h e m e a n b a s i c d e n s i t y ± ( 1 0 % x 1.96 
X m e a n b a s i c d e n s i t y ) . T a b l e I p r e s e n t s t h e ranges o f b a s i c d e n s i t y 
that m i g h t b e a n t i c i p a t e d for s e v e r a l i m p o r t a n t U . S . w o o d s . 

A t t h e c e l l u l a r l e v e l , t h e t r u e d e n s i t y o f d r y c e l l w a l l s u b s t a n c e 
( i . e . , w i t h i n t h e c e l l w a l l ) has b e e n d e t e r m i n e d to b e a b o u t 1.5 g/ 
c m 3 , v a r y i n g to s o m e e x t e n t w i t h t h e m e t h o d o f m e a s u r e m e n t a n d 
spec ies (2). T h e r e are v o i d s w i t h i n t h e d r y w o o d c e l l w a l l , b u t t h e 
v o i d v o l u m e h e r e ( i . e . , m i c r o p o r e s ) is r e p o r t e d to b e o n l y a b o u t 
2 - 4 % . H o w e v e r , th i s figure w o u l d b e e x p e c t e d to i n c r e a s e as w o o d 
m o i s t u r e c o n t e n t is i n c r e a s e d to t h e fiber s a t u r a t i o n p o i n t (28). 

T h e i m p o r t a n c e o f w o o d m o i s t u r e a n d bas i c d e n s i t y i n d e t e r 
m i n i n g w o o d b e h a v i o r w i l l b e c o m e m o r e e v i d e n t i n s u b s e q u e n t c h a p 
ters . Suf f i ce i t h e r e to say that v a r i a t i o n i n t h e a m o u n t o f c e l l w a l l 
subs tance at a g i v e n m o i s t u r e c o n t e n t that m u s t b e t r a v e r s e d b y a 
p e n e t r a t i n g l i q u i d o r c h e m i c a l , m i c r o b e , e t c . , c a n d e t e r m i n e t h e rate 
o f r e a c t i o n as w e l l as t h e e x t e n t o f r e a c t i o n o r the c h a n g e i n the 
c h a r a c t e r o f t h e w o o d i n q u e s t i o n . 

Wood Variability 
C a u s e s . D i f f e r e n t s p e c i m e n s o f w o o d e v e n from t h e s a m e t ree 

are n e v e r i d e n t i c a l a n d are s i m i l a r o n l y w i t h i n b r o a d l i m i t s (2). W i t h i n 
t h e l a r g e r ca tegor i es o f so f twoods a n d h a r d w o o d s , s u c h v a r i a b i l i t y is 
e x t e n d e d to d i f f e r e n t t rees o f t h e s a m e spec ies a n d to d i f f e r e n t g e n e r a 
a n d f a m i l i e s . A l l o f th i s v a r i a b i l i t y o c c u r s n a t u r a l l y a n d is t h e c o m 
b i n e d r e s u l t o f t r e e g e n e t i c s , t h e e n v i r o n m e n t , a n d t h e age o f t h e 
v a s c u l a r c a m b i u m ( i . e . , t r e e age ) . O b s e r v e d c o n s e q u e n c e s a r e 
changes i n t h e t y p e , n u m b e r , a n d f o r m o f w o o d c e l l s . A d d i t i o n a l l y , 
s u c h c h a n g e s a r e n o t i n f r e q u e n t l y a c c o m p a n i e d b y v a r y i n g w o o d 
c h e m i s t r y a n d c e l l w a l l u l t r a s t r u c t u r e . 
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1. PARHAM AND GRAY Formation and Structure of Wood 41 

T a b l e I . B a s i c D e n s i t y ( B D ) o f S o m e I m p o r t a n t U . S . W o o d s a n d 
t h e E x p e c t e d R a n g e o f V a r i a b i l i t y 

Species 
Mean BD" 

(g/cm3) Expected Range1' 

Sof twoods 
S l a s h p i n e 0 .54 0 . 4 3 - 0 . 6 5 
L o n g l e a f p i n e 0 .54 0 . 4 3 - 0 . 6 5 
L o b l o l l y p i n e 0 .47 0 . 3 8 - 0 . 5 6 
D o u g l a s - f i r 0 . 4 5 0 . 3 6 - 0 . 5 4 
W e s t e r n h e m l o c k 0 .42 0 . 3 4 - 0 . 5 0 
P o n d e r o s a p i n e 0 .38 0 . 3 1 - 0 . 4 5 
W h i t e fir 0 . 37 0 . 3 0 - 0 . 4 4 
W . w h i t e p i n e 0 . 3 5 0 . 2 8 - 0 . 4 2 

H a r d w o o d s 
S h a g b a r k h i c k o r y 0 .64 0 . 5 1 - 0 . 7 7 
N . r e d oak 0 .56 0 . 4 5 - 0 . 6 7 
S u g a r m a p l e 0 .56 0 . 4 5 - 0 . 6 7 
W h i t e ash 0 .55 0 . 4 4 - 0 . 6 6 
S. r e d oak 0 .52 0 . 4 2 - 0 . 6 2 
R e d g u m 0 .46 0 . 3 7 - 0 . 5 5 
B l a c k g u m 0 .46 0 . 3 7 - 0 . 5 5 
Y e l l o w p o p l a r 0 .42 0 . 3 4 - 0 . 5 0 
W . r e d a l d e r 0 .37 0 . 3 0 - 0 . 4 4 
Q u a k i n g a s p e n 0 . 3 5 0 . 2 8 - 0 . 4 2 

a Based on oven-dry weight and green volume (g/cm 3). 
b Assumes a coefficient of variation of 10% (see Ref. 24). Addit ional information was 

calculated from data in Ref. 2. 

S u p e r i m p o s e d o n n a t u r a l w o o d v a r i a b i l i t y is that v a r i a b i l i t y i n 
d u c e d b y t h e p r o f e s s i o n a l f ores ter , w h o is c h a r g e d w i t h t h e task o f 
silviculture—the s c i e n c e o f p r o d u c i n g a n d m a i n t a i n i n g a forest . T h e 
prac t i c e s o f s c i e n t i f i c forest m a n a g e m e n t are u s u a l l y a i m e d at i n 
c r e a s i n g t r e e g r o w t h rate a n d w o o d p r o d u c t i o n , i n c r e a s i n g t h e a v 
erage l e n g t h o f t h e b r a n c h - f r e e b o l e , a n d s i m u l t a n e o u s l y m a i n t a i n i n g 
a s u i t a b l e , i f no t i m p r o v e d , l e v e l o f w o o d q u a l i t y . W e l l - e s t a b l i s h e d 
p r o c e d u r e s i n c l u d e , b u t are n o t l i m i t e d to , r e g u l a t i o n o f t h e n u m b e r 
o f s t ems p e r ac re ( s tand d e n s i t y ) , p r u n i n g t h e l o w e r b r a n c h e s o f 
i n d i v i d u a l s t e m s , f e r t i l i z a t i o n , a n d i r r i g a t i o n (8). A s i n t h e case o f 
n a t u r a l t r e e v a r i a b i l i t y , i m p o s e d t r e a t m e n t s cause c h a n g e s i n w o o d 
p h y s i c a l c h a r a c t e r i s t i c s t h r o u g h a l t e r a t i o n o f t h e f o r m a n d n u m b e r o f 
v a r i o u s c e l l t y p e s . W o o d c h e m i s t r y m a y also b e a f fected b y s u c h 
t r e a t m e n t s . 

W i t h i n a g i v e n t r e e , c e r t a i n aspects o f w o o d v a r i a b i l i t y a re r e 
l a t e d to t h e p h y s i c a l p o s i t i o n o f w o o d t i ssue i n t h e b o l e . O n e m a j o r 
aspect o f w o o d v a r i a b i l i t y is f o u n d a l o n g t h e t r e e r a d i u s ; w o o d i n t h e 
c e n t e r o f t h e t r e e is d i f f e r e n t f r o m the w o o d m u c h f u r t h e r out . T h i s 
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42 THE CHEMISTRY OF SOLID WOOD 
s i t u a t i o n t h e n l eads d i r e c t l y to a s e c o n d m a j o r aspect . T h a t i s , b e 
cause w o o d is l a i d o n t o t h e d e v e l o p i n g s t e m i n t h e f o r m o f i n v e r t e d 
h o l l o w cones (see F i g u r e 8) v a r i a t i o n i n t h e r a d i a l d i r e c t i o n is r e 
s p o n s i b l e for a g r a d u a l c h a n g e i n w o o d c h a r a c t e r i s t i c s w i t h i n c r e a s i n g 
t ree h e i g h t o r p o s i t i o n u p t h e t r e e b o l e . 

C h a n g e s i n w o o d p r o p e r t i e s r e s u l t i n g f r o m n a t u r a l o r i n d u c e d 
t ree v a r i a b i l i t y o f ten i n c l u d e a c h a n g e i n w o o d b a s i c dens i ty . A s s o 
c i a t e d changes i n w o o d a n a t o m y i n c l u d e a l t e r e d g r o w t h rates ( r i n g 
w i d t h or n u m b e r o f r i n g s p e r i n c h ) , f i b e r w a l l t h i c k n e s s , e a r l y w o o d 
to l a t e w o o d t r a n s i t i o n , p e r c e n t l a t e w o o d , a n d v e s s e h f i b e r ra t i o . T h e 
e n s u i n g c h a n g e s i n b e h a v i o r o r r e a c t i v i t y o f w o o d i n t h e a f fected t rees 
w i l l v a r y a c c o r d i n g l y , f o l l o w i n g t h e s a m e t r e n d s for c h a n g i n g bas i c 
d e n s i t y d i s c u s s e d p r e v i o u s l y . 

M a j o r T y p e s . HEARTWOOD AND SAPWOOD. W h e n a t r e e is 
y o u n g (a r e l a t i v e t e r m , h o w e v e r ) , u p w a r d c o n d u c t i o n o f sap i n the 
x y l e m is p o s s i b l e t h r o u g h t h e e n t i r e c r o s s - s e c t i o n a l p l a n e . ( U p w a r d 
c o n d u c t i o n m a y n o t a l w a y s i n v o l v e t h e e n t i r e b o l e c ross s e c t i o n , 
w h i c h is d e p e n d e n t o n t r e e t y p e , b u t at least i t is poss ib le . ) A d d i 
t i o n a l l y , i n t h e f o u r s o f t w o o d g e n e r a m e n t i o n e d e a r l i e r , r e s i n canals 
are n o r m a l l y f u n c t i o n a l , a n d i n a l l t r ees , m o s t storage p a r e n c h y m a 
are s t i l l l i v i n g . A t th i s p o i n t , the x y l e m is k n o w n a p p r o p r i a t e l y as 
sapwood, w h i c h is n o r m a l l y l i g h t - c o l o r e d ( F i g u r e 27). A s t rees g r o w 
o l d e r , the c e n t r a l p o r t i o n o f mos t t rees is e v e n t u a l l y a l t e r e d , p r i 
m a r i l y c h e m i c a l l y b u t a lso s t r u c t u r a l l y to s o m e e x t e n t , to t h e p o i n t 
w h e r e i t m u s t b e d i s t i n g u i s h e d f r o m n o r m a l s a p w o o d . I n its a l t e r e d 
state th i s c e n t r a l r e g i o n o f t h e t r ee b o l e , v a r i a b l e i n s ize a n d o t h e r 
c h a r a c t e r i s t i c s , is t e r m e d heartwood a n d c o n t i n u e s to e n l a r g e w i t h 
t i m e (2). 

T h e c h a r a c t e r i s t i c s o f h e a r t w o o d that s e r v e to d i s t i n g u i s h i t f r o m 
n o r m a l s a p w o o d are t h e f o l l o w i n g : 

Figure 27. Heartwood distribution (H) as seen in tree cross sections from 
two blackjack oaks. Note that the heartwood zone increases with tree age. 

(Photo by W. J. McCleary.) 
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1. PARHAM AND GRAY Formation and Structure of Wood 
43 

1. T h e e n t i r e r e g i o n is n o r m a l l y i n f i l t r a t e d a n d i n c r u s t e d 
w i t h o r g a n i c e x t r a c t i v e s that are l a r g e l y p o l y p h e n o l i c i n 
n a t u r e . T h e s e m a t e r i a l s are d e r i v e d f r o m the c o n v e r s i o n 
o f s t a r c h , s u g a r s , a n d o r g a n i c e x t r a c t i v e s p r e s e n t i n 
t h e s a p w o o d p a r e n c h y m a . U p o n h e a r t w o o d f o r m a t i o n , 
t h e p a r e n c h y m a c e l l s u s u a l l y d i e , a n d t h e i r c o n t e n t s 
t h e n p r o c e e d to i n f i l t r a t e c e l l w a l l s , i n c r u s t p i t m e m 
b r a n e s ( F i g u r e 28), a n d c a n e v e n p l u g vesse ls i n t h e 
af fected areas (2). 

2. T h e m o i s t u r e c o n t e n t o f h e a r t w o o d i n so f twood trees is 
r e d u c e d to a l e v e l m u c h l o w e r t h a n that o f n o r m a l sap-
w o o d (2, 24). D u r i n g t h e m o i s t u r e r e d u c t i o n p e r i o d , 
t h e m e m b r a n e s o f b o r d e r e d p i t s i n s a p w o o d f ibers h a v e 
a s t r o n g t e n d e n c y to b e c o m e a s p i r a t e d . T h i s s i t u a t i o n , 
t o g e t h e r w i t h that o f p i t m e m b r a n e i n c r u s t a t i o n , g r e a t l y 
r e d u c e s t h e n a t u r a l p e r m e a b i l i t y o f h e a r t w o o d t i ssue to 
l i q u i d s a n d gases. 

3. T h e vesse ls i n m a n y h a r d w o o d spec ies (e .g . , w h i t e oaks 
a n d h i c k o r i e s ) b e c o m e p l u g g e d w i t h b u b b l e l i k e i n t r u 
s ions f r o m ad jacent p a r e n c h y m a ce l l s ( F i g u r e 29). T h e s e 
s t r u c t u r e s , t e r m e d tyloses ( p l u r a l ) , i n v a d e t h e v e s s e l 
l u m e n t h r o u g h v e s s e l e l e m e n t / p a r e n c h y m a p i t s a n d 
r e p r e s e n t e r u p t i v e o u t g r o w t h s o f t h e p a r e n c h y m a ' s 
l i v i n g c o n t e n t s (29). T y l o s e s g r e a t l y r e d u c e w o o d p e r 
m e a b i l i t y . 

4. H e a r t w o o d m a y take o n a d i s t i n c t i v e co lor , i n c l u d i n g 
shades o f b r o w n , y e l l o w , o r a n g e , o r r e d (e .g . , s o u t h e r n 
p i n e , D o u g l a s - f i r , r e d w o o d , o a k , b l a c k w a l n u t , a n d 

Figure 28. SEM of an incrusted, aspirated-pit membrane in western hem
lock heartwood. (Reproduced from Ref 39. Copyright 1982, American 

Chemical Society.) 
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44 THE CHEMISTRY OF SOLID WOOD 

Figure 29. Tyloses in white oak heartwood. (A) SEM of transverse/tan
gential view showing vessels plugged with numerous tyloses (T). (Repro
duced from Ref 39. Copyright 1982, American Chemical Society); (B) 
Light micrograph of radial section ofearly wood showing a plugged vessel. 

b l a c k c h e r r y ) . H o w e v e r , i n o t h e r spec i e s , th i s z o n e is 
n o t n o t i c e a b l y c h a n g e d i n c o l o r (e .g . , s p r u c e , fir, h e m 
l o c k , a s p e n , a n d c o t t o n w o o d ) (2). N e v e r t h e l e s s , t h e 
h e a r t w o o d e v e n i n t h e s e spec i es s t i l l c o n t a i n s a n a b 
n o r m a l l y h i g h e x t r a c t i v e s c o n t e n t as w e l l as e x h i b i t i n g 
t h e p h y s i c a l a l t e r a t i o n s d e s c r i b e d i n c h a r a c t e r i s t i c s 1 -
3. J u s t t h e e x t r a c t i v e s t h e m s e l v e s , w h e t h e r c o l o r e d o r 
no t , c a n h a v e a n effect o n w o o d r e a c t i v i t y o r t r e a t m e n t 
processes s u c h as finishing, p r e s e r v a t i o n , g l u i n g , a n d 
t h e p r o d u c t i o n o f p o l y m e r / w o o d c o m p o s i t e s . 

5. T h e h e a r t w o o d e x t r a c t i v e s i n c e r t a i n spec ies (e .g . , r e d 
w o o d a n d cedars ) a re t ox i c , to s o m e e x t e n t , a n d r e n d e r 
t h e w o o d m o r e r e s i s t a n t to d e c a y m i c r o o r g a n i s m s a n d / 
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o r insec t s (2). H o w e v e r , w o o d d u r a b i l i t y is d u e to t h e 
spec i f i c t o x i c i t y a n d a m o u n t o f t h e e x t r a c t i v e s , r a t h e r 
t h a n to h e a r t w o o d c o l o r p e r se. 

REACTION WOOD. W h e n a t r e e s t e m o r b r a n c h is b r o u g h t out 
o f i ts n o r m a l e q u i l i b r i u m p o s i t i o n i n space b y an o u t s i d e force , a n 
a c c e l e r a t e d r a d i a l g r o w t h is p r o m o t e d o n e i t h e r t h e l o w e r o r u p p e r 
s ide o f t h e s t e m o r b r a n c h i n q u e s t i o n . S u c h g r o w t h is i n i t i a t e d b y 
t h e a f fec ted t r e e p a r t as a m e a n s to r e a c h i e v e its n a t u r a l o r e q u i l i b 
r i u m p o s i t i o n . I n d o i n g so, t h e s t e m o r b r a n c h m a y d e v e l o p e c c e n t r i c 
o r e l l i p t i c a l g r o w t h r i n g s (as s e e n i n cross sect ion) , a n d the w i d e s t 
s ide o f t h e e c c e n t r i c i t y is c o m p o s e d o f c e l l s a l t e r e d b o t h s t r u c t u r a l l y 
a n d c h e m i c a l l y f r o m n o r m a l w o o d , ad jacent o r s ide w o o d , a n d o p 
p o s i t e w o o d . T h e a t y p i c a l c e l l s o r t issues g e n e r a t e d i n t h e r e g i o n s o f 
a c c e l e r a t e d g r o w t h are k n o w n c o l l e c t i v e l y as reaction wood b e c a u s e 
the t i ssues r e f l e c t t h e t r e e s r e s p o n s e o r r e a c t i o n to a n a l t e r a t i o n i n 
its u s u a l e n v i r o n m e n t (30). G r a v i t a t i o n a l a n d h o r m o n a l s t i m u l i are 
i n v o l v e d , b u t t h e p r e c i s e p h y s i o l o g y g o v e r n i n g r e a c t i o n w o o d for 
m a t i o n r e m a i n s to b e c l a r i f i e d . 

R e a c t i o n w o o d i n so f twoods is n o r m a l l y c o n c e n t r a t e d o n t h e u n 
d e r s i d e o r l o w e r s ide o f t h e af fected t r e e o r b r a n c h . B e c a u s e t h e 
w o o d i n s u c h r e g i o n s a p p e a r s to b e s u b j e c t e d to c o m p r e s s i o n a l forces , 
th i s w o o d is g i v e n t h e n o n t e c h n i c a l d e s i g n a t i o n o f compression wood 
( F i g u r e 30). I n h a r d w o o d s t h e l o c a t i o n a n d c o n c e n t r a t i o n o f r e a c t i o n 
w o o d t i s sue is n o r m a l l y o p p o s i t e that i n so f twoods , i . e . , o n the u p p e r 
s ide o f b r a n c h e s a n d l e a n i n g s t e m s , a n d the t i ssue is c a l l e d tension 
wood ( F i g u r e 31). R e a c t i o n w o o d i n so f twoods a n d h a r d w o o d s is also 
l o c a t e d i n t h e v i c i n i t y o f p o i n t s o n a n y t r e e b o l e w h e r e b r a n c h e s 
o r i g i n a t e . 

A l t h o u g h c o n c e n t r a t e d i n a n d a r o u n d b r a n c h e s a n d i n o b v i o u s l y 
l e a n i n g t r e e b o l e s , r e a c t i o n w o o d zones c a n b e f r e q u e n t l y s c a t t e r e d 

Figure 30. Compression wood in the stem cross section of a severely 
leaning Doughs-fir. Note the growth ring eccentricity (NW = normal 
wood). (Reproduced from Ref 39. Copyright 1982, American Chemical 

Society. J 
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46 THE CHEMISTRY OF SOLID WOOD 

Figure 31. Cross-sectional surface of a young quaking aspen stem. Note 
the white arcs of tension wooa(TW) (NW = normal wood). (Reproduced 

from Ref. 39. Copyright 1982, American Chemical Society.) 

t h r o u g h o u t a n y s t e m c r o s s - s e c t i o n i n s h o r t arcs , r e f l e c t i n g t h e v a r i 
a t i o n i n stresses i m p o s e d o n a t r ee w i t h t i m e . COMPRESSION WOOD. T h e f o r m a t i o n , s t r u c t u r e , a n d c h e m i s t r y 
o f c o m p r e s s i o n w o o d h a v e b e e n g i v e n c o n s i d e r a b l e a t t e n t i o n (see 
R e f e r e n c e 3 0 and r e f e r e n c e s c i t e d t h e r e i n ) . C o m p r e s s i o n w o o d t i ssue 
e x h i b i t s b o t h m a j o r a n d s u b t l e d i f f e r e n c e s f r o m n o r m a l s o f t w o o d 
x y l e m . T h e s e d i f f e rences (Table II) are e i t h e r d i r e c t l y o r i n d i r e c t l y 
r e s p o n s i b l e for a n y d i s t i n g u i s h a b l e changes i n the b e h a v i o r a n d t rea t 
a b i l i t y o f c o m p r e s s i o n w o o d v e r s u s t h e b e h a v i o r g e n e r a l l y n o t e d for 
n o r m a l w o o d . 

P e r h a p s t h e m o s t i n f l u e n t i a l p r o p e r t i e s o f c o m p r e s s i o n w o o d are 
its h i g h l i g n i n a n d l o w c e l l u l o s e c o n t e n t s , its t h i c k a n d u l t r a s t r u c t u r -
a l l y m o d i f i e d f i b e r w a l l s , a n d t h e r e d u c t i o n o f to ta l m i d d l e l a m e l l a 
s u b s t a n c e (and i n t e r c e l l u l a r adhes ion ) d u e to r o u n d e d f i b e r o u t l i n e s 
a n d i n t e r c e l l u l a r spaces ( F i g u r e 32). A t t e n d a n t w o o d features i n c l u d e 
(usual ly ) h i g h e r - t h a n - n o r m a l bas i c d e n s i t y a n d w o o d h a r d n e s s , ex 
t r e m e l y h i g h l o n g i t u d i n a l s h r i n k a g e , l o w e r m o i s t u r e h o l d i n g capac i ty , 
b r a s h n e s s (abruptness ) i n m e c h a n i c a l f r a c t u r e , a n d a l t e r e d s t r e n g t h 
p r o p e r t i e s (usua l l y l o w e r t h a n n o r m a l ) . 

I n s e v e r e l y l e a n i n g s o f t w o o d t rees , c o m p r e s s i o n w o o d is f o r m e d 
i n v e r y large p r o p o r t i o n s a n d m a i n l y u n i l a t e r a l l y , g i v i n g r i se to the 
a f o r e m e n t i o n e d e c c e n t r i c g r o w t h r i n g s . I n r e l a t i v e l y s t ra ight o r e r e c t 
t rees , c o m p r e s s i o n w o o d is f o u n d i n s m a l l e r , s c a t t e r e d arcs o r l u n e s , 
p a r t i c u l a r l y n e a r t h e p i t h o r t r e e c e n t e r . Its d a r k r e d c o l o r i n d o m e s t i c 
so f twoods r e a d i l y d i s t i n g u i s h e s c o m p r e s s i o n w o o d a l o n g t h e t r e e b o l e 
a n d at the base o f a l l b r a n c h e s a n d a r o u n d k n o t s . I t also appears to 
b e a s u b t l e b u t c o n s t a n t f e a t u r e o f y o u n g , r a p i d l y g r o w i n g con i f e rs 
a n d m a y b e p r o m o t e d i n y o u n g o r o l d e r t rees r e m a i n i n g after h e a v y 
t h i n n i n g o f a c r o w d e d forest s t a n d (2, 31). TENSION WOOD. R e a c t i o n w o o d is not f o u n d as c o n s i s t e n t l y i n 
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h a r d w o o d s as i n so f twoods . T h a t i s , t e n s i o n w o o d is no t d e t e c t e d i n 
s o m e spec ies , at least i n a d e f i n i t i v e m a n n e r , y e t i t c a n m a n i f e s t i t s e l f 
d i f f e r e n t l y i n d i f f e r e n t spec i e s , w i t h i n t h e same t r e e , o r e v e n w i t h i n 
t h e same g r o w t h r i n g (32, 33). I t m a y cons is t o f l a rge b a n d s s i m i l a r 
to those o f c o m p r e s s i o n w o o d , b u t t e n s i o n w o o d is c o m m o n l y d i s 
t r i b u t e d (part i cu lar ly i n fast -growing , y o u n g , and /or re la t ive ly straight 
trees) i n a m o r e d i f fuse p a t t e r n o f s m a l l e r areas (33). I n s o m e o f these 
la t te r cases, i t m a y b e so di f fuse as to b e d e t e c t a b l e o n l y b y m i c r o 
s c o p i c a l e x a m i n a t i o n (34). 

T h e sa l i en t f eatures o f t e n s i o n w o o d are s u m m a r i z e d i n Tab le I I . 
M o s t n o t a b l e are t h e i n c r e a s e d v o l u m e o f f i bers , t h e h i g h c e l l u l o s e 
c o n t e n t , l o w l i g n i n c o n t e n t , a n d t h e s p e c i a l w a l l a r c h i t e c t u r e o f t e n 
s i on w o o d f i bers . 

D e p e n d i n g o n spec i e s , g r o w t h ra te , a n d s e v e r i t y o f t ree l e a n , 
t e n s i o n w o o d f i bers c a n e x h i b i t o n e o f s e v e r a l f o r m s . I n m o s t cases 
the f o r m a t i o n o f t e n s i o n w o o d i n v o l v e s the d e p o s i t i o n o f a l oose ly 
a t t a c h e d l a y e r at ( n o r m a l l y ) t h e f i b e r l u m e n ( F i g u r e 33), a l a y e r that 
is about 9 8 % c e l l u l o s e a n d w h o s e m i c r o f i b r i l s are a l i g n e d e s s e n t i a l l y 
p a r a l l e l to t h e f i b e r axis . A s s e e n i n u n e m b e d d e d , m i c r o t o m e d w o o d 
cross sec t ions s t a i n e d for l i g h t m i c r o s c o p y , th i s s p e c i a l w a l l l a y e r is 
a l m o s t a lways d i s t o r t e d o r c o n v o l u t e d a n d s e p a r a t e d f r o m t h e rest o f 
t h e s e c o n d a r y w a l l to g i v e t h e i m p r e s s i o n o f b e i n g soft o r p e r h a p s 
ge la t inous ( F i g u r e 33). B a s e d o n these o b s e r v a t i o n s , t e n s i o n w o o d 
f ibers h a v e b e e n r e f e r r e d to as gelatinous fibers o r s i m p l y G-fibers 
( m e a n i n g t h e y c o n t a i n a g e l a t i n o u s o r G - l a y e r ) a n d h a v e b e e n u s e d 
as a m e a n s b y w h i c h to d e f i n e t h e e x i s t e n c e a n d l o c a t i o n o f t e n s i o n 
w o o d . I n s o m e spec ies the G - l a y e r s are m i s s i n g i n the t e n s i o n w o o d 
zones, but such zones sti l l t end to have reduced Ugnin contents (2, 35). 

T h e e x t r a c e l l u l o s e c o n t e n t o f t e n s i o n w o o d t i ssue is mos t c o m 
m o n l y d u e to t h e p r e s e n c e o f f i b e r G - l a y e r s . H o w e v e r , the layers 
t h e m s e l v e s are n o t r e a l l y g e l a t i n o u s . O n t h e c o n t r a r y , t h e y are q u i t e 
h i g h l y c r y s t a l l i n e , a n d th i s fact , t o g e t h e r w i t h t h e ax ia l o r i e n t a t i o n o f 
t h e i r m i c r o f i b r i l s , r e n d e r s th i s l a y e r eas i l y d i s t o r t e d i n t h e h o r i z o n t a l 
p l a n e ( i . e . , n o r m a l to t h e f i b e r axis). 

T h e o t h e r s i gn i f i cant s t r u c t u r a l f ea ture o f t e n s i o n w o o d f ibers is 
the n a t u r e o f t h e rest o f t h e s e c o n d a r y w a l l , w h i c h m a y lack an S 3 o r 
S 3 a n d S 2 (36) ( F i g u r e 34). 

T h e r e d u c e d v e s s e l v o l u m e o f t e n s i o n w o o d , t o g e t h e r w i t h t h i c k 
e n e d f i b e r w a l l s , c a n l e a d to a h i g h e r t h a n n o r m a l bas i c dens i ty . T h i s 
g e n e r a l s i t u a t i o n , c o u p l e d w i t h a d i f f e r e n c e i n w o o d c h e m i s t r y , c o u l d 
cause a v a r i a b l e r e s p o n s e o f s u c h t i ssue to b o t h c h e m i c a l a n d p h y s i c a l 
t r e a t m e n t s o r to m i c r o b i a l d e g r a d a t i o n w h e n c o m p a r e d to n o r m a l 
h a r d w o o d x y l e m . 

A l t h o u g h m u c h is k n o w n a b o u t r e a c t i o n w o o d , the spec i f i c ef
fects o f its c h a r a c t e r i s t i c s o n s u c h processes as w o o d p r e s e r v a t i o n , 

. • m e r i c a n U i e m i c a f 
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50 THE CHEMISTRY OF SOLID WOOD 

Figure 32. Cross-sectional views of normal and compression wood. (A) 
Light micrograph of normal wood of loblolly pine at a growth ring 
boundary. Key: EW, earlywood; and LW, latewood. (Reproduced with 
permission from Ref. 41. Copynght 1971, Spnnger-Verlag.) (B) Light 
micrograph of compression wood of loblolly pine. Note the rounded fiber 
outlines and the presence of intercellular spaces (IS). (Reproduced with 
permission from Ref. 41. Copyright 1971, Springer-Verlag.) (C) SEM of 
Doughs-fir compression wood. Note the helical fissures (HF) extending 
radially within the fiber wall. ( Reproduced from Ref. 39. Copyright 1982, 
American Chemical Society.) (D) High magnification (TEM) of a com-

ression wood fiber in loblolly pine. Note the absence of an S3 layer. The 
elical fissures here terminate in the outer region of the S2 layer. Key: 

ML, middle lamella; IS, intercelluhr space; and L, lumen. 
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Figure 33. Cross-sectional views of tension wood in a young quaking 
aspen stem. (Reproduced from Ref. 39. Copyright 1982, American Chem
ical Society. )(A) Light micrograph of a section that was selectively stained 
to differentiate the gelatinous layers in G-fibers. (B) SEM of a surface of 
tension wood fiber zone. The G-layers, which are loosely attached to the 
rest of the fiber wall, were dislodged during specimen preparation and 

drying. 

finishing, g l u i n g , o r its r e s i s t a n c e to fire, w e a t h e r i n g , o r d e c a y are 
not c l e a r l y d o c u m e n t e d ye t . H o w e v e r , s o m e t r e n d s i n t h e g e n e r a l 
b e h a v i o r o f r e a c t i o n w o o d c a n b e p r e d i c t e d f r o m a b r o a d k n o w l e d g e 
o f the n a t u r a l v a r i a b i l i t y a n d b e h a v i o r o f n o r m a l w o o d . O n e fact is 
c l ear ; t h e o c c u r r e n c e o f r e a c t i o n w o o d is a m a j o r c o n t r i b u t i o n to 
x y l e m n o n u n i f o r m i t y , a factor that a lways t e n d s to d e t e r t h e accurate 
p r e d i c t i o n o f w o o d q u a l i t y . 
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52 T H E CHEMISTRY O F SOLID WOOD 

Figure 34. Possible types qf tension wood fibers found among différera 
hardwood species. (Adapted from Ref. 37.) 

JUVENILE AND MATURE WOOD. The wood produced in young 
trees, the wood formed during the early or juvenile years of older 
trees (including the tree top and entire tree core), and most branches 
differ in several respects from the wood formed in the outer trunk 
of the same tree when the tree is more mature (Figure 35). These 
dissimilarities include cell size, wall thickness and microfibril orien
tations, varying proportions of particular ceU types, growth rate and 
ring width, knot volume, in situ moisture content (varying inversely 
with percent heartwood), and wood chemistry. The differences are 
responsible for the often somewhat peculiar physical behavior and 
chemical nature of juvenile wood including its basic density, bending 
strength, elasticity, and shrinkage (2). 

A complete explanation of why wood formed near the pith during 
the early Me of a tree, also called corewood, is not the exact type 

Figure 3S. The general location of juvenile wood and knotwood in tree 
stems. (A) Cross-section qf a Sitka spruce showing portions qf two branch 
traces (knots). (Reproduced from Ref. 39. Copyright 1982, American 
Chemical Society.) (B) Schematic indicating the typical location qf juvenile 

wood or corewood in softwood trees. 
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p r o d u c e d w h e n t h e t r e e is m o r e m a t u r e , also c a l l e d outerwood, r e 
m a i n s to b e s p e c i f i e d . H o w e v e r , t h e s i t u a t i o n appears to b e r e l a t e d 
i n s o m e w a y s to t h e s e x u a l m a t u r i t y o f t h e t r e e o r spec ies i n q u e s t i o n , 
m a t u r i t y b e i n g w h e n t h e t r e e is p h y s i o l o g i c a l l y c a p a b l e o f p r o d u c i n g 
f l o w e r s , f r u i t s , a n d seeds . A d d i t i o n a l l y , t h e p r o x i m i t y o f t h e v a s c u l a r 
c a m b i u m to t h e t r e e c r o w n ( leaves a n d b u d s ) also s e e m s to exer t a 
p a r t i c u l a r l y s t r o n g i n f l u e n c e o n w o o d c e l l c h a r a c t e r i s t i c s d u r i n g t h e 
first 5 - 2 0 years o f t r e e g r o w t h (2). T h u s , t h e c h a n g e s i n w o o d c h a r 
ac ter i s t i c s i n a g i v e n t r e e from p i t h to b a r k ( i . e . , w i t h i n c r e a s i n g t r e e 
age) are f u n d a m e n t a l l y r e l a t e d to t h e age o r m a t u r i t y o f t h e c a m b i u m 
itsel f , as w e l l as to t h e effects o n c a m b i a l a c t i v i t y c a u s e d b y n a t u r a l 
a n d i n d u c e d c h a n g e s i n t h e e n v i r o n m e n t . B o t h so f twoods a n d h a r d 
w o o d s are a f fec ted , b u t j u v e n i l i t y is e s p e c i a l l y w e l l m a r k e d i n t h e 
x y l e m o f so f twoods . 

I n e i t h e r so f twoods o r h a r d w o o d s t h e t r e n d s i n w o o d v a r i a b i l i t y 
f r o m p i t h to b a r k i m p o s e a p r o g r e s s i v e b u t i n v e r s e c h a n g e o f s i m i l a r 
t y p e w i t h i n c r e a s i n g d i s t a n c e u p t h e t r e e , b e c a u s e n e w w o o d is l a i d 
on to a d e v e l o p i n g t r e e b o l e i n t h e f o r m o f i n v e r t e d h o l l o w cones (see 
F i g u r e 8). I n o t h e r w o r d s , j u v e n i l e w o o d features d i m i n i s h o u t w a r d l y 
a l o n g t h e t r e e r a d i u s at a g i v e n l e v e l i n t h e t r ee b u t are a c c e n t u a t e d 
w i t h i n c r e a s i n g h e i g h t i n t h e t r e e b o l e ( F i g u r e 35). 

Physical Properties. J u v e n i l e w o o d t y p i c a l l y (but n o t a lways) 
e x h i b i t s w i d e r g r o w t h r i n g s , a h i g h e r e a r l y w o o d / l a t e w o o d r a t i o , l o w e r 
bas i c d e n s i t y ( var iab le w i t h spec ies ) , h i g h e r m o i s t u r e c o n t e n t , a n d 
m u c h g r e a t e r l o n g i t u d i n a l s h r i n k a g e t h a n m a t u r e , n o r m a l s a p w o o d 
o f the same t r e e (2). A b o u t t w o - t h i r d s o f c o m m e r c i a l so f twoods a n d 
h a r d w o o d s s h o w a r a p i d l y i n c r e a s i n g bas i c d e n s i t y i n t h e r a d i a l d i 
r e c t i o n , l e v e l i n g o u t i n m a t u r e w o o d o r i n c r e a s i n g g r a d u a l l y for m a n y 
years . O t h e r t r e e spec i es s h o w s o m e k i n d o f p a r a b o l i c t r e n d , s t a r t i n g 
out at t h e p i t h e i t h e r h i g h e r o r l o w e r t h a n i n o u t e r w o o d (2). 

I n so f twoods , t h e g e n e r a l l y h i g h e r bas i c d e n s i t y ( 1 0 - 1 5 % ) o f 
o u t e r w o o d is d u e to t h i c k e r w a l l e d fibers a n d a n i n c r e a s e d p r o p o r t i o n 
o f l a t e w o o d . H o w e v e r , i n h a r d w o o d s , j u v e n i l e w o o d a n d m a t u r e 
w o o d d e n s i t i e s v a r y n o t o n l y w i t h fiber w a l l t h i c k n e s s b u t also w i t h 
the ra t i o o f fiber/vessel v o l u m e . R a d i a l p a t t e r n s i n b a s i c d e n s i t y o f 
h a r d w o o d s are also less c o n s i s t e n t t h a n i n t h e so f twoods , a p p a r e n t l y 
d e p e n d e n t to a l a r g e e x t e n t o n w h e t h e r t h e spec ies is r i n g - , s e m i 
ring-, o r d i f f u s e - p o r o u s , t h e t ree ' s g r o w t h ra te a n d p e r c e n t o f l a t e 
w o o d , a n d t h e v e r t i c a l p o s i t i o n i n t h e t r u n k (2). W o o d t i ssue i n w h i c h 
t h e f i b e r / v e s s e l r a t i o o r f i b e r w a l l t h i c k n e s s is g r e a t e r t h a n s u r 
r o u n d i n g areas w i l l , i n g e n e r a l , h a v e a h i g h e r bas i c d e n s i t y . 

A t t h e u l t r a s t r u c t u r a l l e v e l , j u v e n i l e w o o d fibers h a v e a m u c h 
g r e a t e r S 2 m i c r o f i b r i l a n g l e t h a n n o r m a l m a t u r e w o o d fibers. T h e n e t 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
00

1

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



54 THE CHEMISTRY OF SOLID WOOD 
r e s u l t o f th i s s i t u a t i o n is t h e g r e a t e r t h a n u s u a l w o o d s h r i n k a g e a l o n g 
the g r a i n . T h e h i g h m i c r o f i b r i l a n g l e o f j u v e n i l e w o o d c a n i n p a r t b e 
a t t r i b u t e d to t h e c o m m o n o c c u r r e n c e o f c o m p r e s s i o n w o o d a n d t e n 
s i on w o o d n e a r t h e p i t h . H o w e v e r , e v e n the n o r m a l w o o d fibers i n 
j u v e n i l e w o o d h a v e a n i n h e r e n t l y h i g h S 2 a n g l e , p a r t i c u l a r l y i n soft
w o o d s (2). 

Chemistry. F o r b o t h so f twoods a n d h a r d w o o d s , t h e i n t e r p r e 
t a t i o n o f g e n e r a l t r e n d s i n c h a n g i n g w o o d c h e m i s t r y a l o n g t h e t r ee 
r a d i u s is c o m p l i c a t e d b y t h e p o t e n t i a l o c c u r r e n c e a n d d i s t r i b u t i o n o f 
r e a c t i o n w o o d . N e v e r t h e l e s s , h a r d w o o d s s h o w r e l a t i v e l y l i t t l e c h a n g e 
i n c e l l u l o s e o r l i g n i n c o n t e n t s f r o m p i t h to b a r k a n d f r o m t ree base 
to t op (2). H o w e v e r , so f twoods h a v e t r e e cores that are a b o u t 3 - 2 0 % 
l o w e r i n c e l l u l o s e a n d u p to s e v e r a l p e r c e n t h i g h e r i n l i g n i n c o n t e n t 
(probably d u e at least i n part to the presence o f c o m p r e s s i o n wood) (2). 

T h e r e is l i m i t e d i n f o r m a t i o n r e g a r d i n g p o t e n t i a l d i f f e rences i n 
t h e n a t u r e a n d a m o u n t o f j u v e n i l e w o o d a n d m a t u r e w o o d h e m i c e l -
lu loses (2). W h a t d a t a are a v a i l a b l e i n d i c a t e that t h e r e c a n b e l i m i t e d 
changes i n t h e r e l a t i v e a m o u n t s o f s o m e s i m p l e sugars , b u t t h e r e is 
a p p a r e n t l y l i t t l e o r n o s i g n i f i c a n t d i f f e r e n c e for e i t h e r so f twoods o r 
h a r d w o o d s . 

T h e a m o u n t a n d n a t u r e o f e x t r a c t i v e s i n n o r m a l j u v e n i l e w o o d 
are g e n e r a l l y s i m i l a r to those o f m a t u r e s a p w o o d i n t h e s a m e t r e e , 
except that e x t r a c t i v e s n e a r t h e t r e e c e n t e r c a n b e a l t e r e d w i t h t i m e 
i n m a n y t rees b y t h e d e v e l o p m e n t o f h e a r t w o o d . Spec i f i ca l l y , t h e 
a m o u n t a n d t o x i c i t y o f j u v e n i l e w o o d e x t r a c t i v e s m a y b o t h i n c r e a s e 
f r o m t h e p i t h to t h e h e a r t w o o d / s a p w o o d b o u n d a r y (2). H o w e v e r , 
r e s i n e x t r a c t i v e s a r e a s o m e w h a t s p e c i a l c a s e . I n t r e e s w i t h o r 
w i t h o u t h e a r t w o o d , r e s i n c o n t e n t is r e p o r t e d to b e h i g h e s t n e a r t h e 
p i t h a n d at t h e t r e e base . I t t h e n decreases o u t w a r d a n d u p w a r d i n 
t h e s t e m (2). 

KNOTWOOD. F r o m t h e o u t e r w o o d o f o l d e r t rees , l u m b e r , v e 
neer , o r c h i p s c a n b e c u t w i t h o u t t h e i n c l u s i o n o f n a t u r a l w o o d defects 
c a l l e d knots. K n o t s are r e s i d u a l , e m b e d d e d p o r t i o n s o f b r a n c h e s , o r 
m o r e spec i f i ca l ly , b r a n c h bases . A l t h o u g h k n o t s are u s u a l l y c o n c e n 
t r a t e d i n w o o d n e a r t h e p i t h , i . e . , i n c r o w n - f o r m e d w o o d , t h e y are 
c h a r a c t e r i s t i c o f w o o d i n a n y s t e m r e g i o n that is m a n u f a c t u r e d w h i l e 
i n t h e p r o x i m i t y o f b r a n c h e s ( F i g u r e 3 5 A ) . 

K n o t s r e p r e s e n t w h a t is left after t h e d e a t h a n d n a t u r a l loss o r 
p r u n i n g o f t r e e b r a n c h e s , w h i c h takes p l a c e o n t h e l o w e r t r ee b o l e 
w i t h i n c r e a s i n g t r e e age. N a t u r a l p r u n i n g takes p l a c e r e l a t i v e l y e a r l y 
i n c r o w d e d forest s tands (po le stands) , a n d k n o t v o l u m e i n these cases 
is m i n i m a l . P r u n i n g is d e l a y e d i n m o r e w i d e l y s p a c e d or o p e n - g r o w n 
stands (8). H o w e v e r , i n o p e n - g r o w n s tands , a r t i f i c i a l p r u n i n g b y t h e 
forest m a n a g e r c a n b e u s e d to p r o d u c e trees w i t h a g r e a t e r p r o p o r t i o n 
o f k n o t - f r e e w o o d . 
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B r a n c h bases b e c o m e g r a d u a l l y e m b e d d e d i n any e n l a r g i n g t r ee 
bo l e . R e s u l t i n g k n o t s m a y b e d e s i g n a t e d as tight ( red o r i n t e r g r o w n ) 
i f g r o w t h o f the s t e m a r o u n d t h e b r a n c h base takes p l a c e w h i l e that 
p o r t i o n o f the b r a n c h is s t i l l l i v i n g . C o n v e r s e l y , i f the b r a n c h base is 
a l r e a d y d e a d f r o m the t i m e it b e c o m e s e m b e d d e d , t h e r e w i l l b e a 
b r e a k i n t i ssue c o n t i n u i t y w i t h the s t e m , a n d the r e s u l t w i l l b e a loose 
(black o r encased) k n o t (2). T h e loose k n o t is m o r e l i k e l y to l eave 
ho les u p o n p r o c e s s i n g o f t h e t ree i n t o w o o d p r o d u c t s . T h e u l t i m a t e 
n u m b e r , s i ze , a n d t y p e o f k n o t w i l l d e p e n d o n the n u m b e r a n d s ize 
o f l i m b s f r o m w h i c h t h e y o r i g i n a t e , l i m b age at d e a t h , a n d l e n g t h o f 
t i m e the d e a d l i m b stubs p e r s i s t o r r e m a i n o n the t ree (2). 

K n o t w o o d is e x t r e m e l y d e n s e a n d h a r d , c o n t a i n s a h i g h p e r 
centage o f r e a c t i o n w o o d , a n d i n s o m e so f twoods is v e r y r e s i n o u s (for 
spec ies w i t h n o r m a l r e s i n ducts ) . T h e s t e m reg i ons b e l o w a n d above 
knots are h i g h i n r e a c t i o n w o o d , a n d these r eg i ons also e x h i b i t se 
v e r e l y d i s t o r t e d g r a i n . T h e exact areas a f fected v a r y w i t h k n o t s i ze , 
b u t the g r a i n n o r m a l l y passes i n w i d e s w e e p s to e i t h e r s ide . T h e 
p r e s e n c e o f k n o t s a n d assoc ia ted d i f f e rences i n w o o d p r o p e r t i e s are 
g e n e r a l l y c o n s i d e r e d d e t r i m e n t a l to processes i n v o l v i n g w o o d m a 
c h i n i n g , f i n i s h i n g , g l u i n g , a n d to m o s t w o o d s t r e n g t h p r o p e r t i e s , 
p a r t i c u l a r l y b e n d i n g s t r e n g t h (2). 
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2 
The Chemical Composition of Wood 

ROGER C. P E T T E R S E N 
U.S. Department of Agriculture, Forest Service, Forest Products Laboratory, 
Madison, W I 53705 

This chapter includes overall chemical composition of 
wood, methods of analysis, structure of hemicellulose 
components and degree of polymerization of carbohy
drates. Tables of data are compiled for woods of several 
countries. Components include: cellulose (Cross and 
Bevan, holo-, and alpha-), lignin, pentosans, and ash. 
Solubilities in 1% sodium hydroxide, hot water, e thanol/ 
benzene, and ether are reported. The data were col
lected at Forest Products Laboratory (Madison, Wis
consin) from 1927-68 and were previously unpublished. 
These data include both United States and foreign 
woods. Previously published data include compositions 
of woods from Borneo, Brazil, Cambodia, Chile, Co
lombia, Costa Rica, Ghana, Japan, Mexico, Mozam
bique, Papua New Guinea, the Philippines, Puerto Rico, 
Taiwan, and the USSR. Data from more detailed anal
yses are presented for common temperate-zone woods 
and include the individual sugar composition (as glucan, 
xylan, galactan, arabinan, and mannan), uronic anhy
dride, acetyl, lignin, and ash. 

THE CHEMICAL COMPOSITION o f w o o d c a n n o t b e d e f i n e d p r e 
c i s e l y for a g i v e n t r e e spec i es o r e v e n for a g i v e n t r e e . C h e m i c a l 
c o m p o s i t i o n v a r i e s w i t h t r e e p a r t (root, s t e m , o r b r a n c h ) , t y p e o f 
w o o d ( i . e . , n o r m a l , t e n s i o n , o r c o m p r e s s i o n ) g e o g r a p h i c l o c a t i o n , c l i 
m a t e , a n d s o i l c o n d i t i o n s . A n a l y t i c a l d a t a a c c u m u l a t e d f r o m m a n y 
years o f w o r k a n d f r o m m a n y d i f f e r e n t l a b o r a t o r i e s h a v e h e l p e d to 
d e f i n e average e x p e c t e d v a l u e s for t h e c h e m i c a l c o m p o s i t i o n o f w o o d . 
O r d i n a r y c h e m i c a l ana lys i s c a n d i s t i n g u i s h b e t w e e n h a r d w o o d s (an-
g i o s p er ms ) a n d so f twoods ( g y m n o s p e r m s ) . U n f o r t u n a t e l y , s u c h t e c h 
n i q u e s c a n n o t b e u s e d to i d e n t i f y i n d i v i d u a l t r ee spec ies b e c a u s e o f 
the v a r i a t i o n w i t h i n e a c h spec i es a n d t h e s i m i l a r i t i e s a m o n g m a n y 
spec ies . F u r t h e r i d e n t i f i c a t i o n is p o s s i b l e w i t h d e t a i l e d c h e m i c a l a n a l -

This chapter not subject to U.S. copyright. 
Published 1984, American Chemical Society 
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58 THE CHEMISTRY OF SOLID WOOD 
ysis o f e x t r a c t i v e s ( c h e m o t a x o n o m y ) . C h e m o t a x o n o m y is d i s c u s s e d 
f u l l y e l s e w h e r e i n t h e l i t e r a t u r e ( I , 2). 

T h e r e are t w o m a j o r c h e m i c a l c o m p o n e n t s i n w o o d : l i g n i n ( 1 8 -
35%) a n d c a r b o h y d r a t e ( 6 5 - 7 5 % ) . B o t h are c o m p l e x , p o l y m e r i c m a 
ter ia l s . M i n o r a m o u n t s o f e x t r a n e o u s m a t e r i a l s , m o s t l y i n t h e f o r m 
o f o r g a n i c e x t r a c t i v e s a n d i n o r g a n i c m i n e r a l s (ash), are also p r e s e n t 
i n w o o d (usua l ly 4 - 1 0 % ) . O v e r a l l , w o o d has an e l e m e n t a l c o m p o s i 
t i o n o f a b o u t 5 0 % c a r b o n , 6 % h y d r o g e n , 4 4 % o x y g e n , a n d t r a c e 
a m o u n t s o f s e v e r a l m e t a l i ons . 

A c o m p l e t e c h e m i c a l ana lys i s a c c o u n t s for a l l t h e c o m p o n e n t s of 
t h e o r i g i n a l w o o d s a m p l e . T h u s , i f w o o d is d e f i n e d as p a r t l i g n i n , 
par t c a r b o h y d r a t e , a n d p a r t e x t r a n e o u s m a t e r i a l , analyses for e a c h o f 
t h e s e c o m p o n e n t s s h o u l d s u m to 1 0 0 % . T h e p r o c e d u r e b e c o m e s 
m o r e c o m p l e x as t h e c o m p o n e n t par ts are d e f i n e d w i t h g r e a t e r d e t a i l . 
S u m m a t i v e d a t a are f r e q u e n t l y a d j u s t e d to 1 0 0 % b y i n t r o d u c i n g c o r 
r e c t i o n factors i n t h e a n a l y t i c a l c a l c u l a t i o n s . W i s e a n d c o w o r k e r s (3) 
p r e s e n t e d a n i n t e r e s t i n g s t u d y o n t h e s u m m a t i v e ana lys i s o f w o o d 
a n d analyses o f t h e c a r b o h y d r a t e f rac t i ons . T h e c o m p l e t e a n a l y t i c a l 
r e p o r t also i n c l u d e s d e t a i l s o f t h e s a m p l e , s u c h as spec i es , age, a n d 
l o c a t i o n o f t h e t r e e , h o w t h e s a m p l e was o b t a i n e d from the t r e e , a n d 
f r o m w h a t p a r t o f t h e t r e e . T h e t y p e o f w o o d a n a l y z e d is also i m p o r 
tant ; i . e . , c o m p r e s s i o n , t e n s i o n , o r n o r m a l w o o d . 

Vast a m o u n t s o f d a t a are a v a i l a b l e o n t h e c h e m i c a l c o m p o s i t i o n 
o f w o o d . F e n g e l a n d G r o s s e r (4) m a d e a c o m p i l a t i o n for t e m p e r a t e -
z o n e w o o d s . T h i s c h a p t e r is a c o m p i l a t i o n o f d a t a for m a n y d i f f e rent 
spec ies f r o m a l l par t s o f t h e w o r l d , a n d i n c l u d e s m u c h o f t h e d a t a i n 
R e f e r e n c e 4. T h e tab les at t h e e n d o f th i s c h a p t e r s u m m a r i z e these 
data . 

Chemical Components 

C a r b o h y d r a t e s . T h e c a r b o h y d r a t e p o r t i o n o f w o o d c o m p r i s e s 
c e l l u l o s e a n d t h e h e m i c e l l u l o s e s . C e l l u l o s e c o n t e n t ranges f r o m 4 0 
to 5 0 % o f t h e d r y w o o d w e i g h t , a n d h e m i c e l l u l o s e s r a n g e f r o m 2 5 to 
3 5 % . 

CELLULOSE. C e l l u l o s e is a g l u c a n p o l y m e r c o n s i s t i n g o f l i n e a r 
c h a i n s o f 1 , 4 - p - b o n d e d a n h y d r o g l u c o s e u n i t s . ( T h e n o t a t i o n 1,4-β 
d e s c r i b e s t h e b o n d l i n k a g e a n d the c o n f i g u r a t i o n o f t h e o x y g e n a t o m 
b e t w e e n ad jacent g l u c o s e u n i t s . ) F i g u r e 1 shows a s t r u c t u r a l d i a g r a m 
o f a p o r t i o n o f a g l u c a n c h a i n . T h e n u m b e r o f sugar u n i t s i n o n e 
m o l e c u l a r c h a i n is r e f e r r e d to as t h e d e g r e e o f p o l y m e r i z a t i o n ( D P ) . 
E v e n t h e m o s t u n i f o r m s a m p l e has m o l e c u l a r c h a i n s w i t h s l i g h t l y 
d i f f e rent D P v a l u e s . T h e average D P for t h e m o l e c u l a r c h a i n s i n a 
g i v e n s a m p l e is d e s i g n a t e d b y D P . 
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60 THE CHEMISTRY OF SOLID WOOD 
G o r i n g a n d T i m e l l (5) d e t e r m i n e d t h e D P for n a t i v e c e l l u l o s e s 

f r o m s e v e r a l sources o f p l a n t m a t e r i a l . T h e y u s e d a n i t r a t i o n i s o l a t i o n 
p r o c e d u r e that a t t e m p t s to m a x i m i z e t h e y i e l d w h i l e m i n i m i z i n g t h e 
d e p o l y m e r i z a t i o n o f t h e c e l l u l o s e . T h e s e m o l e c u l a r w e i g h t d e t e r m i 
n a t i o n s , d o n e b y l i g h t - s c a t t e r i n g e x p e r i m e n t s , i n d i c a t e w o o d c e l l u 
lose has a D P o f at least 9 , 0 0 0 - 1 0 , (XX), a n d p o s s i b l y as h i g h as 15 ,000 . 
A D P o f 10 ,000 w o u l d m e a n a l i n e a r c h a i n l e n g t h o f a p p r o x i m a t e l y 
5 μπι i n w o o d . 

T h e D P o b t a i n e d f r o m l i g h t - s c a t t e r i n g e x p e r i m e n t s is b i a s e d u p 
w a r d b e c a u s e l i g h t s c a t t e r i n g inc reases e x p o n e n t i a l l y w i t h m o l e c u l a r 
s i ze . T h e v a l u e o b t a i n e d is u s u a l l y r e f e r r e d to as t h e w e i g h t e d D P 
o r D P W . T h e n u m b e r a v e r a g e d e g r e e o f p o l y m e r i z a t i o n ( D P n ) is u s u 
a l l y o b t a i n e d f r o m o s m o m e t r y m e a s u r e m e n t s . T h e s e m e a s u r e m e n t s 
are l i n e a r w i t h r e s p e c t to m o l e c u l a r s i ze a n d , t h e r e f o r e , a m o l e c u l e 
is c o u n t e d e q u a l l y as o n e m o l e c u l e r e g a r d l e s s o f i ts s i ze . T h e ra t i o 
o f D P W to D P n is a m e a s u r e o f t h e m o l e c u l a r w e i g h t d i s t r i b u t i o n . 
T h i s r a t i o is n e a r l y o n e for n a t i v e c e l l u l o s e i n s e c o n d a r y c e l l w a l l s o f 
p l a n t s (6). T h e r e f o r e , t h i s c e l l u l o s e is m o n o d i s p e r s e a n d c o n t a i n s m o l 
e cu les o f o n l y o n e s i ze . C e l l u l o s e i n t h e p r i m a r y w a l l has a l o w e r D P 
a n d is t h o u g h t to b e p o l y d i s p e r s e . (See R e f e r e n c e 7 for a d i s c u s s i o n 
o f m o l e c u l a r w e i g h t d i s t r i b u t i o n i n s y n t h e t i c p o l y m e r s . ) 

N a t i v e c e l l u l o s e is p a r t i a l l y c r y s t a l l i n e . X - R a y d i f f r a c t i o n e x p e r 
i m e n t s i n d i c a t e c r y s t a l l i n e c e l l u l o s e (Valonia ventricosa) has space 
g r o u p s y m m e t r y P 2 ! w i t h a = 16 .34 , b = 15 .72 , c = 10 .38 Â , a n d 7 
= 97.0° (8). T h e u n i t c e l l c o n t a i n s e i g h t c e l l o b i o s e m o i e t i e s . T h e 
m o l e c u l a r c h a i n s p a c k i n l a y e r s that are h e l d t o g e t h e r b y w e a k v a n 
d e r W a a l s ' forces ( F i g u r e 2a). T h e l ayers cons i s t o f p a r a l l e l c h a i n s o f 
a n h y d r o g l u c o s e u n i t s , a n d t h e c h a i n s are h e l d t o g e t h e r b y i n t e r m o -
l e c u l a r h y d r o g e n b o n d s . T h e r e a r e a l so i n t r a m o l e c u l a r h y d r o g e n 
b o n d s b e t w e e n t h e a t o m s o f ad jacent g l u c o s e r e s i d u e s ( F i g u r e 2b). 
T h i s s t r u c t u r e is c a l l e d c e l l u l o s e I . 

T h e r e are at least t h r e e o t h e r s t r u c t u r e s r e p o r t e d for m o d i f i e d 
c r y s t a l l i n e c e l l u l o s e . T h e m o s t i m p o r t a n t is c e l l u l o s e I I , o b t a i n e d b y 
m e r c e r i z a t i o n o r r e g e n e r a t i o n o f n a t i v e c e l l u l o s e . Mercerization is 
t r e a t m e n t o f c e l l u l o s e w i t h s t r o n g a l k a l i . Regeneration is t r e a t m e n t 
o f c e l l u l o s e w i t h s t r o n g a l k a l i a n d c a r b o n d i s u l f i d e to f o r m a s o l u b l e 
x a n t h a t e d e r i v a t i v e . T h e d e r i v a t i v e is c o n v e r t e d b a c k to c e l l u l o s e a n d 
r e p r e c i p i t a t e d as r e g e n e r a t e d c e l l u l o s e . T h e s t r u c t u r e o f c e l l u l o s e I I 
( regenerated ) has space g r o u p s y m m e t r y Ρ2χ w i t h a = 8 . 0 1 , b = 
9.04 , c = 10 .36 Â , a n d 7 = 117.1°, a n d t w o c e l l o b i o s e m o i e t i e s p e r 
u n i t c e l l (9). T h e p a c k i n g a r r a n g e m e n t is m o d i f i e d i n c e l l u l o s e I I , 
a n d p e r m i t s a m o r e i n t r i c a t e h y d r o g e n - b o n d e d n e t w o r k that e x t e n d s 
b e t w e e n l a y e r s as w e l l as w i t h i n l a y e r s ( F i g u r e 3). T h e r e s u l t is a 
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Figure 2. Axial projection (top) and planar projection (bottom) of the 
crystal structure of ceUuhse I. The planar projection shows the hydrogen-
bonding network within the layers. (Reproduced with permission from 
Ref. 8. Copyright 1974, Elsevier Scientific Publishing Company, 

Amsterdam.) 
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62 THE CHEMISTRY OF SOLID WOOD 

Figure 3. Axial projection of the crystal structure of cellulose II. (Repro
duced with permission from Ref 10. Copyright 19/8, Butterworth ir Co. 

(Publishers) LtdT) 

m o r e t h e r m o d y n a m i c a l l y s t a b l e s u b s t a n c e . E v i d e n t l y , a l l n a t i v e c e l 
lu l oses h a v e t h e s t r u c t u r e o f c e l l u l o s e I . 

C e l l u l o s e is i n s o l u b l e i n m o s t s o l v e n t s i n c l u d i n g s t r o n g a l k a l i . I t 
is d i f f i c u l t to i s o la te f r o m w o o d i n p u r e f o r m b e c a u s e i t is i n t i m a t e l y 
assoc ia ted w i t h t h e l i g n i n a n d h e m i c e l l u l o s e s . A n a l y t i c a l m e t h o d s o f 
c e l l u l o s e p r e p a r a t i o n are d i s c u s s e d i n t h e s e c t i o n o n " A n a l y t i c a l P r o 
c e d u r e s . " 

HEMICELLULOSES. H e m i c e l l u l o s e s are m i x t u r e s o f p o l y s a c c h a 
rides s y n t h e s i z e d i n w o o d a l m o s t e n t i r e l y f r o m g lucose , m a n n o s e , 
galactose , x y l o s e , a r a b i n o s e , 4 - O - m e t h y l g l u c u r o n i c a c i d , a n d ga lac -
t u r o n i c a c i d r e s i d u e s . S o m e h a r d w o o d s c o n t a i n t r a c e a m o u n t s o f 
r h a m n o s e . G e n e r a l l y , h e m i c e l l u l o s e s are o f m u c h l o w e r m o l e c u l a r 
w e i g h t t h a n c e l l u l o s e a n d s o m e are b r a n c h e d . T h e y are i n t i m a t e l y 
assoc ia ted w i t h c e l l u l o s e a n d a p p e a r to c o n t r i b u t e as a s t r u c t u r a l 
c o m p o n e n t i n t h e p l a n t . S o m e h e m i c e l l u l o s e s are p r e s e n t i n a b n o r 
m a l l y l a rge a m o u n t s w h e n t h e p l a n t is u n d e r stress ; e . g . , c o m p r e s s i o n 
w o o d has a h i g h e r t h a n n o r m a l galactose c o n t e n t as w e l l as a h i g h e r 
l i g n i n c o n t e n t ( I I ) . H e m i c e l l u l o s e s are s o l u b l e i n a l k a l i a n d eas i ly 
h y d r o l y z e d b y ac ids . 

T h e s t r u c t u r e o f h e m i c e l l u l o s e s c a n b e u n d e r s t o o d b y first c o n 
s i d e r i n g t h e c o n f o r m a t i o n o f t h e m o n o m e r u n i t s ( F i g u r e 4). T h e r e 
are t h r e e e n t r i e s u n d e r e a c h m o n o m e r i n F i g u r e 4. I n e a c h e n t r y , 
t h e l e t t e r d e s i g n a t i o n s D a n d L re f e r to a s t a n d a r d c o n f i g u r a t i o n for 
t h e t w o o p t i c a l i s o m e r s o f g l y c e r a l d e h y d e , t h e s i m p l e s t c a r b o h y d r a t e . 
T h e G r e e k l e t t e r s α a n d β r e f e r to t h e c o n f i g u r a t i o n o f the h y d r o x y l 
g r o u p at c a r b o n a t o m 1. T h e t w o c o n f i g u r a t i o n s are c a l l e d anomers. 
T h e first e n t r y is a s h o r t e n e d f o r m o f t h e sugar n a m e . T h e s e c o n d 
e n t r y i n d i c a t e s t h e r i n g s t r u c t u r e . P y r a n o s e re fers to a s i x - m e m b e r e d 
ring i n t h e c h a i r o r boat f o r m a n d f u r a n o s e re fers to a five-membered 
r i n g . T h e t h i r d e n t r y is a n a b b r e v i a t i o n c o m m o n l y u s e d for t h e sugar 
r e s i d u e i n p o l y s a c c h a r i d e s . 
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/3-D-Glucose 
0-D-Glucopyranose 
£-D-Glup 

/3-D-Mannose 
/3-D-Mannopyranose 
0-D-Manp 

/3-D-Qalactose 
/3-D-Galactopyranose 
0-D-Galp 

£-D-XyIose 
/3-D-Xylopyranose 
0-D-Xylp 

H OH Η μ 
. Ο . 

Η Ο Η Χ OH 

Η OH 

α-L-Arab i nose 
of-L- Arabinof uranose 
a-L-Araf 

CH,0 

4-0- MethyIgucuronic acid 
4-O-Methylglucopyranosyluronic acid 
4-O-Me-a-D-GlupA 

Figure 4. Monomer components of wood hemicelluloses. 

F i g u r e 5 s h o w s a p a r t i a l s t r u c t u r e o f a c o m m o n h a r d w o o d h e m i -
c e l l u l o s e , O - a c e t y l - 4 - O - m e t h y l g l u c u r o n o x y l a n . T h e e n t i r e m o l e c u l e 
cons ists o f a b o u t 2 0 0 β-D-xylopyranose r e s i d u e s l i n k e d i n a l i n e a r 
c h a i n b y (1 —> 4) g l y c o s i d i c b o n d s . A p p r o x i m a t e l y 1 o f 10 o f t h e xy lose 
r e s i d u e s h a s a 4 - O - m e t h y l g l u c u r o n i c a c i d r e s i d u e b o n d e d t o i t 
t h r o u g h t h e h y d r o x y l at t h e 2 ring p o s i t i o n . A p p r o x i m a t e l y 7 o f 10 
o f the xy l o se r e s i d u e s h a v e acetate g r o u p s b o n d e d to e i t h e r t h e 2 o r 
3 r i n g p o s i t i o n . T h i s c o m p o s i t i o n is s u m m a r i z e d i n F i g u r e 5 i n a n 
a b b r e v i a t e d s t r u c t u r e d i a g r a m . H a r d w o o d x y l a n s c o n t a i n a n average 
o f t w o x y l a n b r a n c h i n g c h a i n s p e r m a c r o m o l e c u l e . T h e b r a n c h e s are 
p r o b a b l y q u i t e s h o r t (12). 

Table I l i s ts t h e m o s t a b u n d a n t o f t h e w o o d h e m i c e l l u l o s e s . T h e 
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m e t h o d s u s e d for t h e i s o l a t i o n a n d s t r u c t u r a l c h a r a c t e r i z a t i o n o f e a c h 
o f these m a t e r i a l s a re b e y o n d t h e s cope o f th i s c h a p t e r (13-15). 

L i g n i n . L i g n i n is a p h e n o l i c s u b s t a n c e c o n s i s t i n g o f a n i r r e g u l a r 
ar ray o f v a r i o u s l y b o n d e d h y d r o x y - a n d m e t h o x y - s u b s t i t u t e d p h e -
n y l p r o p a n e u n i t s . T h e p r e c u r s o r s o f l i g n i n b i o s y n t h e s i s are p - e o u -
m a r y l a l c o h o l (I), c o n i f e r y l a l c o h o l (II), a n d s i n a p y l a l c o h o l (III). I is 

OCH. CH3o 
OH 

0 C H o 

I II III 

a m i n o r p r e c u r s o r o f s o f t w o o d a n d h a r d w o o d l i g n i n s ; I I is t h e p r e 
d o m i n a n t p r e c u r s o r o f s o f t w o o d l i g n i n ; a n d I I a n d I I I are b o t h p r e 
c u r s o r s o f h a r d w o o d l i g n i n (15). T h e s e a l coho l s a re l i n k e d i n l i g n i n 
b y e t h e r a n d c a r b o n - c a r b o n b o n d s . F i g u r e 6 (15) is a s c h e m a t i c 
s t r u c t u r e o f a s o f t w o o d l i g n i n m e a n t to i l l u s t r a t e t h e v a r i e t y o f s t r u c 
t u r a l c o m p o n e n t s . T h e 3 , 5 - d i m e t h o x y - s u b s t i t u t e d a r o m a t i c r i n g 
n u m b e r 13 o r i g i n a t e s f r o m s i n a p y l a l c o h o l , I I I , a n d is p r e s e n t o n l y 
i n t race a m o u n t s (<1%) (16). F i g u r e 6 does no t s h o w a l i g n i n - c a r 
b o h y d r a t e c o v a l e n t b o n d . T h e r e has b e e n m u c h c o n t r o v e r s y c o n 
c e r n i n g t h e e x i s t e n c e o f th i s b o n d , b u t e v i d e n c e has b e e n a c c u m u 
l a t i n g i n i ts s u p p o r t (15, 17). 

A s t r u c t u r e p r o p o s e d for h a r d w o o d l i g n i n (Fagus silvatica L . ) is 
s i m i l a r to that o f F i g u r e 6, e x c e p t that t h e r e are t h r e e t i m e s as m a n y 
s y r i n g y l p r o p a n e u n i t s as g u a i a c y l p r o p a n e u n i t s (18). T h e s e m o i e t i e s 
are d e r i v e d f r o m I I I a n d I I , r e s p e c t i v e l y . T h e ra t i o o f s y r i n g y l to 
g u a i a c y l m o i e t i e s is o f t en o b t a i n e d b y m e a s u r i n g t h e r e l a t i v e a m o u n t s 
o f s y r i n g a l d e h y d e ( 3 , 5 - d i m e t h o x y - 4 - h y d r o x y b e n z a l d e h y d e ) a n d v a 
n i l l i n ( 4 - h y d r o x y - 3 - m e t h o x y b e n z a l d e h y d e ) g e n e r a t e d as p r o d u c t s o f 
n i t r o b e n z e n e o x i d a t i o n o f l i g n i n (19). A b e t t e r m e t h o d is to d e t e r m i n e 
t h e p r o d u c t s f o r m e d f r o m t h e t w o t y p e s o f m o i e t i e s o n p e r m a n g a n a t e 
o x i d a t i o n o f m e t h y l a t e d l i g n i n s (20). 

L i g n i n c a n b e i s o l a t e d b y o n e o f s e v e r a l m e t h o d s . A c i d h y d r o 
lys i s o f w o o d iso lates K l a s o n l i g n i n , w h i c h c a n b e q u a n t i f i e d (see 
" A n a l y t i c a l P r o c e d u r e s " ) , b u t is too s e v e r e l y d e g r a d e d for use i n 
s t r u c t u r a l s t u d i e s . B j o r k m a n ' s (21) m i l l e d w o o d l i g n i n p r o c e d u r e 
y i e l d s a l i g n i n that is m u c h less d e g r a d e d a n d i s , t h u s , m o r e u s e f u l 
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68 THE CHEMISTRY OF SOLID WOOD 
for s t r u c t u r a l s t u d i e s . T h e f o l l o w i n g are e x a m p l e s o f t h e w e i g h t av 
erage m o l e c u l a r w e i g h t o f l i g n i n s i s o l a t e d b y u s i n g t h e m i l l e d w o o d 
l i g n i n process : s p r u c e [Picea abies ( L . ) K a r s t ] , 15 ,000 ; a n d s w e e t g u m 
(Liquidambar styraciflua L . ) , 16 ,000 (22). T h e s e va lues are l o w e r 
t h a n t h e m o l e c u l a r w e i g h t o f t h e o r i g i n a l l i g n i n b e c a u s e f r a g m e n t a 
t i o n o f t h e l i g n i n m o l e c u l e s r e s u l t s f r o m t h e b a l l m i l l i n g p r o c e d u r e . 
L i g n i n for s t r u c t u r a l s t u d i e s c a n also b e o b t a i n e d b y e n z y m a t i c h y 
d r o l y s i s o f t h e c a r b o h y d r a t e (23). W o o d is g r o u n d i n a v i b r a t o r y b a l l 
m i l l a n d t h e n t r e a t e d w i t h c e l l u l y t i c e n z y m e s . T h e i s o l a t e d l i g n i n 
c o n t a i n s 1 2 - 1 4 % c a r b o h y d r a t e . 

M e t h o x y l c o n t e n t is u s e d to c h a r a c t e r i z e l i g n i n s . E l e m e n t a l a n d 
m e t h o x y l a n a l y s i s o f s p r u c e (Picea abies ( L . ) K a r s t . ) m i l l e d w o o d 
l i g n i n i n d i c a t e s a c o m p o s i t i o n C 9 H 7 . 9 2 0 2 . 4 o ( O C H 3 ) 0 . 9 2 (15, 24). B e e c h 
(Fagus silvatica L . ) m i l l e d w o o d l i g n i n h a s a c o m p o s i t i o n 
C 9 H 7 . 4 9 0 2 . 5 3 ( O C H 3 ) h 3 9 (24). T h i s i n f o r m a t i o n h e l p s l i g n i n c h e m i s t s 
u n d e r s t a n d w h a t p r e c u r s o r s w e r e u s e d for t h e b i o s y n t h e s i s o f l i g n i n . 
A n e x c e l l e n t , c o m p r e h e n s i v e b o o k o n l i g n i n is e d i t e d b y S a r k a n e n 
a n d L u d w i g (25). 

Extraneous Components. T h e e x t r a n e o u s c o m p o n e n t s (extrac
t i ves a n d ash) i n w o o d are t h e subs tances o t h e r t h a n c e l l u l o s e , h e m i 
c e l l u l o s e s , a n d l i g n i n . T h e y d o no t c o n t r i b u t e to t h e c e l l w a l l s t r u c 
t u r e , a n d m o s t are s o l u b l e i n n e u t r a l s o l vents . T h e d e t a i l e d c h e m i s t r y 
o f w o o d e x t r a c t i v e s c a n b e f o u n d e l s e w h e r e (26). A r e v i e w o f ex t rac 
t ives i n e a s t e r n U . S . h a r d w o o d s is a v a i l a b l e (27). 

E x t r a c t i v e s — t h e e x t r a n e o u s m a t e r i a l s o l u b l e i n n e u t r a l s o l 
v e n t s — c o n s t i t u t e 4 - 1 0 % o f t h e d r y w e i g h t o f n o r m a l w o o d o f spec ies 
that g r o w i n t e m p e r a t e c l i m a t e s . T h e y m a y b e as m u c h as 2 0 % o f 
the w o o d o f t r o p i c a l spec i e s . E x t r a c t i v e s are a v a r i e t y o f o r g a n i c c o m 
p o u n d s i n c l u d i n g fats, w a x e s , a l k a l o i d s , p r o t e i n s , s i m p l e a n d c o m p l e x 
p h e n o l i c s , s i m p l e sugars , p e c t i n s , m u c i l a g e s , g u m s , r e s i n s , t e r p e n e s , 
s tarches , g l y c o s i d e s , s a p o n i n s , a n d e s s e n t i a l o i l s . M a n y o f these f u n c 
t i o n as i n t e r m e d i a t e s i n t r e e m e t a b o l i s m , as e n e r g y r e s e r v e s , o r as 
p a r t o f t h e t ree ' s de f ense m e c h a n i s m against m i c r o b i a l attack. T h e y 
c o n t r i b u t e to w o o d p r o p e r t i e s s u c h as co lor , odor , a n d d e c a y r e s i s 
tance . 

Ash is t h e i n o r g a n i c r e s i d u e r e m a i n i n g after i g n i t i o n at a h i g h 
t e m p e r a t u r e . I t is u s u a l l y less t h a n 1% o f w o o d f r o m t e m p e r a t e zones . 
It is s l i g h t l y h i g h e r i n w o o d f r o m t r o p i c a l c l i m a t e s . 

Carbohydrate and Lignin Distribution 
Carbohydrates . T h e m o r p h o l o g i c a l par ts o f t h e c e l l w a l l o f a 

c o n i f e r are s h o w n i n C h a p t e r 1, F i g u r e l b . M o s t o f w o o d c a r b o h y 
d r a t e is i n t h e m a s s i v e s e c o n d a r y w a l l , p a r t i c u l a r l y i n S 2 . Y o u n g t r a -
c h e i d s h a v e b e e n i s o l a t e d (28) at v a r i o u s stages o f c e l l w a l l d e v e l o p -
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2. P E T T E R S E N The Chemical Composition of Wood 69 

m e n t , a n d t h e n t h e s e p a r a t e d f rac t ions w e r e a n a l y z e d for the f ive 
w o o d sugars . Tab le I I l i s ts t h e r esu l t s o b t a i n e d b y u s i n g th is m e t h o d 
o n b i r c h (Betula verrucosa E h r h . ) a n d Scots p i n e (Pinus sylvestris 
L . ) (29) f i bers . T h e v a l u e s are r e l a t i v e a n d s u m to 1 0 0 % for a g i v e n 
m o r p h o l o g i c a l p a r t . T h i s m e t h o d has d i f f i c u l t y i n d i s t i n g u i s h i n g t h e 
p r e s e n c e o f t h e v e r y t h i n S 3 . A t e n t a t i v e v o l u m e r a t i o was d e t e r m i n e d 
for t h e l i g n i n - f r e e l a y e r s o f t h e p i n e a n d b i r c h f ibers b y u s i n g p h o 
t o m i c r o g r a p h s o f t r a n s v e r s e se c t i ons . T a k i n g t h e p r o p o r t i o n to b e 
m i d d l e l a m e l l a + p r i m a r y c e l l w a l l ( M L + P ) : S 1 : S 2 : S 3 , t h e v a l u e s are 
2 :10 :78 :10 for p i n e fibers (28) a n d 3 :15:76:6 for b i r c h (29). A s s u m i n g 
t h e d e n s i t y o f t h e c e l l w a l l to b e c o n s t a n t , t h e v o l u m e rat ios b e c o m e 
a c o m p a r i s o n o f a m o u n t s o f p o l y s a c c h a r i d e i n e a c h layer . 

L i g n i n . T h e d i s t r i b u t i o n o f l i g n i n i n t h e d i f f e rent m o r p h o l o g 
i c a l r e g i o n s o f w o o d m i c r o s t r u c t u r e has b e e n s t u d i e d u s i n g U V m i 
c r o s c o p y (30). I n s p r u c e (Picea mariana M i l l . ) t r a c h e i d s , i t was d e 
t e r m i n e d that 7 2 % a n d 8 2 % o f t h e l i g n i n was i n t h e s e c o n d a r y c e l l 
w a l l s o f e a r l y w o o d a n d l a t e w o o d , r e s p e c t i v e l y (31). T h e r e m a i n d e r 
was l o c a t e d i n t h e m i d d l e l a m e l l a a n d c e l l c o r n e r s . I n b i r c h w o o d 
(Betula papyrifera M a r s h . ) , 7 1 . 3 % o f t h e l i g n i n was o f t h e s y r i n g y l 
t y p e a n d was f o u n d i n t h e s e c o n d a r y w a l l s o f t h e fibers (59.9%) a n d 
r a y c e l l s ( 1 1 . 4 % ) . A n a d d i t i o n a l 1 0 . 9 % o f t h e l i g n i n w a s o f t h e 
g u a i a c y l t y p e a n d was f o u n d i n t h e s e c o n d a r y w a l l s o f the vesse ls 
(9.4%) a n d t h e v e s s e l m i d d l e l a m e l l a (1 .5%). T h e r e m a i n d e r (17.7%) 
was m i x e d s y r i n g y l - a n d g u a i a c y l - t y p e a n d was i n t h e fiber m i d d l e 
l a m e l l a (32). C a u t i o n is n e e d e d i n i n t e r p r e t i n g t h e s y r i n g y l / g u a i a c y l 
d i s t r i b u t i o n i n h a r d w o o d l i g n i n s ; m e t h o x y l analyses o f i s o l a t e d m o r 
p h o l o g i c a l par ts o f oak fibers a n d vesse l s i n d i c a t e s a r a t h e r u n i f o r m 
s y r i n g y l / g u a i a c y l c o n t e n t (33). 

Analytical Procedures 

C a r b o h y d r a t e s . T h e r e are a n u m b e r o f a n a l y t i c a l d e t e r m i n a 
t ions assoc ia ted w i t h t h e c a r b o h y d r a t e p o r t i o n o f w o o d . HOLOCELLULOSE. H o l o c e l l u l o s e is t h e t o t a l p o l y s a c c h a r i d e ( ce l 
lu l o se a n d h e m i c e l l u l o s e s ) c o n t e n t o f w o o d , a n d m e t h o d s for its d e 
t e r m i n a t i o n seek to r e m o v e a l l o f t h e l i g n i n f r o m w o o d w i t h o u t d i s 
t u r b i n g t h e c a r b o h y d r a t e s . T h e p r o c e d u r e g e n e r a l l y u s e d (34) was 
a d o p t e d as T a p p i S t a n d a r d T 9 m J (now u s e f u l m e t h o d 249) , a n d as 
A S T M S t a n d a r d D 1 1 0 4 . 2 E x t r a c t e d w o o d m e a l is t r e a t e d a l t e r n a t e l y 
w i t h c h l o r i n e gas a n d 2 - a m i n o e t h a n o l u n t i l a w h i t e r e s i d u e ( h o l o c e l 
l u l o s e ) r e m a i n s . T h e a c i d c h l o r i t e m e t h o d is a l s o u s e d (3). T h e 

1 Tappi standards are maintained by the Technical Association of Pulp and Paper 
Industry, Atlanta, G a . 

2 A S T M standards are maintained by the American Society for Testing Materials, 
Philadelphia, Pa. 
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2. FETTERSΕΝ The Chemical Composition of Wood 71 

p r o d u c t , c a l l e d c h l o r i t e h o l o c e l l u l o s e , is s i m i l a r to c h l o r i n e h o l o c e l 
l u l o s e . T h e c h l o r i t e m e t h o d r e m o v e s a f r a c t i o n m o r e o f t h e h e m i 
c e l l u l o s e s t h a n t h e c h l o r i n e m e t h o d . 

ALPHA CELLULOSE. A l p h a c e l l u l o s e is o b t a i n e d after t r e a t m e n t 
o f t h e h o l o c e l l u l o s e w i t h 1 7 . 5 % N a O H (see A S T M S t a n d a r d D 1103). 
T h i s p r o c e d u r e r e m o v e s m o s t , b u t n o t a l l , o f t h e h e m i c e l l u l o s e s . 

CROSS AND BE VAN CELLULOSE. C r o s s a n d B e v a n c e l l u l o s e c o n 
sists l a r g e l y o f p u r e c e l l u l o s e , b u t also c o n t a i n s s o m e h e m i c e l l u l o s e s . 
It is o b t a i n e d b y c h l o r i n a t i o n o f w o o d m e a l , f o l l o w e d b y w a s h i n g w i t h 
3 % S 0 2 a n d 2 % s o d i u m su l f i t e ( N a 2 S 0 3 ) w a t e r s o l u t i o n s . T h e final 
s tep is t r e a t m e n t i n b o i l i n g N a 2 S 0 3 s o l u t i o n . T h e a b s e n c e o f a c h a r 
ac te r i s t i c r e d ( ang iosperm) o r b r o w n ( g y m n o s p e r m ) c o l o r d e v e l o p e d 
i n t h e p r e s e n c e o f c h l o r i n a t e d l i g n i n s ignals c o m p l e t e l i g n i n r e m o v a l . 
F o r a d i s c u s s i o n o f t h e m e t h o d a n d its m o d i f i c a t i o n s , see R e f e r e n c e 
35 . 

KURSCHNER CELLULOSE. K u r s c h n e r c e l l u l o s e is o b t a i n e d b y r e -
f l u x i n g t h e w o o d s a m p l e t h r e e t i m e s for 1 h w i t h a 1:4 v o l u m e m i x 
t u r e o f c o n c e n t r a t e d n i t r i c a c i d a n d e t h y l a l c o h o l (37). T h e w a s h e d 
a n d d r i e d r e s i d u e is w e i g h e d as K u r s c h n e r c e l l u l o s e . T h e p r o d u c t 
conta ins a s m a l l a m o u n t o f h e m i c e l l u l o s e s . [ T h e c e l l u l o s e d e t e r m i n e d 
for t h e G h a n a n a n d R u s s i a n w o o d s (see i n Tables V I a n d X I ) is K u r s c h 
n e r c e l l u l o s e ] . T h e m e t h o d is no t w i d e l y u s e d because i t d e s t r o y s 
s o m e o f the c e l l u l o s e a n d t h e n i t r i c a c i d / a l c o h o l m i x t u r e is p o t e n t i a l l y 
e x p l o s i v e . 

PENTOSAN. P e n t o s a n a n a l y s i s m e a s u r e s t h e a m o u n t o f f i v e -
c a r b o n sugars p r e s e n t i n w o o d (xylose a n d a r a b i n o s e r e s idues ) . A l 
t h o u g h t h e h e m i c e l l u l o s e s c o n s i s t o f a m i x t u r e o f five- a n d s i x - c a r b o n 
sugars (see d i s c u s s i o n o f h e m i c e l l u l o s e s ) , t h e p e n t o s a n ana lys i s r e 
por t s t h e x y l a n a n d a r a b i n a n c o n t e n t as i f t h e five-carbon sugars w e r e 
p r e s e n t as p u r e p e n t a n s . P e n t o s e s are m o r e a b u n d a n t i n h a r d w o o d s 
t h a n so f twoods ; t h e d i f f e r e n c e is d u e to a h i g h e r xy l o se c o n t e n t i n 
h a r d w o o d s (see Tab le X I I I for e x a m p l e s ) . 

T a p p i s t a n d a r d Τ 2 2 3 o u t l i n e s t h e p r o c e d u r e for p e n t o s a n a n a l 
ys is . B r i e f l y , w o o d m e a l is b o i l e d i n 3 .85 Ν H C l w i t h s o m e N a C l 
a d d e d . F u r f u r a l is g e n e r a t e d a n d d i s t i l l e d i n t o a c o l l e c t i o n f lask . T h e 
f u r f u r a l is d e t e r m i n e d c o l o r i m e t r i c a l l y w i t h o r c i n o l - i r o n ( I I I ) c h l o r i d e 
reagent . A n o t h e r m e t h o d also g e n e r a t e s f u r f u r a l , a n d the f u r f u r a l is 
d e t e r m i n e d g r a v i m e t r i c a l l y b y p r e c i p i t a t i o n w i t h 1 , 3 , 5 - b e n z e n e t r i o l . 
T h e s e a n d o t h e r m e t h o d s o f p e n t o s a n ana lys i s are d e s c r i b e d a n d 
d i s c u s s e d i n B r o w n i n g ' s b o o k (36). 

CHROMATOGRAPHIC ANALYSIS OF WOOD SUGARS. T h i s ana lys i s r e 
q u i r e s a c i d h y d r o l y s i s o f t h e p o l y s a c c h a r i d e to y i e l d a s o l u t i o n m i x 
t u r e o f t h e five w o o d sugar m o n o m e r s , i . e . , g l u c o s e , x y l o s e , ga lac 
tose, a r a b i n o s e , a n d m a n n o s e . T h e s o l u t i o n is n e u t r a l i z e d , filtered, 
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a n d t h e sugars c h r o m a t o g r a p h i c a l l y s e p a r a t e d a n d q u a n t i f i e d . G e n 
e r a l l y th is m e t h o d is a c c e p t e d as t h e s t a n d a r d o f h y d r o l y s i s (37). I n 
th is p r o c e d u r e , w o o d m e a l is t r e a t e d w i t h 7 2 % H 2 S 0 4 at 30 ° C for 1 
h to d e p o l y m e r i z e t h e c a r b o h y d r a t e s . R e v e r s i o n p r o d u c t s ( r e c o m -
b i n e d sugar m o n o m e r s ) are f u r t h e r h y d r o l y z e d i n 3 % H 2 S 0 4 at 120 
° C for 1 h . T h e s o l u t i o n is t h e n filtered, a n d t h e s o l i d r e s i d u e is 
w a s h e d , d r i e d , a n d w e i g h e d as K l a s o n l i g n i n (see " L i g n i n " later ) . T h e 
f i l t r a t e is n e u t r a l i z e d w i t h b a r i u m ( I I ) h y d r o x i d e o r i o n e x c h a n g e 
r e s i n . T h e i n d i v i d u a l sugars are s e p a r a t e d b y p a p e r , l i q u i d , o r gas 
c h r o m a t o g r a p h y ( G C ) . P a p e r c h r o m a t o g r a p h y has b e e n t h e s t a n d a r d 
m e t h o d for m a n y years a n d a l l t h e i n d i v i d u a l sugar d a t a a n d h e m i 
c e l l u l o s e d a t a r e p o r t e d i n t h e tab les o f th i s c h a p t e r w e r e o b t a i n e d b y 
th is m e t h o d [ a d o p t e d as T a p p i P r o v i s i o n a l Test M e t h o d Τ 250 (37)]. 
T h i s m e t h o d uses a m o d i f i e d f o r m o f t h e S o m o g y i c o l o r i m e t r i c assay 
for r e d u c i n g sugars (38). T i m e l l (39) r e p o r t s a c o l o r i m e t r i c m e t h o d i n 
w h i c h the r e d u c i n g sugars a r e r e a c t e d w i t h 2 - a m i n o b i p h e n y l h y d r o 
c h l o r i d e . T h e r e a r e m a n y o t h e r assay m e t h o d s for r e d u c i n g sugars . 

S u g a r s e p a r a t i o n b y G C r e q u i r e s t h e p r e p a r a t i o n o f v o l a t i l e d e 
r i v a t i v e s . T a p p i Test M e t h o d Τ 2 4 9 p m - 7 5 uses t h e a l d i t o l acetate 
d e r i v i t i z a t i o n (40). P e r a c e t y l a t e d a l d o n i t r i l e (41) o r t r i m e t h y l s i l a n e 
(42, 43) d e r i v a t i v e s c a n also b e p r e p a r e d a n d s e p a r a t e d b y G C . W o o d 
sugar ana lys i s b y G C m a y b e u s e f u l for s p e c i a l i z e d p r o b l e m s , b u t t h e 
d e r i v i t i z a t i o n s teps m a k e i t a t i m e - c o n s u m i n g m e t h o d for r o u t i n e 
w o r k . 

H i g h p e r f o r m a n c e l i q u i d c h r o m a t o g r a p h y ( H P L C ) is c u r r e n t l y 
t h e m o s t e f f i c i ent m e a n s for r o u t i n e s e p a r a t i o n a n d q u a n t i f i c a t i o n o f 
the five w o o d sugars (44). I n th is case , n o d e r i v i t i z a t i o n is necessary , 
a n d s e p a r a t i o n is a c h i e v e d u s i n g w a t e r as an e l u e n t . D e t e c t i o n is b y 
a d i f f e r e n t i a l r e f r a c t o m e t e r . 

UROMC ACID. U r o n i c a c i d is d e t e r m i n e d b y m e a s u r i n g c a r b o n 
d i o x i d e ( C 0 2 ) g e n e r a t i o n w h e n w o o d is b o i l e d w i t h 1 2 % H C 1 (45). 
R e s u l t s f r o m t h i s m e t h o d m a y b e s o m e w h a t h i g h b e c a u s e o f C 0 2 

e v o l u t i o n f r o m m a t e r i a l c o n t a i n i n g c a r b o x y l g r o u p s o t h e r t h a n u r o n i c 
a c i d . A m e t h o d d e v e l o p e d b y Scot t (46) is r a p i d a n d s e l e c t i v e . T h e 
s a m p l e is t r e a t e d w i t h 9 6 % H 2 S 0 4 at 70 ° C , a n d a p r o d u c t , 5 - f o r m y l -
2 - f u r a n c a r b o x y l i c a c i d , is d e r i v e d f r o m u r o n i c ac ids . T h i s c o m p o u n d 
reacts s e l e c t i v e l y w i t h 3 , 5 - d i m e t h y l p h e n o l to y i e l d a c h r o m o p h o r e 
a b s o r b i n g at 4 5 0 n m . 

ACETYL CONTENT. T h e a c e t y l c o n t e n t o f w o o d is d e t e r m i n e d b y 
s a p o n i f i c a t i o n o f t h e s a m p l e i n 1 Ν N a O H , f o l l o w e d b y a c i d i f i c a t i o n , 
q u a n t i t a t i v e d i s t i l l a t i o n o f t h e ace t i c a c i d , a n d t i t r a t i o n o f t h e d i s t i l l a t e 
w i t h s t a n d a r d N a O H (47). A m o d i f i c a t i o n h e r e ( F o r e s t P r o d u c t s L a b 
oratory) e n a b l e s ace t i c a c i d d e t e r m i n a t i o n b y u s i n g G C w i t h p r o p a 
n o i c a c i d as a n i n t e r n a l s t a n d a r d . T h i s m o d i f i c a t i o n e l i m i n a t e s t h e 
t e d i o u s , t i m e - c o n s u m i n g d i s t i l l a t i o n s tep . 
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WOOD SOLUBILITY IN 1% N A O H . W o o d e x t r a c t i o n p r o c e d u r e s i n 
1% N a O H (Tappi S t a n d a r d Τ 212) extract mos t e x t r a n e o u s c o m p o 
n e n t s , s o m e l i g n i n , a n d l o w m o l e c u l a r w e i g h t h e m i c e l l u l o s e s a n d 
d e g r a d e d c e l l u l o s e . T h e p e r c e n t o f a l k a l i - s o l u b l e m a t e r i a l increases 
as t h e w o o d decays (48). T h e e x t r a c t i o n is d o n e i n a w a t e r b a t h m a i n 
t a i n e d at 100 °C . 

L i g n i n . T h e l i g n i n c o n t e n t s o f w o o d s p r e s e n t e d i n t h e tab les 
o f th i s c h a p t e r are K l a s o n l i g n i n , t h e r e s i d u e r e m a i n i n g after s o l u -
b i l i z i n g t h e c a r b o h y d r a t e w i t h s t r o n g m i n e r a l a c i d . T h e u s u a l p r o 
c e d u r e , as i n T a p p i S t a n d a r d Τ 2 2 2 o r A S T M S t a n d a r d D 1106, is to 
treat f i n e l y g r o u n d w o o d w i t h 7 2 % H 2 S 0 4 for 2 h at 20 ° C , f o l l o w e d 
b y d i l u t i o n to 3 % H 2 S 0 4 a n d b o i l i n g o r r e f l u x i n g for 4 h . A n e q u i v 
a l ent b u t s h o r t e r m e t h o d treats t h e s a m p l e w i t h 7 2 % H 2 S 0 4 at 30 °C 
for 1 h , f o l l o w e d b y 1 h at 120 °C i n 3 % H 2 S 0 4 (50). I n b o t h cases 
the d e t e r m i n a t i o n is g r a v i m e t r i c . 

S o f t w o o d l i g n i n s are i n s o l u b l e i n 7 2 % H 2 S 0 4 a n d K l a s o n l i g n i n 
p r o v i d e s a n a c c u r a t e m e a s u r e o f t o t a l l i g n i n c o n t e n t . H a r d w o o d l i g 
n i n s are s o m e w h a t s o l u b l e i n 7 2 % H 2 S 0 4 , a n d t h e a c i d - s o l u b l e p o r 
t i o n m a y a m o u n t to 1 0 - 2 0 % o f t h e t o ta l l i g n i n c o n t e n t (51). T h e acid-
soluble lignin c a n b e d e t e r m i n e d s p e c t r o p h o t o m e t r i c a l l y at 2 0 5 n m 
(51, 52). (Table X I V c o n t a i n s l i g n i n v a l u e s that a d d t h e a c i d - s o l u b l e 
c o m p o n e n t m e a s u r e d at 2 0 5 n m to the K l a s o n l i g n i n . L i g n i n c o n t e n t s 
o f h a r d w o o d s i n a l l t h e o t h e r tab les are l ow) . 

METHOXYL. M e t h o x y l g r o u p s a r e d e t e r m i n e d b y a m o d i f i e d 
m e t h o d (53). M e t h y l i o d i d e is f o r m e d b y h y d r o l y s i s o f t h e m e t h o x y l 
g r o u p s o f w o o d l i g n i n i n h y d r i o d i c a c i d a n d is d i s t i l l e d u n d e r C 0 2 

i n t o a s o l u t i o n o f b r o m i n e a n d p o t a s s i u m acetate i n g l a c i a l ace t i c a c i d . 
B r o m i n e o x i d i z e s i o d i d e to i o d a t e w h i c h is t h e n t i t r a t e d w i t h s t a n d a r d 
th iosu l fa te . T h e m e t h o d is d i f f i c u l t a n d t i m e - c o n s u m i n g , a n d s o m e 
e x p e r i e n c e is n e c e s s a r y b e f o r e sat is factory r e s u l t s c a n b e o b t a i n e d . 
D e t a i l s are i n A S T M S t a n d a r d D 1166 a n d T a p p i S t a n d a r d Τ 2 0 9 
( w i t h d r a w n i n N o v e m b e r 1979). A d d i t i o n a l d i s c u s s i o n c a n b e f o u n d 
i n R e f e r e n c e 54 . 

Extraneous Components 
W o o d S o l u b i l i t y . T h e s o l u b i l i t y o f w o o d i n v a r i o u s so lvents is 

a m e a s u r e o f t h e e x t r a n e o u s c o m p o n e n t s c o n t e n t . N o s i n g l e s o l v e n t 
is a b l e to r e m o v e a l l o f t h e e x t r a n e o u s m a t e r i a l s . E t h e r is r e l a t i v e l y 
n o n p o l a r a n d extracts fats, r e s i n s , o i l s , s t e ro l s , a n d t e r p e n e s . E t h a n o l / 
b e n z e n e is m o r e p o l a r a n d extracts m o s t o f t h e e t h e r - s o l u b l e s p l u s 
mos t o f t h e o r g a n i c m a t e r i a l s i n s o l u b l e i n w a t e r . H o t w a t e r extracts 
s o m e i n o r g a n i c salts a n d l o w m o l e c u l a r w e i g h t p o l y s a c c h a r i d e s i n 
c l u d i n g g u m s a n d s tarches . W a t e r also r e m o v e s c e r t a i n h e m i c e l l u 
loses s u c h as t h e a r a b i n o g a l a c t a n g u m p r e s e n t i n l a r c h w o o d (see T a 
b l e I). 
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ETHANOL/BENZENE. T h e s o l u b i l i t y o f w o o d i n E t O H / b e n z e n e 

( b e n z e n e is a k n o w n c a r c i n o g e n ; t o l u e n e c a n b e s u b s t i t u t e d ) i n a 1 : 2 
v o l u m e r a t i o w i l l g i v e a m e a s u r e o f t h e e x t r a c t i v e s c o n t e n t . T h i s 
p r o c e d u r e is T a p p i S t a n d a r d Τ 2 0 4 a n d A S T M S t a n d a r d D 1 1 0 7 . T h e 
w o o d m e a l is r e f l u x e d 6 - 8 h i n a S o x h l e t f l a s k , a n d t h e w e i g h t loss 
o f t h e e x t r a c t e d , d r i e d w o o d is m e a s u r e d . S o m e t i m e s t h e l i g n i n , 
c a r b o h y d r a t e , a n d o t h e r c o m p o n e n t s are d e t e r m i n e d o n w o o d that 
has b e e n e x t r a c t e d p r e v i o u s l y w i t h E t O H / b e n z e n e (see Tab le X I I I ) . 

DIETHYL ETHER. T h e s o l u b i l i t y o f w o o d i n d i e t h y l e t h e r is d e 
t e r m i n e d i n t h e s a m e w a y as E t O H / b e n z e n e s o l u b i l i t y . 

A s h A n a l y s i s . A s h a n a l y s i s is p e r f o r m e d a c c o r d i n g to T a p p i 
S t a n d a r d Τ 1 5 a n d A S T M S t a n d a r d D 1 1 0 2 . I n these s tandards ash 
is d e f i n e d as t h e r e s i d u e r e m a i n i n g after d r y i g n i t i o n o f t h e w o o d at 
5 7 5 ° C . E l e m e n t a l c o m p o s i t i o n o f t h e ash is d e t e r m i n e d b y d i s s o l v i n g 
t h e r e s i d u e i n s t r o n g H N 0 3 a n d a n a l y z i n g t h e s o l u t i o n b y a t o m i c 
a b s o r p t i o n o r a t o m i c e m i s s i o n . T h e i n o r g a n i c e l e m e n t a l c o m p o s i t i o n 
o f w o o d c a n b e d e t e r m i n e d d i r e c t l y b y n e u t r o n a c t i v a t i o n ana lys i s . 
(Table X V c o n t a i n s e l e m e n t a l d a t a u s i n g b o t h m e t h o d s ) . 

S i l i c a ( S i 0 2 ) c o n t e n t i n w o o d c a n b e d e t e r m i n e d b y t r e a t i n g t h e 
ash w i t h h y d r o f l u o r i c a c i d ( H F ) to f o r m t h e v o l a t i l e c o m p o u n d s i l i c o n 
t e t r a f l u o r i d e ( S i F 4 ) . T h e w e i g h t loss is t h e a m o u n t o f s i l i c a i n the 
ash . S i l i c a is r a r e l y p r e s e n t i n m o r e t h a n trace a m o u n t s i n t e m p e r a t e 
c l i m a t e w o o d s , b u t c a n v a r y i n t r o p i c a l w o o d s f r o m a m e r e t race to 
as m u c h as 9 % . M o r e t h a n 0 . 5 % s i l i c a i n w o o d is h a r m f u l to c u t t i n g 
tools ( 5 5 ) . 

M o i s t u r e C o n t e n t . T h e m o i s t u r e c o n t e n t o f w o o d is d e t e r 
m i n e d b y m e a s u r i n g t h e w e i g h t loss a f ter d r y i n g t h e s a m p l e at 1 0 5 
°C . U n l e s s s p e c i f i e d o t h e r w i s e , t h e p e r c e n t o f a l l o t h e r c h e m i c a l 
c o m p o n e n t s i n w o o d is c a l c u l a t e d o n t h e basis o f m o i s t u r e - f r e e w o o d . 
M o i s t u r e c o n t e n t is d e t e r m i n e d o n a separate p o r t i o n o f t h e s a m p l e 
not u s e d for t h e o t h e r ana lyses . 

Recent Improvements in Techniques 
T h e d a t a r e p o r t e d i n t h i s c h a p t e r w e r e o b t a i n e d u s i n g s t a n d a r d 

m e t h o d s . T h e m e t h o d s are r o u t i n e b u t r e q u i r e m u c h care a n d t i m e . 
S o m e m e t h o d s h a v e b e e n r e p l a c e d b y b e t t e r , m o r e e f f i c i ent m e t h o d s . 
F o r e x a m p l e , t h e h o l o c e l l u l o s e , c e l l u l o s e , a n d p e n t o s a n tests h a v e 
b e e n r e p l a c e d b y t h e s i n g l e five-sugar c h r o m a t o g r a p h i c test . T h e 
f i ve - sugar test p r o c e d u r e g ives m o r e d e t a i l e d i n f o r m a t i o n i n a s h o r t e r 
t i m e . T h e r e c e n t c h a n g e f r o m p a p e r c h r o m a t o g r a p h y to H P L C has 
i m p r o v e d t h e e f f i c i e n c y o f t h i s test . T h e test for K l a s o n l i g n i n r e m a i n s 
i n u s e , as d o t h e a c e t y l , m e t h o x y l , a n d u r o n i c a c i d tests . 

A n a l y t i c a l i n s t r u m e n t s a n d d a t a processors h a v e h e l p e d to r e 
m o v e s o m e o f t h e t e d i u m a n d to s h o r t e n ana lys i s t i m e . T h e r e s u l t 
has b e e n a n i n c r e a s e i n t h e n u m b e r o f ana lyses p e r f o r m e d . M o r e 
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s i gn i f i cant is t h e d e t a i l p o s s i b l e w i t h a d v a n c e d i n s t r u m e n t s . F o r ex 
a m p l e , H P L C c a n separate a n d q u a n t i t a t e i n d i v i d u a l u r o n i c ac ids . 
T h i s p r o v i d e s m o r e d e t a i l o f h e m i c e l l u l o s e c o m p o s i t i o n . T h e s t r u c 
t u r e o f l i g n i n c a n b e p r o b e d f u r t h e r b y mass s p e c t r o m e t r y a n d h i g h -
r e s o l u t i o n N M R s p e c t r o m e t r y . W o o d e x t r a c t i v e s c a n b e i s o l a t e d a n d 
c h a r a c t e r i z e d b y c a p i l l a r y G C / m a s s s p e c t r o m e t r y . A n e w mass s p e c 
t r o m e t e r has t w o o r m o r e mass a n a l y z e r s a n d e l i m i n a t e s t h e o f t en 
l i m i t i n g c h r o m a t o g r a p h i c s e p a r a t i o n s tep . 

M o r e s y s t e m a t i c w o o d c o m p o s i t i o n s t u d i e s are n e e d e d i n t h e 
f u t u r e . I t w o u l d b e u s e f u l t o s t u d y t h e c o m p o s i t i o n o f a se lec t n u m b e r 
o f p r o m i n e n t spec i e s a n d n o t e t h e c o n t e n t v a r i a b i l i t y w i t h t r e e p a r t s , 
c l i m a t e , s o i l c o n d i t i o n s , a n d age. 

Tables of Composition Data 
Tables I I I - X I V are o r g a n i z e d g e o g r a p h i c a l l y a n d l i s t c h e m i c a l 

c o m p o s i t i o n d a t a for w o o d s f r o m v a r i o u s c o u n t r i e s . T h e d a t a as p u b 
l i s h e d o r i g i n a l l y w e r e o f i n t e r e s t to t h e l o c a l p u l p a n d p a p e r i n d u s 
t r i es . T h i s c o m p i l a t i o n p r o v i d e s a w o r l d w i d e v i e w o f w o o d c o m p o 
s i t i o n . M o s t o f t h e d a t a w e r e o b t a i n e d u s i n g s i m i l a r test m e t h o d s 
(Tappi S t a n d a r d s ) . W h e n i t is k n o w n that o t h e r test m e t h o d s w e r e 
u s e d , t h e m e t h o d is f o o t n o t e d i n t h e tab les . M o s t o f t h e v a l u e s r e 
p o r t e d f r o m a l l s ources h a d o n e o r t w o figures b e y o n d t h e d e c i m a l 
p o i n t . E x c e p t for t h e e t h e r s o l u b i l i t y a n d a s h v a l u e s (usua l ly less t h a n 
1%), v a l u e s h a v e b e e n r o u n d e d off to t h e neares t p e r c e n t b e c a u s e 
th is r e f l e c t s t h e p r e c i s i o n o f t h e s a m p l i n g a n d assay m e t h o d s . 

T h e d a t a i n Tab le I I I h a v e n o t b e e n p u b l i s h e d p r e v i o u s l y . T h e 
same test m e t h o d s w e r e u s e d for a l l t r e e spec ies i n Tab le I I I . M o s t 
o f these m e t h o d s w e r e d e v e l o p e d at t h e l a b o r a t o r y a n d w e r e l a t e r 
a d o p t e d as T a p p i s t a n d a r d s . Tables I V - X I I c o n t a i n s i m i l a r d a t a o b 
t a i n e d i n m a n y test l a b o r a t o r i e s . T h e t h r e e Ta iwanese sources c o n t a i n 
d a t a for m o r e t h a n 4 0 0 t rees . T h e trees s e l e c t e d for i n c l u s i o n i n Tab le 
X w e r e those d e s c r i b e d i n a b o o k p u b l i s h e d b y t h e C h i n e s e F o r e s t r y 
A s s o c i a t i o n (56). T a b l e X I I c o n t a i n s d a t a o n trees o f u n r e c o r d e d o r 
i g i n . E x c e p t for Tectonia grandia, t h e spec i es r e p o r t e d d o no t a p p e a r 
i n t h e o t h e r tab les . 

Tables X I I I a n d X I V p r e s e n t m o r e d e t a i l e d analyses o f w o o d s : 
Tab le X I I I c o n t a i n s d a t a o n 3 0 N o r t h A m e r i c a n spec ies , a n d Tab le X I V 
c o n t a i n s d a t a o n 3 2 spec i es f r o m t h e s o u t h e a s t e r n U n i t e d States . T h e 
l i g n i n v a l u e s i n T a b l e X I V are t h e s u m o f K l a s o n a n d a c i d - s o l u b l e 
l i g n i n s . P e c t i n (Table X I V ) is m a i n l y g a l a c t u r o n i c a c i d . I t is the m e a 
s u r e d t o t a l u r o n i c a c i d v a l u e m i n u s t h e e s t i m a t e d g l u c u r o n i c a c i d 
v a l u e . G l u c u r o n i c a c i d c o n t e n t c a n b e e s t i m a t e d f r o m t h e x y l a n c o n 
tent b y a s s u m i n g a ra t i o o f x y l o s e to 4 - O - m e t h y l g l u c u r o n i c a c i d o f 
10:1 (see T a b l e I and F i g u r e 5). T h e r e p o r t e d v a l u e s o f t h e c a r b o -
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2. PETTERSEN The Chemical Composition of Wood 123 

h y d r a t e c o m p o n e n t s i n T a b l e X I V h a v e b e e n a d j u s t e d b y a h y d r o l y s i s -
loss factor. T h i s factor was c a l c u l a t e d for e a c h spec i es , s u c h that t h e 
s u m o f t o t a l e x t r a c t i v e s , l i g n i n , c e l l u l o s e , h e m i c e l l u l o s e , a n d a s h 
equa l s 1 0 0 % . T h e h e m i c e l l u l o s e c o m p o n e n t s w e r e c a l c u l a t e d u s i n g 
the a d j u s t e d v a l u e o f t h e five i n d i v i d u a l sugars a n d the m e a s u r e d 
v a l u e s for a c e t y l a n d u r o n i c a c i d . 

Tab le V I I r e p o r t s t h e t race e l e m e n t c o m p o s i t i o n o f s o m e w o o d s . 
C a l c i u m , p o t a s s i u m , m a g n e s i u m , a n d p h o s p h o r u s are t h e p r i n c i p a l 
t race e l e m e n t s i n t e m p e r a t e w o o d s . T h e t h r e e t r o p i c a l w o o d s h a v e 
a h i g h e r p o t a s s i u m a n d m a g n e s i u m c o n t e n t a n d a l o w e r c a l c i u m c o n 
t e n t t h a n t h e t e m p e r a t e w o o d s . 

Tab le X V I is a s u m m a r y o f a v e r a g e w o o d c o m p o s i t i o n i n 13 c o u n 
t r i e s . T h e m e a n , s t a n d a r d d e v i a t i o n , a n d n u m b e r o f d a t a a re t a b u 
l a t e d for c a r b o h y d r a t e , l i g n i n , a n d ash c o m p o s i t i o n s . H a r d w o o d s a n d 
sof twoods are s e p a r a t e d w h e n b o t h a re a v a i l a b l e . A l l o t h e r v a l u e s are 
o n l y for h a r d w o o d s . B e c a r e f u l c o m p a r i n g v a l u e s b e t w e e n c o u n t r i e s 
b e c a u s e t e c h n i q u e s a n d m e t h o d s vary . F o r e x a m p l e , t h e m e a n h o l -
o c e l l u l o s e c o n t e n t o f C o s t a R i c a n h a r d w o o d s is 7 8 . 1 % , h i g h e r t h a n 
that o f w o o d s f r o m B r a z i l (71.7%) a n d M e x i c o (67 .8%) . T h e h o l o c e l -
l u l o s e d e t e r m i n e d for t h e C o s t a R i c a n h a r d w o o d s p r o b a b l y c o n t a i n e d 
s o m e l i g n i n . T h e m e a n v a l u e o f T a i w a n e s e h a r d w o o d h o l o c e l l u l o s e is 
o b v i o u s l y h i g h (83.3%) b e c a u s e t h e m e a n s for h o l o c e l l u l o s e a n d l i g n i n 
s u m to 1 0 8 % . 
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3 
Wood-Water Relationships 

C. SKAAR 
Department of Forest Products, School of Forestry and Wildlife, College of 
Agriculture and Life Sciences, Virginia Polytechnic Institute 
and State University, Blacksburg, VA 24061 

Wood is a hygroscopic material, and its mass, dimen
sions, and density, as well as its mechanical, elastic, 
electrical, thermal, and transport properties are af
fected by its moisture content. Wood is formed in a 
water-saturated environment in the living tree, but most 
of the water is removed prior to use. In use its moisture 
content and dependent properties change with changes 
in ambient conditions, particularly relative humidity. 
Wood is anisotropic with respect to most of its physical 
properties. The thermodynamics of moisture sorption, 
including enthalpy, free energy and entropy changes, 
are moisture dependent. Water sorption by wood is 
treated in terms of both surface and solution theories. 
Moisture transport in wood is also treated, particularly 
in relation to drying. 

Wood Moisture and the Environment 

W o o d di f fers f r o m m o s t m a t e r i a l s u s e d for c o n s t r u c t i o n a n d o t h e r 
p u r p o s e s i n that i t is c o n t i n u a l l y e x c h a n g i n g m o i s t u r e w i t h its s u r 
r o u n d i n g s . T h i s is t r u e i n b o t h t h e l i v i n g t r e e as w e l l as u n d e r c o n 
d i t i o n s o f final use . 

T h e m o i s t u r e c o n t e n t o f w o o d is u s u a l l y c a l c u l a t e d i n t e r m s o f 
its d r y w e i g h t . T h e fractional moisture content m is d e f i n e d as t h e 
ra t i o o f t h e mass Ww o f r e m o v a b l e w a t e r to t h e d r y mass W0 o f t h e 
w o o d ( E q u a t i o n 1). 

m = WJW0 (1) 

M o i s t u r e c o n t e n t is o f t en e x p r e s s e d i n t e r m s o f percent o f d r y 
w e i g h t , o r 

M = 100 x m = 100 (WJW0) (2) 

0065-2393/84/0207-0127/$12.25/0 
© 1984 American Chemical Society 
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T h e d e f i n i t i o n o f M as g i v e n a b o v e is e q u i v a l e n t to t h e t e r m 
r e g a i n as u s e d for c e r t a i n o t h e r h y g r o s c o p i c m a t e r i a l s s u c h as text i l es 
(J). T h e t e r m m o i s t u r e c o n t e n t is d e f i n e d o n a w e t r a t h e r t h a n d r y 
w e i g h t bas is . T h e wet basis moisture content Mw is t h e n r e l a t e d to 
M b y 

Mw = M / ( l + M / 1 0 0 ) (3) 

I t m a y b e n o t e d that M c a n b e g r e a t e r t h a n 1 0 0 % b u t that Mw 

is a lways less t h a n 1 0 0 % . T h e d r y w e i g h t bas is , e i t h e r m o r M , w i l l 
b e u s e d t h r o u g h o u t th i s c h a p t e r . 

W a t e r i n t h e L i v i n g T r e e . W o o d i n t h e l i v i n g t ree is f o r m e d 
a n d f u n c t i o n s i n a n e s s e n t i a l l y w a t e r - s a t u r a t e d e n v i r o n m e n t . T h e 
f u n c t i o n i n g s a p w o o d c e l l s are a p a r t o f t h e v a s c u l a r s y s t e m that c o n 
d u c t s w a t e r a n d so lutes f r o m t h e roots to t h e l eaves t h r o u g h a c o n 
t i n u o u s w a t e r - s a t u r a t e d n e t w o r k o f w o o d ce l l s (2). W h e n t h e t r ee is 
f e l l e d t h e w a t e r i n t h e w o o d is c u t off f r o m t h e s o i l w a t e r a n d the 
w o o d c o m m e n c e s to l ose m o s t o f i ts m o i s t u r e . 

M o i s t u r e C o n t e n t o f G r e e n W o o d . T h e m o i s t u r e c o n t e n t o f 
w o o d i n a f r e s h l y f e l l e d t r e e is d e s i g n a t e d as t h e green moisture 
content. T h e g r e e n m o i s t u r e c o n t e n t m a y v a r y c o n s i d e r a b l y a m o n g 
d i f f e rent k i n d s o f t rees a n d b e t w e e n h e a r t w o o d a n d s a p w o o d w i t h i n 
a t r ee . I t m a y also v a r y w i t h h e i g h t i n t h e t r ee a n d w i t h the season 
o f t h e y e a r i n w h i c h t h e t r e e is f e l l e d . 

T h e g r e e n m o i s t u r e c o n t e n t o f t h e h e a r t w o o d o f 2 7 d i f f e r e n t 
so f twood spec i es g r o w n i n t h e U n i t e d States , b a s e d o n p e r c e n t o f 
o v e n - d r y w e i g h t , is r e p o r t e d to r a n g e f r o m 30 to 1 2 1 % w i t h a m e a n 
o f 5 5 % (3). F o r s a p w o o d o f t h e s a m e so f twoods t h e m e a n was 1 4 9 % 
w i t h a r a n g e f r o m 98 to 2 4 9 % . I n c on t ras t , for 34 h a r d w o o d s , n o 
c o n s i s t e n t d i f f e r e n c e w a s f o u n d i n t h e g r e e n m o i s t u r e c o n t e n t s o f 
h e a r t w o o d a n d s a p w o o d . T h e m e a n h e a r t w o o d v a l u e was 8 1 % (range 
f r o m 44 to 162%) , c l ose to t h e m e a n o f 8 3 % (range f r o m 44 to 146%) 
for t h e s a p w o o d o f t h e s a m e t rees . 

S t u d i e s o n Pinus taeda (4) i n d i c a t e a s t r o n g i n c r e a s e i n g r e e n 
m o i s t u r e c o n t e n t w i t h i n c r e a s i n g h e i g h t i n t h e t r e e . S i m i l a r t r e n d s 
w e r e o b s e r v e d a m o n g a n u m b e r o f A p p a l a c h i a n h a r d w o o d s a n d soft
w o o d s (5). 

L o g s c u t f r o m trees f e l l e d d u r i n g late w i n t e r a n d e a r l y s p r i n g i n 
t e m p e r a t e c l i m a t e s g e n e r a l l y e x h i b i t h i g h e r g r e e n m o i s t u r e c o n t e n t s 
t h a n those h a r v e s t e d d u r i n g s u m m e r a n d f a l l . 

W a t e r i n g r e e n w o o d is f o u n d i n t h r e e bas i c f o r m s : bound w a t e r 
i n the c e l l w a l l s , free o r capillary w a t e r i n t h e c e l l c a v i t i e s , a n d w a t e r 
vapor, also i n t h e c e l l c a v i t i e s . T h e t o ta l a m o u n t o f w a t e r i n v a p o r 
f o r m is n o r m a l l y o n l y a s m a l l f r a c t i o n o f t h e t o ta l a n d is n e g l i g i b l e at 
n o r m a l t e m p e r a t u r e s a n d m o i s t u r e c o n t e n t s . W h e n g r e e n w o o d d r i e s 
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the w a t e r l eaves t h e c e l l c a v i t i e s f irst b e c a u s e i t is h e l d w i t h s m a l l e r 
forces t h a n t h e b o u n d w a t e r . F u r t h e r m o r e , m o s t p h y s i c a l p r o p e r t i e s , 
s u c h as s t r e n g t h p r o p e r t i e s a n d s h r i n k a g e , are una f f e c t ed b y r e m o v a l 
o f f ree w a t e r (See C h a p t e r 5). 

T h e fiber-saturation point is d e f i n e d as the m o i s t u r e c o n t e n t at 
w h i c h t h e c e l l c a v i t i e s are e m p t y o f l i q u i d w a t e r b u t the c e l l w a l l s 
are s t i l l s a t u r a t e d w i t h b o u n d w a t e r (6). T h e fiber-saturation p o i n t is 
d e s i g n a t e d as rrif ( f ract ion o f d r y mass) o r M f (per cent o f d r y mass) . 

M e a s u r i n g W a t e r C o n t e n t o f W o o d . T h e r e are as m a n y as 
f i f teen m e t h o d s that h a v e b e e n u s e d to m e a s u r e w o o d m o i s t u r e c o n 
t ent (7). S o m e o f t h e m o r e c o m m o n o r u s e f u l m e t h o d s are d i s c u s s e d 
h e r e . 

G R A V I M E T R I C M E T H O D . T h e m o i s t s a m p l e is w e i g h e d , W M , a n d 
t h e n d r i e d u n t i l a r e f e r e n c e w e i g h t , W 0 , is a t t a i n e d . T h e d i f f e r e n c e 
is t a k e n as the w e i g h t o f w a t e r , Ww, i n t h e m o i s t w o o d . O r d i n a r i l y 
w o o d is d r i e d i n a c o n v e c t i o n o v e n m a i n t a i n e d at 1 0 3 ± 2 °C . I n th is 
case, t h e a t m o s p h e r e is at a s u f f i c i e n t l y l o w r e l a t i v e v a p o r p r e s s u r e 
h (h = p/p0; ρ is t h e a m b i e n t w a t e r v a p o r p r e s s u r e a n d p0 is t h e 
v a p o r p r e s s u r e o f p u r e w a t e r at the o v e n t e m p e r a t u r e ) that h is as
s u m e d to b e z e r o . 

T h e r e are s e v e r a l e r r o r s i n v o l v e d i n g r a v i m e t r i c m o i s t u r e m e a 
s u r e m e n t s . O n e e r r o r is t h e a s s u m p t i o n that h is z e r o i n an o r d i n a r y 
o v e n . T h i s effect c a n b e m i n i m i z e d b y u s i n g a v a c u u m o v e n o r a 
s t r o n g d e s i c c a n t s u c h as p h o s p h o r u s p e n t o x i d e . A n o t h e r p r o b l e m is 
the e v a p o r a t i o n o f v o l a t i l e w o o d c o n s t i t u e n t s , i f p r e s e n t , to g i v e a 
h i g h e r a p p a r e n t m o i s t u r e c o n t e n t i n t h e w o o d . A t h i r d p r o b l e m i n 
accurate m o i s t u r e m e a s u r e m e n t is t h e effect o f s a m p l e m o i s t u r e h i s 
tory (8). 

A v a r i a t i o n o f t h e g r a v i m e t r i c m e t h o d is to heat t h e w o o d i n a 
d i s t i l l a t i o n a p p a r a t u s c o n t a i n i n g a w a t e r - i m m i s c i b l e l i q u i d s u c h as 
t o l u e n e o r x y l e n e . T h i s l i q u i d d i s so lves t h e o r g a n i c vo la t i l e s a n d t h e 
w a t e r c o n d e n s e s i n a separate c a l i b r a t e d t r a p w h e r e i t is c o l l e c t e d 
a n d m e a s u r e d . 

K A R L F I S C H E R T I T R A T I O N M E T H O D . I n th i s m e t h o d t h e m o i s t u r e 
c o n t e n t is m e a s u r e d b y t i t r a t i o n , u s i n g t h e K a r l F i s c h e r r eagent , 
w h i c h cons ists o f a s o l u t i o n o f p y r i d i n e ( C 5 H 5 N ) , s u l f u r d i o x i d e , a n d 
i o d i n e i n m e t h a n o l ( M e O H ) . T h i s s o l u t i o n reacts w i t h w a t e r as f o l 
l ows : 

C C 
+ S O , + I , 

c c 

( p y r i d i n e ) 

+ H 2 0 
c c 

c c 

H I + 

A 
c c 

s o , 
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T h e e n d p o i n t o f t h e t i t r a t i o n m a y b e d e t e r m i n e d e i t h e r c o l o r i m e t -
r i c a l l y (free i o d i n e p r e s e n t ) o r e l e c t r i c a l l y (free w a t e r increases the 
c o n d u c t i v i t y o f t h e s o l u t i o n ) . 

T h e K a r l F i s c h e r m e t h o d c a n b e u s e d to m e a s u r e the m o i s t u r e 
c o n t e n t s o f m a n y m a t e r i a l s b e s i d e s w o o d , i n c l u d i n g so l ids , l i q u i d s , 
a n d gases. I t g i v e s t h e bes t r e s u l t s o f a n y o f t h e s t a n d a r d m e t h o d s 
u s e d for m e a s u r i n g w o o d m o i s t u r e c o n t e n t (7), b u t is no t p r a c t i c a l 
for l a r g e w o o d s a m p l e s , p a r t i c u l a r l y those w i t h h i g h m o i s t u r e c o n 
tents . 

E L E C T R I C A L R E S I S T A N C E M O I S T U R E M E T E R S . T h e e l e c t r i c a l r e s i s 
tance o f w o o d is e x t r e m e l y s e n s i t i v e to i ts m o i s t u r e c o n t e n t , a p p r o x 
i m a t e l y d o u b l i n g for e a c h 1% d e c r e a s e i n m o i s t u r e c o n t e n t o v e r t h e 
h y g r o s c o p i c r a n g e o f m o i s t u r e c o n t e n t s . T h e d e v e l o p m e n t o f a s u c 
cess fu l r e s i s t a n c e m o i s t u r e m e t e r m a y b e a t t r i b u t e d p r i m a r i l y to the 
p i o n e e r i n g w o r k o f S t a m m (9) w h o first m e a s u r e d th i s r e l a t i o n s h i p 
q u a n t i t a t i v e l y . B e c a u s e o f t h e n a t u r e o f e l e c t r i c a l c o n d u c t i o n i n w o o d 
t h e r e is also a s t r o n g i n c r e a s e i n r e s i s t i v i t y w i t h a dec rease i n w o o d 
t e m p e r a t u r e . F i g u r e 1 i l l u s t r a t e s h o w t h e e l e c t r i c a l r e s i s t i v i t y o f 
w o o d v a r i e s w i t h b o t h m o i s t u r e c o n t e n t a n d t e m p e r a t u r e . 

M o s t r e s i s t a n c e m o i s t u r e m e t e r s are e s s e n t i a l l y m e g o h m e t e r s 
that m e a s u r e t h e r e s i s t a n c e b e t w e e n p a i r s o f p i n e l e c t r o d e s d r i v e n 
i n t o t h e w o o d to v a r i o u s d e p t h s . B e c a u s e t h e p i n e l e c t r o d e s t a p e r 
a l o n g t h e i r l e n g t h s , t h e r e l a t i o n s h i p b e t w e e n a res i s tance r e a d i n g 
a n d t h e r e s i s t i v i t y ( res is tance o f a u n i t cube ) is c o m p l e x . T h e r e f o r e 
t h e m e t e r s a re c a l i b r a t e d e m p i r i c a l l y b y u s i n g d a t a o b t a i n e d o n a 
g i v e n spec ies at r o o m t e m p e r a t u r e (10, 11). 

R e s i s t a n c e m o i s t u r e m e t e r scales m a n u f a c t u r e d for use i n N o r t h 
A m e r i c a r e a d d i r e c t l y i n m o i s t u r e c o n t e n t , b a s e d o n c a l i b r a t i o n d a t a 
for D o u g l a s - f i r at 2 7 ° C . F i g u r e 2 s h o w s t h e r a n g e i n e l e c t r i c a l r e s i s 

ts C%) 
Figure 1. Logarithm of DC resistivity of wood as a function of moisture 

content (10). 
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tance a m o n g d o m e s t i c U . S . w o o d s as a f u n c t i o n o f w o o d m o i s t u r e 
c o n t e n t b e t w e e n t h e l i m i t s o f 7 a n d 2 5 % at (27 °C) . T h e c a l i b r a t i o n 
d a t a for D o u g l a s - f i r f a l l a p p r o x i m a t e l y m i d w a y b e t w e e n t h e u p p e r 
a n d l o w e r c u r v e s (12). 

N o t e that t h e c u r v e s s h o w n i n F i g u r e s 1 a n d 2 are c o n f i n e d to 
the m o i s t u r e c o n t e n t l i m i t s b e t w e e n 6 - 7 a n d 2 4 - 2 5 % . M e a s u r e 
m e n t s b e l o w 6 o r 7 % are n o t r e l i a b l e w i t h o r d i n a r y m o i s t u r e m e t e r s 
b e c a u s e t h e r e s i s t a n c e is too h i g h (above Ι Ο 1 1 Ω) . 

A t m o i s t u r e c o n t e n t s a b o v e 24 o r 2 5 % , r e a d i n g s are less r e l i a b l e 
t h a n r e a d i n g s b e l o w 24 o r 2 5 % for t w o reasons . F i r s t , t h e rate o f 
c h a n g e o f r e s i s t a n c e w i t h m o i s t u r e c o n t e n t decreases m a r k e d l y , so 
the s e n s i t i v i t y is r e d u c e d . S e c o n d , t h e m o i s t u r e c o n t e n t r e a d i n g d e 
creases s u b s t a n t i a l l y w i t h t i m e b e c a u s e o f p o l a r i z a t i o n effects. T h e 
la t te r effect c a n b e m i n i m i z e d b y t h e use o f a l t e r n a t i n g c u r r e n t ( A C ) 
r a t h e r t h a n t h e d i r e c t c u r r e n t ( D C ) i n s t r u m e n t s t r a d i t i o n a l l y u s e d for 
res i s tance m e t e r s . 

A n o t h e r m e t h o d p r o p o s e d for m i n i m i z i n g p o l a r i z a t i o n a n d r e 
l a t e d effects is to use shor t r e p e t i t i v e c u r r e n t p u l s e s r a t h e r t h a n c o n 
t i n u o u s v o l t a g e o n t h e s a m p l e (13). T h i s m e t h o d also r e d u c e s t h e 
o h m i c h e a t i n g effect at h i g h e r m o i s t u r e c o n t e n t s . S o m e c o n t e m p o 
r a r y r e s i s t a n c e m e t e r s h a v e p r o v i s i o n s for s w i t c h i n g to t h e p u l s e d 
c u r r e n t m o d e for w o o d m o i s t u r e c o n t e n t s g r e a t e r t h a n 1 2 % a n d r e t a i n 
t h e D C m o d e at l o w e r m o i s t u r e c o n t e n t s . 

A r es i s tance m e t e r r eads m o i s t u r e c o n t e n t s h i g h e r t h a n t h e t r u e 
v a l u e s w h e n u s e d o n h o t w o o d , a n d v i c e v e r s a for c o l d w o o d . T h e r e 
fore , t h e r e a d i n g s m u s t b e a d j u s t e d for th i s t e m p e r a t u r e factor. A 
f a m i l y o f c u r v e s u s e d to ad jus t m e a s u r e m e n t s m a d e o n w o o d at t e m 
p e r a t u r e s f r o m - 4 0 °F ( - 4 0 °C) to 160 °F (71 °C) is r e p r o d u c e d i n 
F i g u r e 3 (14). I t is p r o b a b l e that i n d i v i d u a l spec i e s , i n a d d i t i o n to 
s h o w i n g v a r i a t i o n s f r o m t h e s t a n d a r d c u r v e o f r e s i s t a n c e against m o i s 
t u r e c o n t e n t , a lso s h o w v a r i a t i o n w i t h r e s p e c t to t h e t e m p e r a t u r e 
a d j u s t m e n t factors (10). S o m e m o d e r n m e t e r s are p r o v i d e d w i t h a d 
j u s t a b l e m e t e r c a l i b r a t i o n for d i r e c t t e m p e r a t u r e c o m p e n s a t i o n (11). 

R e s i s t a n c e m o i s t u r e m e t e r s are u s e f u l for d e t e r m i n i n g t h e m a g 
n i t u d e o f m o i s t u r e g r a d i e n t s i n w o o d , p a r t i c u l a r l y d u r i n g d r y i n g . T h i s 
is a c c o m p l i s h e d b y m e a s u r i n g t h e m o i s t u r e c o n t e n t at d i f f e r e n t 
d e p t h s f r o m t h e sur face b e c a u s e t h e m e t e r r e a d i n g s are m o s t a f fected 
b y t h e w e t t e s t p o i n t o f p e n e t r a t i o n . F o r t h e same r e a s o n , i f t h e w o o d 
surface has b e e n w e t t e d b y r a i n o r h i g h h u m i d i t y c o n d i t i o n s t h e 
surface r a t h e r t h a n i n t e r i o r m o i s t u r e c o n t e n t is m e a s u r e d . T h i s effect 
c a n b e m i n i m i z e d b y use o f p r o b e s that are i n s u l a t e d a l o n g t h e i r 
l e n g t h s , e x c e p t for t h e p e n e t r a t i n g t ips that s e r v e as t h e e l e c t r o d e s . 

D I E L E C T R I C M O I S T U R E M E T E R S . T h e s e m o i s t u r e m e t e r s use A C , 
u s u a l l y at r a d i o f r e q u e n c i e s . T h e r e are t w o g e n e r a l t y p e s : the capac-

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
00

3

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
00

3

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 
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TEMP (°F) 

Figure 3. Temperature calibration curves for a DC resistance moisture 
meter (14). (Courtesy U.S. Department of Agriculture, Forest Products 

Laboratory.) 

itance t y p e w h i c h m e a s u r e s p r i m a r i l y the d i e l e c t r i c c ons tant o f t h e 
w o o d , a n d t h e power-loss t y p e w h i c h m e a s u r e s t h e rate o f e n e r g y 
a b s o r p t i o n b y w o o d f r o m a n o s c i l l a t i n g e l e c t r i c field. 

T h e c a p a c i t a n c e t y p e e s s e n t i a l l y m e a s u r e s the d i e l e c t r i c c ons tant 
o f w o o d . A t a g i v e n f r e q u e n c y , t h e d i e l e c t r i c c ons tant increases w i t h 
w o o d d e n s i t y , m o i s t u r e c o n t e n t ( F i g u r e 4), a n d i n c r e a s i n g t e m p e r a 
t u r e (10). T h e m o s t e f fec t ive e l e c t r o d e c o n f i g u r a t i o n for a c a p a c i 
tance m e t e r a p p e a r s to b e a p a i r o f f l a t p a r a l l e l e l e c t r o d e s c o n t a c t i n g 
each o f t w o o p p o s i t e faces o f t h e w o o d to b e m e a s u r e d . T h e r e is t h e n 

M(%) 

Figure 4. Dielectric constant e vs. dry wood specific gravity G0for several 
different moisture contents. (Reproduced with permission from Ref. 10. 

Copyright 1972, Syracuse University Press.) 
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a s i m p l e g e o m e t r i c a l r e l a t i o n s h i p b e t w e e n t h e m e a s u r e d c a p a c i t a n c e 
a n d the d i e l e c t r i c c o n s t a n t o f the w o o d . H o w e v e r , mos t m e t e r s o f 
the c a p a c i t a n c e t y p e , as w e l l as o f t h e p o w e r - l o s s t y p e use c o n c e n t r i c 
e l e c t r o d e s p l a c e d o n o n e w o o d sur face (14). T h i s t y p e o f e l e c t r o d e is 
m o r e p r a c t i c a l for use b u t t e n d s to r e a d t h e m o i s t u r e c o n t e n t n e a r 
t h e w o o d sur face r a t h e r t h a n i n t h e i n t e r i o r . 

T h e p o w e r - l o s s m e t e r is t h e m o s t c o m m o n t y p e o f d i e l e c t r i c 
m o i s t u r e m e t e r . It senses t h e p r o d u c t o f t h e d i e l e c t r i c c ons tant a n d 
loss factor. G e n e r a l l y , t h e loss factor increases w i t h w o o d m o i s t u r e 
c o n t e n t b u t m a y e x h i b i t v a r i a t i o n s f r o m th i s b e h a v i o r d e p e n d i n g o n 
t h e f r e q u e n c y o f m e a s u r e m e n t (JO, I I , 14). A n i n c r e a s e i n t e m p e r a 
t u r e p r o d u c e s effects s i m i l a r to i n c r e a s i n g m o i s t u r e c o n t e n t , w i t h 
i n t e r a c t i o n b e t w e e n t h e s e t w o p a r a m e t e r s . T h e r e f o r e , t e m p e r a t u r e 
adjustments o f meter readings are c o m p l e x , sometimes increas ing a n d 
s o m e t i m e s d e c r e a s i n g the s ca l e r e a d i n g as t e m p e r a t u r e inc reases 
(14) . 

M I S C E L L A N E O U S M E T H O D S . S e v e r a l o t h e r m e t h o d s h a v e b e e n 
e x p l o r e d for m e a s u r i n g w o o d m o i s t u r e c o n t e n t , s o m e o f w h i c h are 
d i s c u s s e d b r i e f l y . 

Nuclear Magnetic Resonance (NMR). N M R t e c h n i q u e s h a v e 
b e e n a p p l i e d to w o o d m o i s t u r e m e a s u r e m e n t s i n t h e l a b o r a t o r y (15). 
T h i s t e c h n i q u e is b a s e d o n t h e fact that the h y d r o g e n n u c l e u s is a 
n u c l e a r m a g n e t i c d i p o l e d u e to i ts c h a r a c t e r i s t i c s p i n . W h e n i t is 
s u b j e c t e d to a stat ic m a g n e t i c field o f s t r e n g t h , H0, the m a g n e t i c 
d i p o l e p re cesses a b o u t t h e d i r e c t i o n o f H0 w i t h a f r e q u e n c y y0 w h i c h 
is d i r e c t l y p r o p o r t i o n a l to H0. F o r t h e bas i c h y d r o g e n n u c l e u s (proton) 
y0 = 4 .257 H0 w h e r e y0 is i n k H z w h e n H0 is m e a s u r e d i n G a u s s 
(15) . 

T w o d i f f e r e n t t e c h n i q u e s o f N M R h a v e b e e n a p p l i e d to m e a s u r e 
w o o d mois ture content based on the presence o f the h y d r o g e n nuc l e i 
in water . I n one o f these, des ignated as a steady-state m e t h o d , the 
w o o d is s u b j e c t e d to an a l t e r n a t i n g m a g n e t i c f i e l d o f constant f re 
q u e n c y , w i t h H0 v a r i e d s l o w l y so as to r e sonate y0 w i t h r e s p e c t to 
t h e a p p l i e d f r e q u e n c y . A t r e s o n a n c e a s t r o n g a b s o r p t i o n o f e n e r g y 
o c c u r s , a n d the w i d t h a n d i n t e n s i t y o f this a b s o r p t i o n c u r v e g i v e 
i n f o r m a t i o n o n the mois ture content o f the w o o d (16). 

T h e s e c o n d g e n e r a l N M R t e c h n i q u e a p p l i e d to w o o d (15) is t h e 
p u l s e d N M R m e t h o d . I n t h i s case " a s h o r t i n t e n s e b u r s t o f a m a g n e t i c 
field o s c i l l a t i n g i n r e s o n a n c e w i t h t h e s p i n p r e c e s s i o n f r e q u e n c y is 
a p p l i e d at r i g h t ang les to H0" (15). A vo l tage is i n d u c e d b y t h e p u l s e 
i n a c o i l s u r r o u n d i n g t h e s a m p l e . T h i s vo l tage decays e x p o n e n t i a l l y , 
a n d a n ana lys i s o f th i s free induction decay g ives i n f o r m a t i o n o n t h e 
n a t u r e o f t h e m o l e c u l e s c o n t a i n i n g t h e h y d r o g e n n u c l e i , as w e l l as 
to t h e i r n u m b e r . F i g u r e 5 shows a p l o t o f t h e a m p l i t u d e o f the free 
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1.0, 

0 50 100 150 200 
M(%) 

Figure 5. Free induction decay (FID) voltage vs. moisture content. (Re
produced with permission from Ref 15. Copyright 1978, Wood Fiber.) 

i n d u c t i o n d e c a y vo l tage 5 0 after p u l s i n g as a f u n c t i o n o f w o o d 
m o i s t u r e c o n t e n t for s p r u c e a n d m a p l e w o o d (15). 

Neutron Moisture Meter. A n e u t r o n m o i s t u r e m e t e r c a n also 
b e u s e d to m e a s u r e w o o d m o i s t u r e c o n t e n t (JO). T h i s cons is ts o f a 
fast n e u t r o n g e n e r a t o r w h i c h is a s o u r c e o f h i g h - e n e r g y n e u t r o n s . 
T h e s e are d i r e c t e d i n t o t h e w o o d ( F i g u r e 6) w h e r e s o m e are m o d 
e r a t e d i n t o s l o w n e u t r o n s b y t h e h y d r o g e n a t o m s a n d s c a t t e r e d b a c k 
t o w a r d a s l o w - n e u t r o n d e t e c t o r . T h e n u m b e r m o d e r a t e d a n d d e 
t e c t e d is p r o p o r t i o n a l to t h e a m o u n t o f w a t e r i n w o o d b e c a u s e o f t h e 
h i g h c o n t e n t o f h y d r o g e n i n w a t e r . S u c h n e u t r o n m e t e r s h a v e b e e n 
d e v e l o p e d for f i e l d use i n m e a s u r i n g s o i l m o i s t u r e c o n t e n t (17). 

T h e n e u t r o n m o i s t u r e m e a s u r e m e n t t e c h n i q u e g ives i n f o r m a t i o n 
o n the a m o u n t o f w a t e r p e r u n i t v o l u m e o f the w o o d . To r e d u c e th is 
to a w e i g h t bas is t h e d e n s i t y o f t h e w o o d m u s t also b e k n o w n . T h i s 

Figure 6. Schematic diagram of a nuclear gauge for moisture measure
ment of hulk materials. (Adapted from Nuclear-Chicago Corporation.) 

DETECTOR DETECTOR 
\ (NEUTRONS) \ (GAM M A-RAYS) 
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m a y b e a c c o m p l i s h e d b y u s i n g a s u p p l e m e n t a l s y s t e m s u c h as a 7-
r a d i a t i o n a n d d e t e c t i o n s y s t e m ( F i g u r e 6). A b e a m o f 7 rays d i r e c t e d 
i n t o t h e w o o d is a b s o r b e d i n p r o p o r t i o n to t h e w o o d dens i ty . T h e 7 
rays n o t a b s o r b e d are d e t e c t e d a n d a r e i n v e r s e l y p r o p o r t i o n a l to t h e 
d e n s i t y o f t h e w o o d . T h e o u t p u t d a t a f r o m t h e n e u t r o n a n d 7 d e t e c 
tors c a n b e c o m b i n e d to o b t a i n t h e m o i s t u r e c o n t e n t o n a w e i g h t 
basis . 

M o i s t u r e S o r p t i o n I s o t h e r m s . G r e e n w o o d loses m o i s t u r e to 
t h e a t m o s p h e r e a n d a p p r o a c h e s a m o i s t u r e c o n t e n t d e s i g n a t e d as t h e 
equilibrium moisture content ( E M C ) for t h e p a r t i c u l a r a t m o s p h e r i c 
c o n d i t i o n s . T h e E M C is a f u n c t i o n o f r e l a t i v e h u m i d i t y , t e m p e r a t u r e , 
p r e v i o u s e x p o s u r e h i s t o r y (hysteres is ) , spec ies , a n d o t h e r m i s c e l l a 
n e o u s factors . 

E F F E C T O F R E L A T I V E H U M I D I T Y A N D S O R P T I O N H I S T O R Y . A n i n d i 
rec t m e t h o d for e s t i m a t i n g w o o d m o i s t u r e c o n t e n t is to m e a s u r e its 
e q u i l i b r i u m r e l a t i v e v a p o r p r e s s u r e h. T h i s is r e l a t e d to w o o d m o i s 
t u r e c o n t e n t b y a s o r p t i o n i s o t h e r m . T h e p e r c e n t r e l a t i v e h u m i d i t y 
(H) o r r e l a t i v e v a p o r p r e s s u r e (h) (H = 100 h) is t h e m o s t i m p o r t a n t 
factor i n d e t e r m i n i n g t h e E M C for w o o d . A c u r v e s h o w i n g E M C as 
a f u n c t i o n o f p e r c e n t r e l a t i v e h u m i d i t y o r r e l a t i v e v a p o r p r e s s u r e at 
c ons tant t e m p e r a t u r e is c a l l e d a moisture sorption isotherm. 

F i g u r e 7 s h o w s t h r e e t y p i c a l s o r p t i o n i s o t h e r m s for D o u g l a s - f i r 
at 90 °F (32 ° C ) (18). T h e g e n e r a l s i g m o i d shapes for a l l t h r e e c u r v e s 
is a p p a r e n t , b u t e a c h c u r v e r e p r e s e n t s t h e i s o t h e r m for a d i f f e rent 

Figure 7. Initial desorption (IN DES), adsorption (ADS), and secondary 
desorption (SEC DES) isotherms for Doughs-fir. (Adapted from Ref. 18.) 
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3. SKAAR Wood-Water Relationships 137 

s o r p t i o n e x p o s u r e h i s t o ry . T h e u p p e r m o s t c u r v e is that for t h e i n i t i a l 
d e s o r p t i o n o r d r y i n g f r o m t h e g r e e n c o n d i t i o n . T h e l o w e s t c u r v e is 
the a d s o r p t i o n i s o t h e r m o b t a i n e d b y e x p o s i n g the w o o d , after v a c u u m 
d r y i n g , to s u c c e s s i v e l y h i g h e r r e l a t i v e h u m i d i t i e s . T h e i n t e r m e d i a t e 
c u r v e is the s e c o n d a r y d e s o r p t i o n i s o t h e r m o b t a i n e d b y r e - e x p o s i n g 
the s a m p l e to s u c c e s s i v e l y l o w e r h u m i d i t i e s after f i rst e q u i l i b r a t i n g 
it to e s s e n t i a l l y 1 0 0 % r e l a t i v e h u m i d i t y . 

A s a m p l e t a k e n t h r o u g h r e p e t i t i v e c y c l e s o f r e l a t i v e h u m i d i t y 
e x p o s u r e b e t w e e n 0 a n d 1 0 0 % t e n d s to f o l l o w t h e a d s o r p t i o n a n d 
s e c o n d a r y d e s o r p t i o n c u r v e s r e p e t i t i v e l y . T h e a d s o r p t i o n i s o t h e r m 
(A) is a lways l o w e r t h a n t h e c o r r e s p o n d i n g d e s o r p t i o n i s o t h e r m (D) 
a n d t h e i r r a t i o , d e s i g n a t e d as t h e A / D r a t i o , c a n n o t e x c e e d u n i t y . 

T h e A / D r a t i o v a r i e s w i t h r e l a t i v e h u m i d i t y a n d d i f f e r e n t k i n d s 
o f w o o d (19) ( F i g u r e 8). A t r o o m t e m p e r a t u r e i t g e n e r a l l y ranges 
b e t w e e n 0 .8 a n d 0 . 9 , a n d t e n d s to d e c r e a s e w i t h i n c r e a s i n g t e m p e r 
a ture (20). 

S o r p t i o n h y s t e r e s i s i n w o o d is b e n e f i c i a l f r o m t h e v i e w p o i n t o f 
w o o d u t i l i z a t i o n . T h i s is b e c a u s e w o o d e x p o s e d to c y c l i c h u m i d i t y 
c o n d i t i o n s shows s m a l l e r c h a n g e s i n m o i s t u r e c o n t e n t for g i v e n h u 
m i d i t y changes t h a n w o u l d b e t h e case i f t h e r e w e r e n o h y s t e r e s i s 
(21). S o r p t i o n h y s t e r e s i s r e d u c e s t h e e f fec t ive s l o p e dMIdH o f t h e 
s o r p t i o n i s o t h e r m a n d t h e d i m e n s i o n a l changes assoc ia ted w i t h h u 
m i d i t y changes . 

E F F E C T O F T E M P E R A T U R E . T h e s o r p t i o n i s o t h e r m s for w o o d g e n 
e r a l l y d e c r e a s e w i t h i n c r e a s i n g t e m p e r a t u r e ( F i g u r e 9) above 0 ° C . 

0.951 r 

_ l I 1 L_ 
50 60 70 80 

Figure 8. Representative A /D (M a/M d) ratios as functions of relative hu
midity Η for different woods and bark (19). 
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TEMP (°C) 

h 

Figure 9. Sorption isotherms as affected by temperature. 

T h i s r e s u l t is as e x p e c t e d b a s e d o n t h e r m o d y n a m i c c o n s i d e r a t i o n s 
a n d is d i s c u s s e d l a t e r i n th i s c h a p t e r . T h e a p p a r e n t fiber-saturation 
p o i n t My , w h i c h is o b t a i n e d b y e x t r a p o l a t i n g t h e s o r p t i o n i s o t h e r m 
to 1 0 0 % r e l a t i v e h u m i d i t y , de c reases a p p r o x i m a t e l y 0 . 1%/ °C r i s e i n 
t e m p e r a t u r e (22). 

A b o v e t h e b o i l i n g p o i n t o f w a t e r t h e s o r p t i o n i s o t h e r m s a p p a r 
e n t l y c o n t i n u e to d e c r e a s e w i t h i n c r e a s i n g t e m p e r a t u r e (23). I t is 
d i f f i c u l t to m e a s u r e i s o t h e r m s a b o v e 100 °C b e c a u s e t h e v a p o r p r e s 
s u r e o f w a t e r is g r e a t e r t h a n a t m o s p h e r i c p r e s s u r e . T h e r e f o r e , to 
a t t a i n r e l a t i v e h u m i d i t i e s n e a r 1 0 0 % i t is n e c e s s a r y to c a r r y o u t t h e 
m e a s u r e m e n t s i n a p r e s s u r i z e d s y s t e m . 

I f m e a s u r e m e n t s are m a d e at a t m o s p h e r i c p r e s s u r e t h e m a x 
i m u m r e l a t i v e h u m i d i t i e s t h a t c a n b e a t t a i n e d d e c r e a s e w i t h i n 
c r e a s i n g t e m p e r a t u r e ( F i g u r e 10). T h e m a x i m u m r e l a t i v e h u m i d i t y 
p o s s i b l e at a n y t e m p e r a t u r e is e q u i v a l e n t to t h e r a t i o o f t h e p r e v a i l i n g 
a t m o s p h e r i c p r e s s u r e to t h e v a p o r p r e s s u r e o f w a t e r at that t e m p e r 
a t u r e , e x p r e s s e d i n p e r c e n t . T h e p r a c t i c e o f d r y i n g l u m b e r at h i g h 
t e m p e r a t u r e s (above 100 °C) has c r e a t e d a r e n e w e d i n t e r e s t i n t h e 
s o r p t i o n i s o t h e r m s o f w o o d at these t e m p e r a t u r e s (23). 

B e l o w 0 °C t h e h y g r o s c o p i c i t y o f w o o d decreases w i t h d e c r e a s i n g 
t e m p e r a t u r e , t h e o p p o s i t e o f t h e t r e n d a b o v e 0 °C (10). 

E F F E C T O F W O O D S P E C I E S A N D E X T R A C T I V E S . T h e s o r p t i o n i s o 
t h e r m s o f a l l w o o d s are g e n e r a l l y s i m i l a r i n s h a p e . H o w e v e r , t h e r e 
m a y b e c o n s i d e r a b l e v a r i a t i o n s a m o n g t h e m w i t h r e s p e c t to t h e a b 
so lu te v a l u e s o f h y g r o s c o p i c i t y . T h i s v a r i a t i o n m a y b e b e c a u s e o f 
d i f f e rences i n t h e p r o p o r t i o n o f t h e p r i m a r y w o o d c o n s t i t u e n t s , s u c h 
as c e l l u l o s e , h e m i c e l l u l o s e , a n d l i g n i n i n d i f f e rent w o o d s ; o r m o r e 
i m p o r t a n t l y , b e c a u s e o f d i f f e rences i n t h e k i n d a n d q u a n t i t y o f ex -
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120 
TEMP(°C) 

Figure 10. Maximum possible relative humidities at atmospheric pressure 
and temperatures above 100 °C (23). 

t rac t i ves . T h e a d s o r p t i o n i s o t h e r m s s h o w n i n F i g u r e 11 i n d i c a t e that 
h e m i c e l l u l o s e s are t h e m o s t h y g r o s c o p i c , a n d l i g n i n t h e least h y g r o 
s cop i c , o f t h e p r i m a r y c h e m i c a l c o n s t i t u e n t s o f w o o d (24). 

T h e h y g r o s c o p i c i t i e s o f w o o d s w i t h h i g h e x t r a c t i v e c o n t e n t s are 
g e n e r a l l y l o w e r t h a n those w i t h o u t e x t r a c t i v e s . F o r e x a m p l e , t h e 
h e a r t w o o d o f n i n e t r o p i c a l w o o d s s h o w e d a n i n c r e a s e i n a p p a r e n t 

HEMI 

H0L0 

//WOOD 

Figure 11. Adsorption isotherms for wood hemicellulose (HEMI), holo
cellulose (HOLO), Khson lignin (KLIG), and wood at 25 °C (24). 
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f i b e r s a t u r a t i o n , b a s e d o n t h e a d s o r p t i o n i s o t h e r m , f r o m a m e a n o f 
2 1 . 9 % for u n e x t r a c t e d w o o d to 2 7 . 6 % f o l l o w i n g success ive ex t rac t i ons 
w i t h b e n z e n e - a l c o h o l , 9 5 % a l c o h o l a n d w a t e r , for 1 0 - 2 0 d , u s i n g a 
S o x h l e t a p p a r a t u s (25). T h e c o r r e s p o n d i n g m e a n d e s o r p t i o n f i b e r -
s a t u r a t i o n p o i n t i n c r e a s e d f r o m 2 8 . 3 to 3 3 . 7 % . 

O T H E R F A C T O R S A F F E C T I N G H Y G R O S C O P I C I T Y . S e v e r a l o t h e r fac
tors affect t h e h y g r o s c o p i c i t y o f w o o d . O n e o f these factors is the 
effect o f m e c h a n i c a l stress (26). C o m p r e s s i v e stresses de c r e as e the 
m o i s t u r e c o n t e n t o f w o o d , a n d t e n s i l e stresses i n c r e a s e i t . T h i s effect 
is r e l a t e d to t h e s w e l l i n g p r e s s u r e o f w o o d . 

T h e h y g r o s c o p i c i t y o f w o o d m a y b e r e d u c e d a p p r e c i a b l y b y 
h e a t i n g (22), t h e effect i n c r e a s i n g w i t h i n c r e a s i n g t e m p e r a t u r e a n d 
t i m e o f h e a t i n g (27). 

M o i s t u r e C o n t e n t o f W o o d i n U s e . W o o d re ta ins its h y g r o 
s cop i c c h a r a c t e r i s t i c s after i t is p u t i n t o use . I t is t h e n s u b j e c t e d to 
f l u c t u a t i n g h u m i d i t y , t h e d o m i n a n t factor i n d e t e r m i n i n g i ts E M C . 
T h e s e f l u c t u a t i o n s m a y b e m o r e o r less c y c l i c a l s u c h as t h e 2 4 - h 
d i u r n a l c h a n g e s o r t h e a n n u a l seasona l changes . 

I n o r d e r to m i n i m i z e t h e c h a n g e s i n w o o d m o i s t u r e c o n t e n t i n 
s e r v i c e , w o o d is u s u a l l y d r i e d to a m o i s t u r e c o n t e n t that a p p r o x i m a t e s 
t h e average E M C c o n d i t i o n s to w h i c h i t w i l l b e e x p o s e d . T h e s e c o n 
d i t i o n s v a r y w i t h r e s p e c t to w o o d i n t e n d e d for i n t e r i o r c o m p a r e d 
w i t h e x t e r i o r use i n a g i v e n g e o g r a p h i c l o c a t i o n . T h e y also v a r y w i t h 
g e o g r a p h i c a l l o c a t i o n . F o r e x a m p l e , t h e target m o i s t u r e c o n t e n t s o f 
8 % for w o o d i n t e n d e d for i n t e r i o r u s e a n d 1 1 % for w o o d i n t e n d e d 
for e x t e r i o r use are r e c o m m e n d e d (28) i n m o s t o f t h e c o n t i n e n t a l 
U n i t e d States . C o r r e s p o n d i n g f igures for the d r y s o u t h w e s t e r n states 
are 6 a n d 9 % , r e s p e c t i v e l y , a n d those for the d a m p coasta l areas o f 
t h e southeast a re 11 a n d 1 2 % , r e s p e c t i v e l y . 

T h e p r i m a r y r e a s o n for d r y i n g w o o d to a m o i s t u r e c o n t e n t e q u i v 
a l e n t to its m e a n E M C u n d e r use c o n d i t i o n s is to m i n i m i z e d i m e n 
s i o n a l changes i n t h e f i n a l p r o d u c t . 

Shrinking and Swelling of Wood 
T h e m o i s t u r e c o n t e n t o f w o o d i n t h e l i v i n g t r e e is a lways a b o v e 

t h e f i b e r - s a t u r a t i o n p o i n t . T h e r e f o r e , t h e changes i n w o o d m o i s t u r e 
c o n t e n t that o c c u r d u r i n g t h e l i f e o f t h e t ree are e s s e n t i a l l y l i m i t e d 
to changes i n t h e l e v e l s o f w a t e r i n t h e c e l l c a v i t i e s , that i s , to the 
s o - c a l l e d free w a t e r . T h e c e l l w a l l s i n g r e e n w o o d a r e , t h e r e f o r e , i n 
t h e f u l l y s a t u r a t e d c o n d i t i o n a n d n o h y g r o s c o p i c s h r i n k i n g o r s w e l l i n g 
o c c u r s , e x c e p t that r e s u l t i n g f r o m changes i n f i b e r - s a t u r a t i o n p o i n t s 
a l r e a d y r e f e r r e d to , w h i c h a re a f u n c t i o n o f t e m p e r a t u r e . 

H o w e v e r , w h e n t rees are f e l l e d a n d the c e l l w a l l s lose m o i s t u r e , 
s h r i n k a g e o c c u r s i n p r o p o r t i o n to t h e e x t e n t o f loss o f th is bound 
water . B e c a u s e w o o d i n use is g e n e r a l l y e x p o s e d to c y c l i n g r e l a t i v e 
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h u m i d i t y , s w e l l i n g also o c c u r s d u r i n g t h e a d s o r p t i o n o f w a t e r b y t h e 
c e l l w a l l o f w o o d . 

T h e C e l l W a l l . B e f o r e c o n s i d e r i n g t h e d i m e n s i o n a l changes i n 
t h e c e l l w a l l o f w o o d assoc ia ted w i t h g a i n o r loss o f m o i s t u r e i t is 
d e s i r a b l e to first c o n s i d e r t h e d e n s i t y p' o f t h e c e l l w a l l a n d h o w i t 
var i es w i t h m o i s t u r e c o n t e n t . 

D E N S I T Y O F T H E D R Y C E L L W A L L . T h e d r y c e l l w a l l o f w o o d has 
a d e n s i t y o f a p p r o x i m a t e l y 1.5 g / c m 3 w h e n m e a s u r e d b y p y c n o m e t r i c 
o r v o l u m e - d i s p l a c e m e n t m e t h o d s . S o m e w h a t h i g h e r v a l u e s are o b 
t a i n e d w h e n u s i n g w a t e r as o p p o s e d to n o n s w e l l i n g d i s p l a c e m e n t 
m e d i a s u c h as t o l u e n e o r b e n z e n e (22). 

T h e a p p a r e n t d e n s i t y p 0 ' o f t h e c e l l w a l l o f w o o d has also b e e n 
m e a s u r e d b y o p t i c a l m e t h o d s . I n th is case t h e r e l a t i v e f ract ions o f 
v o i d a n d c e l l - w a l l v o l u m e s are d e t e r m i n e d o p t i c a l l y b y u s i n g t h i n 
m i c r o t o m e d sec t i ons o f w o o d (29). T h e s e d a t a are t h e n c o m b i n e d 
w i t h m e a s u r e m e n t s o f t h e d r y w o o d d e n s i t y p 0 to g i v e p 0 ' , b a s e d o n 
E q u a t i o n 4. 

Po' = Po(V 0 ' + V 0 W (4) 

w h e r e V0' a n d V0" a re t h e c e l l w a l l a n d v o i d v o l u m e s , m e a s u r e d 
o p t i c a l l y o n t h e m i c r o t o m e d w o o d sec t i ons . 

M e a s u r e m e n t s o f t h e d r y c e l l w a l l d e n s i t y b a s e d o n m i c r o s c o p i c 
o b s e r v a t i o n s g e n e r a l l y g i v e l o w e r v a l u e s (1 .42 g / cm 3 ) t h a n those o b 
t a i n e d u s i n g p y c n o m e t r i c a l l y (1 .47 g / cm 3 ) w i t h t o l u e n e as a d i s p l a c e 
m e n t m e d i u m (29). T h i s d i s c r e p a n c y is a t t r i b u t e d to v a r i o u s u n c o n 
t r o l l a b l e factors s u c h as c e l l - w a l l r u p t u r e s p r o d u c e d d u r i n g p r e p a 
r a t i o n o f t h e m i c r o t o m e d sec t i ons . 

F o r t h e p u r p o s e o f t h e d i s c u s s i o n that f o l l ows t h e d e n s i t y o f t h e 
d r y c e l l w a l l w i l l b e t a k e n as 1.5 g / c m 3 , a n d its spec i f i c g r a v i t y G J 
as 1.5. 

M A X I M U M S H R I N K I N G A N D S W E L L I N G O F T H E C E L L W A L L . W h e n 
d r y w o o d is i m m e r s e d i n w a t e r t h e c e l l w a l l s w e l l s i n p r o p o r t i o n to 
the v o l u m e o f w a t e r a d s o r b e d . I f i t is a s s u m e d that t h e s o r b e d w a t e r 
has t h e s a m e d e n s i t y as f ree l i q u i d w a t e r , t h e p e r c e n t s w e l l i n g Swm' 
o f the c e l l w a l l c a n b e a p p r o x i m a t e d b y E q u a t i o n 5. 

Swm
f = MG0' (5) 

T h u s , w i t h G0' t a k e n as 1.5, t h e p e r c e n t v o l u m e t r i c s w e l l i n g o f t h e 
c e l l w a l l f r o m t h e d r y c o n d i t i o n is 1.5 t i m e s t h e p e r c e n t m o i s t u r e 
c o n t e n t M . 

T h e maximum possible swelling Swma^ o f t h e c e l l w a l l is o b t a i n e d 
w h e n t h e c e l l w a l l is s a t u r a t e d , that is w h e n M = My. T h e f i b e r -
s a t u r a t i o n p o i n t c a n b e m e a s u r e d i n a n u m b e r o f d i f f e r e n t w a y s 
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( S t a m m (30) has l i s t e d n i n e s u c h m e t h o d s ) . S o m e w h a t d i f f e rent v a l u e s 
are o b t a i n e d u s i n g d i f f e r e n t m e t h o d s . T h e r e also a p p e a r to b e v a r i 
at ions a m o n g w o o d s . A m e a n v a l u e o f a p p r o x i m a t e l y 3 5 % for Swma^ 
was c a l c u l a t e d (29) b a s e d o n m e a s u r e m e n t s o f 18 w o o d s n a t i v e to t h e 
c o n t i n e n t a l U n i t e d States . L o w e r v a l u e s h a v e also b e e n f o u n d (JO, 
18, 22, 30) a n d 3 0 % w i l l b e t a k e n h e r e to b e t h e n o m i n a l v a l u e o f 
M y at r o o m t e m p e r a t u r e for t h e p u r p o s e o f c a l c u l a t i n g t h e m a x i m u m 
p o s s i b l e s w e l l i n g o f t h e c e l l w a l l o f w o o d . 

T h e s w e l l i n g o f t h e c e l l w a l l at fiber s a t u r a t i o n Sw'f is e q u a l to 
Swm^. T h e r e f o r e , f r o m E q u a t i o n 5 i t c a n b e w r i t t e n that : 

Sw'f = MfG0' (6) 

T a k i n g M y as 3 0 % a n d G0' as 1.5, t h e m a x i m u m v o l u m e t r i c s w e l l i n g 
o f t h e c e l l w a l l is 4 5 % , b a s e d o n t h e a s s u m p t i o n s g i v e n a b o v e . 

C o n v e r s e l y i t c a n b e s h o w n that t h e p e r c e n t s h r i n k a g e Sh^ o f 
t h e c e l l w a l l is g i v e n b y E q u a t i o n 7 

SK = (Mf-M)G/ (7) 

for a p e r c e n t m o i s t u r e c o n t e n t c h a n g e f r o m M y to t h e l o w e r m o i s t u r e 
c o n t e n t M w h e r e G'f is t h e spec i f i c g r a v i t y o f t h e c e l l w a l l b a s e d o n 
o v e n - d r y w e i g h t W0 a n d a f u l l y s w o l l e n v o l u m e Vy. T h e m a x i m u m 
s h r i n k a g e Shf f r o m M y to M = 0 is t h e r e f o r e g i v e n b y E q u a t i o n 8. 

Sh'f = MfG/ (8) 

T h e r a t i o Sw'flSh'f t h e r e f o r e is e q u a l to t h e ra t i o G'jIGJ, b a s e d o n 
E q u a t i o n s 6 a n d 8. 

T h e spec i f i c g r a v i t y Gm' o f t h e c e l l w a l l at a n y m o i s t u r e c o n t e n t 
M is g i v e n b y 

G m ' = G 0 7 ( l + G0'm) (9) 

w h e r e m = M / 1 0 0 . A t M = M y t h e spec i f i c g r a v i t y Gf is g i v e n b y 
Gf = G 0 7 ( l + G0'mf). T a k i n g G0' as 1.5 a n d my as 0 .30 , G/ = 1.5/ 
[1 + 1.5 (0.3)] = 1.035. 

T h e G r o s s W o o d . T h e d i m e n s i o n a l changes i n t h e gross w o o d 
are n o t g e n e r a l l y t h e s a m e as those for t h e c e l l w a l l m a t e r i a l for 
s e v e r a l reasons . F i r s t , t h e c e l l cav i t i e s affect t h e s h r i n k a g e o f the 
gross w o o d . S e c o n d , t h e c e l l w a l l s t r u c t u r e is a n i s o t r o p i c , r e s u l t i n g 
i n d i f f e rences i n s w e l l i n g a n d s h r i n k a g e i n d i f f e rent d i r e c t i o n s i n the 
c e l l w a l l . T h i r d , t h e c e l l s t r u c t u r e v a r i e s a m o n g d i f f e r e n t k i n d s o f 
w o o d y t i s sue , s u c h as r a y t i s sue c o m p a r e d w i t h l o n g i t u d i n a l t i s sue . 
F i n a l l y , m e c h a n i c a l stresses affect t h e e x t e n t a n d d i r e c t i o n o f d i m e n -
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s i o n a l changes . T h e s e factors a l l c o n t r i b u t e to the o v e r a l l d i m e n s i o n a l 
i n s t a b i l i t y o f w o o d assoc ia ted w i t h m o i s t u r e changes . 

I n t h e d i s c u s s i o n t h a t f o l l o w s , t h e v o l u m e t r i c s h r i n k i n g a n d 
s w e l l i n g o f t h e gross w o o d w i l l b e t r e a t e d f i rs t , f o l l o w e d b y d i s c u s s i o n 
o f a n i s o t r o p y , a n d f i n a l l y t h e effect o f stress . 

V O L U M E T R I C S H R I N K I N G A N D S W E L L I N G . T h e v o l u m e t r i c s w e l l i n g 
o f t h e c e l l w a l l o f w o o d is p r o p o r t i o n a l to the v o l u m e o f w a t e r a b 
s o r b e d . T h e gross w o o d h o w e v e r c o n t a i n s a i r spaces ; t h e r e f o r e , i ts 
v o l u m e t r i c s w e l l i n g d e p e n d s o n w h a t h a p p e n s t o t h e a i r s p a c e s 
d u r i n g w a t e r s o r p t i o n b y t h e c e l l w a l l . 

T i e m a n n (31) has i n d i c a t e d that t h e r e a re t h r e e p o s s i b i l i t i e s for 
these a i r spaces d u r i n g w a t e r s o r p t i o n , s h o w n s c h e m a t i c a l l y i n F i g u r e 
12. F i r s t , a l l o r p a r t o f t h e s w e l l i n g m a y take p l a c e i n t o t h e c e l l 
cav i t i e s ( F i g u r e 12b) w i t h r e d u c t i o n i n l u m e n v o l u m e . I f a l l o f t h e 
s w e l l i n g takes p l a c e i n t o t h e c e l l cav i t i e s t h e r e w o u l d b e n o e x t e r n a l 
s w e l l i n g i n t h e gross w o o d . S e c o n d , t h e c e l l cav i t i e s m a y b e unaf 
f e c t e d b y t h e c e l l w a l l s w e l l i n g a n d r e m a i n t h e s a m e s ize ( F i g u r e 
12c). T h i r d , t h e c e l l c a v i t y m a y s w e l l to a l e sser o r g r e a t e r e x t e n t 
t h a n t h e c e l l w a l l i t s e l f ( F i g u r e 12d). 

I f i t is h y p o t h e s i z e d that t h e c e l l c a v i t y r e m a i n s c ons tant i n s i ze 
as w o o d changes m o i s t u r e c o n t e n t i t c a n b e s h o w n (10) that t h e v o l 
u m e t r i c s h r i n k a g e Shf o f a w o o d o f s w o l l e n v o l u m e spec i f i c g r a v i t y 
Gf c a n b e p r e d i c t e d , b a s e d o n a m o d i f i c a t i o n o f E q u a t i o n 8, as i n 
E q u a t i o n 10. 

Shf = MfGf (10) 

S t a m m a n d L o u g h b o r o u g h (32) f i rst r e p o r t e d that th i s r e l a t i o n s h i p 
has b e e n r e p o r t e d (32) to b e a p p r o x i m a t e l y v a l i d for w o o d s o f the 
c o n t i n e n t a l U n i t e d States . T h e m e a n v a l u e o f t h e ra t i o Shf/Gg was 
27 for 107 h a r d w o o d spec i es a n d 26 for 52 so f twood spec ies o f t h e 
U n i t e d States . T h e s e rat ios s h o u l d b e e q u i v a l e n t to t h e f i b e r - s a t u 
r a t i o n p o i n t Mf i f t h e g r e e n v o l u m e spec i f i c g r a v i t y G g is t a k e n to b e 

Figure 12. Volumetric swelling of a single cell showing the cell. Key: a, 
bel *Ore swelling; b, all swelling into cell cavity; c, all swelling external; d, 

both cavity and external swelling (10). 
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e q u a l to Gf at t h e f i b e r - s a t u r a t i o n p o i n t . T h i s is a v a l i d a s s u m p t i o n i f 
t h e r e is n o s h r i n k a g e a b o v e Mf w i t h a c h a n g e o f w o o d m o i s t u r e c o n 
tent . T h i s is g e n e r a l l y t r u e u n l e s s c o l l apse o f c e l l cav i t i e s o c curs 
d u r i n g r e m o v a l o f f ree water . 

V o l u m e t r i c s h r i n k a g e d a t a o n o t h e r w o o d s h a v e also i n d i c a t e d 
that t h e r a t i o Shf/Gg t e n d s to a p p r o x i m a t e the fiber-saturation m o i s 
t u r e c o n t e n t Mf. F o r e x a m p l e , a m e a n ra t i o was f o u n d for Shf/Gg o f 
2 7 for 170 A u s t r a l i a n w o o d s (33). D a t a o n t r o p i c a l w o o d s suggest 
s o m e w h a t l o w e r v a l u e s for th i s same ra t i o . T h e m e a n v a l u e for 140 
I n d i a n w o o d s w a s a p p r o x i m a t e l y 2 0 , c o n s i d e r a b l y l o w e r t h a n t h e 
v a l u e s for U . S . w o o d s . T h i s m a y i n d i c a t e that t r o p i c a l w o o d s are less 
h y g r o s c o p i c t h a n t e m p e r a t e - z o n e w o o d s , p o s s i b l y because o f t h e i r 
h i g h e r m e a n e x t r a c t i v e c o n t e n t s . 

T h e r e a s o n t h e c e l l c a v i t y t e n d s to c h a n g e o n l y a s m a l l e x t e n t i f 
at a l l d u r i n g m o i s t u r e c h a n g e s is p r o b a b l y r e s i d e n t i n the m i c r o f i b r i l 
o r i e n t a t i o n i n t h e t y p i c a l c e l l w a l l o f w o o d (32). F i g u r e 13 is a s i m 
p l i f i e d d i a g r a m o f t h e w o o d y c e l l w a l l . T h e c e n t r a l o r S 2 l a y e r is the 
t h i c k e s t l ayer . Its m i c r o f i b r i l s are n e a r l y p a r a l l e l to t h e c e l l axis a n d 
t e n d to s w e l l t r a n s v e r s e l y as m o i s t u r e c o n t e n t inc reases . T h e m i c r o 
fibrils i n t h e Si a n d S 3 l a y e r s h o w e v e r are o r i e n t e d n e a r l y p e r p e n 
d i c u l a r to t h e c e l l axis . T h e r e f o r e , a l t h o u g h t h e y are t h i n , t h e y t e n d 
to r e s t r a i n s w e l l i n g o f t h e c e l l w a l l b e c a u s e o f t h e h i g h s t r e n g t h o f 
m i c r o f i b r i l s a l o n g t h e i r l e n g t h . T r a n s v e r s e s w e l l i n g a n d s h r i n k i n g o f 
i n d i v i d u a l c e l l s a n d , t h e r e f o r e , o f t h e gross w o o d are also r e d u c e d . 

Figure 13. Cell wall schematic diagram showing S ; , S 2, and S3 of sec
ondary wall, primary wall, and their fibril orientations θ with respect to 

the cell axis (10). 
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T h u s t h e c e l l c a v i t y t e n d s to r e m a i n n e a r l y c ons tant as t h e c e l l w a l l 
s h r i n k s o r s w e l l s . 

F o r t u n a t e l y , f r o m t h e u t i l i z a t i o n s t a n d p o i n t , w o o d d o e s n o t 
s h r i n k a n d s w e l l to t h e s a m e e x t e n t as does t h e c e l l w a l l . I f th is w e r e 
not so, a l l w o o d s w o u l d s h r i n k a n d s w e l l v o l u m e t r i c a l l y , for a g i v e n 
m o i s t u r e c h a n g e , as m u c h as t h e c e l l w a l l , r a t h e r t h a n i n p r o p o r t i o n 
to t h e i r spec i f i c g r a v i t i e s . T h e r e f o r e , t h e y w o u l d s h r i n k o r s w e l l m o r e 
t h a n t h e y a c t u a l l y d o . I t s h o u l d also b e n o t e d that t h e m a g n i t u d e o f 
t h e fiber-saturation p o i n t o f a g i v e n w o o d d i r e c t l y affects its d i m e n 
s i o n a l c h a n g e s . T h e fiber-saturation p o i n t m a y b e r e d u c e d b y t h e 
r e s t r a i n i n g effects o f t h e c e l l w a l l l ayers b e c a u s e o f h y g r o e l a s t i c ef
fects, as is d i s c u s s e d la ter . 

M o i s t u r e - i n d u c e d d i m e n s i o n a l c h a n g e s i n w o o d h a v e b e e n d e 
s c r i b e d t r a d i t i o n a l l y i n t e r m s o f s h r i n k a g e Sh (based o n g r e e n d i 
m e n s i o n s ) o r o f s w e l l i n g Sw (based o n d r y d i m e n s i o n s ) , as g i v e n 
above . H o w e v e r , i t is s o m e t i m e s m o r e a p p r o p r i a t e to d e s c r i b e these 
changes i n t e r m s o f t h e d i m e n s i o n s at s o m e i n t e r m e d i a t e m o i s t u r e 
c o n t e n t . F o r v o l u m e c h a n g e s a h y g r o e x p a n s i o n coe f f i c i ent Xv m a y b e 
d e f i n e d as f o l l o w s , 

X , = (l/v)(dv/dm) (11) 

w h e r e ν is t h e w o o d v o l u m e at m o i s t u r e c o n t e n t m a n d dv/dm is the 
c h a n g e o f v o l u m e p e r u n i t m o i s t u r e c o n t e n t c h a n g e . 

F i g u r e 14 s h o w s t h e l i n e a r i d e a l i z e d i n c r e a s e i n v o l u m e ν o f 
w o o d as its m o i s t u r e c o n t e n t ra increases f r o m z e r o to a m o i s t u r e 
c o n t e n t g r e a t e r t h a n f i b e r s a t u r a t i o n ray. I n t h e i d e a l i z e d case s h o w n 
h e r e t h e v o l u m e inc reases l i n e a r l y w i t h m f r o m z e r o to ray, w i t h a 
constant s l ope dv/dm. T h e m a g n i t u d e o f Xv h o w e v e r decreases as m 
i n c r e a s e s , b e c a u s e t h e v o l u m e ν i n E q u a t i o n 11 increases w i t h ra. 

ν V< 
(cc) 

SLOPE * dv/dm 

0 m f 

m(g/g) 

Figure 14. Idealized linear curve of wood volume V vs. moisture content. 
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V 
(CC/g) 

0 iTt| rHj tn^ 
m lg/g) 

Figure 15. Actual form of curve of wood volume V vs. moisture content. 

T h e v a l u e Xvo o f Χυ at m = 0 is r e l a t e d to S i ty b y 

X , , = Swf/Mf (12) 

S i m i l a r l y Χφ t h e v a l u e o f X e at my, is r e l a t e d to S/iy b y 

X o / = S / i / M / (13) 

B e c a u s e t h e p e r c e n t s w e l l i n g StVf i s g r e a t e r t h a n t h e p e r c e n t 
s h r i n k a g e Shf i t is e v i d e n t that Xvo is g r e a t e r t h a n Χφ a n d that these 
v a l u e s d e f i n e t h e l i m i t s o f X L . for a g i v e n w o o d . 

C o m p a r i s o n o f E q u a t i o n s 13 a n d 10 revea l s that , f or t h e case o f 
a w o o d w h o s e c e l l c a v i t i e s r e m a i n c o n s t a n t i n s i z e , Xvf = Gf a n d , 
t h e r e f o r e , Gg. S i m i l a r l y , Xvo = G0 u n d e r t h e s a m e c o n d i t i o n s . T h e 
rat i o XVJG0 w a s m e a s u r e d (34) for a n u m b e r o f w o o d s a n d was p l o t t e d 
as a f u n c t i o n o f m o i s t u r e c o n t e n t i n e a c h case. T h e s l ope dv/dm is 
not c ons tant o v e r t h e e n t i r e h y g r o s c o p i c r a n g e o f m o i s t u r e c o n t e n t s . 
A s i n d i c a t e d i n F i g u r e 15, t h e s l o p e is l o w e r at t h e l o w e r a n d u p p e r 
m o i s t u r e c o n t e n t s b u t is e s s e n t i a l l y c o n s t a n t o v e r m o s t o f t h e h y g r o 
s cop i c m o i s t u r e r a n g e . T h e m e a n v a l u e o f t h e ra t i o Xvo/G0 s h o u l d b e 
u n i t y i f t h e c e l l c a v i t y r e m a i n s c o n s t a n t w i t h s w e l l i n g o f t h e c e l l w a l l . 
I n s o m e w o o d s t h e m e a n v a l u e o f t h e ra t i o XVJG0 is less , a n d i n 
o thers g r e a t e r t h a n u n i t y , i n d i c a t i n g d e v i a t i o n s f r o m t h e h y p o t h e t i c a l 
a s s u m p t i o n that t h e c e l l c a v i t y r e m a i n s c o n s t a n t i n s i ze . 

A N I S O T R O P Y I N S H R I N K I N G A N D S W E L L I N G . W o o d is a n i s o t r o p i c — 
that i s , d i f f e r e n t i n d i f f e r e n t d i r e c t i o n s — w i t h r e s p e c t to d i m e n s i o n a l 
changes . T h e least s h r i n k a g e o c c u r s a l o n g t h e g r a i n a n d the m o s t 
s h r i n k a g e i n t h e t a n g e n t i a l d i r e c t i o n ; r a d i a l s h r i n k a g e is a b o u t h a l f 
that o f t a n g e n t i a l s h r i n k a g e . 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
00

3

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



3. SKAAR Wood-Water Relationships 147 

D i r e c t i o n a l d i m e n s i o n a l c h a n g e s c a n b e e x p r e s s e d i n t e r m s o f 
h y g r o e x p a n s i o n coe f f i c i ents , o n e for e a c h o f t h e t h r e e p r i n c i p a l axes. 
T h e s e m a y b e w r i t t e n as f o l l ows : 

X , = (1/1) (dtidm) (14) 

X r = (1/r) (dr/dm) (15) 

X t = (1/t) (dtldm) (16) 

w h e r e X\, X r , a n d X t a re t h e l o n g i t u d i n a l , r a d i a l , a n d t a n g e n t i a l h y 
g r o e x p a n s i o n coe f f i c i ents , r e s p e c t i v e l y a n d 1, r , a n d t are t h e c o r r e 
s p o n d i n g d i m e n s i o n s i n t h e r e s p e c t i v e d i r e c t i o n s . 

L o n g i t u d i n a l o r a x i a l s h r i n k a g e is a l m o s t n e g l i g i b l e i n n o r m a l 
m a t u r e w o o d , r a n g i n g f r o m 0 .1 to 0 . 3 % w h e n s u c h w o o d d r i e s f r o m 
the g r e e n to o v e n - d r y c o n d i t i o n . T h i s s h r i n k a g e is so s m a l l that i t 
causes n o p r o b l e m s i n o r d i n a r y use . H o w e v e r , r e a c t i o n w o o d ( c o m 
p r e s s i o n w o o d i n so f twoods a n d t e n s i o n w o o d i n h a r d w o o d s ) a n d also 
j u v e n i l e w o o d ( w o o d from n e a r t h e p i t h ) u s u a l l y s h o w m u c h h i g h e r 
ax ia l s h r i n k a g e s , w h i c h m a y cause excess ive c r o o k i n g , b o w i n g , o r 
t w i s t i n g w h e n w o o d d r i e s . T h e r e has b e e n a n i n c r e a s i n g t r e n d t o w a r d 
h a r v e s t i n g y o u n g e r t rees w h i c h c o n t a i n a l a r g e r p r o p o r t i o n o f j u v e n i l e 
w o o d t h a n d o m a t u r e t rees . I t is a n t i c i p a t e d t h e r e f o r e that excess ive 
l o n g i t u d i n a l s h r i n k a g e a n d t h e r e l a t e d w a r p i n g p r o b l e m s w i l l b e c o m e 
i n c r e a s i n g l y c o m m o n . 

E x c e s s i v e l o n g i t u d i n a l s h r i n k a g e u s u a l l y is assoc ia ted w i t h h i g h 
m i c r o f i b r i l ang les i n t h e S 2 l a y e r , t h e t h i c k e s t l a y e r o f t h e s e c o n d a r y 
w a l l . T h i s a n g l e Θ, w h i c h re fers to t h e l o n g axis o f t h e c e l l , is s m a l l 
i n n o r m a l w o o d ( F i g u r e 13). H o w e v e r , i n j u v e n i l e w o o d a n d i n r e a c 
t i o n w o o d t h e a n g l e θ m a y i n c r e a s e f r o m t h e n o r m a l v a l u e s o f less 
t h a n 30° to v a l u e s i n excess o f 45°. B e c a u s e d i m e n s i o n a l changes o c c u r 
p r i m a r i l y at r i g h t a n g l e s t o t h e m i c r o f i b r i l s t h e c o m p o n e n t o f 
s h r i n k a g e a l o n g t h e c e l l axis (and g r a i n d i r e c t i o n ) inc reases as θ i n 
creases . F i g u r e 16 s h o w s that t h e o b s e r v e d s h r i n k a g e Shf o f Pinus 
jeffreyi i n c reases w i t h fibril a n g l e θ for ang les g r e a t e r t h a n 30° (35). 
T h e figure also s h o w s h o w t h e t a n g e n t i a l s h r i n k a g e decreases w i t h 
i n c r e a s i n g Θ, as e x p e c t e d . 

Severa l quant i ta t ive mode l s h a v e been p r o p o s e d for e x p l a i n i n g 
the effect o f f i b r i l angle θ o n b o t h axia l a n d transverse w o o d shr ink
age (10). O n l y the m o d e l o f B a r b e r (36) w i l l b e d iscussed here . I n 
this m o d e l the t y p i c a l w o o d c e l l is assumed to be c i r c u l a r i n cross 
s e c t i o n a n d t h e c e l l w a l l is c o n s i d e r e d to cons i s t o f t w o l a y e r s . O n e 
o f these is t h e t h i c k S 2 l a y e r w h o s e m i c r o f i b r i l a n g l e θ is t h e p r i n c i p a l 
i n d e p e n d e n t v a r i a b l e ( F i g u r e 13). T h e s e c o n d l a y e r is t h e Sl l a y e r , 
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0 10 ^0 90 40 50 CO 
FIBRIL ANGLE β (DEGREES) 

Figure 16. Experimental points and fitted curves of longitudinal and tan
gential shrinkages of Pinus jeffreyi as functions of fibril angle Θ. (Adapted 

from Ref. 37.) 

w h i c h is c o n s i d e r e d to b e a t h i n c o n s t r a i n i n g s h e a t h , s u r r o u n d i n g 
t h e S 2 l a y e r a n d h a v i n g its m i c r o f i b r i l s o r i e n t e d p e r p e n d i c u l a r to t h e 
c e l l ax is , t h u s r e s i s t i n g t h e h y g r o e x p a n s i o n o f t h e S 2 l a y e r . H a l f o f 
t h e m i c r o f i b r i l s i n t h e S 2 l a y e r are a s s u m e d to b e o r i e n t e d i n a s p i r a l 
w h i c h m a k e s a n a n g l e θ w i t h t h e c e l l axis . T h e o t h e r h a l f s p i r a l , i n 
t h e o p p o s i t e d i r e c t i o n , has t h e s a m e ang le θ w i t h r e s p e c t to t h e c e l l 
axis b u t i n t h e o p p o s i t e sense . T h i s is to o v e r c o m e t h e t w i s t i n g t e n 
d e n c y assoc ia ted w i t h a s i n g l e d i r e c t i o n o f o r i e n t a t i o n . I n a c t u a l w o o d 
t h e S 2 l a y e r s o f ad jacent c e l l w a l l s are o r i e n t e d i n o p p o s i t e d i r e c t i o n s 
to p r e v e n t t w i s t i n g o f i n d i v i d u a l c e l l s . 

T h e e q u a t i o n s d e r i v e d b y B a r b e r (36) a re g i v e n i n h i s p a p e r a n d 
are not r e p r o d u c e d h e r e . H o w e v e r , t h e c u r v e s s h o w n i n F i g u r e 17 
i l l u s t r a t e t h e p r e d i c t e d rat ios o f l o n g i t u d i n a l (ex), t r a n s v e r s e (e 2), a n d 
c e l l c a v i t y (e2) s w e l l i n g s o f t h e m o d e l c e l l to t h e u n r e s t r a i n e d i s o t r o p i c 
s w e l l i n g (e0) as f u n c t i o n s o f t h e a n g l e Θ. F i g u r e 17 shows t w o c u r v e s 
e a c h o f e x /e 0 , € 2 / e 0 , a n d e^e^ e a c h c u r v e d i f f e r i n g b y a factor o f 10 i n 
t h e r e l a t i v e stif fness o f t h e r e s t r a i n i n g s h e a t h a n d the s w e l l i n g c e l l 
w a l l m a t e r i a l . A s a n t i c i p a t e d , w h e n th is stiffness rat io is h i g h t h e r e 
is l ess e x t e r n a l c e l l s w e l l i n g b o t h l o n g i t u d i n a l l y (eje0) a n d t r a n s 
v e r s e l y ( e j / e j a n d also for t h e c e l l c a v i t y ( e ^ e j . I n fact for t h e h i g h e r 
fibril ang les Θ, t h e r e is s o m e n e g a t i v e s w e l l i n g o r s h r i n k a g e o f the 
c e l l c a v i t y (e2/€0) for t h e h i g h e r stiffness ra t i o o f 50 . 
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E/S 

Figure 17. Calculated strain ratio curves L (e^ej , Τ (e^ej and C (e 2 /e j 
/ o r £u;o stiffness of restraining sheath/stiffness of swelling cell wall material 

(E/S) ratios as given by Barber (36). 

L o o k i n g at t h e i n d i v i d u a l c u r v e s for a stiffness r a t i o o f 50 , i t m a y 
b e n o t e d t h a t b o t h t h e l o n g i t u d i n a l (e x /e 0 ) a n d t r a n s v e r s e (€ 2 /€ 0 ) 
s w e l l i n g c u r v e s s t r o n g l y r e s e m b l e t h e e x p e r i m e n t a l c u r v e s s h o w n i n 
F i g u r e 16. I n b o t h figures t h e l o n g i t u d i n a l a n d t r a n s v e r s e c u r v e s 
s h o w t h e same s h r i n k a g e (or s w e l l i n g ) at a fibril a n g l e θ o f n e a r 45°. 
T h e l o n g i t u d i n a l s w e l l i n g c u r v e o f F i g u r e 17 p r e d i c t s a s l i g h t n e g a t i v e 
s w e l l i n g for θ b e t w e e n 2 0 a n d 35° for a st i f lhess ra t i o o f 50 . T h i s 
n e g a t i v e s w e l l i n g has b e e n o b s e r v e d i n s o m e cases (37). 

H y g r o e x p a n s i o n is u s u a l l y g r e a t e r t r a n s v e r s e l y t h a n l o n g i t u d i 
na l ly . H o w e v e r , t h e r e is c o n s i d e r a b l e a n i s o t r o p y i n t h e t r a n s v e r s e 
d i r e c t i o n b e c a u s e t h e t a n g e n t i a l h y g r o e x p a n s i o n c o e f f i c i e n t X t is 
a b o u t t w i c e t h e r a d i a l c oe f f i c i ent X r . T r a d i t i o n a l l y t h e r a t i o o f these 
t w o coe f f i c ients X t / X r was c a l l e d t h e t a n g e n t i a l / r a d i a l (T /R) s h r i n k a g e 
ra t i o , w i t h a m e a n v a l u e a m o n g w o o d s o f a b o u t t w o . 

T h e h i g h T / R r a t i o is t h e p r i m a r y r e a s o n for t h e w a r p i n g i n a 
cross s e c t i o n o f w o o d w h i c h o c curs i n b o a r d s w h e n t h e y are first 
d r i e d o r w h e n t h e y are s u b j e c t e d to m o i s t u r e changes i n use . F i g u r e 
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Figure 18. Cross-sectional distortion after drying of flats, squares, and 
rounds from representative locations log. (Courtesy of U.S. Department 

of Agriculture, Forest Products Laboratory.) 

18 i l l u s t r a t e s s o m e o f t h e m o r e c o m m o n k i n d s o f c r o s s - s e c t i o n a l 
w a r p i n g that are c a u s e d b y t a n g e n t i a l / r a d i a l a n i s o t r o p y w h e n w o o d 
d r i e s f r o m t h e g r e e n c o n d i t i o n . T h e p r o n o u n c e d c u p p i n g i n f l a t - s a w n 
b o a r d s is p r o b a b l y t h e m o s t t r o u b l e s o m e k i n d o f c r o s s - s e c t i o n a l d i s 
t o r t i o n . 

S e v e r a l theor ies have b e e n p r o p o s e d to e x p l a i n transverse s h r i n k 
age a n i s o t r o p y . T h e s e f a l l i n t o t w o g e n e r a l ca tegor ies (JO, 2 2 , 38). 
O n e c a t e g o r y is b a s e d o n d i f f e rences i n t h e s t r u c t u r e o f t h e r a d i a l 
a n d t a n g e n t i a l w a l l s o f w o o d ce l l s . T h e o t h e r c a t e g o r y is b a s e d o n 
d i f f e rences i n t h e s h r i n k a g e s o f d i f f e r e n t w o o d t i ssues s u c h as ray vs . 
l o n g i t u d i n a l t i ssues o r o f e a r l y w o o d vs . l a t e w o o d t i ssues . 

T h e t h e o r i e s b a s e d o n c e l l w a l l s t r u c t u r e are o f t w o k i n d s : those 
that r e l a t e to f i b r i l a n g l e d i f f e rences i n t h e r a d i a l a n d t a n g e n t i a l w a l l s 
a n d those that r e l a t e to t h e t h i c k n e s s a n d b e h a v i o r o f t h e m i d d l e 
l a m e l l a b e t w e e n c e l l s . T h e m e a n f i b r i l a n g l e i n t h e r a d i a l w a l l s m a y 
b e g r e a t e r t h a n i n t h e t a n g e n t i a l w a l l s , w h i c h r e s u l t s i n less r a d i a l 
s h r i n k a g e t h a n t a n g e n t i a l s h r i n k a g e i n t h e i n d i v i d u a l ce l l s b e c a u s e o f 
the s t r o n g effect o f f i b r i l a n g l e o n t r a n s v e r s e s h r i n k a g e ( F i g u r e 17). 

B o y d (39) has r e v i e w e d t h e p u b l i s h e d d a t a a n d t h e o r i e s o f a n i 
s o t r o p i c t r a n s v e r s e s h r i n k a g e . H e has c o n c l u d e d , i n a g r e e m e n t w i t h 
B o s s h a r d ' s (40) c o n t e n t i o n , that t h e d o m i n a n t factor is t h e g r e a t e r 
d e g r e e o f l i g n i f i c a t i o n i n t h e r a d i a l w a l l s . T h i s c h a r a c t e r i s t i c r e d u c e s 
s o r p t i o n o f w a t e r ( F i g u r e 11). B o y d also a t t r i b u t e s a s ign i f i cant effect 
to t h e p r e p o n d e r a n c e o f r a d i a l l y f l a t t e n e d t h i c k - w a l l e d ce l l s i n t h e 
l a t e w o o d o f s o m e w o o d s , p a r t i c u l a r l y c on i f e r s . 
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T h e r e are at least t w o t h e o r i e s b a s e d o n s h r i n k a g e d i f f e rences 
a m o n g w o o d t i ssues . T h e m o s t g e n e r a l o f these is t h e ray restraint 
theory. T h i s t h e o r y p r o p o s e s that the rays s h r i n k less t h a n t h e l o n 
g i t u d i n a l t i ssues i n t h e r a d i a l d i r e c t i o n a n d t h e r e f o r e r e d u c e t h e ex 
tent o f r a d i a l s h r i n k a g e . T h i s t h e o r y a p p l i e s to at least s o m e cases. 
T h e p l o t t e d p o i n t s a n d c a l c u l a t e d c u r v e s h o w n i n F i g u r e 19, for 
e x a m p l e , s h o w h o w t h e r a d i a l s h r i n k a g e o f b e e c h w o o d decreases as 
the v o l u m e o f ray t i ssues i n c r e a s e s (41). I t is p r o b a b l e that a d d i t i o n a l 
t a n g e n t i a l s h r i n k a g e is i n d u c e d b y the r a d i a l r e s t r a i n t because o f 
Po i sson ' s r a t i o effect. 

T h e s e c o n d t h e o r y , b a s e d o n t i s sue s h r i n k a g e d i f f e rences , is t h e 
earlywood-latewood interaction theory. T h i s t h e o r y a t t r i b u t e s t h e 
a n i s o t r o p y to t h e a l t e r n a t i o n o f e a r l y w o o d a n d l a t e w o o d layers i n 
m a n y w o o d s . L a t e w o o d is o f t en t w o o r t h r e e t i m e s m o r e d e n s e t h a n 
e a r l y w o o d . It s h r i n k s m o r e , a n d is s t ronger . T h e r e f o r e , t h e t a n g e n t i a l 
s h r i n k a g e is h i g h b e c a u s e i t i s d o m i n a t e d b y t h e h i g h l a t e w o o d 
s h r i n k a g e w h i c h forces t h e w e a k e a r l y w o o d to s h r i n k t a n g e n t i a l l y 
m o r e t h a n i t w o u l d i f i t w e r e a l l o w e d to s h r i n k i n d e p e n d e n t l y o f t h e 
l a t e w o o d . T h e r a d i a l s h r i n k a g e is e q u a l to t h e e f fect ive w e i g h t e d 
average o f t h e t w o t i s sue s h r i n k a g e s . H o w e v e r , t h e e f fec t ive r a d i a l 
s h r i n k a g e o f e a r l y w o o d is r e d u c e d b e c a u s e o f Po isson ' s ra t i o effect 
a n d excess ive t a n g e n t i a l s h r i n k a g e (10). 

Moisture Effects on the Physical Properties of Wood 
A l l o f t h e p h y s i c a l a n d m e c h a n i c a l p r o p e r t i e s o f w o o d are af

f e c t e d b y its m o i s t u r e c o n t e n t . T h e effect o n m e c h a n i c a l p r o p e r t i e s 
w i l l b e d i s c u s s e d f i r s t , f o l l o w e d b y c o n s i d e r a t i o n o f s o m e o t h e r i m 
p o r t a n t p h y s i c a l p r o p e r t i e s . I n a l l cases t h e d i s c u s s i o n is l i m i t e d to 
c l ear w o o d , f ree f r o m defects s u c h as k n o t s . 

(%) 6 

10 

2 

0.0 02 0.4 0.6 0.8 1.0 

Figure 19. Experimental points and fitted curve of radial shrinkage sr 

against fraction of ray tissue V r. (Adapted from Ref 41.) 
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M e c h a n i c a l Propert ies . M a n y o f t h e i m p o r t a n t m e c h a n i c a l 
p r o p e r t i e s o f w o o d i n c r e a s e e x p o n e n t i a l l y as t h e m o i s t u r e c o n t e n t 
decreases b e l o w t h e fiber-saturation p o i n t (28) (see C h a p t e r 5). T h i s 
r e l a t i o n s h i p c a n b e e x p r e s s e d as 

S2/Sx = e x p [ - ( r / 1 0 0 ) ( M 2 - Mx)] (17) 

w h e r e S χ a n d S 2 a re t h e m a g n i t u d e s o f a p a r t i c u l a r s t r e n g t h p r o p e r t y 
at m o i s t u r e c o n t e n t s M x a n d M 2 , r e s p e c t i v e l y , a n d r is a coe f f i c ient 
that r e p r e s e n t s t h e p e r c e n t i n c r e a s e i n a p a r t i c u l a r s t r e n g t h p r o p e r t y 
S for a 1% d e c r e a s e i n w o o d m o i s t u r e c o n t e n t M . 

T h e v a l u e o f t h e coe f f i c i ent r is a b o u t t w o for t h e m o d u l u s o f 
e las t i c i ty , a n d f o u r for t h e m o d u l u s o f r u p t u r e i n s tat ic b e n d i n g . T h e 
m a x i m u m v a l u e o f a b o u t six a p p l i e s to c o m p r e s s i v e s t r e n g t h p a r a l l e l 
to t h e g r a i n (42). 

S o m e s t r e n g t h p r o p e r t i e s , s u c h as t o u g h n e s s a n d s h o c k r e s i s 
tance , m a y d e c r e a s e w i t h d e c r e a s i n g w o o d m o i s t u r e c o n t e n t b e c a u s e 
t h e s e p r o p e r t i e s a r e p r o p o r t i o n a l t o t h e d e f o r m a t i o n o f a w o o d 
m e m b e r u n d e r l o a d a n d t h e stress s u s t a i n e d . M o i s t w o o d d e f o r m s 
m o r e t h a n d r y w o o d a n d t h e p r o d u c t o f stress a n d d e f o r m a t i o n , w h i c h 
is a m e a s u r e o f t o u g h n e s s , m a y a c t u a l l y b e g r e a t e r for m o i s t w o o d . 

T h e s t r e n g t h o f w o o d is g e n e r a l l y no t a f fected b y changes i n 
m o i s t u r e c o n t e n t a b o v e fiber s a t u r a t i o n b e c a u s e t h e excess w a t e r 
a c c u m u l a t e s i n t h e c e l l c a v i t i e s . T h e r e f o r e , i t does not affect the 
s t r e n g t h o f t h e c e l l w a l l i t se l f , w h i c h d e t e r m i n e s t h e o v e r a l l w o o d 
s t r e n g t h . 

Other Physical Properties. I n a d d i t i o n to its i m p o r t a n t effect 
o n t h e s t r e n g t h o f w o o d , m o i s t u r e also affects w o o d ' s o t h e r p h y s i c a l 
p r o p e r t i e s . M o i s t u r e ' s effect o n e l e c t r i c a l p r o p e r t i e s was d e s c r i b e d 
i n t h e s e c t i o n o n " E l e c t r i c a l R e s i s t a n c e M o i s t u r e M e t e r s " (p. 130). 
O t h e r p r o p e r t i e s s u c h as spec i f i c g r a v i t y a n d t h e r m a l p r o p e r t i e s are 
d i s c u s s e d h e r e . 

S P E C I F I C G R A V I T Y A N D D E N S I T Y . T h e d e c r e a s e that o c curs i n s p e 
c i f i c g r a v i t y w i t h a n i n c r e a s e i n m o i s t u r e c o n t e n t was d i s c u s s e d i n 
c o n n e c t i o n w i t h w o o d s w e l l i n g . T h e spec i f i c g r a v i t y Gm decreases 
w i t h i n c r e a s i n g m o i s t u r e c o n t e n t u p to fiber s a t u r a t i o n b u t a b o v e th is 
t h e r e is n o c h a n g e b e c a u s e t h e v o l u m e r e m a i n s c ons tant a n d t h e 
w e i g h t is b a s e d o n t h e o v e n - d r y c o n d i t i o n . 

T h e d e n s i t y p m o f w o o d , h o w e v e r , a l w a y s i n c r e a s e s w i t h i n 
c r e a s i n g m o i s t u r e c o n t e n t . T h i s i n c r e a s e is b e c a u s e d e n s i t y , i n c o n 
trast to spec i f i c g rav i ty , is a lways b a s e d o n t h e w e t w e i g h t o f t h e 
w o o d . F i g u r e 2 0 i l l u s t r a t e s h o w b o t h spec i f i c g r a v i t y a n d d e n s i t y 
c h a n g e w i t h i n c r e a s i n g m o i s t u r e c o n t e n t b a s e d o n t h e a s s u m p t i o n o f 
c ons tant c e l l c a v i t y v o l u m e . B e c a u s e t h e c e l l c a v i t y o r p o r e v o l u m e 
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I ι ι ι ι ι I 
0 10 20 30 40 50 60 

M(%) 

Figure 20. Calculated curves of specific gravity G and of density ρ (gl 
cm?) of wood vs. moisture content which assume a constant cell cavity 

volume and a 30% fiber-saturation point. (Adapted from Ref. 45.) 

r e m a i n s a p p r o x i m a t e l y c o n s t a n t , t h e f r a c t i o n o f v o i d v o l u m e d e 
creases w i t h i n c r e a s i n g m o i s t u r e c o n t e n t d u e to s w e l l i n g o f t h e c e l l 
w a l l . 

T H E R M A L P R O P E R T I E S . S o m e o f t h e i m p o r t a n t t h e r m a l p r o p e r t i e s 
o f w o o d are a f fec ted b y i ts m o i s t u r e c o n t e n t . T h e s e i n c l u d e spec i f i c 
heat , t h e r m a l c o n d u c t i v i t y , a n d t h e r m a l d i f fus iv i ty . 

T h e spec i f i c h e a t c0 o f d r y w o o d , w h i c h is a b o u t 0 .295 at 2 5 ° C , 
increases l i n e a r l y w i t h t e m p e r a t u r e (10) f r o m a b o u t 0 .27 (cal /g °C) at 
0 °C to 0 .38 at 100 ° C . T h e spec i f i c heat cw o f l i q u i d w a t e r is 1.0. 
T h e r e f o r e , b y u s i n g t h e m e t h o d o f m i x t u r e s w i t h t h e a s s u m p t i o n that 
b o u n d w a t e r has t h e s a m e spec i f i c h e a t as l i q u i d w a t e r , t h e spec i f i c 
heat c for m o i s t w o o d c a n b e c a l c u l a t e d as 

c = (c0 + mcw)/(l + m) (18) 

E x p e r i m e n t a l m e a s u r e m e n t s (43) a n d also t h e o r e t i c a l c o n s i d e r 
at ions (10, 44) h a v e y i e l d e d h i g h e r v a l u e s for c t h a n are p r e d i c t e d 
b a s e d o n E q u a t i o n 18. H o w e v e r , for m a n y p r a c t i c a l p u r p o s e s E q u a 
t i o n 18 is a d e q u a t e as a f i rs t a p p r o x i m a t i o n . 
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T h e t h e r m a l c o n d u c t i v i t y o f w o o d also increases g r e a t l y w i t h its 
m o i s t u r e c o n t e n t , as w e l l as w i t h o t h e r factors s u c h as t e m p e r a t u r e 
a n d spec i f i c g rav i ty . A n u m b e r o f p r o p o s e d e m p i r i c a l e q u a t i o n s i n 
d i ca te that t h e t h e r m a l c o n d u c t i v i t y o f w o o d increases w i t h i n c r e a s i n g 
m o i s t u r e c o n t e n t . T h e s e e q u a t i o n s h a v e b e e n s u m m a r i z e d b y S i a u 
(45) w h o p r o p o s e d that t h e p r i m a r y effect o f w a t e r was to s w e l l t h e 
c e l l w a l l a n d , t h u s , to p r o v i d e a l a r g e r heat c o n d u c t i o n a r e a for a 
g i v e n w o o d . 

A n e m p i r i c a l e q u a t i o n that re la tes t h e t h e r m a l c o n d u c t i v i t y (Kh) 
to w o o d d e n s i t y ρ (g /cm 3 ) a n d m o i s t u r e c o n t e n t m is E q u a t i o n 19. 

Kh = [0 .60 + p(4.1 + 5.1m)] x 1 0 ~ 4 c a y c m s °C (19) 

T h e t h e r m a l d i f f u s i v i t y (Dh) is e q u a l to t h e ra t i o Kh/(pc). Its v a r i 
a t i o n w i t h m o i s t u r e c o n t e n t c a n b e d e t e r m i n e d b y t h e effect o f m o n 
Kh, p, a n d c, w h e r e c is t h e spec i f i c heat . B e c a u s e pc increases m o r e 
r a p i d l y w i t h m o i s t u r e c o n t e n t t h a n does Kh, t h e r e is a s l i gh t de c r e as e 
i n w i t h i n c r e a s i n g m o i s t u r e c o n t e n t , o n t h e o r d e r o f 0 . 5 % p e r 
p e r c e n t i n c r e a s e i n m o i s t u r e c o n t e n t M. 

Thermodynamics of Moisture Sorption 

W h e n w o o d b e l o w t h e f i b e r - s a t u r a t i o n p o i n t i n t e r a c t s w i t h 
water , heat is e v o l v e d , a n d t h e r e are changes i n t h e f ree e n e r g y a n d 
e n t r o p y o f t h e s o r b e d w a t e r . F u r t h e r m o r e , t h e w o o d exerts s w e l l i n g 
forces that c a n b e m e a s u r e d . T h e s e effects c a n b e t r e a t e d b y c lass i ca l 
t h e r m o d y n a m i c m e t h o d s a l t h o u g h m o i s t u r e s o r p t i o n b y w o o d is n o t 
a p e r f e c t l y r e v e r s i b l e p ro cess b e c a u s e s o r p t i o n h y s t e r e s i s is i n v o l v e d , 
as was p o i n t e d o u t i n t h e s e c t i o n o n " M o i s t u r e S o r p t i o n I s o t h e r m s " 
(p. 136). 

E n t h a l p y C h a n g e s . T h e t h r e e f o r m s o f w a t e r f o u n d i n w o o d 
h a v e d i f f e r e n t e n e r g y o r e n t h a l p y l e v e l s , as s h o w n i n F i g u r e 2 1 . 
W a t e r v a p o r i n t h e c e l l c a v i t i e s has t h e h i g h e s t e n t h a l p y . T h e e n 
t h a l p y o f l i q u i d w a t e r i n t h e c e l l cav i t i e s o f g r e e n w o o d is c o n s i d e r a b l y 
l o w e r , e s s e n t i a l l y e q u a l to that o f f ree l i q u i d w a t e r , i f the effects o f 
c a p i l l a r y forces a n d d i s s o l v e d m a t e r i a l s are n e g l e c t e d . T h e d i f f e r e n c e 
i n e n t h a l p y b e t w e e n l i q u i d w a t e r a n d w a t e r v a p o r is t h e heat of 
vaporization [Q0 ( cal /g water ) ] o f f ree w a t e r . T h e b o u n d w a t e r i n t h e 
c e l l w a l l o f w o o d is at s t i l l l o w e r e n e r g y l e v e l , QL (cal /g water ) b e l o w 
that o f l i q u i d w a t e r . T h e s u m o f t h e heat of sorption, QL a n d QQ, is 
e q u a l to Qv ( cal /g w a t e r ) , w h i c h is t h e heat r e q u i r e d to e v a p o r a t e 
b o u n d w a t e r f r o m t h e c e l l w a l l . 

T h e c u r v e for t h e e n e r g y l e v e l o f b o u n d w a t e r s h o w n i n F i g u r e 
21 i n d i c a t e s that QL a n d Qv i n c r e a s e w i t h d e c r e a s i n g w o o d m o i s t u r e 
c o n t e n t b e l o w f i b e r s a t u r a t i o n Mf. T h i s i n c r e a s e m e a n s that m o r e 
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3. SKAAR Wood-Water Relationships 155 

Figure 21. Diagram showing the relative energy levels, in terms of Q, for 
water vapor, liquid water, ice, and bound water in wood at different 
moisture contents. (Reproduced with permission from Ref. 10. Copyright 

1972, Syracuse University Press.) 

e n e r g y is r e q u i r e d to e v a p o r a t e 1 g o f w a t e r f r o m w o o d as M d e 
creases ( b e l o w Mf). 

S t a m m a n d L o u g h b o r o u g h (46) first c a l c u l a t e d Qv a n d QL as 
f u n c t i o n s o f w o o d m o i s t u r e c o n t e n t M b y a p p l y i n g t h e C l a u s i u s -
C l a p e y r o n e q u a t i o n to t h e m o i s t u r e s o r p t i o n i s o t h e r m s for w o o d at 
s e v e r a l t e m p e r a t u r e s . F o r e x a m p l e , QL c a n b e o b t a i n e d b y r e p l o t t i n g 
s o r p t i o n i s o t h e r m s , s u c h as are s h o w n i n F i g u r e 9, i n t o t h e f o r m o f 
i sosteres o f c o n s t a n t m o i s t u r e c o n t e n t , o f In h against t h e r e c i p r o c a l 
o f K e l v i n t e m p e r a t u r e . T h e s e p l o t s y i e l d a f a m i l y o f e s s e n t i a l l y 
s t ra ight l i n e s , e a c h at a d i f f e r e n t m o i s t u r e c o n t e n t . T h e m a g n i t u d e 
o f QL at a n y m o i s t u r e c o n t e n t is c a l c u l a t e d f r o m 

QL = - ( f l / 1 8 ) d ( l n h)ld(\IT) (20) 

w h e r e R is t h e gas c o n s t a n t a n d d(ln h)ld(\IT) is t h e s l ope o f t h e c u r v e 
for t h e s p e c i f i e d m o i s t u r e c o n t e n t . 

T h e e n t h a l p y c h a n g e s assoc ia ted w i t h m o i s t u r e s o r p t i o n also c a n 
b e m e a s u r e d c a l o r i m e t r i c a l l y . I n th i s case t h e heat o f w e t t i n g W (cal / 
g o f w o o d ) is u s u a l l y m e a s u r e d . T h e h e a t o f w e t t i n g is d e f i n e d as t h e 
heat g e n e r a t e d w h e n w o o d at s o m e i n i t i a l m o i s t u r e c o n t e n t m is 
t h o r o u g h l y w e t t e d b y l i q u i d w a t e r . W h e n m e a s u r i n g t h e heat o f w e t 
t i n g c a l o r i m e t r i c a l l y , t h e w o o d is g r o u n d i n t o s m a l l p a r t i c l e s i n o r d e r 
to e x p e d i t e t h o r o u g h w e t t i n g b y w a t e r . T h e w o o d p a r t i c l e s are t h e n 
c o n d i t i o n e d to a d e s i r e d i n i t i a l m o i s t u r e c o n t e n t p r i o r to i n s e r t i o n 
i n t o t h e c a l o r i m e t e r . 

T h e h e a t o f w e t t i n g W for w o o d at a n y i n i t i a l m o i s t u r e c o n t e n t 
c a n b e c a l c u l a t e d i f QL is k n o w n as a f u n c t i o n o f m o i s t u r e c o n t e n t . 
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156 T H E CHEMISTRY OF SOLID WOOD 

T h e heat o f w e t t i n g is e q u i v a l e n t to t h e i n t e g r a l o f QLdm b e t w e e n 
the l i m i t s o f i n i t i a l m o i s t u r e c o n t e n t m a n d c o m p l e t e s a t u r a t i o n . T h u s 

W= rQLdm (21) 
J m 

C o n v e r s e l y , i f W is k n o w n as a f u n c t i o n o f m o i s t u r e c o n t e n t m , QL 

c a n b e c a l c u l a t e d as i n E q u a t i o n 2 2 . 

QL = -dWI dm (22) 

T h e e a r l i e s t r e c o r d e d m e a s u r e m e n t s o f W vs . m w e r e g i v e n , 
a c c o r d i n g to S tarn m (22), b y V o l b e h r i n 1896. T h e resu l t s o f these 
m e a s u r e m e n t s c a n b e r e p r e s e n t e d (47) b y 

W = W 0 e x p (-Bm) (23) 

w h e r e W0 is t h e v a l u e o f W f o r i n i t i a l l y d r y w o o d (m = 0), a n d Β is 
a n e m p i r i c a l c o n s t a n t . M o r e r e c e n t m e a s u r e m e n t s are s u m m a r i z e d 
i n R e f e r e n c e 48 . 

F i g u r e 22 c o n t a i n s p l o t s o f QL ( log scale) vs . w o o d m o i s t u r e 
c o n t e n t . T h e l o g a r i t h m o f QL appears to d e c r e as e l i n e a r l y w i t h i n -

400i J 1 1 1 Γ 

Figure 22. Curves of Q L (log scale) vs. wood moisture content for Euro
pean spruce and beech and for Sitka spruce. (Reproduced with permission 

from Ref. 10. Copyright 1972y Syracuse University Press.) 
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3. SKAAR Wood-Water Refationships 157 

c r e a s i n g m o i s t u r e c o n t e n t , as is a n t i c i p a t e d b a s e d o n E q u a t i o n s 2 2 
a n d 2 3 . E q u a t i o n s 2 2 a n d 2 3 c a n b e c o m b i n e d to g i v e 

w h e r e Q L O = BW0, t h e v a l u e o f QL at m = 0 . 
T h e heats o f w e t t i n g W a n d s o r p t i o n QL are i n t e r r e l a t e d , b u t 

t h e y h a v e d i f f e r e n t i n t e r p r e t a t i o n s i n t e r m s o f m o i s t u r e s o r p t i o n . F o r 
e x a m p l e , t h e h e a t o f s o r p t i o n is p r e s u m e d to b e a m e a s u r e o f t h e 
excess e n e r g y r e q u i r e d to b r e a k t h e b o n d b e t w e e n b o u n d w a t e r a n d 
t h e s o r p t i o n s i tes , a n d t h e h e a t o f w e t t i n g is a m e a s u r e o f t h e t o ta l 
n u m b e r o f s o r p t i o n sites a c c e s s i b l e to w a t e r ( 1 0 ) . 

T h e to ta l h e a t o f w e t t i n g W0 g e n e r a l l y ranges b e t w e e n 1 5 a n d 
2 0 c a l / g o f w o o d , b u t m a y b e l o w e r for w o o d s w i t h h i g h e x t r a c t i v e 
c o n t e n t . It i n c r e a s e s w i t h d e c r e a s i n g p a r t i c l e s i ze a n d g e n e r a l l y w i t h 
r e m o v a l o f e x t r a c t i v e s (48). A s s h o w n i n F i g u r e 2 3 , t h e heat o f w e t t i n g 
at a g i v e n m o i s t u r e c o n t e n t is h i g h e r for p a r t i a l d e s o r p t i o n t h a n for 
p a r t i a l a d s o r p t i o n , p o s s i b l y b e c a u s e t h e r e are m o r e s o r p t i o n sites 
a v a i l a b l e d u r i n g d e s o r p t i o n . 

F r e e E n e r g y a n d E n t r o p y C h a n g e s . T h e h e a t o f s o r p t i o n QL 

consists o f t w o p a r t s , t h e f ree e n e r g y c h a n g e A G a n d t h e e n t r o p y 
c h a n g e A S . T h e loss i n f ree e n e r g y A G (cal /g o f water ) c a n b e c a l 
c u l a t e d at a n y m o i s t u r e c o n t e n t b y 

QL = QLO e x p (-Bm) ( 2 4 ) 

A G = (RT/18 ) In (l/h) (25) 

20 

10 

8 
W 

(cal/g) 
6 

4 

2l 

M(%) 

Figure 23. Curves of heat of wetting W (log scale) for Hinoki cypress and 
for cotton against the moisture content (48). 
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158 T H E CHEMISTRY OF SOLID WOOD 

w h e r e h is t h e r e l a t i v e v a p o r p r e s s u r e ( a s s u m e d to b e e q u i v a l e n t to 
the ac t iv i ty ) o f t h e w o o d at e q u i l i b r i u m w i t h t h e m o i s t u r e c o n t e n t 
m , R is t h e gas c o n s t a n t , a n d Τ is t h e K e l v i n t e m p e r a t u r e . T h e excess 
e n e r g y assoc ia ted w i t h t h e e n t r o p y c h a n g e A S is d e f i n e d as the d i f 
f e r e n c e i n QL a n d A G . T h u s 

T A S = QL - A G (26) 

F i g u r e 24 s h o w s c u r v e s o f QL, A G , a n d T A S p l o t t e d against w o o d 
m o i s t u r e c o n t e n t . A l l e n e r g y t e r m s are n e g a t i v e (heat is g i v e n off) 
w h e n w o o d takes u p w a t e r f r o m t h e l i q u i d state . T h e d e c r e a s e i n 
e n t r o p y i n d i c a t e s that b o u n d w a t e r is m o r e o r d e r e d t h a n l i q u i d w a t e r , 
i n a n a l o g y to t h e g r e a t e r o r d e r o f w a t e r i n i c e c o m p a r e d w i t h the 
l i q u i d state. A s t h e m o i s t u r e c o n t e n t a p p r o a c h e s f i b e r s a t u r a t i o n t h e 
d i s t i n c t i o n b e t w e e n l i q u i d w a t e r a n d w a t e r i n w o o d decreases t o w a r d 
z e r o . H o w e v e r , e v e n a b o v e fiber s a t u r a t i o n t h e w a t e r i n c e l l cav i t i e s 
m a y b e d i f f e r e n t f r o m o r d i n a r y l i q u i d w a t e r b e c a u s e o f c a p i l l a r y 
forces a n d / o r d i s s o l v e d m a t e r i a l s . 

S w e l l i n g P r e s s u r e o f W o o d . W o o d swe l l s w h e n its m o i s t u r e 
c o n t e n t i n c r e a s e s . I f i t is r e s t r a i n e d f r o m s w e l l i n g i t w i l l e x e r t a 

30CV 

200 

σ 

CO 1 0 0 

\ 

\ 
\ 

^ 
1 0 15 20 2 5 30 

M (%) 

Figure 24. Curves of Q L , AG, and TAS when liquid water is taken up by 
wood at various moisture contents. (Reproduced with permission from 

Ref 10. Copyright 1972, Syracuse University Press.) 
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3. S K A A R Wood-Water Relationships 159 

s w e l l i n g p r e s s u r e against t h e r e s t r a i n i n g m e d i u m . T h e o r d e r o f m a g 
n i t u d e o f t h e s w e l l i n g p r e s s u r e Π o f t h e c e l l w a l l , w h e n i t is i n i t i a l l y 
at e q u i l i b r i u m w i t h r e l a t i v e v a p o r p r e s s u r e h a n d t h e n i m m e r s e d i n 
l i q u i d w a t e r , c a n b e c a l c u l a t e d f r o m t h e o s m o t i c p r e s s u r e e q u a t i o n 
for s o l u t i on s w r i t t e n as 

Π = p A G = (pRT/18) In (llh) (27) 

w h e r e ρ is t h e d e n s i t y o f w a t e r i n t h e c e l l w a l l a n d t h e o t h e r t e r m s 
are as d e f i n e d i n E q u a t i o n 2 5 . 

W h e n w o o d is r e s t r a i n e d f r o m s w e l l i n g w h i l e s o a k i n g i n w a t e r , 
the p r e s s u r e s m e a s u r e d are m u c h s m a l l e r t h a n those p r e d i c t e d f r o m 
E q u a t i o n 2 7 b e c a u s e s w e l l i n g takes p l a c e i n t o t h e c e l l c a v i t i e s . T h e r e 
fore , t h e m a x i m u m s w e l l i n g p r e s s u r e d e v e l o p e d is a f u n c t i o n o f t h e 
s t r e n g t h o f t h e w o o d (49). 

T h e m a x i m u m t r a n s v e r s e s w e l l i n g p r e s s u r e s Ρ h a v e b e e n m e a 
s u r e d (49) i n w o o d d o w e l s w h i c h h a d p r e v i o u s l y b e e n d e n s i f i e d to 
d i f f e rent spec i f i c g r a v i t i e s . A f t e r d e n s i f i c a t i o n , e a c h s a m p l e was c o n 
d i t i o n e d to e q u i l i b r i u m w i t h h = 0 .3 a n d t h e n i n s e r t e d i n t o a s t e e l 
r e s t r a i n i n g r i n g e q u i p p e d w i t h s t r a i n gages to m e a s u r e t h e t r a n s v e r s e 
s w e l l i n g stress . T h e w o o d d o w e l s w e r e t h e n e x p o s e d to l i q u i d water . 
T h e r e s u l t s s h o w e d that t h e m a x i m u m o b s e r v e d s w e l l i n g p r e s s u r e 
i n c r e a s e d e x p o n e n t i a l l y w i t h i n c r e a s i n g spec i f i c g r a v i t y o f t h e test 
s a m p l e s ( F i g u r e 25). T h e e x t r a p o l a t i o n o f t h e i r c u r v e s to t h e spec i f i c 
g r a v i t y o f t h e d r y c e l l w a l l , 1.5, y i e l d s a v a l u e o f 13 ,200 p s i (91 M Pa). 
T h e t h e o r e t i c a l v a l u e b a s e d o n E q u a t i o n 2 7 is 158 M P a at r o o m 
t e m p e r a t u r e . T h e d i s c r e p a n c y b e t w e e n these t w o v a l u e s m a y b e b e -

4.2. 1 1 1 1 1 1 1 r 1 

0.6 0.7 OA 0.9 1.0 I.I \2 1.3 1.4 1.5 

Figure 25. Curve of swelling pressure (log scale) vs. dry-volume specific 
gravity G 0 (49). (Reproduced with permission from Ref. 10. Copyright 

1972, Syracuse University Press.) 
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160 T H E CHEMISTRY OF SOLID WOOD 

cause t h e s w e l l i n g a l o n g t h e g r a i n was n e g l e c t e d a n d b e c a u s e o f t h e 
c o m p r e s s i b i l i t y o f t h e c e l l w a l l i tsel f . T h i s d i s c r e p a n c y is t r e a t e d i n 
t h e B a r k a s t h e o r y o f h y g r o e l a s t i c i t y d i s c u s s e d next . 

H y g r o e l a s t i c E f f e c t s . W h e n h y g r o s c o p i c m a t e r i a l s s u c h as 
w o o d a r e r e s t r a i n e d f r o m s w e l l i n g f r e e l y t h e y n o t o n l y e x e r t a 
s w e l l i n g p r e s s u r e b u t also c o m e to a l o w e r m o i s t u r e c o n t e n t t h a n i f 
u n r e s t r a i n e d . T h e r e v e r s e effect also h o l d s t r u e : w o o d r e s t r a i n e d 
f r o m s h r i n k i n g e x h i b i t s a h i g h e r e q u i l i b r i u m m o i s t u r e c o n t e n t t h a n 
i f u n r e s t r a i n e d . T h i s is t h e hygroelastic effect, s o m e t i m e s c a l l e d the 
Barkas effect b e c a u s e B a r k a s was t h e first to t rea t i t q u a n t i t a t i v e l y 
(26). 

B a r k a s p r o p o s e d a g e n e r a l i z e d o s m o t i c p r e s s u r e t h e o r y for h y 
g r o s c o p i c gels s u c h as w o o d , b a s e d o n t h e g e n e r a l i z e d P o r t e r e q u a 
t i o n i n t h e f o r m 

(dV/dm)pdPm = vdp (28) 

w h e r e (dV/dm)p is t h e a p p a r e n t spec i f i c v o l u m e o f t h e s o r b e d w a t e r 
at c o n s t a n t v a p o r p r e s s u r e ρ (because V is t h e s w o l l e n v o l u m e o f t h e 
g e l p e r u n i t d r y mass , a n d m is t h e f r a c t i o n a l m o i s t u r e c ontent ) ; dpm 

is t h e i n c r e a s e i n h y d r o s t a t i c p r e s s u r e r e q u i r e d to raise t h e v a p o r 
p r e s s u r e o f t h e g e l b y t h e i n c r e m e n t dp at cons tant m o i s t u r e c o n t e n t 
m; a n d ν is t h e spec i f i c v o l u m e o f w a t e r vapor . 

E q u a t i o n 28 r e d u c e s to t h e o s m o t i c p r e s s u r e e q u a t i o n ( E q u a t i o n 
27) i f i t is i n t e g r a t e d b e t w e e n t h e l i m i t s o f ρ a n d pa ( w h e r e ρ = hp0), 
a s s u m i n g that (dV/dm)p = 1/p a n d that t h e i d e a l gas l a w a p p l i e s to 
w a t e r v a p o r , w h e r e Pm = Π. B a r k a s o b j e c t e d to a p p l y i n g t h e o s m o t i c 
p r e s s u r e e q u a t i o n to h y g r o s c o p i c g e l s s u c h as w o o d b e c a u s e t h i s 
e q u a t i o n n e g l e c t s t h e p r o p e r t i e s o f t h e g e l i tse l f , s u c h as r i g i d i t y , 
w h e n c o m p a r e d w i t h s o l u t i o n s . F u r t h e r m o r e , i t does n o t d i s t i n g u i s h 
b e t w e e n t h e s w e l l i n g p r e s s u r e at c o n s t a n t m a n d at c ons tant V . 

B a r k a s , t h e r e f o r e , p r o p o s e d a m o r e g e n e r a l i z e d s w e l l i n g p r e s 
s u r e t h e o r y for ge l s , w h i c h uses t h e P o r t e r e q u a t i o n , i n w h i c h t h e 
t e r m s Ρ, V, m, a n d ρ a re i n t e r r e l a t e d b a s e d o n e m p i r i c a l d a t a o b 
t a i n e d f r o m w o o d . F i g u r e 2 6 s h o w s a p r e s s u r e - v o l u m e d i a g r a m for 
t h e c e l l w a l l o f S i t k a s p r u c e w h i c h was c a l c u l a t e d b y a p p l y i n g t h e 
P o r t e r e q u a t i o n to t h e d a t a o f S t a m m a n d S e b o r g (50) o n S i t k a s p r u c e . 
T h e d i a g r a m i n d i c a t e s that t h e b u l k m o d u l u s (VdP/dV) o f t h e c e l l w a l l 
is g r e a t e r at c o n s t a n t m o i s t u r e c o n t e n t m ( p r o p o r t i o n a l to t h e s lopes 
o f t h e s o l i d l i n e s o f c o n s t a n t m) t h a n at c o n s t a n t r e l a t i v e v a p o r p r e s 
s u r e h ( p r o p o r t i o n a l to t h e s lopes o f t h e b r o k e n l i n e s o f cons tant h). 

B y u s i n g t h e s i m p l e o s m o t i c p r e s s u r e e q u a t i o n ( E q u a t i o n 27) w e 
a s s u m e that n o m o i s t u r e c h a n g e o c c u r s i n t h e w o o d w h e n i t is c o m 
p l e t e l y r e s t r a i n e d f r o m s w e l l i n g d u r i n g e x p o s u r e to water . A c c o r d i n g 
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3. SKAAR Wood-Water Relationships 161 

0.70 0.75 0.80 0.85 0.90 
VCcc /g ) 

Figure 26. Curves of hydrostatic pressure Ρ vs. specific volume V at con
stant moisture content m or relative vapor pressure h, from Barka (26). 
(Reproduced with permission from Ref. 10. Copyright 1972, Syracuse 

University Press.) 

to t h e c o n s t a n t m c u r v e s o f F i g u r e 2 6 , i f t h e v o l u m e V is to r e m a i n 
cons tant t h e m o i s t u r e c o n t e n t m m u s t i n c r e a s e w h e n t h e w o o d c e l l 
w a l l is at an e q u i l i b r i u m m o i s t u r e c o n t e n t m a n d t h e r e l a t i v e v a p o r 
p r e s s u r e is i n c r e a s e d . T h i s i n c r e a s e i n m o i s t u r e c o n t e n t e f f e c t ive ly 
increases t h e i n i t i a l v a l u e o f h so that t h e s w e l l i n g p r e s s u r e is l o w e r 
t h a n that c a l c u l a t e d f r o m t h e s i m p l e o s m o t i c p r e s s u r e e q u a t i o n . F o r 
e x a m p l e , i n t h e e x p e r i m e n t o f T a r k o w a n d T u r n e r (49) p r e v i o u s l y 
c i t e d , t h e e f fec t ive v a l u e o f h w o u l d b e s o m e w h a t h i g h e r t h a n 0 .3 
d u e to a s l i g h t i n c r e a s e i n m , a n d t h e c a l c u l a t e d v a l u e o f s w e l l i n g 
p r e s s u r e b y u s i n g E q u a t i o n 27 w o u l d b e l o w e r t h a n the 158 M P a 
w h e n c a l c u l a t e d b y a s s u m i n g that h = 0 .3 . 

Theories of Water Sorption 

M a n y t h e o r i e s h a v e b e e n p r o p o s e d to a c c o u n t for the s o r p t i o n 
o f w a t e r b y h y g r o s c o p i c m a t e r i a l s s u c h as w o o d . O n e o f t h e ear l i e s t 
t h e o r i e s ( P e i r c e , R e f e r e n c e 51) suggests that w a t e r is s o r b e d b y tex 
t i l es i n t w o f o r m s , o n e s t r o n g l y a t t a c h e d to p r i m a r y s o r p t i o n sites 
a n d t h e o t h e r b o u n d m o r e w e a k l y . 
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M o s t s u b s e q u e n t s o r p t i o n t h e o r i e s , i n c l u d i n g those d i s c u s s e d 
h e r e , h a v e f o l l o w e d th i s g e n e r a l a p p r o a c h a n d p o s t u l a t e t w o f o r m s 
o f s o r b e d w a t e r . T h e s e t h e o r i e s m a y b e c lass i f i ed i n t o at least t w o 
g e n e r a l t ypes b a s e d o n t h e s o r p t i o n m e c h a n i s m a s s u m e d . O n e t y p e 
assumes s o r p t i o n o n i n t e r n a l surfaces a n d is r e p r e s e n t e d b y t h e D e n t 
t h e o r y (52), w h i c h is a m o d i f i c a t i o n o f t h e c lass i c B r u n a u e r , E m m e t t , 
a n d T e l l e r ( B E T ) t h e o r y (53) . T h e s e c o n d t y p e a s s u m e s t h a t t h e 
w o o d - w a t e r s y s t e m f o r m s a s o l u t i o n , e x e m p l i f i e d b y the H a i l w o o d -
H o r r o b i n t h e o r y . T h e r e h a v e b e e n o t h e r t h e o r i e s , n o t d i s c u s s e d 
h e r e , that h a v e also b e e n a p p l i e d to e x p l a i n w a t e r s o r p t i o n b y h y 
g r o s c o p i c m a t e r i a l s (JO, 54, 55). 

D e n t ' s S u r f a c e S o r p t i o n T h e o r y . T h e D e n t s o r p t i o n t h e o r y o r 
m o d e l (52), i n t h e s i m p l e f o r m , is a m o d i f i c a t i o n o f t h e B E T m o d e l , 
w h i c h is i t s e l f a n e x t e n s i o n o f t h e e a r l i e r L a n g m u i r m o d e l (56). T h e 
L a n g m u i r m o d e l a s s u m e s that a gas (water v a p o r i n t h e case o f wood ) 
is s o r b e d o n t o s o r p t i o n s i tes o n t h e s u b s t r a t e o r s o r b e n t i n a m o n o 
l a y e r on ly . T h e f r a c t i o n o f s o r p t i o n s i tes o c c u p i e d b y t h e v a p o r o r 
sorbate is a f u n c t i o n o f t h e v a p o r p r e s s u r e o f t h e sorbate a n d a p 
p r o a c h e s u n i t y as t h e v a p o r p r e s s u r e inc reases . 

T h e B E T m o d e l (53) e x t e n d s t h e L a n g m u i r m o d e l to p e r m i t 
m o r e t h a n o n e l a y e r o f c o n d e n s a t e o n a n y p a r t i c u l a r s o r p t i o n s i te . 
F u r t h e r m o r e , i t p o s t u l a t e s that t h e gas c o n d e n s e d i n l ayers a b o v e 
t h e first l a y e r has t h e s a m e t h e r m o d y n a m i c p r o p e r t i e s as o r d i n a r y 
c o n d e n s a t e ( l i q u i d w a t e r i n t h e w o o d - w a t e r sys tem) . T h e b a s i c s o r p 
t i o n i s o t h e r m p r e d i c t e d b y t h e B E T m o d e l fits t h e i s o t h e r m for w o o d 
r e a s o n a b l y w e l l at r e l a t i v e v a p o r p r e s s u r e s less t h a n —0.3 b u t no t at 
h i g h e r v a l u e s . A m o d i f i c a t i o n that l i m i t s t h e m a x i m u m n u m b e r o f 
layers to a finite n u m b e r , say five o r six g ives a b e t t e r fit at h i g h 
r e l a t i v e v a p o r p r e s s u r e ( F i g u r e 27). H o w e v e r , t h e D e n t m o d e l g ives 
a m o r e sat is factory fit o v e r m o s t o f t h e h y g r o s c o p i c m o i s t u r e r a n g e . 

F i g u r e 28 s h o w s t h e w o o d s u b s t r a t e c o n t a i n i n g p r i m a r y s o r p t i o n 
sites ( v e r t i c a l l ines ) , s o m e o c c u p i e d b y p r i m a r y w a t e r m o l e c u l e s (dark 
c i r c l es ) , a n d s o m e c o n t a i n i n g b o t h p r i m a r y a n d s e c o n d a r y ( open c i r 
cles) w a t e r m o l e c u l e s . I n b o t h t h e B E T a n d D e n t m o d e l s t h e p r i m a r y 
s o r p t i o n s ites a re a s s u m e d to b e h i g h e n e r g y b i n d i n g s i tes , s u c h as 
a c c e s s i b l e h y d r o x y l g r o u p s , a n d t h e s e c o n d a r y s i t es a r e o f l o w e r 
b i n d i n g energy . T h e B E T m o d e l a s s u m e s that t h e t h e r m o d y n a m i c 
p r o p e r t i e s o f t h e s e c o n d a r y w a t e r m o l e c u l e s are t h e same as those 
o f o r d i n a r y l i q u i d w a t e r , w h e r e a s t h e D e n t m o d e l assumes that t h e y 
are d i f f e rent . 

I f the t h r e e f u n d a m e n t a l D e n t c ons tants , m0, ku a n d k2 are 
k n o w n the s o r p t i o n i s o t h e r m c a n b e w r i t t e n as 

m = mJixh/Kl - k2h) (1 + kxh - k2h)] (29) 
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h 
Figure 27. Sorption isotherms predicted by BET sorption theory for var
ious values of η (broken lines), compared with the experimental isotherm 
(solid line). Also shown is the monolayer moisture content M1 (10). (Re
produced with permission from Ref 10. Copyright 1972, Syracuse Uni

versity Press.) 

w h e r e m0 is t h e m o i s t u r e c o n t e n t c o r r e s p o n d i n g to c o m p l e t e m o n o 
l a y e r c o v e r a g e (a l l p r i m a r y s i tes o c c u p i e d b y a s i n g l e m o l e c u l e o n 
e a c h site) ; ki a n d k2 a re e q u i l i b r i u m cons tants r e l a t e d to the b i n d i n g 
e n e r g i e s o f t h e p r i m a r y a n d s e c o n d a r y w a t e r l a y e r s , r e s p e c t i v e l y ; a n d 
h is t h e r e l a t i v e v a p o r p r e s s u r e . T h e t o t a l m o i s t u r e c o n t e n t m cons is ts 
o f t w o c o m p o n e n t s ; t h e p r i m a r y w a t e r m l 5 a n d t h e s e c o n d a r y w a t e r 

T h e s e c a n b e c a l c u l a t e d as 

ml = m(l - k2h) = m0kih/(l + k{h - k2h) (30) 

ma = ™k2h = ™ ο &ι& 2 ^ 2 / [ (1 ~ k2h) (1 + kYh - k2h)] (31) 

T h e free e n e r g y c h a n g e AG γ ( cal /g o f water ) assoc ia ted w i t h s o r p -

/ / / / WOOD SUBSTRATE / / / / / / 

Figure 28. Schematic diagram showing sorption sites (vertical lines), some 
occupied by primary water molecules (dark circles) and some by sec

ondary water molecules (open circles) (59). 
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t i o n o f p r i m a r y w a t e r , a n d A G 2 ( s o r p t i o n o f s e c o n d a r y water ) c a n b e 
c a l c u l a t e d f r o m t h e e q u i l i b r i u m constants kx a n d k2 ( E q u a t i o n 32). 

= - (R7718) ln * i ; àG2 = - ( R T / 1 8 ) l n k2 (32) 

T h e coe f f i c i ents m0, kx, a n d k2 c a n b e c a l c u l a t e d f r o m a c t u a l 
s o r p t i o n i s o t h e r m s b y m o d i f y i n g E q u a t i o n 29 to E q u a t i o n 3 3 ( w h e r e 
A , B , a n d C are cons tants d e t e r m i n e d e m p i r i c a l l y f r o m s o r p t i o n i s o 
t h e r m data) . 

him = A + Bh - Ch2 (33) 

W h e n A , B , a n d C are k n o w n , t h e f u n d a m e n t a l constants ku k2, a n d 
m0 c a n b e e v a l u a t e d as 

k2 = [- Β + (Β2 + 4 A C ) 1 / 2 ] / ( 2 A ) (34) 

kx = 1/[1 - k2(B/C)] = (B/A) + 2 k2 (35) 

m0 = l / l A f t a i * ! + 1)] = 1 / ^ ) (36) 

T h e first s tep i n e v a l u a t i n g t h e coe f f i c ients for a p a r t i c u l a r s o r p 
t i o n i s o t h e r m is to c a l c u l a t e t h e r a t i o him f r o m e x p e r i m e n t a l d a t a o f 
h a n d m at e a c h d a t a p o i n t . T h e him v a l u e s are t h e n fitted to a 
p a r a b o l a , u s i n g least s q u a r e s r e g r e s s i o n p r o c e d u r e s , w i t h h as t h e 
i n d e p e n d e n t v a r i a b l e ( E q u a t i o n 33). T h e v a l u e s o f m0> kh a n d k2 a re 
t h e n e v a l u a t e d f r o m t h e r e g r e s s i o n coe f f i c ients A , R , a n d C . 

F i g u r e 29 s h o w s c u r v e s o f HIM ( = him) vs . H (= 100/i) c a l c u l a t e d 
f r o m e x p e r i m e n t a l s o r p t i o n d a t a (also p l o t t e d ) o n w o o d a n d b a r k at 
2 5 ° C , f or b o t h a d s o r p t i o n a n d d e s o r p t i o n . F i g u r e 3 0 s h o w s t h e 
c u r v e s o f t h e t o ta l m o i s t u r e c o n t e n t Μ , a n d o f Mx a n d M 2 , a l l ex 
p r e s s e d i n p e r c e n t ( M = 100 m) . T h e s e c u r v e s w e r e o b t a i n e d u s i n g 
va lues o f m0, kx, a n d k2 c a l c u l a t e d f r o m t h e c u r v e i n F i g u r e 29 for 
t h e a d s o r p t i o n i s o t h e r m o f w o o d . T h e c u r v e s l a b e l l e d a n d Ms are 
d e r i v e d f r o m t h e H a i l w o o d — H o r r o b i n s o r p t i o n i s o t h e r m m o d e l . 

H a i l w o o d - H o r r o b i n S o l u t i o n S o r p t i o n T h e o r y . T h e H a i l 
w o o d - H o r r o b i n (57) m o d e l t reats m o i s t u r e s o r p t i o n as h y d r a t i o n o f 
the p o l y m e r , t a k e n h e r e to b e d r y w o o d , b y s o m e o f t h e s o r b e d w a t e r 
c a l l e d w a t e r o f h y d r a t i o n , m/,. T h e h y d r a t e f o rms a p a r t i a l s o l u t i o n 
w i t h t h e r e m a i n i n g s o r b e d w a t e r , c a l l e d w a t e r o f s o l u t i o n , ms. A n 
e q u i l i b r i u m is a s s u m e d to ex is t b e t w e e n t h e d r y w o o d a n d w a t e r a n d 
t h e h y d r a t e d w o o d w i t h a n e q u i l i b r i u m cons tant Kv E q u i l i b r i u m is 
also a s s u m e d to ex is t b e t w e e n t h e h y d r a t e d w o o d a n d w a t e r v a p o r 
at r e l a t i v e v a p o r p r e s s u r e hy w i t h e q u i l i b r i u m cons tant K2. A t h i r d 
c ons tant m0 is d e f i n e d as t h e m o i s t u r e c o n t e n t c o r r e s p o n d i n g to c o m -
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6.0| 1 r 

Figure 29. Plotted points and fitted curves of the ratios H /M ( = h/m) vs. 
relative vapor pressure h for mean adsorption and desorption data on 10 

woods and barks (19). 
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Figure 30. Mean adsorption isotherms calculated from uppermost curve 
of Figure 29 and curves of M 1 ? M«, M h , and M s vs. H. Also shown is M 0 
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p l e t e h y d r a t i o n o f t h e w o o d . T h e m o d e l also a s s u m e s that t h e s o l u t i o n 
o f h y d r a t e d w o o d a n d d i s s o l v e d w a t e r b e h a v e s i d e a l l y , a n a s s u m p t i o n 
that has b e e n c r i t i c i z e d (58). 

T h e H a i l w o o d - H o r r o b i n s i n g l e h y d r a t e m o d e l p r e d i c t s a s o r p 
t i o n i s o t h e r m o f t h e s a m e f o r m as t h e D e n t m o d e l , that i s , a p a r a b o l i c 
r e l a t i o n s h i p b e t w e e n him a n d h as g i v e n i n E q u a t i o n 33 . F u r t h e r 
m o r e , t w o o f t h e f u n d a m e n t a l c ons tants , m0 a n d K2 a re i d e n t i c a l w i t h 
the D e n t cons tants m0 a n d k2. T h e t h i r d c ons tant Κχ is analogous to 
ki o f t h e D e n t m o d e l b u t n o t i d e n t i c a l . T h e y are r e l a t e d b y 

T h e w a t e r o f h y d r a t i o n m^ a n d o f s o l u t i o n ms a re ana logous a n d 
a l m o s t e q u a l to t h e p r i m a r y mx a n d s e c o n d a r y m^ m o i s t u r e c o n t e n t s , 
r e s p e c t i v e l y ( F i g u r e 30). E q u a t i o n s for t h e f ree e n e r g y changes as
soc ia ted w i t h t h e w a t e r o f h y d r a t i o n a n d o f s o l u t i o n , i n ana logy w i t h 
E q u a t i o n 3 2 are g i v e n b y 

Moisture Transport 
W a t e r i n w o o d is r a r e l y i n stat ic e q u i l i b r i u m . I t is c o n t i n u a l l y 

a d j u s t i n g to c h a n g e s i n i ts e n v i r o n m e n t . T h e m o s t d r a m a t i c c h a n g e 
oc curs w h e n g r e e n w o o d is first d r i e d . H o w e v e r , e v e n i n use w o o d 
is e x p o s e d to c y c l e s o f c h a n g i n g h u m i d i t y , b o t h d a i l y a n d seasonal ly . 

T h e rate o f c h a n g e o f w o o d m o i s t u r e c o n t e n t is d e t e r m i n e d b y 
s e v e r a l factors . T h e s e factors i n c l u d e t h e c u r r e n t m o i s t u r e c o n t e n t 
a n d g r a d i e n t s , spec i f i c g r a v i t y , d i m e n s i o n s a n d g r a i n o r i e n t a t i o n o f 
t h e w o o d , a n d t h e t e m p e r a t u r e , r e l a t i v e h u m i d i t y , a n d a i r v e l o c i t y 
s u r r o u n d i n g t h e w o o d . I t is c o n v e n i e n t to d i s cuss these p a r a m e t e r s 
i n t e r m s o f t h e i r effects o n t w o p h e n o m e n o l o g i c a l coe f f i c ients that 
h a v e b e e n c u s t o m a r i l y u s e d to express m o i s t u r e t r a n s p o r t i n w o o d 
a n d o t h e r m a t e r i a l s . T h e s e coe f f i c ients are t h e m o i s t u r e d i f f u s i o n 
coe f f i c i ent w h i c h d e t e r m i n e s t h e rate o f m o v e m e n t i n t e r n a l l y t h r o u g h 
t h e w o o d a n d t h e sur face e m i s s i o n coe f f i c i ent w h i c h d e t e r m i n e s t h e 
rate o f t r a n s p o r t b e t w e e n t h e w o o d surface a n d its s u r r o u n d i n g s . T h e 
i n t e r n a l t r a n s p o r t coe f f i c i ent w i l l b e d i s c u s s e d first, f o l l o w e d b y c o n 
s i d e r a t i o n o f t h e sur face coe f f i c i ent . 

T h e M o i s t u r e D i f f u s i o n C o e f f i c i e n t . T h e o n e - d i m e n s i o n a l 
m o i s t u r e f l u x (J) ( g / c m 2 s) o f w a t e r t h r o u g h w o o d c u s t o m a r i l y is g i v e n 
as t h e p r o d u c t o f t h e m o i s t u r e d i f f u s i o n coe f f i c ient D (cm 2 /s ) a n d t h e 
g r a d i e n t dcjdx o f m o i s t u r e c o n c e n t r a t i o n cm (g /cm 3 ) i n the d i r e c t i o n 
o f f l o w , o r 

K, = K g f a + 1) (37) 

AGh = - (ΛΓ/18)1η K i ; A G S = - (ΒΓ/18)1η K2 (38) 
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3. SKAAR Wood-Water Relationships 167 

D = -J/(dcm/dx) (39) 

T h e d r i v i n g p o t e n t i a l a s s u m e d for m o i s t u r e m o v e m e n t b a s e d o n 
E q u a t i o n 39 is the m o i s t u r e c o n c e n t r a t i o n cm. O t h e r d r i v i n g p o t e n 
tials m a y also b e a s s u m e d . T a b l e I l i s ts t h e p o t e n t i a l s that h a v e b e e n 
p r o p o s e d , t h e r e s u l t i n g t r a n s p o r t coe f f i c i ents , a n d t h e i r r e l a t i o n s h i p s 
to D i n e a c h case (59). A l t h o u g h o n e o r m o r e o f these o t h e r p o t e n t i a l s 
m a y b e m o r e d e s c r i p t i v e o f t h e d r i v i n g force for m o i s t u r e m o v e m e n t , 
the d i s c u s s i o n that f o l l ows w i l l b e r e s t r i c t e d to t h e d i f f u s i o n coe f f i 
c i e n t b e c a u s e i t is so w e l l e s t a b l i s h e d i n t h e l i t e r a t u r e , a n d c a n b e 
r e l a t e d to a n y o f t h e o t h e r s . F u r t h e r m o r e , i t appears u n c h a n g e d i n 
t h e u n s t e a d y - s t a t e d i f f u s i o n e q u a t i o n ( F i e k ' s s e c o n d law) , u n l i k e a n y 
o f the o t h e r coe f f i c ients . T h u s F i c k ' s s e c o n d l a w m a y b e w r i t t e n , for 
o n e d i m e n s i o n , as 

dcjdt = d(Ddcm/dx)/dx (40) 

T h e coe f f i c i ent D is a f fected b y m a n y factors , t h e m o s t i m p o r t a n t 
o f w h i c h are t e m p e r a t u r e , m o i s t u r e c o n t e n t , spec i f i c g rav i ty , a n d 
g r a i n o r i e n t a t i o n w i t h r e s p e c t to d i r e c t i o n o f f l o w as f irst c a l c u l a t e d 
q u a n t i t a t i v e l y b y S t a m m (60). F o r e x a m p l e , F i g u r e 31 shows t h e 
s t r o n g i n c r e a s e i n D w i t h t e m p e r a t u r e as w e l l as t h e m u c h h i g h e r 
v a l u e a l o n g (D/) t h a n across (Dt) t h e g r a i n for w o o d o f 0 .5 spec i f i c 
g r a v i t y (45). F i g u r e 31 also i n d i c a t e s t h e c o m p l e x effect o f w o o d m o i s -

Table I. Some Moisture Transport Coefficients U s e d for W o o d , 
T h e i r Assumed Potentials, and T h e i r Relationships to the 

Diffusion Coefficient D 

Refotion to 
Assumed Symbol Transport Coefficient Diffusion 
Potential (cgs units) (cgs units) Coefficient 

Moisture Cm D = -J/(dcJdx) D = D 
Concentration (g/cm 3) (cm 2/s) 
Fractional m Κ, = -J/(dmJdx) Km = D(dcm/dm) 
Moisture Content (g/g) (g/cm s) 
Percent M KM = -J/(dM/dx) KM = D(dcm/dM) 
Moisture Content (g/ioog) (g/100 c m s) 
Vapor Ρ Kp = -J/(dp/dx) Kp = D(dcm/dp) 
Pressure (dyne/cm 2 ) (g cm/dyne s) 
Relative h KH = -J/(dh/dx) KH = D(dcjdh) 
Vapor Pressure (ratio) (g/cm s) 
Osmotic Π Kn = -J/(dWdx) Kn = D(dcm/dU) 
Pressure (dyne/cm 2 ) (g cm/dyne s) 
Spreading Φ Κφ = - / / ( θφ /θχ) Κφ = D(dcjd4>) 
Pressure (dyne/cm) (g/dyne s) 
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Figure 31. Curves of Dj and Ό* vs. wood moisture content for various 
temperatures. (Reproduced with permission from Ref. 45. Copyright 

1971, Syracuse University Press.) 

t u r e c o n t e n t , w i t h D / g e n e r a l l y d e c r e a s i n g a n d Dt i n c r e a s i n g , as m o i s 
t u r e c o n t e n t in c reases o v e r t h e h y g r o s c o p i c r a n g e f r o m 5 to 2 5 % . 
T h i s d i f f e r e n c e is b e c a u s e t h e rate o f v a p o r f l o w t h r o u g h t h e e l o n 
g a t e d c e l l c a v i t i e s l i m i t s l o n g i t u d i n a l d i f f u s i o n a n d t h e rate o f b o u n d 
w a t e r f l o w t h r o u g h t h e c e l l w a l l s d e t e r m i n e s t h e rate o f t r a n s v e r s e 
d i f fus i on (60). 

T h e s t r o n g i n c r e a s e i n t h e d i f f u s i o n coe f f i c i ent D w i t h i n c r e a s i n g 
m o i s t u r e c o n t e n t m a y b e r e l a t e d to t h e d e c r e a s e i n t h e a c t i v a t i o n 
e n e r g y EB for m o i s t u r e d i f f u s i o n i n t h e c e l l w a l l w i t h i n c r e a s i n g m o i s 
t u r e c o n t e n t , as is s h o w n i n F i g u r e 32 . A c c o r d i n g to t h e d i a g r a m t h e 
e n e r g y EB is less t h a n t h e e n e r g y Ev r e q u i r e d to v a p o r i z e t h e w a t e r 
f r o m t h e b o u n d w a t e r l e v e l to t h e v a p o r state (61). T h i s d i a g r a m is 
s i m i l a r to F i g u r e 2 1 e x c e p t that t h e e n e r g y l e v e l s for t h e a c t i v a t e d 
m o l e c u l e s are also s h o w n . 

A b o v e f i b e r s a t u r a t i o n , t h e effect o f m o i s t u r e c o n t e n t o n D is 
e v e n m o r e c o m p l e x b e c a u s e o f t h e great v a r i a b i l i t y i n c a p i l l a r y f l o w 
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VAPOR WATER VAPOR 
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Figure 32. Curves showing relative energy levels of water vapor, acti
vated molecules, and liquid and bound water (61). 

t h r o u g h a n d p a r t i c u l a r l y b e t w e e n w o o d ce l l s . T h e s e c e l l s are c o n 
n e c t e d b y p o r e s w h o s e d i m e n s i o n s a n d n u m b e r s v a r y b y s e v e r a l 
o r d e r s o f m a g n i t u d e b e t w e e n a n d e v e n w i t h i n w o o d s (62). T h i s ex 
t r e m e v a r i a b i l i t y m a k e s q u a n t i t a t i v e e s t i m a t e s o f D v i r t u a l l y i m p o s 
s ib l e for m o i s t u r e m o v e m e n t a b o v e f i b e r s a t u r a t i o n (63). 

H a w l e y (64) f i rs t d e m o n s t r a t e d t h e c o m p l e x n a t u r e o f m o i s t u r e 
f l o w t h r o u g h w o o d a b o v e t h e f i b e r - s a t u r a t i o n p o i n t r e s u l t i n g f r o m 
c a p i l l a r y forces assoc ia ted w i t h a i r b u b b l e s a n d pores o f v a r i a b l e r a d i i 
i n t e r c o n n e c t i n g c e l l s . U s i n g C o m s t o c k ' s (65) s i m p l i f i e d s t r u c t u r a l 
m o d e l for so f twoods , S p o l e k a n d P l u m b (66), h o w e v e r , w e r e a b l e to 
p r e d i c t t h e c a p i l l a r y p r e s s u r e s i n s o u t h e r n y e l l o w p i n e as a f u n c t i o n 
o f p e r c e n t o f w a t e r s a t u r a t i o n o f t h e c e l l c a v i t i e s . S u c h a q u a n t i t a t i v e 
analys i s w o u l d b e m o r e d i f f i c u l t to i m p l e m e n t i n t h e case o f w o o d s 
o t h e r t h a n s o u t h e r n y e l l o w p i n e b e c a u s e t h e i r s t r u c t u r e s a n d p e r m e 
a b i l i t i e s are m o r e v a r i a b l e i n m o s t cases. H o w e v e r , c o m p u t e r m o d 
e l i n g t e c h n i q u e s are d e v e l o p i n g to t h e p o i n t w h e r e m o r e g e n e r a l 
m o d e l s m a y b e c o m e feas ib le . 

T h e S u r f a c e E m i s s i o n C o e f f i c i e n t . D u r i n g w o o d d r y i n g , p a r 
t i c u l a r l y o f t h i n w o o d s u c h as v e n e e r s , f l a k e s , a n d c h i p s , t h e l i m i t i n g 
ra te factor m a y b e t h e rate at w h i c h m o i s t u r e can b e r e m o v e d f r o m 
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t h e w o o d sur face . T h i s is p r o p o r t i o n a l to t h e sur face e m i s s i o n coef
ficient Se, d e f i n e d as 

Se = J/(Cms ~ Cm) (41) 

w h e r e cMs is t h e m o i s t u r e c o n t e n t (g /cm 3 ) at t h e w o o d sur face , a n d 
cm& is t h e v a l u e for t h e w o o d at e q u i l i b r i u m w i t h t h e d r y i n g a ir . 

A s is t h e case w i t h t h e d i f f u s i o n coe f f i c i ent D, S c a n b e r e l a t e d 
to s i m i l a r coe f f i c ients b a s e d o n a s s u m e d p o t e n t i a l s o t h e r t h a n c m . 
T h e s e coe f f i c ients are r e l a t e d to S as d e f i n e d a b o v e i n t h e s a m e w a y 
that t h e a l t e r n a t e coe f f i c i ents s h o w n i n Tab le I are r e l a t e d to D . I n 
t h e case o f S , h o w e v e r , t h e f u n d a m e n t a l p o t e n t i a l is p r o b a b l y t h e 
v a p o r p r e s s u r e d i f f e r e n c e (ps — pe) b e c a u s e v a p o r m o v e s e s s e n t i a l l y 
i n r e s p o n s e to v a p o r p r e s s u r e d i f f e rences . 

R o s e n (67) has g i v e n s o l u t i o n s o f t h e d i f f u s i o n e q u a t i o n for w o o d 
f r o m w h i c h t h e sur face m o i s t u r e c o n t e n t c a n b e p r e d i c t e d at v a r i o u s 
stages o f w o o d d r y i n g as a f u n c t i o n o f t h e t r a n s p o r t ra t i o L , d e f i n e d 
as S a / D , w h e r e a is h a l f t h e t h i c k n e s s o f t h e w o o d . B a s e d o n these 
so lu t i ons a n d o n e x p e r i m e n t a l d r y i n g d a t a , R o s e n s h o w e d that t h e 
surface m o i s t u r e c o n t e n t s c a l c u l a t e d at v a r i o u s stages o f d r y i n g w e r e 
e s s e n t i a l l y e q u i v a l e n t to t h e v a l u e s o b t a i n e d b y u s i n g the p s y c h r o -
m e t r i c a p p r o a c h g i v e n b y H a r t (68). 

R o s e n (69) s h o w e d t h a t t h e c o e f f i c i e n t S i n c r e a s e s w i t h i n 
c r e a s i n g a i r v e l o c i t y o v e r t h e r a n g e f r o m 1 to 12 m/s . T h e rate o f 
i n c r e a s e b e c a m e less p r o n o u n c e d at t h e h i g h e r a i r v e l o c i t i e s . 
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4 
Penetration and Reactivity of 
Cell Wall Components 

ROGER M . R O W E L L 

U.S. Department of Agriculture, Forest Service, Forest Products Laboratory, 
Madison, WI 53705 

Chemical modification of wood to increase its resistance 
to biodegradation and photodegradation, to improve its 
dimensional stability, and to decrease its flammability 
depends on adequate distribution of reacted chemicals 
in the water-accessible regions of the cell wall. The 
chemicals used for modifying wood must be capable of 
swelling the wood to facilitate penetration and must 
react with the cell wall polymer hydroxyl groups under 
neutral or mild alkaline conditions at temperatures at 
or below 120 °C . The chemicals should react quickly 
with the hydroxyl groups to yield stable chemical bonds 
with no by-products. The modified wood must retain the 
desired properties of the untreated wood. Chemicals 
used to modify wood include anhydrides, acid chlorides, 
carboxylic acids, isocyanates, aldehydes, alkyl chlorides, 
lactones, nitriles, and epoxides. Reaction of these chem
icals with wood yields a modified wood with good bio
logical resistance and greatly improved dimensional sta
bility. The reaction takes place in the cell wall and is 
evident when the increases in the wood volume approach 
the volume of chemical added, when the leach resistance 
of the modified wood is high, and by IR data. Studies 
on the distribution of the bonded chemical show good 
penetration into the cell wall structure. The lignin com
ponent is highly substituted although the carbohydrate 
components are less substituted. 

Physical Properties and Chemical Modification 
W o o d is a t h r e e - d i m e n s i o n a l , p o l y m e r i c c o m p o s i t e m a d e u p p r i 

m a r i l y o f c e l l u l o s e , h e m i c e l l u l o s e , a n d l i g n i n . T h e s e p o l y m e r s m a k e 
u p t h e c e l l w a l l a n d are r e s p o n s i b l e for mos t o f t h e p h y s i c a l a n d 

This chapter not subject to U.S. copyright. 
Published 1984, American Chemical Society 
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c h e m i c a l p r o p e r t i e s e x h i b i t e d b y w o o d . W o o d is a p r e f e r r e d b u i l d i n g 
a n d e n g i n e e r i n g m a t e r i a l b e c a u s e i t is e c o n o m i c a l , l o w i n p r o c e s s i n g 
e n e r g y , r e n e w a b l e , s t r o n g , a n d a e s t h e t i c a l l y p l e a s i n g . I t has , h o w 
e v e r , s e v e r a l u n d e s i r a b l e p r o p e r t i e s , s u c h as b i o d e g r a d a b i l i t y , 
f l a m m a b i l i t y , d i m e n s i o n a l i n s t a b i l i t y w i t h v a r y i n g m o i s t u r e c o n t e n t s , 
a n d d e g r a d a b i l i t y b y U V l i g h t , a c ids , a n d bases . T h e s e p r o p e r t i e s are 
a l l t h e r e s u l t o f c h e m i c a l r e a c t i o n s i n v o l v i n g d e g r a d a t i v e e n v i r o n 
m e n t a l agents . W o o d is d e g r a d e d b i o l o g i c a l l y b e c a u s e o r g a n i s m s r e c 
o g n i z e t h e p o l y s a c c h a r i d e p o l y m e r s i n t h e c e l l w a l l (e .g . , t h e c e l l u l o s e 
a n d h e m i c e l l u l o s e s ) a n d h a v e v e r y spec i f i c e n z y m e sys tems c a p a b l e 
o f h y d r o l y z i n g these p o l y m e r s i n t o d i g e s t i b l e u n i t s . Biodégradat ion 
o f t h e h i g h m o l e c u l a r w e i g h t c e l l u l o s e w e a k e n s t h e w o o d b e c a u s e 
c e l l u l o s e p r i m a r i l y i s r e s p o n s i b l e f o r t h e s t r e n g t h i n w o o d (see 
C h a p t e r 5). S t r e n g t h is lost as t h e c e l l u l o s e p o l y m e r u n d e r g o e s d e g 
r a d a t i o n t h r o u g h o x i d a t i o n , h y d r o l y s i s , a n d d e h y d r a t i o n r e a c t i o n s . 
T h e s a m e t y p e s o f r e a c t i o n s take p l a c e i n the p r e s e n c e o f ac ids a n d 
bases (see C h a p t e r 15). 

W o o d c h a n g e s d i m e n s i o n w i t h c h a n g i n g m o i s t u r e c o n t e n t b e 
cause t h e c e l l w a l l p o l y m e r s c o n t a i n h y d r o x y l a n d o t h e r o x y g e n - c o n 
t a i n i n g g r o u p s that a t t rac t m o i s t u r e t h r o u g h h y d r o g e n b o n d i n g (see 
C h a p t e r 3). T h i s m o i s t u r e s w e l l s t h e c e l l w a l l , a n d t h e w o o d e x p a n d s 
u n t i l t h e c e l l w a l l is s a t u r a t e d w i t h w a t e r . W a t e r b e y o n d th is s a t u 
r a t i o n p o i n t is f ree w a t e r i n t h e v o i d s t r u c t u r e a n d does no t c o n t r i b u t e 
to f u r t h e r e x p a n s i o n . T h i s process is r e v e r s i b l e , a n d t h e w o o d s h r i n k s 
as i t loses m o i s t u r e . 

W o o d b u r n s b e c a u s e t h e c e l l w a l l p o l y m e r s u n d e r g o h y d r o l y s i s , 
o x i d a t i o n , d e h y d r a t i o n , a n d p y r o l y s i s r e a c t i o n s w i t h i n c r e a s i n g t e m 
p e r a t u r e to g i v e of f v o l a t i l e , f l a m m a b l e gases. T h e l i g n i n c o m p o n e n t 
c o n t r i b u t e s m o r e to c h a r f o r m a t i o n t h a n d o t h e c e l l u l o s e c o m p o n e n t s , 
a n d t h e c h a r r e d l a y e r h e l p s i n s u l a t e t h e w o o d f r o m f u r t h e r t h e r m a l 
d e g r a d a t i o n (see C h a p t e r 13). 

W o o d e x p o s e d to t h e o u t d o o r s u n d e r g o e s p h o t o c h e m i c a l d e g 
r a d a t i o n c a u s e d b y U V l i g h t . T h i s d e g r a d a t i o n takes p l a c e p r i m a r i l y 
i n t h e l i g n i n c o m p o n e n t a n d causes c h a r a c t e r i s t i c c o l o r changes . T h e 
l i g n i n acts as a n a d h e s i v e i n w o o d , h o l d i n g c e l l u l o s e fibers t oge ther . 
C o n s e q u e n t l y , t h e w o o d sur face b e c o m e s r i c h e r i n c e l l u l o s e c o n t e n t 
as t h e l i g n i n d e g r a d e s . I n c o m p a r i s o n to l i g n i n , c e l l u l o s e is m u c h 
less s u s c e p t i b l e to U V d e g r a d a t i o n . T h e s e p o o r l y b o n d e d fibers are 
w a s h e d off t h e sur face d u r i n g a r a i n , w h i c h exposes n e w l i g n i n to t h e 
d e g r a d a t i v e r e a c t i o n s . I n t i m e , th i s " w e a t h e r i n g " process c a n a c c o u n t 
for a s i g n i f i c a n t loss i n sur face fibers (see C h a p t e r 11). 

B e c a u s e t h e s e t y p e s o f d e g r a d a t i o n are c h e m i c a l i n n a t u r e , i t 
s h o u l d b e p o s s i b l e to e l i m i n a t e t h e m o r dec rease t h e i r rate b y m o d 
i f y i n g t h e b a s i c c h e m i s t r y o f t h e w o o d c e l l w a l l p o l y m e r s . C h e m i c a l 
m o d i f i c a t i o n o f w o o d is a n y c h e m i c a l r e a c t i o n b e t w e e n s o m e r e a c t i v e 
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p a r t o f a w o o d c o m p o n e n t a n d a s i m p l e s i n g l e c h e m i c a l r e a g e n t , w i t h 
o r w i t h o u t ca ta lys t , that f o r m s a c o v a l e n t b o n d b e t w e e n t h e t w o 
c o m p o n e n t s . T h e m o s t a b u n d a n t r e a c t i v e c h e m i c a l sites i n w o o d are 
t h e h y d r o x y l g r o u p s o n c e l l u l o s e , h e m i c e l l u l o s e , a n d l i g n i n . 

M o s t o f t h e r e s e a r c h d o n e i n t h e a r e a o f c h e m i c a l m o d i f i c a t i o n 
i n v o l v e s t h e r e a c t i o n o f h y d r o x y l g r o u p s . F o r e x a m p l e , b i odégrada 
t i o n c a n b e p r e v e n t e d b y r e a c t i n g c h e m i c a l s w i t h t h e h y d r o x y l s o n 
t h e c e l l u l o s e c o m p o n e n t . W h e n th i s is d o n e , t h e h i g h l y spec i f i c b i 
o l o g i c a l e n z y m a t i c r e a c t i o n s c a n n o t take p l a c e b e c a u s e t h e c h e m i c a l 
c o n f i g u r a t i o n a n d m o l e c u l a r c o n f o r m a t i o n o f t h e subs t ra te h a v e b e e n 
a l t e r e d . M o r e r e s e a r c h has c e n t e r e d a r o u n d i m p r o v i n g d i m e n s i o n a l 
s tab i l i t y . C h a n g e s i n d i m e n s i o n c a n b e r e d u c e d b y b u l k i n g t h e c e l l 
w a l l w i t h b o n d i n g c h e m i c a l s . T h i s m e t h o d w o r k s b e c a u s e t h e t r e a t 
m e n t p u t s t h e w o o d i n a p a r t i a l l y , i f n o t c o m p l e t e l y , s w o l l e n state. 

T h e s e t e c h n i q u e s d e m o n s t r a t e that i t is p o s s i b l e to c h a n g e t h e 
bas i c c h e m i s t r y a n d , t h e r e f o r e , t h e p r o p e r t i e s o f w o o d c e l l w a l l p o l y 
m e r s t h r o u g h c h e m i c a l r e a c t i o n s . T h e s e c h e m i c a l m o d i f i c a t i o n s c a n 
g r e a t l y e n h a n c e t h e p r o p e r t i e s o f w o o d p r o d u c t s . 

C h e m i c a l m o d i f i c a t i o n o f w o o d for b i o l o g i c a l r e s i s tance is b a s e d 
o n t h e t h e o r y that t h e e n z y m e s (cel lulases) m u s t d i r e c t l y contac t the 
subs t ra te ( w o o d c e l l u l o s e ) , a n d t h e s u b s t r a t e m u s t h a v e a spec i f i c 
c o n f i g u r a t i o n . I f t h e s u b s t r a t e is c h e m i c a l l y c h a n g e d , th i s h i g h l y se 
l e c t i v e r e a c t i o n c a n n o t take p l a c e . O n e w a y to c h e m i c a l l y m o d i f y t h e 
subs t ra te is to c h a n g e t h e h y d r o p h i l i c n a t u r e o f t h e w o o d . I n s o m e 
cases w a t e r , a n e c e s s i t y for d e c a y o r g a n i s m s , is e x c l u d e d f r o m b i o 
l o g i c a l s i tes . T h e c h e m i c a l s u s e d for m o d i f i c a t i o n n e e d no t b e t ox i c 
to t h e o r g a n i s m b e c a u s e t h e i r a c t i o n r e n d e r s t h e subs t ra te u n r e c o g 
n i z a b l e as a f o o d s o u r c e to s u p p o r t m i c r o b i a l g r o w t h . I n o t h e r w o r d s , 
t h e o r g a n i s m s s tarve i n t h e p r e s e n c e o f p l e n t y . 

R e s e a r c h i n v o l v i n g c e l l w a l l b u l k i n g t r e a t m e n t s has s h o w n that 
t h e i n c r e a s e i n w o o d v o l u m e is d i r e c t l y p r o p o r t i o n a l to t h e t h e o r e t i c a l 
v o l u m e o f c h e m i c a l a d d e d (I) . T h e w o o d v o l u m e increases w i t h i n 
c r e a s i n g c h e m i c a l a d d i t i o n to a b o u t a 2 5 % g a i n i n w e i g h t , at w h i c h 
p o i n t t h e t r e a t e d v o l u m e is a p p r o x i m a t e l y e q u a l to the g r e e n w o o d 
v o l u m e (2). W h e n th i s b u l k e d w o o d c o m e s i n t o contac t w i t h w a t e r , 
v e r y l i t t l e a d d i t i o n a l s w e l l i n g c a n take p l a c e . T h i s is h o w b u l k i n g 
t r e a t m e n t s are e f fec t ive for d i m e n s i o n a l s tab i l i ty . 

S e v e r a l t e r m s are u s e d to d e s c r i b e t h e d e g r e e o f d i m e n s i o n a l 
s t a b i l i t y g i v e n to w o o d b y v a r i o u s t r e a t m e n t s : a n t i s h r i n k e f f i c i ency 
( A S E ) , s w e l l i n g p e r c e n t , d i m e n s i o n a l s t a b i l i z a t i o n e f f i c iency , a n t i -
s w e l l i n g e f f i c iency , a n d p e r c e n t r e d u c t i o n i n s w e l l i n g . G e n e r a l l y t h e 
v o l u m e t r i c s w e l l i n g coe f f i c i ent is c a l c u l a t e d b y 

y2 - y ι 
S = — x 100 
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w h e r e V 2 is t h e w o o d v o l u m e after h u m i d i t y c o n d i t i o n i n g o r w e t t i n g 
w i t h w a t e r , a n d Vx is t h e w o o d v o l u m e o f o v e n - d r i e d s a m p l e be fore 
c o n d i t i o n i n g o r w e t t i n g . T h e n A S E , w h i c h is t h e r e d u c t i o n i n s w e l l i n g 
o r a n t i s h r i n k e f f i c i ency r e s u l t i n g f r o m a t r e a t m e n t , c a n b e c a l c u l a t e d 
f r o m 

A S E = S l ~ § 2 x 100 
S i 

w h e r e S 2 is t h e t r e a t e d v o l u m e t r i c s w e l l i n g coe f f i c i ent , a n d Sx is t h e 
u n t r e a t e d v o l u m e t r i c s w e l l i n g coe f f i c i ent . 

Reaction Requirements 
P e n e t r a t i o n . I n w h o l e w o o d , a c c e s s i b i l i t y o f t h e t r e a t i n g r e 

agent to t h e r e a c t i v e c h e m i c a l s i tes is a m a j o r c o n s i d e r a t i o n . To i n 
crease a c c e s s i b i l i t y to t h e r e a c t i o n s i te , t h e c h e m i c a l m u s t p e n e t r a t e 
t h e w o o d s t r u c t u r e . P e n e t r a t i o n c a n b e a c h i e v e d b y c a u s i n g t h e w o o d 
s t r u c t u r e to s w e l l . I f a r e a g e n t p o t e n t i a l l y c a p a b l e o f m o d i f y i n g w o o d 
does n o t cause t h e w o o d s u b s t a n c e to s w e l l , t h e n cata lyst m a y b e 
necessary . I f b o t h t h e r e a g e n t a n d cata lys t are u n a b l e to cause the 
w o o d to s w e l l , a w o r k a b l e c o s o l v e n t c o u l d b e a d d e d to t h e r e a c t i o n 
s y s t e m . 

T h e s w e l l i n g o f w o o d b y v a r i o u s o r g a n i c l i q u i d s has b e e n s t u d i e d 
( 3 - 9 ) . F o r t h e m o s t p a r t , t h e s e s t u d i e s c o n s i s t e d o f s o a k i n g o v e n -
d r i e d b l o c k s o f w o o d for p r o l o n g e d p e r i o d s i n a n h y d r o u s o r g a n i c 
l i q u i d s at r o o m t e m p e r a t u r e . T h e d e g r e e o f s w e l l i n g , o r s w e l l i n g 
coe f f i c i ent , r e p r e s e n t s a n u n a d j u s t e d average s w e l l i n g coe f f i c ient a n d 
is u s u a l l y e x p r e s s e d as a t h r e e - d i m e n s i o n a l f u n c t i o n , i . e . , v o l u m e t r i c 
s w e l l i n g coe f f i c i ent . F o r c o m p a r a t i v e p u r p o s e s , v o l u m e t r i c s w e l l i n g 
coe f f i c ients are u s u a l l y s t a n d a r d i z e d to a v o l u m e t r i c s w e l l i n g coef f i 
c i e n t c o m p a r e d to w a t e r , s e t t i n g w a t e r at 10. If, for e x a m p l e , t h e 
u n a d j u s t e d a v e r a g e v o l u m e t r i c s w e l l i n g coe f f i c i ent for w a t e r was ex 
p e r i m e n t a l l y d e t e r m i n e d to b e 11 .7 , th i s c o u l d b e s t a n d a r d i z e d to 
10 b y d i v i d i n g 1.17 i n t o 11 .7 . A l l o t h e r v o l u m e t r i c s w e l l i n g coe f f i c ient 
v a l u e s o b t a i n e d w o u l d t h e n b e d i v i d e d b y 1.17 to s t a n d a r d i z e t h e m 
to a w a t e r v a l u e o f 10. I n o t h e r w o r d s , a d j u s t m e n t is m a d e b y d i v i d i n g 
e x p e r i m e n t a l v o l u m e t r i c s w e l l i n g coe f f i c i ent v a l u e s b y o n e - t e n t h t h e 
average v o l u m e t r i c s w e l l i n g coe f f i c i ent v a l u e for w o o d b l o c k s t r e a t e d 
w i t h w a t e r . 

Tables I , I I , a n d I I I g i v e v o l u m e t r i c s w e l l i n g coe f f i c ients for 
s o u t h e r n p i n e s a p w o o d for v a r i o u s p o t e n t i a l r eagents , cata lysts , a n d 
so lvents (10). T h e s e coe f f i c i ents w e r e d e t e r m i n e d u n d e r t w o sets o f 
c o n d i t i o n s . S p e c i m e n s f r o m o v e n - d r i e d s o u t h e r n p i n e s a p w o o d 
b l o c k s w e r e m e a s u r e d a n d t h e i r v o l u m e s w e r e d e t e r m i n e d . T e n s p e c 
i m e n s f r o m th i s set w e r e s u b m e r g e d i n a s o l u t i o n a n d e i t h e r t r e a t e d 
at 120 °C a n d a p r e s s u r e o f 150 l b / i n . 2 for 1 h , o r t h e y w e r e s o a k e d 
at 2 5 °C for 4 8 h . 
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T a b l e I . V o l u m e t r i c S w e l l i n g C o e f f i c i e n t s (S) f o r S o u t h e r n P i n e 
S a p w o o d i n V a r i o u s R e a g e n t s 

Reagent 
120 °C; 

150 lb/in.2; 1 h 25 °C; Soaking 

M e t h y l i s o cyanate 5 2 . 6 5.1 
A c e t i c a n h y d r i d e 12 .3 1.5 
F o r m a l d e h y d e s o l u t i o n 12 .3 12 .3 
W a t e r 10 .0 10 .0 
E p i c h l o r o h y d r i n 6 .9 5 .9 
A c r o l e i n 6 .7 7.0 
P r o p y l e n e o x i d e 5.2 5 .0 
A c r y l o n i t r i l e 4 .6 4 .5 
M e t h y l i s o t h i o c y a n a t e 4 .5 4 .1 
Buty lène o x i d e 4 .1 0 .7 

Tab le I s h o w s that t h e v o l u m e t r i c s w e l l i n g coe f f i c ients for t h e 
p o t e n t i a l r eagents u n d e r t h e t w o c o n d i t i o n s are n e a r l y t h e s a m e ex 
c e p t i n t h e cases o f m e t h y l i socyanate a n d ace t i c a n h y d r i d e . T h e 
a m o u n t o f s w e l l i n g for t h e s e t w o reagents is m u c h g r e a t e r at 120 °C 
t h a n at 2 5 °C b e c a u s e at 120 °C a r e a c t i o n w i t h w o o d has o c c u r r e d 
u s i n g b o t h m e t h y l i s o cyanate a n d ace t i c a n h y d r i d e . T h e l a r g e i n 
crease i n v o l u m e at 120 °C is c a u s e d b y r e a c t e d c h e m i c a l s b u l k i n g 
t h e c e l l w a l l . M u c h less c o n s i s t e n c y b e t w e e n t h e t w o t r e a t i n g c o n 
d i t i o n s is s e e n i n T a b l e I I w i t h cata lysts . P i p e r i d i n e a n d a n i l i n e h a v e 
h i g h s w e l l i n g coe f f i c i ents at 120 °C b u t v e r y l o w s w e l l i n g coe f f i c ients 

T a b l e I I . V o l u m e t r i c S w e l l i n g C o e f f i c i e n t s (S) f o r S o u t h e r n P i n e 
S a p w o o d i n V a r i o u s C a t a l y s t s 

Reagent 
120 ° C , 

150 lb/in.2; 1 h 2 5 °C; Soaking 

n - B u t y l a m i n e 15 .5 15 .2 
P i p e r i d i n e 13 .3 0 .0 
D i m e t h y l f o r m a m i d e 12 .8 12 .5 
P y r i d i n e 11 .3 13 .1 
A c e t i c a c i d 11.1 8 .8 
A n i l i n e 11 .0 0 .5 
W a t e r 10 .0 10 .0 
D i e t h y l a m i n e 5 .0 11 .0 
N - M e t h y l a n i l i n e 2 .6 0 .8 
N - M e t h y l p i p e r i d i n e 2 .2 1.6 
N . N - D i m e t h y l a n i l i n e 0 .3 0 .5 
T r i e t h y l a m i n e - 0 . 1 2 .1 
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at 2 5 °C . I f t h e s o a k i n g at 2 5 °C is c o n t i n u e d , p i p e r i d i n e reaches a n 
e q u i l i b r i u m s w e l l i n g coe f f i c i ent o f 13 .1 after 9 0 - 1 0 0 d (3, 4) a n d 
a n i l i n e r eaches a n e q u i l i b r i u m s w e l l i n g coe f f i c ient o f 10 after 9 0 d 
(4). T r i e t h y l a m i n e a c t u a l l y c a u s e s t h e w o o d s t r u c t u r e t o s h r i n k 
s l i g h t l y at 120 ° C . T h i s is a lso o b s e r v e d w i t h h e x a n e (Table III ) . 

T h e r e are n o s t r i k i n g d i f f e rences b e t w e e n t h e h i g h a n d l o w t e m 
p e r a t u r e s o a k i n g v a l u e s for t h e so lvents l i s t e d i n Tab le I I I . I n fact, 
t h e r e s e e m s to b e a c o r r e l a t i o n b e t w e e n h y d r o p h i l i c n a t u r e a n d d e 
g r e e o f s w e l l i n g . S t a m m (7) has s u g g e s t e d that s o m e so lvents a c t u a l l y 
s w e l l t h e c a r b o h y d r a t e - t y p e p o l y m e r s i n t h e c e l l w a l l a n d o t h e r s s w e l l 
l i g n i n . A t t e m p t s h a v e b e e n m a d e (4-7) to c o r r e l a t e o b s e r v e d s w e l l i n g 
b e h a v i o r w i t h c e r t a i n p h y s i o c h e m i c a l p r o p e r t i e s o f t h e l i q u i d s . 
T r e n d s w e r e n o t e d b e t w e e n t h e d e g r e e o f s w e l l i n g a n d t h e d i e l e c t r i c 
c o n s t a n t , o r b e t w e e n t h e sur face t e n s i o n , d i p o l e m o m e n t , m o l e c u l a r 
s i z e , o r t h e t e n d e n c y to h y d r o g e n b o n d w i t h m e t h a n o l . E v e r y t r e n d , 
h o w e v e r , h a d its e x c e p t i o n s . 

I t is k n o w n that s w e l l i n g is d i r e c t l y r e l a t e d to t h e d e n s i t y o f t h e 
w o o d (7, 11, 12). B e c a u s e l a t e w o o d o f m o s t spec ies has a d e n s i t y 
m o r e t h a n t w i c e that o f e a r l y w o o d , l a t e w o o d is a m a j o r c o n t r i b u t o r 
to s w e l l i n g . 

M a n y p h y s i c a l d i f f e rences ex is t b e t w e e n l a t e w o o d a n d e a r l y -
w o o d (see C h a p t e r 1). I n so f twoods , e a r l y w o o d t r a c h e i d s h a v e t h i n 

Table III. Volumetric Swelling Coefficients (S) for Southern Pine 
Sapwood in Various Solvents 

Reagent 
120 °C; 

150 lb/in.2; 1 h 25 °C; Soaking 

D i m e t h y l s u l f o x i d e 13 .3 11 .7 
D i m e t h y l f o r m a m i d e 12 .8 12 .5 
C e l l o s o l v e 10 .6 10 .2 
M e t h y l c e l l o s o l v e 10 .3 10 .0 
W a t e r 10 .0 10 .0 
M e t h a n o l 9 .0 9 .3 
1 , 4 - D i o x a n e 6 .5 0 .6 
T e t r a h y d r o f u r a n 5.4 7.2 
A c e t o n e 5.1 5.6 
D i c h l o r o m e t h a n e 3 .8 3 .3 
M e t h y l e t h y l k e t o n e 3 .6 5 .0 
E t h y l acetate 2.4 4 .2 
C y c l o h e x a n o n e 2 .3 0 .5 
4 - M e t h y l - 2 - p e n t a n o n e 0 .4 1.5 
X y l e n e s 0 .1 0 .2 
C y c l o h e x a n e 0 .1 0 .1 
H e x a n e s - 0 . 2 0 .2 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
00

4

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



4. R O W E L L Cell Wall Components 181 

c e l l w a l l s , l a r g e l u m e n s w i t h e n d s o v e r l a p p i n g those o f o t h e r t r a -
che ids , a n d large a n d n u m e r o u s p i t -pa i rs d i s t r i b u t e d a l ong the r a d i a l 
face. H o w e v e r , p i t - p a i r s are m o s t a b u n d a n t o n t h e o t h e r e n d s w h e r e 
t r a c h e i d s o v e r l a p e a c h o t h e r . L a t e w o o d t r a c h e i d s h a v e t h i c k c e l l 
w a l l s , n a r r o w l u m e n s , a n d f e w e r a n d s m a l l e r p i t - p a i r s o n t h e r a d i a l 
w a l l . I n a d d i t i o n , t h e l a t e w o o d t r a c h e i d s are p r e d o m i n a n t l y p i t t e d 
o n t h e i r t a n g e n t i a l w a l l s (13, 14). 

T h e t h i c k c e l l w a l l s o f l a t e w o o d [ m a i n l y c a u s e d b y a t h i c k e r S 2 

l a y e r i n t h e c e l l w a l l (15)] r e s u l t i n less p i t a s p i r a t i o n o n d r y i n g (16-
18). T h e m a i n f l o w o f l i q u i d s i n so f twoods is t h r o u g h t h e l u m e n s o f 
t r a c h e i d s b y w a y o f b o r d e r e d p i t - p a i r s . 

S e v e r a l s t u d i e s h a v e b e e n c o n c e r n e d w i t h t h e p e n e t r a t i o n o f 
l i q u i d s i n t o l a t e w o o d a n d e a r l y w o o d ( J J , 16-23). U n d e r a t m o s p h e r i c 
p r e s s u r e , t h e p e n e t r a t i o n o f n o n p o l a r l i q u i d s i n t o so f twood l a t e w o o d 
m a y b e c a u s e d , i n p a r t , b y c a p i l l a r y a c t i o n i n t h e v e r y s m a l l l u m e n s 
a n d passage t h r o u g h u n a s p i r a t e d p i t m e m b r a n e s . I n a s p i r a t e d e a r 
l y w o o d t h i s p e n e t r a t i o n w o u l d n o t o c cur . P e n e t r a t i o n o f n o n p o l a r 
l i q u i d s m a y also b e t h r o u g h d r y i n g c h e c k s i n t h e t h i c k l a t e w o o d c e l l 
w a l l s . A s t h e t e m p e r a t u r e a n d p r e s s u r e o f t h e l i q u i d are r a i s e d , p e n 
e t r a t i o n o f p o l a r l i q u i d s i n e a r l y w o o d w o u l d b e e x p e c t e d to i n c r e a s e 
b e c a u s e o f s o f t e n i n g o f t h e p i t s t r u c t u r e a n d d i s p l a c e m e n t o f t h e p i t 
m e m b r a n e . B e c a u s e t h e c e l l w a l l o f e a r l y w o o d is t h i n n e r t h a n that 
o f l a t e w o o d , p e n e t r a t i o n i n t o e a r l y w o o d w a l l s w o u l d b e q u i c k e r a n d 
f a c i l i t a t e d b y s w e l l i n g . I n c r u s t a t i o n o c c u r s i n t h e p i t m e m b r a n e s o f 
s o u t h e r n p i n e l a t e w o o d (24); th i s w o u l d r e t a r d l i q u i d p e n e t r a t i o n . 

R e a c t a n t s . C e l l u l o s e , h e m i c e l l u l o s e s , a n d l i g n i n are d i s t r i b 
u t e d t h r o u g h o u t t h e w o o d c e l l w a l l . T h e s e t h r e e h y d r o x y l - c o n t a i n i n g 
p o l y m e r s m a k e u p t h e s o l i d p h a s e o f w o o d . T h e v o i d s t r u c t u r e o r 
l u m e n s i n w o o d c a n b e v i e w e d as a b u l k storage r e s e r v o i r for c h e m i c a l 
r eac tants , w h i c h c o u l d b e u s e d to m o d i f y t h e c e l l w a l l p o l y m e r s . F o r 
e x a m p l e , t h e v o i d v o l u m e o f s o u t h e r n p i n e e a r l y w o o d w i t h a d e n s i t y 
o f 0 . 3 3 g / c m 3 is 0 . 7 7 c m 3 v o i d s / c m 3 w o o d o r 2 .3 c m 3 / g . F o r l a t e w o o d 
w i t h a d e n s i t y o f 0 . 70 g / c m 3 , t h e v o i d v o l u m e is 0 .52 c m 3 / c m 3 o r 0 .74 
c m 3 / g . T h e c e l l w a l l c a n a lso s w e l l a n d act as a c h e m i c a l s torage 
r e s e r v o i r . F o r s o u t h e r n p i n e , t h e c h a n g e i n c e l l w a l l s torage v o l u m e 
from o v e n - d r y to w a t e r - s w o l l e n is 0 .077 c m 3 / c m 3 . T h e s e d a t a s h o w 
that t h e r e is m o r e t h a n e n o u g h v o l u m e i n t h e v o i d s i n w o o d to h o u s e 
su f f i c i ent c h e m i c a l reac tants for a r e a c t i o n to take p l a c e w i t h t h e c e l l 
w a l l p o l y m e r s . 

P o t e n t i a l r eac tants m u s t c o n t a i n f u n c t i o n a l g r o u p s that w i l l r eac t 
w i t h h y d r o x y l g r o u p s o f t h e w o o d c o m p o n e n t s . T h e r e are m a n y l i t 
e r a t u r e r e p o r t s o f c h e m i c a l s that f a i l e d to react w i t h w o o d c o m p o 
n e n t s w h e n , i n fact , t h e c h e m i c a l s d i d n o t c o n t a i n f u n c t i o n a l g r o u p s 
that c o u l d react . 
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T h e c h e m i c a l b o n d d e s i r e d b e t w e e n t h e r e a g e n t a n d t h e w o o d 
c o m p o n e n t is o f m a j o r c o n s i d e r a t i o n . F o r p e r m a n e n c e , th i s b o n d 
s h o u l d h a v e e n o u g h s t a b i l i t y to w i t h s t a n d e n v i r o n m e n t a l stresses . I n 
s u c h cases, t h e e t h e r l i n k a g e m a y b e t h e m o s t d e s i r a b l e co v a l e n t C -
O b o n d . E t h e r l i n k a g e s are m o r e s tab le t h a n t h e g l y c o s i d i c a ce ta l 
b o n d s b e t w e e n sugar u n i t s i n t h e w o o d p o l y s a c c h a r i d e s ; t h e r e f o r e , 
t h e p o l y s a c c h a r i d e s w o u l d d e g r a d e b e f o r e t h e b o n d e d e t h e r s . L e s s 
s tab le b o n d s c a n also b e f o r m e d w h i c h w o u l d b e u s e f u l for t h e re l ease 
o f a b o n d e d c h e m i c a l u n d e r e n v i r o n m e n t a l stresses . A c e t a l s a n d es 
ters are less s tab le t h a n e t h e r b o n d s a n d c o u l d b e u s e d to b o n d 
b i o l o g i c a l agents o r f i re r e t a r d a n t s to t h e w o o d i n s u c h a w a y that 
t h e y w o u l d b e r e l e a s e d u n d e r c e r t a i n c o n d i t i o n s . U n l e s s a l l o f t h e 
r e a g e n t s k e l e t o n b e c o m e s b o n d e d to t h e w o o d , i . e . , n o b y - p r o d u c t s 
are g e n e r a t e d , e c o n o m i c s m a y d i c t a t e that a r e c o v e r y s y s t e m b e i m 
p l e m e n t e d . 

G a s reac tants are d i f f i c u l t to h a n d l e b e c a u s e t h e y r e q u i r e h i g h 
p r e s s u r e e q u i p m e n t . A l s o , t h e l e v e l o f c h e m i c a l s u b s t i t u t i o n is u s u 
a l l y l o w e r i n gas t h a n i n l i q u i d s y s t e m s , a n d gas p e n e t r a t i o n c a n b e 
v e r y d i f f i c u l t . T h e bes t success , to d a t e , o f c h e m i c a l s y s t e m s is w i t h 
l o w b o i l i n g l i q u i d s that s w e l l w o o d eas i ly . I f t h e b o i l i n g p o i n t is too 
h i g h , i t is d i f f i c u l t to r e m o v e excess r e a g e n t after t r e a t m e n t . G e n 
e ra l l y , t h e l o w e s t m e m b e r o f a h o m o l o g o u s ser ies is t h e m o s t r e a c t i v e 
a n d has t h e l o w e s t b o i l i n g p o i n t . 

S o m e c h e m i c a l s reac t c o m p l e t e l y w i t h a s i n g l e h y d r o x y l g r o u p . 
S u c h is t h e case , for e x a m p l e , w i t h m e t h y l a t i o n u s i n g m e t h y l i o d i d e . 
O t h e r c h e m i c a l s , s u c h as e p o x i d e s , i n t h e c o u r s e o f r e a c t i n g f o r m a 
n e w h y d r o x y l g r o u p that reacts f u r t h e r . I n o t h e r w o r d s , cases s u c h 
as m e t h y l a t i o n i n v o l v e s i n g l e - s i t e s u b s t i t u t i o n , w h e r e a s cases s u c h as 
e p o x i d a t i o n i n v o l v e p o l y m e r f o r m a t i o n f r o m a s i n g l e graft p o i n t . T h i s 
w i l l b e d i s c u s s e d i n d e t a i l l a t e r i n th i s c h a p t e r . 

F r o m t h e s t a n d p o i n t o f i n d u s t r i a l a p p l i c a t i o n o f r e a g e n t s f o r 
w o o d , t ox i c i ty , c o r r o s i v i t y , a n d cost are i m p o r t a n t factors i n s e l e c t i n g 
a c h e m i c a l . T h e r e a c t e d c h e m i c a l s s h o u l d n o t b e t ox i c o r c a r c i n o g e n i c 
i n t h e finished p r o d u c t , a n d t h e r e a c t a n t i t s e l f s h o u l d b e as n o n t o x i c 
as p o s s i b l e i n t h e t r e a t i n g stage. T h i s is s o m e w h a t d i f f i cu l t to a c h i e v e 
b e c a u s e c h e m i c a l s that reac t eas i l y w i t h w o o d h y d r o x y l g r o u p s w i l l 
a lso reac t e a s i l y w i t h b l o o d a n d t i s sue h y d r o x y l - c o n t a i n i n g p o l y m e r s . 
T h e reac tants s h o u l d b e as n o n c o r r o s i v e as p o s s i b l e to e l i m i n a t e t h e 
n e e d for s p e c i a l t r e a t m e n t o f e q u i p m e n t . I n t h e l a b o r a t o r y e x p e r i 
m e n t a l stage, t h e h i g h cost o f c h e m i c a l s is not a m a j o r c o n s i d e r a t i o n . 
C h e m i c a l cost is i m p o r t a n t , h o w e v e r , i n c o m m e r c i a l i z a t i o n o f a p r o 
cess. 

C o n d i t i o n s . T h e r e a r e c e r t a i n e x p e r i m e n t a l c o n d i t i o n s t h a t 
m u s t b e c o n s i d e r e d b e f o r e a r e a c t i o n s y s t e m is s e l e c t e d . T h e t e r n -
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p e r a t u r e r e q u i r e d for c o m p l e t e r e a c t i o n m u s t b e l o w e n o u g h that i t 
causes l i t t l e o r n o w o o d d e g r a d a t i o n . H o w e v e r , t h e rate o f r e a c t i o n 
m u s t b e r e l a t i v e l y fast. A safe u p p e r l i m i t is a b o u t 1 2 0 °C , b e c a u s e 
l i t t l e w o o d d e g r a d a t i o n o c c u r s at th i s t e m p e r a t u r e o v e r a s h o r t p e r i o d 
o f t i m e . 

It is i m p r a c t i c a l to d r y w o o d to less t h a n 1 % m o i s t u r e , b u t t h e 
w a t e r c o n t e n t o f t h e w o o d d u r i n g r e a c t i o n i s , i n m o s t cases, c r i t i c a l . 
T h e h y d r o x y l i n w a t e r is m o r e r e a c t i v e t h a n t h e h y d r o x y l g r o u p s 
a v a i l a b l e i n w o o d c o m p o n e n t s , i . e . , h y d r o l y s i s is faster t h a n s u b s t i 
t u t i o n . T h e m o s t f a v o r a b l e c o n d i t i o n is a r e a c t i o n s y s t e m i n w h i c h 
t h e rate o f r e a g e n t h y d r o l y s i s is r e l a t i v e l y s l o w . 

It is also i m p o r t a n t to k e e p t h e r e a c t i o n s y s t e m s i m p l e . I t is b e s t 
to a v o i d m u l t i c o m p o n e n t s y s t e m s that r e q u i r e c o m p l e x s e p a r a t i o n 
p r o c e d u r e s to r e c o v e r t h e c h e m i c a l s after t h e r e a c t i o n . T h e o p t i m u m 
s y s t e m w o u l d b e w h e n t h e r e a c t i n g c h e m i c a l swe l l s t h e w o o d s t r u c 
t u r e a n d acts as t h e s o l v e n t . 

A l m o s t a l l c h e m i c a l r e a c t i o n s r e q u i r e a cata lyst . S t r o n g a c i d ca t 
alysts c a n n o t b e u s e d w i t h w o o d b e c a u s e t h e y cause e x t e n s i v e d e g 
r a d a t i o n . T h e m o s t f a v o r a b l e cata lys t f r o m t h e s t a n d p o i n t o f w o o d 
d e g r a d a t i o n is a w e a k l y a l k a l i n e o n e . A l k a l i n e catalysts are also f a 
v o r e d b e c a u s e m a n y o f t h e m s w e l l t h e w o o d s t r u c t u r e a n d g i v e b e t t e r 
p e n e t r a t i o n (see T a b l e II) . T h e cata lyst u s e d s h o u l d b e e f fect ive at 
l o w r e a c t i o n t e m p e r a t u r e s , e a s i l y r e m o v e d after r e a c t i o n , n o n t o x i c , 
a n d n o n c o r r o s i v e . I n m o s t cases , t h e o r g a n i c t e r t i a r y a m i n e s are bes t 
s u i t e d for th is p u r p o s e . 

T h e r e a c t i o n c o n d i t i o n s m u s t b e m i l d e n o u g h that t h e r e a c t e d 
w o o d s t i l l p o s s e s s e s t h e d e s i r a b l e p r o p e r t i e s o f w o o d . T h e w o o d 
s h o u l d r e m a i n s t r o n g , r e t a i n its n a t u r a l c o l o r (unless a c o l o r c h a n g e 
is d e s i r a b l e ) , s t i l l b e a g o o d e l e c t r i c a l i n s u l a t o r , n o t b e c o m e d a n 
g e r o u s to h a n d l e , a n d b e g l u a b l e a n d p a i n t a b l e . 

Reactions with Wood 
E s t e r s . A C E T Y L A T I O N . T h e m o s t s t u d i e d o f a l l t h e c h e m i c a l 

m o d i f i c a t i o n t r e a t m e n t s for w o o d has b e e n a c e t y l a t i o n . T h e e a r l y 
w o r k was d o n e w i t h ace t i c a n h y d r i d e c a t a l y z e d w i t h p y r i d i n e ( 2 5 ) o r 
z i n c c h l o r i d e (26). I n t h e r e a c t i o n w i t h ace t i c a n h y d r i d e , a c e t y l a t i o n 
o c c u r s , a n d ace t i c a c i d is s p l i t o u t as a b y - p r o d u c t : 

Ο Ο 
Il II 

W o o d - O H + C H 3 - C - 0 - C - C H 3 ~ > 
O O 
Il II 

W o o d - 0 - C - C H 3 + C H 3 - C - O H 
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T h e r e a c t i o n is a c i d o r base c a t a l y z e d . M a n y catalysts h a v e b e e n 
t r i e d , i n c l u d i n g p o t a s s i u m acetate a n d s o d i u m acetate (27), d i m e t h -
y l f o r m a m i d e ( D M F ) (28-30), u r e a a m m o n i u m sul fate (29), m a g 
n e s i u m p e r c h l o r a t e (31-33), t r i f l u o r o a c e t i c a c i d (32) , b o r o n t r i -
f l u o r i d e (30), s o d i u m acetate (31), p o t a s s i u m h y d r o g e n p h o s p h a t e 
(34), a n d 7 -rays (35). T h e bes t a c e t y l a t i o n c o n d i t i o n , h o w e v e r , is u n -
c a t a l y z e d a c e t i c a n h y d r i d e i n x y l e n e at 1 0 0 - 1 3 0 °C (36). 

A c e t y l a t i o n is a s i n g l e - s i t e r e a c t i o n , that i s , o n e a c e t y l p e r r e 
a c t e d h y d r o x y l g r o u p w i t h n o p o l y m e r i z a t i o n . T h i s m e a n s that a l l t h e 
w e i g h t g a i n i n a c e t y l c a n b e c o n v e r t e d d i r e c t l y i n t o u n i t s o f h y d r o x y l 
g r o u p s b l o c k e d . W h e n p o l y m e r c h a i n s are f o r m e d t h e w e i g h t g a i n 
c a n n o t b e c o n v e r t e d i n t o u n i t s o f b l o c k e d h y d r o x y l g r o u p s . 

A t w e i g h t ga ins a b o v e 1 7 % , a c e t y l a t e d w o o d was f o u n d i n s o i l -
b l o c k tests (90 d) to res i s t at tack b y t h e f u n g i Coniophora puterana 
(36), Lentinus lepideus (36), Porta incrassata (36, 37), Polyporus ver
sicolor (36-38), Gloeophyllum trabeum (36, 38, 39), Porta monticola 
(36), Porta microsporia (37), a n d Coniophora cerebella (40-43). A c e t 
y l a t e d , l a m i n a t e d v e n e e r s o f y e l l o w b i r c h i n g r o u n d contac t s take 
tests at 1 9 . 2 % w e i g h t g a i n h a d a n average l i fe o f 17 .5 years c o m p a r e d 
to 2 . 7 years for u n t r e a t e d c o n t r o l s (44). 

A c e t y l a t i o n to a w e i g h t g a i n o f 2 0 - 2 5 % s h o w e d a 7 0 % r e d u c t i o n 
i n s w e l l i n g o r A S E (37, 38, 45, 46). S o u t h e r n y e l l o w p i n e w e a t h e r e d 
for 12 m o n t h s d e c r e a s e d s l i g h t l y i n a c e t y l c o n t e n t . Its A S E d r o p p e d 
from 78 to 6 4 % (38). 

D E N S I T Y . A c e t y l a t e d w o o d is m o r e d e n s e t h a n u n t r e a t e d w o o d 
a n d has f e w e r fibers o f l i g n o c e l l u l o s e p e r u n i t v o l u m e (47). T h i s effect 
is c a u s e d b y t h e b u l k i n g o f t h e acetate , w h i c h is m o r e d e n s e t h a n 
w a t e r . W o o d u s u a l l y gets s l i g h t l y d a r k e r after a c e t y l a t i o n w i t h u n -
c a t a l y z e d ace t i c a n h y d r i d e ; i t also loses m u c h o f its n a t u r a l b r i l l i a n c e 
(48) . T h e c h a n g e i n c o l o r w i t h c a t a l y z e d a c e t y l a t i o n var i e s d e p e n d i n g 
o n t h e r e a c t i o n c o n d i t i o n s a n d cata lyst . C o l o r c h a n g e s f r o m a s l i g h t 
d a r k e n i n g to a l m o s t b l a c k w i t h p y r i d i n e a n d D M F h a v e b e e n f o u n d . 

A c e t y l a t e d w o o d is less p e r m e a b l e to gases t h a n u n t r e a t e d w o o d 
(49) . T h i s m a y b e c a u s e d b y t h e b u l k i n g c h e m i c a l s w h i c h r e s t r i c t t h e 
p o r e space . M o i s t u r e a b s o r p t i o n decreases b y a factor o f t w o to t h r e e 
(50) as does o v e r a l l w a t e r r e s i s t a n c e (51, 52). A c e t y l a t i o n i n a N 2 0 4 -
Ν , Ν - D M F - p y r i d i n e s y s t e m c a u s e s a p e r m a n e n t loss o f c e l l u l o s e 
c r y s t a l l i n i t y (53, 54). T h e loss o f c r y s t a l l i n i t y y i e l d s a u n i f o r m d i s t r i 
b u t i o n o f a c e t y l g r o u p s i n c e l l u l o s e . 

T h e m e c h a n i c a l p r o p e r t i e s o f a c e t y l a t e d w o o d are g e n e r a l l y 
e q u a l to those o f u n t r e a t e d w o o d . H o w e v e r , s h e a r s t r e n g t h p a r a l l e l 
to t h e g r a i n dec reases i n t r e a t e d w o o d (47), a n d t h e m o d u l u s o f e las 
t i c i t y dec reases s l i g h t l y (54). I m p a c t s t r e n g t h (38) o r m o d u l u s o f e las 
t i c i t y (or stiffness) are u n c h a n g e d (47). W e t a n d d r y c o m p r e s s i v e 
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s t r e n g t h (38, 47) , h a r d n e s s , fiber stress at p r o p o r t i o n a l l i m i t (47), a n d 
w o r k to p r o p o r t i o n a l l i m i t (47) a re i n c r e a s e d . M o d u l u s o f r u p t u r e is 
i n c r e a s e d for so f twoods b u t d e c r e a s e d for h a r d w o o d s (47). 

R e s u l t s o f a 2 - y e a r p a i n t s t u d y i n d i c a t e a c e t y l a t e d w o o d is a 
b e t t e r p a i n t i n g s u r f a c e (37) t h a n u n t r e a t e d w o o d . U V r a d i a t i o n 
d a r k e n s u n a c e t y l a t e d w o o d , b u t t h e r e is n o c h a n g e o r a s l i g h t 
b l e a c h e d effect w i t h a c e t y l a t e d w o o d (37). I n g e n e r a l , a c e t y l a t i o n 
r e d u c e s t h e a d h e s i v e s t r e n g t h o f w o o d (48). A d h e s i v e s t r e n g t h is 
r e d u c e d w i t h u r e a - f o r m a l d e h y d e r e s i n s (54, 55) a n d c a s e i n g lues 
(55), b u t t h e r e is v e r y l i t t l e e f fect w i t h r e s o r c i n o l - f o r m a l d e h y d e 
r e s i n s (55). 

M a n y o f t h e p r o p e r t i e s o f a c e t y l a t e d w o o d d e p e n d o n t h e 
m e t h o d o f a c e t y l a t i o n . T h e t e m p e r a t u r e o f t r e a t m e n t , t i m e o f r e a c 
t i o n , a n d t y p e a n d a m o u n t o f catalysts p l a y a s ign i f i cant r o l e i n t h e 
e x t e n t that fibers d e g r a d e d u r i n g t r e a t m e n t . T h e a m o u n t o f m o i s t u r e 
p r e s e n t i n t h e w o o d also is i m p o r t a n t . S o m e m o i s t u r e ( 2 - 5 % ) s e e m s 
to b e n e e d e d to o b t a i n t h e b e s t r e a c t i o n , b u t a b o v e th is l e v e l t h e 
w a t e r h y d r o l y z e s t h e ace t i c a n h y d r i d e to ace t i c a c i d . T h i s loss b y 
h y d r o l y s i s a c c o u n t s for a 5 . 7 % loss o f a n h y d r i d e w i t h e a c h 1% o f 
w a t e r i n t h e w o o d (36). T h e rate o f a c e t y l a t i o n decreases as m o i s t u r e 
c o n t e n t in c reases (37). 

T h e a n h y d r i d e m e t h o d o f a c e t y l a t i o n g ives an a c i d b y - p r o d u c t 
that r e s u l t s i n a n a c i d i c c o n d i t i o n i n t h e w o o d a n d a loss o f 5 0 % o f 
t h e r e a c t i o n c h e m i c a l . T h e s e b y - p r o d u c t s m u s t b e r e m o v e d to p r e 
v e n t d e g r a d a t i o n . A c e t i c a c i d , t h e b y - p r o d u c t o f a c e t y l a t i o n w i t h 
ace t i c a n h y d r i d e , is v i r t u a l l y i m p o s s i b l e to r e m o v e c o m p l e t e l y f r o m 
w o o d . T h i s r e s u l t s i n a p r o d u c t that s m e l l s o f a ce t i c a c i d , a c i d c o n 
d i t i o n s that c a t a l y z e t h e r e m o v a l o f m o r e a c e t y l g r o u p s , a c i d h y d r o 
lys i s o f c e l l u l o s e fibers w h i c h r e s u l t s i n s t r e n g t h losses o v e r a l o n g 
t e r m , a n d a c i d c o r r o s i o n o f m e t a l fasteners u s e d i n the w o o d p r o d u c t . 

A c e t y l a t i o n c a n also b e d o n e b y v a p o r - p h a s e t r e a t m e n t s , b u t t h e 
d i f f u s i o n rate v a r i e s i n v e r s e l y as t h e s q u a r e o f t h e t h i c k n e s s (37, 56). 
B e c a u s e o f t h i s effect, v a p o r - p h a s e t r e a t m e n t has b e e n a p p l i e d o n l y 
to t h i n v e n e e r s . 

A n o t h e r m e t h o d for t h e a c e t y l a t i o n o f w o o d i n v o l v e s r e a c t i o n 
w i t h k e t e n e gas d i s s o l v e d i n a ce tone o r t o l u e n e (57-61): 

Ο 

W o o d - O H + C H 2 = C = 0 - > W o o d - 0 - C - C H 3 

R e a c t i o n s c a r r i e d o u t at 5 5 - 6 0 °C for 6 - 8 h p r o d u c e w e i g h t ga ins o f 
2 2 % (59). M u c h o f t h e w o r k w i t h k e t e n e , h o w e v e r , has r e s u l t e d i n 
m u c h l o w e r w e i g h t ga ins . A t t h e h i g h e r l e v e l o f t r e a t m e n t , t h e acet -
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y l a t e d w o o d shows a r educ t i on i n water absorpt ion b y 352, tangential 
s w e l l i n g b y 71%, a n d r a d i a l s w e l l i n g b y 69$ (58). 

V a p o r - p h a s e a c e t y l a t i o n w i t h e t h a n e t h i o i c a c i d p r o d u c e s a m o d 
i f i e d w o o d w i t h s l i g h t l y l o w e r w e i g h t gains t h a n a c e t y l a t i o n w i t h 
ace t i c a n h y d r i d e (62). A t w e i g h t gains o f a b o u t 1 7 % , t h e t r e a t e d w o o d 
has a n A S E o f 4 8 % . E t h a n e t h i o i c a c i d is less c o r r o s i v e t h a n ace t i c 
a n h y d r i d e , b u t t h e t r e a t e d w o o d c o n t i n u e s to e m i t h y d r o g e n s u l f i d e 
b e c a u s e o f t h e e n t r a p m e n t o f s m a l l a m o u n t s o f e t h a n e t h i o i c a c i d . 

I n s p i t e o f t h e vast a m o u n t o f r e s e a r c h i n t h e a c e t y l a t i o n o f w o o d , 
t h e p rocess has n o t b e e n a p p l i e d c o m m e r c i a l l y . T w o a t t e m p t s , o n e 
i n t h e U n i t e d States (38) a n d o n e i n R u s s i a (63, 64), c a m e c l ose to 
c o m m e r c i a l i z a t i o n b u t w e r e d i s c o n t i n u e d , p r e s u m a b l y b e c a u s e t h e y 
w e r e n o t cost e f fec t ive . 

P H T H A L Y L A T I O N . A w o o d p r o d u c t that has a v e r y h i g h i n i t i a l A S E 
c a n b e o b t a i n e d b y u s i n g p h t h a l i c a n h y d r i d e . T h e i n i t i a l A S E d e 
creases i f t h e w o o d is s o a k e d r e p e a t e d l y i n w a t e r (65). S t a r t i n g at a n 
A S E o f 1 0 0 % o n t h e first soak c y c l e , t h e A S E v a l u e d r o p s to a b o u t 
7 0 % o n t h e s e c o n d c y c l e , 6 0 % o n t h e t h i r d c y c l e , a n d d o w n to 5 0 % 
o n t h e s i x t h c y c l e . T h e r e is a c o r r e s p o n d i n g loss o f b o n d e d c h e m i c a l 
after e a c h s o a k i n g , w h i c h s h o w s t h e s u s c e p t i b i l i t y to h y d r o l y s i s o f 
t h e p h t h a l y l g r o u p (66). P h t h a l y l g r o u p s h a v e a g r e a t e r a f f in i ty for 
w a t e r t h a n d o t h e h y d r o x y l g r o u p s i n w o o d , so p h t h a l y l a t e d w o o d is 
m o r e h y g r o s c o p i c t h a n u n t r e a t e d w o o d (66, 67). W h e r e a s t h e m e c h 
a n i s m o f A S E e f fec t iveness b y a c e t y l a t i o n is b y c h e m i c a l b l o c k i n g o f 
t h e h y d r o x y l g r o u p s , p h t h a l y l a t i o n opera tes m a i n l y b y m e c h a n i c a l 
b u l k i n g o f t h e s u b m i c r o s c o p i c p o r e s i n t h e w o o d c e l l w a l l (68). P h t h a l 
y l a t i o n p r o d u c e s v e r y h i g h w e i g h t gains (65, 69). M o s t r e s e a r c h e r s 
h a v e f o u n d t h a t a c e t y l a t i o n w e i g h t g a i n s r a n g e f r o m 15 t o 2 1 % , 
w h e r e a s p h t h a l y l a t i o n w e i g h t gains r a n g e f r o m 4 0 to 1 3 0 % (65, 69). 
T h e s e h i g h w e i g h t ga ins m a y r e s u l t f r o m a p o l y m e r i z a t i o n r e a c t i o n . 

O T H E R A N H Y D R I D E S . O t h e r a n h y d r i d e s h a v e b e e n r e a c t e d w i t h 
w o o d , i n c l u d i n g p r o p i o n i c a n d b u t y r i c a n h y d r i d e s i n x y l e n e w i t h o u t 
cata lyst . T h e s e c o m p o u n d s reac t s l o w e r t h a n ace t i c a n h y d r i d e (36). 
A f t e r a 1 0 - h r e a c t i o n t i m e ( in x y l e n e at 125 ° C w i t h p o n d e r o s a p i n e ) 
a c e t y l a t i o n p r o d u c e s w e i g h t ga ins o f 1 7 % , c o m p a r e d to less t h a n 4 % 
for p r o p i o n y l a t i o n a n d n o w e i g h t g a i n for b u t y r y l a t i o n . A f t e r 3 0 h o f 
r e a c t i o n , p r o p i o n i c a n h y d r i d e p r o d u c e s a w e i g h t g a i n o f 1 0 % . R e a c 
t i o n w i t h b u t y r i c a n h y d r i d e p r o d u c e d l i t t l e o r n o w e i g h t g a i n (36). 

A C I D C H L O R I D E S . A c i d c h l o r i d e s c a n also b e u s e d i n e s t e r i f i c a -
t i o n r e a c t i o n s (70). T h e p r o d u c t is t h e e s t e r o f t h e r e a c t e d a c i d c h l o 
r i d e , w i t h h y d r o c h l o r i c a c i d as a b y - p r o d u c t : 

Ο Ο 

W o o d - O H + R - C - C 1 - H > W o o d - O - C - R + H C 1 
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U s i n g l e a d acetate as a cata lys t w i t h a c e t y l c h l o r i d e , S i n g h et a l . 
(71) f o u n d a l o w e r a c e t y l c o n t e n t t h a n w i t h t h e ace t i c a n h y d r i d e 
m e t h o d . T h e y o b t a i n e d m u c h h i g h e r A S E v a l u e s , h o w e v e r , w i t h 
a c e t y l c h l o r i d e ( 6 0 - 8 4 % for a c e t y l c h l o r i d e vs . 4 7 % for ace t i c a n h y 
d r i d e ) . B y u s i n g a 2 0 % l e a d acetate s o l u t i o n , t h e a m o u n t o f f ree H C 1 
r e l e a s e d i n t h e r e a c t i o n is r e d u c e d . T h i s v e r y s t r o n g a c i d causes 
e x t e n s i v e d e g r a d a t i o n o f t h e w o o d , a n d b e c a u s e o f th i s v e r y l i t t l e 
w o r k has b e e n d o n e i n th i s a rea . 

C A R B O X Y L I C A C I D S . C a r b o x y l i c a c i d s h a v e b e e n e s t e r i f i e d to 
w o o d c a t a l y z e d w i t h t r i f l u o r o a c e t i c a n h y d r i d e (72, 73). S e v e r a l u n 
s a t u r a t e d c a r b o x y l i c ac ids reac t w i t h w o o d b y t h e t r i f l u o r o a c e t i c a n 
h y d r i d e impelling m e t h o d to g i v e a n i n c r e a s e i n o v e n - d r y v o l u m e 
a n d A S E , a n d a d e c r e a s e i n w o o d c r y s t a l l i n i t y a n d m o i s t u r e c o n t e n t 
(74). R e a c t i o n s o f w o o d w i t h β -methy l c ro ton i c a c i d ( R e a c t i o n 1) g i v e 
a d e g r e e o f s u b s t i t u t i o n h i g h e n o u g h to m a k e t h e e s t e r i f i e d w o o d 
s o l u b l e i n a c e t o n e a n d C H C 1 3 to t h e e x t e n t o f 3 0 % (75). 

H - C - C O O H Ο 
II II 

H 3 C - C - C H 3 + W o o d - O H - * W o o d - O - C - C - H (1) 
II 

H 3 C - c - CH3 
F u r t h e r e s t e r i f i c a t i o n inc reases t h e s o l u b i l i t y b u t is a c c o m p a n i e d b y 
c o n s i d e r a b l e d e g r a d a t i o n o f w o o d c o m p o n e n t s . S o l u b i l i z a t i o n seems 
to b e h i n d e r e d b y b o t h l i g n i n a n d h e m i c e l l u l o s e (76, 77). 

I s o c y a n a t e s . A n i t r o g e n - c o n t a i n i n g e s te r is f o r m e d i n t h e r e a c 
t i o n o f w o o d h y d r o x y l s w i t h i socyanates : 

Ο Ο 
il , il 

W o o d - O H + R - N = C - » W o o d - O - C - N H R 
W o o d v e n e e r s w o l l e n i n D M F was e x p o s e d to v a p o r s o f p h e n y l i s o -
c y a n a t e at 1 0 0 - 1 2 5 °C (29). T h e w o o d g a i n e d n o w e i g h t , b u t t h e A S E 
was as h i g h as 7 7 % . T h e m o d i f i e d v e n e e r s s h o w e d i n c r e a s e d m e 
c h a n i c a l s t r e n g t h w i t h l i t t l e o r n o c h a n g e i n co lor . B a i r d (28) r e a c t e d 
D M F - s o a k e d cross sec t i ons o f w h i t e p i n e a n d E n g e l m a n n s p r u c e w i t h 
e t h y l , a l l y l , b u t y l , tert-butyl, a n d p h e n y l i socyanates . V a p o r - p h a s e 
r e a c t i o n s o f b u t y l i s o c y a n a t e i n D M F gave t h e bes t r e s u l t s . T h e r e a c 
t i o n p r o d u c e d A S E v a l u e s o f 4 7 % w i t h a 1 4 % g a i n i n w e i g h t a n d 6 7 % 
w i t h a 3 1 % g a i n i n w e i g h t . W e i g h t ga ins w e r e as h i g h as 5 0 % w i t h 
a n A S E o f 7 5 - 8 0 % . T h e s a m p l e s t r e a t e d to 6 7 % A S E h a d a b o u t a 
2 5 % r e d u c t i o n i n t o u g h n e s s a n d a b r a s i o n res i s tance . 

W h i t e c e d a r was r e a c t e d w i t h 2 , 4 - t o l y l e n e d i i s o c y a n a t e (78) w i t h 
a n d w i t h o u t a p y r i d i n e cata lys t to a m a x i m u m n i t r o g e n c o n t e n t o f 3 .5 
a n d 1 .2%, r e s p e c t i v e l y . T h i s c o r r e s p o n d s to w e i g h t gains o f 2 1 . 8 a n d 
7 . 5 % . T h i s h i g h w e i g h t g a i n was a c c o m p a n i e d b y a n A S E o f 5 0 % . 
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C o m p r e s s i v e s t r e n g t h a n d b e n d i n g m o d u l u s i n c r e a s e d w i t h i n 
c r e a s i n g n i t r o g e n c o n t e n t . B e e c h w o o d m o d i f i e d w i t h a d i i s o c y a n a t e 
(79) u p to 5 0 % w e i g h t g a i n lost 4 . 5 - 8 . 1 % w e i g h t after 6 w e e k s o f 
at tack b y t h e f u n g i Coniophora cerehella a n d Polystictus versicolor. 
A f t e r f u n g a l a t tack , t h e m o d i f i e d w o o d lost a l m o s t 2 0 % o f i ts stat ic 
b e n d i n g s t r e n g t h as c o m p a r e d to t h e m o d i f i e d w o o d be fore f u n g a l 
attack. A t c h e m i c a l a d d - o n s o v e r 1 8 % , w o o d m o d i f i e d w i t h m e t h y l , 
e t h y l , η -propy l , a n d η-butyl i socyanates was res i s tant to attack b y 
Gloeophyllum trabeum (80). 

M e t h y l i s o c y a n a t e reacts v e r y q u i c k l y w i t h o u t cata lyst to g i v e 
w e i g h t ga ins u p to a p p r o x i m a t e l y 7 5 % (81). M a x i m u m A S E v a l u e s o f 
6 0 % are o b t a i n e d at w e i g h t gains o f 2 5 - 3 0 % . A b o v e th is l e v e l o f 
b o n d e d w e i g h t g a i n , t h e A S E v a l u e s start to dec rease . S c a n n i n g e l e c 
t r o n m i c r o g r a p h s s h o w that h i g h l e v e l s o f c h e m i c a l a d d - o n s to the 
c e l l w a l l p o l y m e r s cause s p l i t t i n g i n t h e t r a c h e i d w a l l a n d no t i n the 
i n t e r c e l l u l a r spaces (80). I n s o m e cases t h e sp l i t s go t h r o u g h t h e 
b o r d e r e d p i t s . W h e n t h e t r a c h e i d w a l l s p l i t s , t h e A S E starts to d r o p 
a n d c o n t i n u e s to d r o p as c h e m i c a l w e i g h t g a i n increases . S p l i t t i n g 
exposes n e w fiber surfaces w h e r e w a t e r c a n cause s w e l l i n g . S w e l l i n g 
b e y o n d t h e g r e e n w o o d v o l u m e takes p l a c e b e c a u s e the c e l l w a l l is 
r u p t u r e d a n d n o l o n g e r acts as a r e s t r a i n t to s w e l l i n g . 

E t h y l , n - p r o p y l , η -butyl , a n d p h e n y l i socyanates also react w i t h 
w o o d w i t h o u t t h e n e e d for a cata lyst ; b u t p - t o l y l i s o cyanate , 1,6-
d i i s o c y a n a t o h e x a n e , a n d t o l y l e n e 2 , 4 - d i i s o c y a n a t e r e q u i r e e i t h e r 
D M F o r t r i e t h y l a m i n e as a cata lyst (80). H i g h w e i g h t gains are o b 
s e r v e d w i t h t h e s e last t h r e e i socyanates , b u t l i t t l e o r n o d i m e n s i o n a l 
s t a b i l i t y r e s u l t s f r o m t h e r e a c t i o n . T h e r e f o r e , p o l y m e r i z a t i o n m u s t 
b e t a k i n g p l a c e i n t h e v o i d s t r u c t u r e . 

I s o c y a n a t e s a r e s e n s i t i v e to m o i s t u r e ; t h e r e f o r e , t h e r e a c t i o n 
n e e d s to b e d o n e o n d r y w o o d (82). A s w o o d m o i s t u r e c o n t e n t i n 
creases b e f o r e r e a c t i o n , m o r e n o n b o n d e d p o l y m e r s are f o r m e d after 
r e a c t i o n . R e a c t e d m o i s t w o o d shows v e r y h i g h A S E v a l u e s o n t h e 
first w a t e r - s o a k test , b u t l e a c h i n g causes a s ign i f i cant loss i n A S E . 
T h i s s h o w s that t h e b u l k i n g c h e m i c a l is no t b o n d e d to t h e c e l l w a l l 
b u t c o m e s o u t u p o n w a t e r l e a c h i n g . 

A c e t a l s . F O R M A L D E H Y D E . W o o d h y d r o x y l s a n d f o r m a l d e h y d e 
reac t i n t w o steps ( R e a c t i o n 2). B e c a u s e t h e b o n d i n g is b e t w e e n t w o 
h y d r o x y l g r o u p s , t h e r e a c t i o n is c a l l e d c r o s s - l i n k i n g . 

Ο 
II 

W o o d - O H + H - C - H 

O H 

W o o d - Ο - in2 W o o d - O H > 

(hemiaceta l ) 
W o o d - O - C H 2 - O - W o o d φ 

(acetal) 
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T h e t w o h y d r o x y l g r o u p s m a y c o m e f r o m (1) h y d r o x y l s w i t h i n a s i n g l e 
sugar r e s i d u e ; (2) h y d r o x y l s o n d i f f e r e n t sugar r e s i d u e s w i t h i n a s i n g l e 
c e l l u l o s e c h a i n ; (3) h y d r o x y l s b e t w e e n t w o d i f f e rent c e l l u l o s e c h a i n s ; 
(4) s a m e as i n (1), (2), a n d (3) e x c e p t r e a c t i o n o c curs o n t h e h e m i c e l -
l u l o s e s ; (5) h y d r o x y l s o n d i f f e r e n t l i g n i n r e s i d u e s ; a n d (6) i n t e r a c t i o n 
b e t w e e n c e l l u l o s e , h e m i c e l l u l o s e s , a n d l i g n i n h y d r o x y l s . T h e p o s s i b l e 
c r o s s - l i n k i n g c o m b i n a t i o n s are m a n y , a n d t h e o r e t i c a l l y a l l o f t h e m are 
p o s s i b l e . B e c a u s e t h e r e a c t i o n is a t w o - s t e p m e c h a n i s m , s o m e o f t h e 
a d d e d f o r m a l d e h y d e w i l l b e i n t h e n o n c r o s s - l i n k e d f o r m o f h e m i a c e -
tals . T h e s e b o n d s are v e r y u n s t a b l e a n d w o u l d n o t s u r v i v e l o n g after 
t r e a t m e n t . 

T h e r e a c t i o n is bes t c a t a l y z e d b y s t r o n g ac ids , s u c h as H C l ( 8 3 -
86), H N 0 3 (85), S 0 2 (87, 88) , p - t o l u e n e s u l f o n i c a c i d , a n d z i n c c h l o 
r i d e (84, 89). W e a k e r ac ids , s u c h as s u l f u r o u s a n d f o r m i c a c i d , d o n o t 
w o r k (85). B a s e s , s u c h as l i m e w a t e r o r t e r t i a r y a m i n e s , c a n i n i t i a t e 
t h e r e a c t i o n (90), b u t a t t e m p t s w i t h t r i e t h y l a m i n e w e r e u n s u c c e s s 
f u l (91). 

W h e n its w e i g h t is i n c r e a s e d b y 2 % , f o r m a l d e h y d e - t r e a t e d w o o d 
is no t a t t a c k e d b y f u n g i (92). T h i s is far s h o r t o f t h e q u a n t i t y o f c ross -
l i n k i n g n e e d e d to p r e v e n t at tack o n t h e basis o f h y d r o x y l b l o c k i n g 
for e n z y m e i n h i b i t i o n . C r o s s - l i n k i n g , w h i c h is e f fect ive at these l o w 
l e v e l s , m u s t b e t y i n g t o g e t h e r s t r u c t u r a l u n i t s (92). A n A S E o f 4 7 % 
is a c h i e v e d at a w e i g h t g a i n o f 3 . 1 % , a n A S E o f 5 5 % at 4 . 1 % , a n A S E 
o f 6 0 % at 5 . 5 % , a n d a n A S E o f 9 0 % at 7% (85, 89). T h u s , a w e i g h t 
g a i n o f 4 % r e s u l t s i n 4 t i m e s t h e A S E as w o u l d b e f o u n d b y b u l k i n g 
t r e a t m e n t s s u c h as a c e t y l a t i o n . 

T h e m e c h a n i c a l p r o p e r t i e s o b s e r v e d i n f o r m a l d e h y d e - t r e a t e d 
w o o d are r e d u c e d c o m p a r e d to those o b s e r v e d i n u n t r e a t e d w o o d . 
T o u g h n e s s a n d a b r a s i o n r e s i s t a n c e d e c r e a s e g r e a t l y (85, 89) , c r u s h i n g 
s t r e n g t h a n d b e n d i n g s t r e n g t h s d e c r e a s e a b o u t 2 0 % (93), a n d i m p a c t 
b e n d i n g s t r e n g t h decreases u p to 5 0 % (93). T h e m e a s u r e m e n t s d o n e 
t h u s far o n t h e last t w o p r o p e r t i e s h a v e b e e n d o n e o n 7 - r a y - t r e a t e d 
w o o d ; c o n s e q u e n t l y p a r t o f t h e s t r e n g t h r e d u c t i o n m a y b e d u e to t h e 
7 -ray t r e a t m e n t . T h e loss i n t o u g h n e s s is d i r e c t l y p r o p o r t i o n a l to t h e 
A S E ; i . e . , a 6 0 % A S E is e q u a l to a 6 0 % loss i n t o u g h n e s s (85). 

F o r m a l d e h y d e t r e a t m e n t causes w o o d to b e c o m e b r i t t l e . T h i s 
e m b r i t t l e m e n t m a y b e c a u s e d b y t h e s h o r t i n f l e x i b l e c r o s s - l i n k i n g 
u n i t o f t h e - O - C - O - t y p e . I f t h e i n n e r c a r b o n u n i t w e r e l o n g e r , 
t h e r e w o u l d b e m o r e f l e x i b i l i t y i n th i s u n i t , a n d t h e e m b r i t t l e m e n t 
s h o u l d b e r e d u c e d . M o s t o f t h e loss i n w o o d s t r e n g t h p r o p e r t i e s is 
p r o b a b l y c a u s e d b y t h e h y d r o l y s i s s t r u c t u r a l c e l l u l o s e u n i t s w i t h a 
s t r o n g a c i d ca ta lys t . 

O T H E R A L D E H Y D E S . A c e t a l d e h y d e (85) a n d b e n z a l d e h y d e (85, 94) 

reac t w i t h w o o d b y u s i n g e i t h e r H N O 3 o r z i n c c h l o r i d e cata lysts . 
A c e t a l d e h y d e m o d i f i c a t i o n p r o d u c e s a h i g h A S E , b u t b e n z a l d e h y d e 
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m o d i f i c a t i o n y i e l d s a n A S E o f o n l y 4 0 % . M e c h a n i c a l p r o p e r t i e s o f 
t h e s e t r e a t e d w o o d s are t h e s a m e as those o f f o r m a l d e h y d e - t r e a t e d 
w o o d . 

D i f u n c t i o n a l a l d e h y d e ( d i a l d e h y d e s ) r eac t i ons h a v e b e e n c a t a 
l y z e d w i t h z i n c c h l o r i d e , m a g n e s i u m c h l o r i d e , p h e n y l d i m e t h y l a m -
m o n i u m c h l o r i d e , a n d p y r i d i n i u m c h l o r i d e (94). G l y o x a l , g l u t a r a l -
d e h y d e , a n d α - h y d r o x y a d i p a l d e h y d e a l l s h o w A S E v a l u e s o f 4 0 % w i t h 
w e i g h t ga ins o f 1 5 % a n d t h e h i g h e s t A S E (50%) at 2 0 % w e i g h t g a i n . 
W i t h t h e s e t h r e e c o m p o u n d s , c r o s s - l i n k i n g is p o s s i b l e ; h o w e v e r , w i t h 
t h e l o w A S E at h i g h w e i g h t p e r c e n t g a i n , i t is c l e a r that b u l k i n g is 
t h e m e c h a n i s m for t h e A S E a c h i e v e d . 

C h l o r a l ( t r i c h l o r o a c e t a l d e h y d e ) w i t h n o cata lyst g ives a 6 0 % A S E 
at 3 0 % w e i g h t g a i n (94). A f t e r 15 w e e k s at 7 0 % r e l a t i v e h u m i d i t y , 
h o w e v e r , a l l w e i g h t g a i n was lost as w e l l as t h e A S E . T h i s s h o w s a 
v e r y u n s t a b l e , p e r h a p s r e v e r s i b l e , b o n d f o r m a t i o n . 

P h t h a l d e h y d i c a c i d i n a ce tone c a t a l y z e d w i t h p - t o l u e n e s u l f o n i c 
a c i d g ives a n A S E o f 4 0 % at a w e i g h t g a i n o f 3 4 % (94). T h e A S E 
r e a c h e s 5 0 - 7 0 % w h e n p h t h a l d e h y d i c a c i d o r its d e r i v a t i v e s are c u r e d 
at 100 °C u n c a t a l y z e d for 1 6 - 2 4 h (95). 

O t h e r a l d e h y d e s a n d r e l a t e d c o m p o u n d s h a v e b e e n r e a c t e d e i 
t h e r a l o n e o r c a t a l y z e d w i t h s u l f u r i c a c i d , z i n c c h l o r i d e , m a g n e s i u m 
c h l o r i d e , a m m o n i u m c h l o r i d e , o r d i a m m o n i u m p h o s p h a t e (94). C o m 
p o u n d s s u c h as l , 3 - b i s ( h y d r o x y m e t h y l ) - 2 - i m i d a z o l i d o n e , g l y c o l ace 
tate , a c r o l e i n , c h l o r o a c e t a l d e h y d e , h e p t a l d e h y d e , o- a n d p - c h l o r o -
b e n z a l d e h y d e s , f u r f u r a l , p - h y d r o x y b e n z a l d e h y d e , a n d ra-nitrobenz-
a l d e h y d e a l l a c h i e v e t h e A S E b y a b u l k i n g m e c h a n i s m a n d n o t b y 
l o w - l e v e l c r o s s - l i n k i n g . A t w e i g h t ga ins o f 1 5 - 2 5 % , t h e h i g h e s t A S E 
r e p o r t e d is 4 0 % . 

E t h e r s . M E T H Y L A T I O N . T h e s i m p l e s t e t h e r is t h e m e t h y l 
e t h e r . R e a c t i o n o f w o o d w i t h d i m e t h y l sul fate a n d N a O H (54, 55), 
o r m e t h y l i o d i d e a n d s i l v e r o x i d e (54) a re t w o sys tems that h a v e b e e n 
r e p o r t e d . M e t h y l a t i o n u p to 1 5 % w e i g h t g a i n d i d not affect t h e a d 
h e s i v e p r o p e r t i e s o f c a s e i n g l u e s . T h e m e c h a n i c a l p r o p e r t i e s o f m e t h 
y l a t e d w o o d are g r e a t l y r e d u c e d b e c a u s e o f t h e s e v e r e r e a c t i o n c o n 
d i t i o n s r e q u i r e d . 

A L K Y L C H L O R I D E S . I n t h e r e a c t i o n o f a l k y l c h l o r i d e s w i t h 
w o o d , H C 1 is f o r m e d as a b y - p r o d u c t ( R e a c t i o n 3). 

W o o d - O H + R - C l -> W o o d - O - R + H C 1 (3) 

B e c a u s e o f t h i s , t h e t r e a t e d w o o d is n o t v e r y s t r o n g . R e a c t i o n o f 
w o o d w i t h a l l y l c h l o r i d e i n p y r i d i n e (96, 97) o r a l u m i n u m c h l o r i d e s 
g ives h i g h i n i t i a l A S E ; b u t w h e n t h e w o o d is d r i e d a n d r e s o a k e d , the 
effects o f a l l y l a t i o n are lost (97). I n t h e a l l y l c h l o r i d e - p y r i d i n e case , 
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t h e A S E is n o t c a u s e d b y t h e f o r m a t i o n o f a l l y l e thers i n c e l l u l o s e o r 
l i g n i n , b u t b y t h e b u l k i n g c a u s e d b y t h e f o r m a t i o n o f a l l y l p y r i d i n -
i u m c h l o r i d e p o l y m e r s , w h i c h are w a t e r s o l u b l e a n d eas i l y l e a c h e d 
o u t (98). 

O t h e r a l k y l c h l o r i d e s t e s t e d are c r o t y l c h l o r i d e (99) a n d n - a n d 
terf-butyl c h l o r i d e s (J00) c a t a l y z e d w i t h p y r i d i n e . A g a i n , the A S E is 
o n l y t e m p o r a r y a n d t h e l i b e r a t e d H C 1 causes s e v e r e d e g r a d a t i o n . 

β - P R O P i o L A C T O N E . T h e r e a c t i o n o f β -prop io lac tone w i t h w o o d 
p r o d u c e s d i f f e r e n t p r o d u c t s d e p e n d i n g o n t h e p H o f t h e r e a c t i o n . 
A c i d c o n d i t i o n s ( R e a c t i o n 4) r e s u l t i n a n e t h e r b o n d to t h e h y d r o x y l 
g r o u p , a l o n g w i t h a f r e e - a c i d e n d g r o u p . 

U n d e r b a s i c c o n d i t i o n s ( R e a c t i o n 5), a n e s te r b o n d is f o r m e d w i t h a 
p r i m a r y a l c o h o l e n d g r o u p . 

U n c a t a l y z e d β -prop io lac tone reac t i ons i n s o u t h e r n y e l l o w p i n e 
( p H = 5) g i v e a c a r b o x y e t h y l d e r i v a t i v e (101). H i g h c o n c e n t r a t i o n s 
o f β -prop io lac tone cause d e l a m i n a t i o n a n d s p l i t t i n g b e c a u s e o f t h e 
v e r y h i g h d e g r e e o f s w e l l i n g (91). 

A t a 2 5 % w e i g h t g a i n , t r e a t e d w o o d s t r o n g l y res is ts ( 2% w e i g h t 
loss o r less) r o t (101, 102) c a u s e d b y Lentinus lepideus, Lenzites 
trabea, Porta monticola, a n d Coniophora puteana i n s o i l - b l o c k tests . 
I n c r e a s i n g t h e w e i g h t g a i n to 4 5 % does no t c h a n g e t h e ro t r e s i s tance 
i n e i t h e r w e a t h e r e d o r u n w e a t h e r e d s a m p l e s . A t 3 0 % w e i g h t g a i n , 
t h e t r e a t e d w o o d has a n A S E o f 6 0 % . 

T h e m a j o r p r o b l e m i n β -prop io lac tone reac t i ons is that β - p r o 
p i o l a c t o n e has b e e n l a b e l e d a v e r y a c t i v e c a r c i n o g e n . F o r th i s r e a s o n , 
l i t t l e f u t u r e r e s e a r c h c a n b e e x p e c t e d o n th i s c h e m i c a l . I t w o u l d b e 
i n t e r e s t i n g , h o w e v e r , to l o o k at th is c h e m i c a l r e a c t i o n u n d e r t h e bas i c 
c o n d i t i o n s that p r o d u c e e s t e r f o r m a t i o n . 

A C R Y L O N I T R I L E . W h e n a c r y l o n i t r i l e is r e a c t e d w i t h w o o d i n t h e 
p r e s e n c e o f a n a l k a l i n e ca ta lys t , c y a n o e t h y l a t i o n o c c u r s ( R e a c t i o n 6). 

W o o d - O H + C H 2 = C H - C N -> W o o d - 0 - C H 2 C H 2 C N (6) 

W i t h N a O H , a w e i g h t g a i n u p to 3 0 % has b e e n a c h i e v e d . A t th i s 
l e v e l , t h e w o o d has a n A S E o f 6 0 % . A t a w e i g h t g a i n o f 2 5 % , t h e r e 

W o o d - 0 - C - C H 2 - C H 2 - O H (5) 

(4) 
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was n o loss i n s a m p l e w e i g h t i n s o i l - b l o c k tests w i t h Poria monticola, 
Coniophora puteana, Lenzites trabea, o r Lentinus lepideus (101). 
W i t h a n i t r o g e n c o n t e n t o f 8 . 5 % , t h e t r e a t e d w o o d is res i s tant to 
Poria vaporaria (103). W i t h o n l y 1% f i x e d n i t r o g e n , t h e w o o d res ists 
at tack b y Lentinus lepideus, Poria monticola, Lenzites trabea, a n d 
Polyporus versicolor (104, 105 ) . C y a n o e t h y l a t e d s takes i n g r o u n d 
c o n t a c t at 1 5 % w e i g h t g a i n h a v e a n average l i f e o f 7.8 y e a r s , c o m 
p a r e d to 3 .9 years for u n t r e a t e d stakes (44). 

To s h o w t h a t t h e d e c a y r e s i s t a n c e o b s e r v e d i s c a u s e d b y a 
b u l k i n g m e c h a n i s m a n d n o t t h e t o x i c i t y o f a c r y l o n i t r i l e o r its r e a c t i o n 
p r o d u c t s , c y a n o e t h y l a t e d w o o d was e x t r a c t e d w i t h h o t w a t e r (104) to 
s h o w that t h e l e a c h a t e h a d n o tox i c effects o n Lenzites trabea. T h e 
l e a c h e d b l o c k s los t t h e i r d e c a y r e s i s t a n c e , w h i c h m a y b e c a u s e d b y 
t h e r e a c t i o n o f a c r y l o n i t r i l e w i t h t h e a m m o n i a cata lys t that was u s e d 
to f o r m w a t e r - s o l u b l e p o l y m e r s i n t h e c e l l w a l l . 

C y a n o e t h y l a t e d w o o d ( w h i c h was p r e p a r e d w i t h N a O H as cat 
alyst) h a d a l o w e r i m p a c t s t r e n g t h t h a n u n t r e a t e d w o o d (101). E x p o 
s u r e o f 2 5 % a c r y l o n i t r i l e i n M e O H to 1 0 7 rads o f i o n i z i n g r a d i a t i o n 
gave a n A S E o f o n l y 4 0 % at a w e i g h t g a i n o f 2 9 % (106). T h i s l o w 
A S E m a y b e c a u s e d b y t h e a c r y l o n i t r i l e r e a c t i n g w i t h t h e M e O H 
a n d f o r m i n g p o l y m e r s i n t h e l u m e n r a t h e r t h a n i n the c e l l w a l l . 

E p o x i d e s . T h e r e a c t i o n b e t w e e n e p o x i d e s a n d h y d r o x y l g r o u p s 
is a n a c i d - o r b a s e - c a t a l y z e d r e a c t i o n ; h o w e v e r , a l l w o r k i n t h e w o o d 
f i e l d has b e e n w i t h b a s e - c a t a l y z e d r e a c t i o n s : 

W o o d - O H + R - C H - C H 2 - » W o o d - 0 - C H 2 C H - R 

T h e s i m p l e s t e p o x i d e , e t h y l e n e o x i d e , c a t a l y z e d w i t h t r i m e t h y l -
a m i n e , has b e e n u s e d as a v a p o r - p h a s e t r e a t m e n t . A t a w e i g h t g a i n 
o f 2 0 % , t h e r e is a 6 0 % A S E (107). A n A S E o f 8 2 % w i t h a w e i g h t g a i n 
o f 1 0 % for t h e s a m e process o r w i t h p r o p y l e n e o x i d e has b e e n c l a i m e d 
also (108). U n d e r s i m i l a r c o n d i t i o n s , a w e i g h t g a i n o f 2 2 % g ives less 
t h a n 1% t a n g e n t i a l a n d r a d i a l s h r i n k a g e (J09) . B y u s i n g an o s c i l l a t i n g 
p r e s s u r e r a t h e r t h a n a c o n s t a n t p r e s s u r e s y s t e m w i t h e t h y l e n e o x i d e 
a n d t r i m e t h y l a m i n e , a n A S E o f 4 2 % is f o u n d for a w e i g h t g a i n o f 1 1 % 
(110). M o r e w o r k (111) w i t h p r o p y l e n e o x i d e , b u t y l è n e o x i d e , a n d 
e p i c h l o r o h y d r i n s h o w s a n A S E o f 7 0 % at w e i g h t ga ins o f 2 2 - 2 5 % . I f 
N a O H is u s e d w i t h e t h y l e n e o x i d e i n a v a p o r t r e a t m e n t , e x t e n s i v e 
s w e l l i n g r e s u l t s , w h i c h causes b u r s t i n g o f t h e w o o d s t r u c t u r e (112). 

A s w i t h t h e m e t h y l i s o cyanate s y s t e m , h i g h w e i g h t gains w i t h 
p r o p y l e n e a n d b u t y l è n e o x ide s cause t h e A S E to f a l l ( F i g u r e 1) (2). 
F o r p r o p y l e n e o x i d e , t h e m a x i m u m A S E ( 6 0 - 7 0 % ) is a t t a i n e d at a 
w e i g h t g a i n b e t w e e n 25 a n d 3 3 % . F o r b u t y l è n e o x i d e , a w i d e r r a n g e 
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Figure 1. Relationship between antishrink efficiency (ASE) and chemical 
add-on caused by epoxide modification. Key: •, butylène oxide; and O , 

propylene oxide. 

o f m a x i m u m A S E v a l u e s is o b s e r v e d : 6 0 - 7 3 % A S E for w e i g h t gains 
b e t w e e n 21 a n d 3 3 % . T h e d i f f e r e n c e b e t w e e n these t w o e x a m p l e s 
m a y b e c a u s e d b y t h e g r e a t e r h y d r o p h o b i c i t y o f b u t y l è n e o x i d e a n d 
t h e d i f f e r e n c e i n m o l e c u l a r w e i g h t . B o t h t r e a t m e n t s s h o w a d o w n 
w a r d t r e n d i n A S E a b o v e 3 3 % w e i g h t g a i n . 

S c a n n i n g e l e c t r o n m i c r o g r a p h s s h o w t h e effects o f a d d i n g la rge 
a m o u n t s o f c h e m i c a l s . F i g u r e 2 A s h o w s a r a d i a l - s p l i t s a m p l e o f u n 
t r e a t e d s o u t h e r n p i n e . F i g u r e 2 Β s h o w s a r a d i a l - s p l i t s a m p l e o f 
s o u t h e r n p i n e t r e a t e d w i t h p r o p y l e n e o x i d e to a 2 9 . 5 % w e i g h t g a i n . 
T h e t r a c h e i d w a l l s are i n t a c t , a n d t h e r e are n o v i s i b l e effects o f the 
c h e m i c a l a d d e d . F i g u r e 2 C s h o w s the s a m e t y p e o f s a m p l e at a 3 2 . 6 % 
w e i g h t g a i n . N o t e that c h e c k s are s t a r t i n g to f o r m i n the t r a c h e i d 
w a l l s . I n F i g u r e 2 D , at a w e i g h t g a i n o f 4 5 . 3 % , t h e c h e c k s i n t h e 
t r a c h e i d w a l l are v e r y l a r g e . T h e s p l i t t i n g is a lways i n t h e t r a c h e i d 
w a l l , n o t i n t h e i n t e r c e l l u l a r spaces ; i n s o m e cases, the sp l i t s go 
t h r o u g h t h e b o r d e r p i t s . M o s t o f t h e c h e c k s are i n t h e l a t e w o o d 
p o r t i o n o f t h e t r e a t e d w o o d . T h e less d e n s e e a r l y w o o d m a y b e a b l e 
to a c c o m m o d a t e m o r e c h e m i c a l a d d - o n be fore t h e c e l l w a l l w o u l d 
r u p t u r e . It is also p o s s i b l e that t h e r e is less c h e m i c a l a d d - o n i n the 
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Figure 2. Scanning electron micrographs of radial-split southern pine, 
showing the swelling of wood when treated with propylene oxide-trieth-
ylamine. No swelling is shown in A, the untreated control (990 x ). In B, 
wood is treated to the green volume (990 x ). In C, wood is superswollen 
above the green volume at 32.6% weight gain and cell wall rupture is 
apparent (540 x ). In D, rupture is pronounced at 45.3% weight gain 

(495 x ). 

e a r l y w o o d . I f so, a n d b e c a u s e t h e w e i g h t p e r c e n t g a i n is a n average 
for t h e w h o l e s a m p l e , t h e w e i g h t g a i n i n the l a t e w o o d w o u l d b e 
h i g h e r t h a n 3 3 % w h e n t h e c e l l w a l l s r u p t u r e . 

O n l y t h e e p o x i d e a n d i s o c y a n a t e t r e a t m e n t s h a v e b e e n r e p o r t e d 
to a d d to w o o d c e l l w a l l c o m p o n e n t s to s u c h a d e g r e e that t h e y cause 
t h e w o o d s t r u c t u r e i t s e l f to b r e a k a p a r t (2, 80). O t h e r c h e m i c a l s u b 
s t i t u t i o n t r e a t m e n t s o f w o o d c o m p o n e n t s a d d to w o o d u p to a b o u t 
3 5 % w e i g h t g a i n w i t h n o c e l l w a l l r u p t u r e . T h e e p o x i d e a n d i s o 
c y a n a t e s y s t e m s s e e m to s w e l l t h e c e l l w a l l , r eac t w i t h i t , a n d c o n 
t i n u e to s w e l l a n d reac t to t h e p o i n t o f c e l l w a l l r u p t u r e a n d b e y o n d . 

I n t h e case o f t h e e p o x y s y s t e m , after the i n i t i a l r e a c t i o n w i t h a 
c e l l w a l l h y d r o x y l g r o u p , a n e w h y d r o x y l g r o u p o r i g i n a t i n g f r o m t h e 
e p o x i d e is f o r m e d . F r o m t h i s n e w h y d r o x y l , a p o l y m e r b e g i n s to 
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f o r m . T h e i o n i c n a t u r e o f t h e r e a c t i o n a n d t h e a v a i l a b i l i t y o f a l k o x y l 
i o n s i n t h e w o o d c o m p o n e n t s p r o b a b l y p r o d u c e c h a i n t r a n s f e r , 
t h e r e b y y i e l d i n g a s h o r t c h a i n l e n g t h . T h e f o r m a t i o n o f a p o l y m e r i n 
t h e c e l l w a l l m a y b e t h e cause o f c e l l w a l l r u p t u r e at h i g h c h e m i c a l 
w e i g h t ga ins . A t a w e i g h t g a i n o f a p p r o x i m a t e l y 2 0 % t h e v o l u m e o f 
t h e t r e a t e d w o o d i s e q u a l t o t h e o r i g i n a l u n t r e a t e d g r e e n w o o d 
v o l u m e (49). W h e r e t h e w e i g h t g a i n is m o r e t h a n a b o u t 3 0 % , t h e 
v o l u m e o f t h e t r e a t e d w o o d is g r e a t e r t h a n that o f g r e e n w o o d . T h i s 
is t h e l e v e l w h e r e t h e A S E starts to d r o p , w h i c h m a y m e a n t h e 
p o l y m e r l o a d i n g s a re n o w so h i g h t h e y h a v e b r o k e n t h e c e l l w a l l a n d 
a l l o w e d t h e w o o d to s u p e r s w e l l a b o v e t h e g r e e n w o o d v o l u m e . 

T h e s i m p l e e p o x i d e s are s e n s i t i v e to m o i s t u r e l e v e l s i n t h e w o o d 
d u r i n g r e a c t i o n (82). T h e p r o p y l e n e o x i d e r e a c t i o n s y s t e m s e e m s to 
b e t h e m o s t a f fec ted b y m o i s t u r e , as is s h o w n b y h i g h w e i g h t losses 
b y e x t r a c t i o n o f n o n b o n d e d c h e m i c a l a n d b y losses i n A S E . T h e 
b u t y l è n e o x i d e s y s t e m is less s e n s i t i v e to m o i s t u r e , b u t s t i l l r e s u l t s 
i n f o r m a t i o n o f l a r g e a m o u n t s o f n o n b o n d e d g ly co l s . 

S o i l b u r i a l tests w i t h e p i c h l o r o h y d r i n - o r d i c h l o r o h y d r i n - t r e a t e d 
s p e c i m e n s s h o w n o d e c a y after 2 m o n t h s (113). L o n g e r field tests 
s h o w that b u t y l è n e o x i d e s takes , t r e a t e d a b o v e 2 0 % w e i g h t g a i n , 
res i s t at tack b y g r o u n d o r g a n i s m s after 7 years i n n o r t h e r n U . S . ex 
p o s u r e s b u t s h o w s o m e d e c a y i n s o u t h e r n e x p o s u r e s (44, 114). L a b 
o r a t o r y s o i l - b l o c k tests w i t h t h e b r o w n - r o t f u n g i Gloeophyllum tra-
beum (111, 114) a n d Lentinus lepideus (111) a n d w i t h t h e w h i t e - r o t 
f u n g u s Coriolus (Polyporus) versicolor (114) s h o w buty lène o x i d e -
m o d i f i e d w o o d to b e r e s i s t a n t to at tack a b o v e a b o u t 1 7 % w e i g h t g a i n . 

Buty lène o x i d e - m o d i f i e d b l o c k s w e r e res i s tant i n l a b o r a t o r y tests 
to a t t a c k b y s u b t e r r a n e a n t e r m i t e s (Reticulitermes flavipes) (114, 
115). R e s i s t a n c e s e e m s a t t r i b u t a b l e p r i m a r i l y to t h e w o o d ' s u n p a l a t -
a b i l i t y . W h e r e a s t h e w o o d t r e a t e d to h i g h e r w e i g h t p e r c e n t ga ins lost 
l i t t l e w e i g h t u n d e r at tack , t e r m i t e m o r t a l i t y p a r a l l e l e d that for a s tar 
v a t i o n set. M o r t a l i t y m a y b e a t t r i b u t a b l e to e i t h e r a n e n h a n c e d s tar 
v a t i o n effect o r a s l o w - a c t i n g tox i c effect. T h e s e t w o o p t i o n s are d i f 
f i c u l t to assess b e c a u s e p a t h o g e n i c m i c r o b e s i n g r o u p s o f s t a r v a t i o n -
a l l y w e a k e n e d t e r m i t e s c o n f o u n d d a t a i n t e r p r e t a t i o n . 

F i g u r e 3 s h o w s that after o n l y 2 w e e k s o f t e r m i t e attack t h e 
c o n t r o l s p e c i m e n is a l m o s t c o m p l e t e l y d e s t r o y e d . T h e e p o x i d e - m o d -
i f i e d b l o c k s u f f e r e d o n l y m i n o r d a m a g e , b e c a u s e t h e t e r m i t e s d i d 
s o m e sur face g r a z i n g b u t d i d n o t at tack . 

U n m o d i f i e d c o n t r o l s p e c i m e n s are d e s t r o y e d b y m a r i n e b o r e r 
attack i n less t h a n 1 y e a r i n a m a r i n e e n v i r o n m e n t . E p o x i d e - m o d i f i e d 
s p e c i m e n s h a v e b e e n t e s t e d for o v e r 5 years w i t h v e r y l i t t l e m a r i n e 
b o r e r at tack (114). T h e m e c h a n i s m o f e f fec t iveness o f m o d i f i e d w o o d 
i n r e s i s t i n g a t tack b y m a r i n e o r g a n i s m s is u n k n o w n . A s w i t h t h e 
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1 9 6 T H E CHEMISTRY OF SOLID WOOD 

Figure 3. Butylène oxide-modified block (left) and control (right) after 2 
weeks of termite attack. 

l a b o r a t o r y t e r m i t e t e s t s , u n p a l a t a b i l i t y m a y b e t h e l a r g e s t s i n g l e 
factor. 

M o s t o f t h e m e c h a n i c a l p r o p e r t i e s o f p r o p y l e n e o x i d e - m o d i f i e d 
w o o d are r e d u c e d (116). T h e m o d u l u s o f e l a s t i c i t y is r e d u c e d 1 4 % , 
m o d u l u s o f r u p t u r e is r e d u c e d 1 7 % , fiber stress at p r o p o r t i o n a l l i m i t 
is r e d u c e d 9 % , a n d m a x i m u m c r u s h i n g s t r e n g t h is r e d u c e d 1 0 % (116). 
E t h y l e n e o x i d e - m o d i f i e d w o o d s h o w e d n o r e d u c t i o n i n stat ic b e n d i n g 
tests (107). 

R a d i a l , t a n g e n t i a l , a n d l o n g i t u d i n a l h a r d n e s s i n d e x e s o f p r o 
p y l e n e o x i d e - m o d i f i e d w o o d w e r e t h e s a m e as for u n t r e a t e d c o n t r o l s 
(116). T h e d i f f u s i o n coe f f i c i ent to w a t e r v a p o r was i n c r e a s e d 2 9 % . 

T h e t h e r m a l s t a b i l i t y o f m o d i f i e d w o o d as s h o w n b y b o t h t h e r -
m o g r a v i m e t r i c ana lys i s a n d e v o l v e d gas ana lys i s d e c o m p o s i t i o n t e m 
p e r a t u r e s was s l i g h t l y i n c r e a s e d b y e p o x i d e b o n d i n g , the s a m e w i t h 
a c e t y l b o n d i n g , a n d s l i g h t l y l o w e r e d b y i socyanate b o n d i n g , as c o m 
p a r e d to c o n t r o l s (117). T h e a m o u n t o f c h a r g e n e r a t e d d u r i n g p y r o l -
ys is was n e a r l y t h e s a m e for u n t r e a t e d w o o d , a c e t y l - a n d i s o c y a n a t e -
b o n d e d w o o d , a n d less for e p o x i d e - b o n d e d w o o d . T h e e p o x i d e b o n d 
seems to s t a b i l i z e t h e c o m p o n e n t s that d e g r a d e at 325 ° C — h e m i 
c e l l u l o s e s — w h i c h a p p a r e n t l y gasif ies w i t h t h e c e l l u l o s e c o m p o n e n t 
at 3 8 5 °C . T h e e t h e r l i n k a g e is c h e m i c a l l y m o r e s tab le a n d a p p a r e n t l y 
t h e r m a l l y m o r e s tab le t h a n t h e a c e t y l l i n k a g e that b o n d s t h e p o l y 
sac char ides . T h u s , t h e e p o x i d e m a y s t i l l h a v e b e e n b o n d e d to t h e 
c a r b o h y d r a t e at t h e t e m p e r a t u r e at w h i c h c a r b o h y d r a t e p y r o l y s i s oc 
c u r r e d . 

A c e t y l - a n d i s o c y a n a t e - b o n d e d c h e m i c a l s d i d n o t s t a b i l i z e t h e 
c o m p o n e n t s d e g r a d i n g at 3 2 5 ° C , b u t s h o w e d t h e same t h e r m o g r a -
v i m e t r i c a n d e v o l v e d gas ana lys i s p ro f i l e s as d i d t h e c o n t r o l s . B e c a u s e 
e s te r a n d u r e t h a n e b o n d s a re n o t as s tab le t o w a r d p y r o l y s i s as e t h e r 
l i n k a g e s at h i g h t e m p e r a t u r e s , t h e r e was a p a r t i a l re lease o f b o n d e d 
c h e m i c a l at l o w t e m p e r a t u r e s (117). 

E v o l v e d gas ana lys i s s h o w e d that t h e e p o x i d e - b o n d e d w o o d h a d 
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4. R O W E L L Cell Wall Components 197 

a h i g h e r h e a t o f c o m b u s t i o n o f v o l a t i l e s t h a n d i d t h e c o n t r o l . T h e 
heat o f c o m b u s t i o n o f v o l a t i l e p r o d u c t s f r o m a c e t y l i s o c y a n a t e - a n d 
m e t h y l i s o c y a n a t e - b o n d e d w o o d was a l m o s t t h e same as that o f t h e 
c o n t r o l . T h e h i g h h e a t o f c o m b u s t i o n o f v o l a t i l e s o b s e r v e d f o r 
e p o x i d e - b o n d e d w o o d is p r i m a r i l y d u e to t h e h y d r o c a r b o n c o n t e n t 
a t t a c h e d to t h e b o n d i n g g r o u p . T h e e p o x i d e b o n d i n g g r o u p , - C H 2 -

C H - , a c c o u n t s for p a r t o f t h e heat o f c o m b u s t i o n , b u t t h e - C H 3 a n d 
- C H 2 C H 3 a d d e d b y p r o p y l e n e ox ides a n d b u t y l è n e ox ides , r e s p e c 
t i v e l y , a lso c o n t r i b u t e (117). 

T y p e s o f W o o d . F o r t h e m o s t p a r t , c h e m i c a l m o d i f i c a t i o n has 
b e e n d o n e w i t h r e l a t i v e l y f e w spec i es o f w o o d . A m o n g t h e so f twoods , 
D o u g l a s - f i r , p o n d e r o s a p i n e , a n d s o u t h e r n p i n e h a v e b e e n u s e d ; 
a m o n g t h e h a r d w o o d s , h a r d m a p l e a n d b i r c h h a v e b e e n u s e d . I t is 
easy to g e n e r a l i z e o n t h e t y p e o f w o o d u s e d a n d e x t r a p o l a t e i n f o r 
m a t i o n to a n u n t r i e d spec i es w i t h t h e r a t i o n a l e that i f i t w o r k e d o n 
o n e i t w i l l w o r k o n t h e o ther . T h i s is a d a n g e r o u s a s s u m p t i o n a n d 
m o r e o f t en t h a n n o t , i t is i n c o r r e c t . 

I n a r e c e n t s tudy , 13 spec i es o f w o o d w e r e t r e a t e d w i t h e i t h e r 
p r o p y l e n e o x i d e o r b u t y l è n e o x i d e a n d c a t a l y z e d w i t h t r i e t h y l a m i n e 
(118). W e i g h t g a i n was d e t e r m i n e d a n d , i n m o s t cases, so w e r e A S E 
v a l u e s (Table I V ) . S p e c i e s s u c h as r a d i a t a , s o u t h e r n a n d p o n d e r o s a 
p i n e s , h a r d m a p l e , w a l n u t , e l m , c a t i v o , a n d e u c a l y p t u s a l l h a d ac 
c e p t a b l e w e i g h t ga ins a n d m e d i u m to h i g h A S E v a l u e s . R e d oak a n d 
teak gave g o o d w e i g h t ga ins w i t h l i t t l e o r n o d i m e n s i o n a l s tab i l i t y . 
T h e r e a s o n for th i s is n o t c l ear , b u t t h e ex t rac t ives i n teak s e e m to 
i n t e r f e r e w i t h b o t h c h e m i c a l p e n e t r a t i o n a n d r e a c t i v i t y . I f a d d i t i o n a l 
spec i es w e r e u s e d i n f u r t h e r r e s e a r c h , e v e n g r e a t e r v a r i a b i l i t y w o u l d 
b e e x p e c t e d . 

Proof of Bonding 
T h r e e c r i t e r i a h a v e b e e n u s e d as e v i d e n c e that a c h e m i c a l has 

r e a c t e d i n t h e c e l l w a l l a n d that i t has b o n d e d w i t h t h e c e l l w a l l 
p o l y m e r s : (1) i n c r e a s e s i n w o o d v o l u m e as a r e s u l t o f r e a c t i o n , (2) 
r e s i s t a n c e to l e a c h i n g o f a d d e d c h e m i c a l after r e a c t i o n , a n d (3) I R 
data . 

I n c r e a s e s i n W o o d V o l u m e . O v e n - d r y i n g g r e e n s o u t h e r n p i n e 
causes a s h r i n k a g e o f 6 - 1 0 % f r o m t h e o r i g i n a l g r e e n w o o d v o l u m e 
(Table V ) . W h e n w o o d is t r e a t e d to a w e i g h t g a i n o f a b o u t 2 0 % , t h e 
o v e n - d r y v o l u m e o f t h e t r e a t e d w o o d is e q u a l to t h e o r i g i n a l u n 
t r e a t e d g r e e n w o o d v o l u m e . T a b l e V I shows that for p r o p y l e n e o x i d e , 
m e t h y l i s o c y a n a t e , a n d ace t i c a n h y d r i d e , v o l u m e e x p a n s i o n i n t h e 
w o o d is n e a r l y e q u a l to t h e v o l u m e o f c h e m i c a l a d d e d (I). A l t h o u g h 
t h i s is s t r o n g e v i d e n c e that t h e b u l k i n g c h e m i c a l s are i n t h e c e l l w a l l , 
these resu l t s d o n o t i n d i c a t e w h e t h e r o r n o t t h e c h e m i c a l is b o n d e d . 
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T a b l e I V . W e i g h t P e r c e n t C a i n s f o r V a r i o u s W o o d T r e a t m e n t s 
A p p l i e d to S e v e r a l W o o d S p e c i e s 

Weight 
Time Percent 

Species Treatment" (min) Gain ASEb 

R e d oak P O 30 2 1 . 8 0 
P O 40 2 5 . 6 2 .1 

H a r d m a p l e P O 3 5 2 7 . 3 4 1 . 1 H a r d m a p l e 
B O 60 18 5 2 . 2 
B O 180 32 6 1 . 0 

Teak P O 30 2 0 . 5 0 
P O 60 2 0 . 7 0 

W a l n u t P O 3 2 6 . 2 46 
B O 240 2 8 . 3 5 3 

E l m P O 4 0 2 8 . 2 4 6 . 3 
C a t i v o P O 40 2 9 . 7 4 2 . 2 

B O 240 2 2 . 8 6 4 . 2 
P e r s i m m o n B O 180 22 — 

B O 240 3 3 — 
E u c a l y p t u s o b l i g v a B O 2 4 0 22 4 6 . 4 
R a d i a t a p i n e (sapwood) P O 40 3 4 . 2 6 7 . 3 

(hear twood ) P O 40 3 2 . 1 5 2 . 3 
S o u t h e r n p i n e (sapwood) P O 4 0 3 5 . 5 6 8 . 3 

(hear twood ) P O 40 2 4 . 6 5 9 . 7 
P o n d e r o s a p i n e P O 40 2 6 . 9 3 6 . 5 
D o u g l a s - f i r B O 3 0 0 2 0 . 7 — D o u g l a s - f i r 

B O 3 6 0 2 4 . 6 — 
S p r u c e P O 40 3 2 . 6 — 

B O 3 6 0 3 0 . 4 — 
a Treatments: P O , propylene oxide; and B O , butylène oxide. 
b Antishrink efficiency after one water soak. 
Conditions : temperature, 120 °C; solvent, epoxide/triethylamine, 95/5, v/v; and pres

sure, 150 l b / i n . 2 . 

F o r a c r y l o n i t r i l e , t h e r e is a g r e a t e r v o l u m e o f c h e m i c a l a d d e d t h a n 
t h e r e is a n i n c r e a s e i n w o o d v o l u m e . T h i s m e a n s that no t a l l t h e 
c h e m i c a l i n t h e w o o d is i n t h e c e l l w a l l . T h i s is v e r y e v i d e n t w h e n 
u s i n g m e t h y l m e t h a c r y l a t e , w h i c h shows a v e r y l a r g e a d d i t i o n o f 
c h e m i c a l v o l u m e w i t h v e r y l i t t l e i n c r e a s e i n w o o d v o l u m e . T h e m e t h 
a c r y l a t e p o l y m e r is m a i n l y i n w o o d l u m e n s . 

R e s i s t a n c e to L e a c h i n g . I f t h e c h e m i c a l that c a u s e d t h e c e l l 
w a l l to s w e l l is b o n d e d to t h e c e l l w a l l p o l y m e r s , t h e n s o l v e n t ex 
t r a c t i o n c a n n o t l e a c h i t ou t . N o n b o n d e d c h e m i c a l s w i l l l e a c h o u t 
r e s u l t i n g i n w e i g h t loss . Tab le V I I shows that m e t h y l i s o cyanate - , 
b u t y l è n e o x i d e - , a n d ace t i c a n h y d r i d e - m o d i f i e d w o o d are v e r y r e s i s -
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Table V I . Volume Changes in Southern Pine upon 
Chemica l Treatment 

Calculated 

Treatment 

Weight 
Percent 

Gain 

Increase in 
Wood Volume 

with Treatment0 

(cm3) 

Volume 
of Chemical 

Addedb 

(cm3) 

P r o p y l e n e o x i d e 2 6 . 5 7.1 7.5 
2 8 . 8 6 .4 7.2 
3 4 . 3 8.4 8 .0 
3 6 . 2 8 .9 9 .0 

M e t h y l i s o c y -
anate 12 .4 0 .16 0 .14 

2 5 . 7 0 .21 0 .27 
4 7 . 7 0 .46 0 .54 
5 1 . 2 0 .54 0 .58 

A c e t i c a n h y 
d r i d e 17 .5 3 .0 2 .9 

19 .5 3.6 3 .3 
2 2 . 8 3 .9 4 .0 

A c r y l o n i t r i l e 2 5 . 7 0 .46 0 .77 A c r y l o n i t r i l e 
2 8 . 7 0 .26 0 .39 
3 6 . 0 0 .74 1.2 

M e t h y l m e t h -
a c r y l a t e 5 8 . 0 0 .6 7.6 

9 1 . 4 0 .9 10 .1 
a Difference in volume between treatments is due to different sample size. 
b Density used in volume calculations: propylene oxide, 1.01; methyl isocyanate, 

0.967; acetic anhydride, 1.049; acrylonitrile, 0.806; and methyl methacrylate, 0.94. 

tant to t h e l e a c h i n g o f a d d e d chemica l ( s ) . T h e s t a r t i n g c h e m i c a l s a n d 
n o n b o n d e d b y - p r o d u c t s w o u l d b e v e r y s o l u b l e i n b e n z e n e o r w a t e r . 
S o x h l e t e x t r a c t i o n o f g r o u n d - m o d i f i e d w o o d ( 2 0 - 4 0 m e s h ) is a sev er e 
e n v i r o n m e n t that exposes a v e r y large i n t e r n a l surface a r e a to t h e 
e x t r a c t i n g s o l v e n t . P r o p y l e n e o x i d e - m o d i f i e d w o o d s h o w s m o r e 
w e i g h t loss t h a n t h e t h r e e a f o r e m e n t i o n e d c h e m i c a l s y s t e m s . P r o 
p y l e n e o x i d e is m o r e m o i s t u r e s e n s i t i v e t h a n buty l ène o x i d e , a n d 
t h u s f o r m s m o r e n o n b o n d e d p o l y m e r s d u r i n g r e a c t i o n . A c r y l o n i t r i l e 
m o d i f i c a t i o n u s i n g a m m o n i u m h y d r o x i d e as cata lyst r e su l t s i n a l m o s t 
n o p e r m a n e n t l y b o n d e d c h e m i c a l e v e n i n a m i l d w a t e r - s o a k i n g test . 
W o o d t r e a t m e n t s u s i n g N a O H as cata lyst s h o w a l o w e r w e i g h t loss 
i n w a t e r t h a n d o w o o d t r e a t m e n t s u s i n g a m m o n i u m h y d r o x i d e as a 
cata lyst . H o w e v e r , w e i g h t loss is s t i l l s i g n i f i c a n t l y h i g h e r t h a n a n y 
o t h e r c h e m i c a l l y b o n d e d s y s t e m . 

A n o t h e r test for r e s i s t a n c e to l e a c h i n g o f b o n d e d c h e m i c a l c a n 
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b e s e e n i n d a t a g e n e r a t e d for r e p e a t e d w a t e r - l e a c h i n g A S E tests (I) . 
T a b l e V I I I s h o w s that w o o d m o d i f i e d w i t h p r o p y l e n e o r b u t y l è n e 
o x i d e , m e t h y l i s o c y a n a t e , a n d ace t i c a n h y d r i d e m a i n t a i n s a 5 0 - 6 0 % 
A S E v a l u e e v e n after f o u r s o a k i n g - d r y i n g c y c l e s . T h i s v a l u e shows 
that t h e b u l k i n g c h e m i c a l is s t a y i n g i n t h e c e l l w a l l . A c r y l o n i t r i l e -
m o d i f i e d w o o d c a t a l y z e d w i t h b o t h a m m o n i u m h y d r o x i d e a n d s o d i u m 
h y d r o x i d e loses b u l k i n g c h e m i c a l e v e n after o n e s o a k i n g c y c l e . T h e 
A S E v a l u e o n t h e s e c o n d s o a k i n g c y c l e is n e g a t i v e , w h i c h m e a n s t h e 
m o d i f i e d w o o d is less d i m e n s i o n a l l y s tab le t h a n t h e c o n t r o l . T h i s loss 
i n s t a b i l i t y m a y b e d u e to h e m i c e l l u l o s e e x t r a c t i o n d u r i n g r e a c t i o n 
u n d e r s t r o n g a l k a l i n e ca ta lys t c o n d i t i o n s . 

I R D a t a . E v i d e n c e that a c h e m i c a l r e a c t i o n has t a k e n p l a c e 
w i t h t h e w o o d c e l l w a l l h y d r o x y l g r o u p s is s e e n i n t h e I R s p e c t r a o f 
m e t h y l i s o c y a n a t e - m o d i f i e d s o u t h e r n p i n e ( F i g u r e 4). S a m p l e s w e r e 
first m i l l e d to pass a 4 0 - m e s h s c r e e n a n d e x t r a c t e d w i t h b e n z e n e / 
e t h a n o l (2 /1 , v /v ) f o l l o w e d b y w a t e r i n a S o x h l e t extractor . A n y u n -
r e a c t e d r e a g e n t a n d i s o c y a n a t e h o m o p o l y m e r f o r m e d d u r i n g t h e r e a c 
t i o n w o u l d b e r e m o v e d b y th i s p r o c e d u r e . T h e s p e c t r u m for u n -
r e a c t e d w o o d i n t h e r e g i o n o f 1 7 3 0 c m - 1 s h o w s s o m e c a r b o n y l 
s t r e t c h i n g v i b r a t i o n s ( F i g u r e 4 A ) . A f t e r t h e w o o d is m o d i f i e d to 
1 7 . 7 % w e i g h t g a i n , t h e c a r b o n y l b a n d is s t r o n g e r ( F i g u r e 4 B ) . A t 
4 7 . 2 % w e i g h t g a i n ( F i g u r e 4 C ) th i s b a n d b e c o m e s o n e o f t h e m a j o r 
b a n d s i n t h e I R s p e c t r a . T h e i n c r e a s e i n c a r b o n y l is d u e to t h e for 
m a t i o n o f R - O - C - N - R i n t h e u r e t h a n e b o n d . T h e r e is also a n 
i n c r e a s e i n t h e a b s o r p t i o n b a n d s as t h e w e i g h t p e r c e n t g a i n i n c r e a s e s : 
at 1550 c m " 1 , Ν — H d e f o r m a t i o n f r e q u e n c i e s o f s e c o n d a r y a m i n e s ; at 
1270 c m " 1 , C - N v i b r a t i o n o f d i s u b s t i t u t e d a m i n e s ; a n d at 7 7 0 - 7 8 0 
c m - 1 , N - H d e f o r m a t i o n o f b o n d e d s e c o n d a r y a m i n e s . N o u n r e a c t e d 
r e a g e n t r e m a i n s i n t h e s a m p l e s , as s h o w n b y t h e a b s e n c e o f i s o 
c y a n a t e a b s o r p t i o n at 2 2 7 5 - 2 2 4 0 c m - 1 ( F i g u r e s 4 Β a n d 4 C ) . 

T h e s t r o n g a b s o r p t i o n at 3 4 0 0 c m " 1 a n d 2 9 5 0 c m " 1 i n a l l t h e I R 
s p e c t r a is c a u s e d b y h y d r o x y l a b s o r p t i o n . B e c a u s e s u b s t i t u t i o n is no t 
h i g h e n o u g h to e l i m i n a t e a l l h y d r o x y l g r o u p s , t h e s e b a n d s a re a lways 
p r e s e n t . 

T h e h o l o c e l l u l o s e ( c e l lu l o se a n d h e m i c e l l u l o s e ) f r o m a s a m p l e 
m o d i f i e d b y m e t h y l i s o c y a n a t e to a w e i g h t g a i n o f 1 7 . 7 % was i s o l a t e d 
b y t h e s o d i u m c h l o r i t e p r o c e d u r e (119). T h e I R s p e c t r u m o f t h e 
h o l o c e l l u l o s e ( F i g u r e 4 D ) s h o w s that u r e t h a n e b o n d i n g has t a k e n 
p l a c e i n t h e c a r b o h y d r a t e c o m p o n e n t o f w o o d . T h e I R s p e c t r u m o f 
l i g n i n i s o l a t e d f r o m a m e t h y l i s o c y a n a t e - m o d i f i e d s a m p l e at 4 7 . 2 % 
w e i g h t g a i n b y t h e H 2 S 0 4 p r o c e d u r e ( J 2 0 ) s h o w s t h a t u r e t h a n e 
b o n d i n g has o c c u r r e d i n t h e l i g n i n c o m p o n e n t o f w o o d ( F i g u r e 4 E ) . 
T h e l i g n i n s p e c t r u m s h o w s t h e c h a r a c t e r i s t i c a r o m a t i c s k e l e t a l v i b r a 
t i o n at 1515 c m " 1 (121). T h i s b a n d is m i s s i n g from t h e m o d i f i e d 
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WÛVENUMBER CM"1 

Figure 4. IR spectra of methyl isocyanate-modified southern pine. Key: 
A, southern pine control; B, methyl isocyanate-modified southern pine to 
17.7% weight gain; C, methyl isocyanate-modified southern pine to 47.2% 
weight gain; D, holocellulose fraction from methyl isocyanate-modified 
southern pine to 17.7% weight gain (0.07% lignin); and Ey lignin fraction 

from methyl isocyanate-modified southern pine to 47.2% weight gain. 

h o l o c e l l u l o s e c u r v e ( F i g u r e 4 D ) , s h o w i n g that t h e c h l o r i t e p r o c e d u r e 
does r e m o v e s u b s t i t u t e d l i g n i n s . 

S i m i l a r r e s u l t s are o b s e r v e d o n I R s p e c t r a o f a c e t y l a t e d w o o d 
(122). A s t h e w e i g h t p e r c e n t g a i n increases u p o n a c e t y l a t i o n , the 
a b s o r p t i o n b a n d at 1730 c m " 1 i n c reases b e c a u s e o f t h e c a r b o n y l g r o u p 
i n t h e a c e t y l b o n d . 

Distribution of Bonded Chemical 
C h e m i c a l m o d i f i c a t i o n o f w o o d to i m p a r t d e c a y res i s tance a n d 

to p r o v i d e d i m e n s i o n a l s t a b i l i t y d e p e n d s o n a d e q u a t e d i s t r i b u t i o n o f 
r e a c t e d c h e m i c a l s i n w a t e r - a c c e s s i b l e r eg i ons o f t h e c e l l w a l l . It is 
i m p o r t a n t , t h e r e f o r e , to d e t e r m i n e t h e d i s t r i b u t i o n o f b o n d e d c h e m 
ica ls . T h i s i n f o r m a t i o n m a y also l e a d to a b e t t e r u n d e r s t a n d i n g o f h o w 
c h e m i c a l m o d i f i c a t i o n o f w o o d changes the c h e m i c a l p r o p e r t i e s o f 
c e l l w a l l p o l y m e r s . 

T h e d i s t r i b u t i o n o f b o n d e d c h e m i c a l as a f u n c t i o n o f d e p t h o f 
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4. R O W E L L Cell Wall Components 205 

p e n e t r a t i o n was d e t e r m i n e d b y t r a c i n g t h e fate o f c h l o r i n e i n e p i -
c h l o r o h y d r i n - r e a c t e d w o o d (123) a n d a c e t y l g r o u p s i n a c e t y l a t e d 
w o o d (122). O u t s i d e , m i d d l e , a n d i n n e r s a m p l e s w e r e t a k e n f r o m 
s p e c i m e n s 1.27 x 1.27 c m to 5 .08 x 5 .08 c m p r e p a r e d f r o m e p i -
c h l o r o h y d r i n - m o d i f i e d s o u t h e r n p i n e . I n s a m p l e s u p to 3 .81 x 3 .81 
c m , n o s i g n i f i c a n t d i f f e rences w e r e o b s e r v e d i n c h l o r i n e c o n t e n t f r o m 
t h e t h r e e sec t i ons a n a l y z e d . B e y o n d 3 .81 c m a c o n c e n t r a t i o n d i f f e r 
e n c e o c c u r r e d b e t w e e n t h e o u t s i d e a n d t h e i n n e r p a r t o f the w o o d 
t r e a t e d . R e s u l t s w e r e s i m i l a r for a c e t y l a t e d w o o d (122). 

T h e e p i c h l o r o h y d r i n r e a c t i o n s y s t e m was also u s e d to d e t e r m i n e 
t h e d i s t r i b u t i o n o f c h l o r i n e i n e a r l y w o o d , l a t e w o o d , s a p w o o d , a n d 
h e a r t w o o d o f s o u t h e r n p i n e (124). T h e v e r y p o l a r e p o x y s y s t e m reacts 
m o r e q u i c k l y , a n d w i t h g r e a t e r w e i g h t ga ins , w i t h t h e e a r l y w o o d — 
as o p p o s e d to l a t e w o o d — c e l l w a l l c o m p o n e n t s . A l t h o u g h the a m o u n t 
o f t h e e p o x i d e s was l a r g e r i n h e a r t w o o d , b e n z e n e e x t r a c t i o n o f t h e 
r e a c t e d w o o d e f f ec ted a g r e a t e r w e i g h t loss f r o m t h e h e a r t w o o d t h a n 
f r o m t h e s a p w o o d . T h i s w e i g h t loss m a y h a v e b e e n c a u s e d b y r e a c t i o n 
o f t h e e p o x i d e s w i t h h e a r t w o o d e x t r a c t i v e s , w h i c h w e r e t h e n r e 
m o v e d o n b e n z e n e e x t r a c t i o n . 

A s t u d y o f sof t -rot d e c a y p a t t e r n s s h o w e d that t h e t a n g e n t i a l c e l l 
w a l l is r e a c t e d to a h i g h e r d e g r e e t h a n r a d i a l c e l l w a l l s i n p o n d e r o s a 
p i n e r e a c t e d w i t h b u t y l è n e o x i d e at 8 % w e i g h t g a i n (125). T h e r a d i a l 
w a l l i n l a t e w o o d is n e a r l y t w i c e as t h i c k as t h e t a n g e n t i a l w a l l , so t h e 
r a d i a l w a l l m a y n o t b e t o t a l l y p e n e t r a t e d b y the e p o x i d e s y s t e m . 

E n e r g y X - r a y ana lys i s o f b r o m i n e i n w o o d a c e t y l a t e d w i t h t r i -
b r o m o a c e t y l b r o m i d e s h o w e d t h a t b r o m i n e w a s d i s t r i b u t e d 
t h r o u g h o u t t h e e n t i r e s e c o n d a r y w a l l , s u g g e s t i n g c h e m i c a l r e a c t i o n 
w i t h l i g n i n (126). U s i n g a s i m i l a r t e c h n i q u e , t h e greatest p e r c e n t a g e 
o f c h l o r i n e i n e p i c h l o r o h y d r i n - m o d i f i e d w o o d r e f e r e n c e was f o u n d i n 
t h e S 2 l a y e r o f t h e c e l l w a l l . T h i s is t h e t h i c k e s t c e l l w a l l l a y e r a n d 
c o n t a i n s t h e m o s t c e l l u l o s e . 

B y t a k i n g a p a r t t h e c e l l w a l l o f a m o d i f i e d w o o d s p e c i m e n a n d 
s e p a r a t i n g t h e c e l l w a l l c o m p o n e n t s f r o m o n e a n o t h e r , i t is p o s s i b l e 
to d e t e r m i n e t h e d i s t r i b u t i o n o f b o n d e d c h e m i c a l s i n t h e c e l l w a l l 
p o l y m e r . I t is m o r e d i f f i c u l t to d e l i g n i f y m o d i f i e d w o o d t h a n u n m o d 
i f i e d w o o d , w h i c h m e a n s that t h e l i g n i n has b e e n s u b s t i t u t e d (122, 
127, 128). T h i s is t r u e for w o o d r e a c t e d w i t h b o t h ace t i c a n h y d r i d e 
a n d m e t h y l i s o cyanate . T a b l e I X shows that t h e l i g n i n c o m p o n e n t is 
a lways m o r e s u b s t i t u t e d t h a n t h e h o l o c e l l u l o s e c o m p o n e n t s (128). 
T h i s w o u l d i n d i c a t e that t h e l i g n i n is e i t h e r m o r e access ib l e for r e a c 
t i o n t h a n h o l o c e l l u l o s e o r that i t is m o r e r e a c t i v e t h a n h o l o c e l l u l o s e . 
L i g n i n was f o u n d to b e m o r e r e a c t i v e t h a n c e l l u l o s e t o w a r d a c e t y -
l a t i o n (129). 
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Table IX. Degree of Substitution of Hydroxyl Groups in M e t h y l 
Isocyanate-Modified Southern Pine 

Weight 
Percent 

Gain Lignin Holocellulose 
Lignin: 

Holocellulose 

5.5 0 .17 0 .025 7.4 
10 .0 0 .28 0 .047 6 .0 
17 .7 0 .41 0 .084 4 .9 
2 3 . 5 0 . 5 9 0 .117 5.1 
4 7 . 2 0 . 8 9 0 .209 4 . 3 

F o r a c e t y l a t e d w o o d at a p p r o x i m a t e l y 2 5 % c h e m i c a l w e i g h t g a i n , 
a l l o f t h e l i g n i n h y d r o x y l s w e r e f o u n d to b e s u b s t i t u t e d (122, 130). 
M o r e b o n d e d a c e t y l is f o u n d o n t h e c e l l u l o s e t h a n the h e m i c e l l u l o s e s 
at l o w (13.5%) c h e m i c a l w e i g h t g a i n , b u t th i s was r e v e r s e d at h i g h e r 
(24.5%) w e i g h t g a i n (J30) . 

H y d r o x y l s u b s t i t u t i o n c a l c u l a t i o n s are b a s e d o n t h e a s s u m p t i o n 
that a l l h y d r o x y l g r o u p s a re access ib l e a n d that r e a c t i o n w i t h ace t i c 
a n h y d r i d e o r m e t h y l i s o c y a n a t e is a s i n g l e - s i t e s u b s t i t u t i o n r e a c t i o n — 
i . e . , o n l y o n e r e a g e n t r e a c t i n g w i t h o n e h y d r o x y l a n d n o p o l y m e r i 
z a t i o n . O n l y 6 0 % o f t h e t o t a l h y d r o x y l g r o u p s i n s p r u c e w o o d are 
a c c e s s i b l e to t r i t i a t e d w a t e r (131). A b o u t 6 5 % o f t h e c e l l u l o s e i n w o o d 
is c r y s t a l l i n e a n d , t h e r e f o r e , p r o b a b l y n o t ac cess ib l e for reac t i ons 
i n v o l v i n g these h y d r o x y l g r o u p s (7). B a s e d o n these e s t imates a n d 
a s s u m i n g that o n l y 3 5 % o f t h e c e l l u l o s e h y d r o x y l s are access ib l e for 
s u b s t i t u t i o n , t h e d e g r e e o f s u b s t i t u t i o n i n t h e h o l o c e l l u l o s e 
c o m p o n e n t is m u c h h i g h e r i n t h e access ib l e r e g i o n s t h a n s h o w n i n 
T a b l e I X . 

T h e d a t a o n t h e d i s t r i b u t i o n o f b o n d e d c h e m i c a l s suggest that a 
h i g h rate o f l i g n i n s u b s t i t u t i o n does no t c o n t r i b u t e s i g n i f i c a n t l y to 
t h e o v e r a l l p r o t e c t i o n m e c h a n i s m o f w o o d f r o m d e c a y o r d i m e n s i o n a l 
s t a b i l i z a t i o n . T h e d e g r e e o f s u b s t i t u t i o n i n l i g n i n was h i g h i n s a m p l e s 
at l o w e r w e i g h t p e r c e n t g a i n o f b o n d e d c h e m i c a l w h e r e l i t t l e o r n o 
p r o t e c t i o n f r o m d e c a y o r d i m e n s i o n a l s t a b i l i z a t i o n was o b s e r v e d . I f 
t h e d e g r e e o f s u b s t i t u t i o n i n l i g n i n does h a v e a n effect o n these 
m e c h a n i s m s , i t is o n l y o b s e r v e d at v e r y h i g h l e v e l s . T h e d e g r e e o f 
s u b s t i t u t i o n i n t h e h o l o c e l l u l o s e c o m p o n e n t s s e e m s to b e t h e m o s t 
i m p o r t a n t factor i n d e c a y r e s i s t a n c e a n d d i m e n s i o n a l s tab i l i ty . 

Conclusion 
C h e m i c a l m o d i f i c a t i o n o f w o o d w i l l b e i m p o r t a n t i n t h e f u t u r e 

b e c a u s e o f i ts a b i l i t y to e n h a n c e t h e p r o p e r t i e s o f t h e e n d p r o d u c t s 
i n use (132). If, f or e x a m p l e , fire r e t a r d a n c y is i m p o r t a n t i n a w o o d 
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m a t e r i a l , t h e fire r e t a r d a n t c h e m i c a l c o u l d b e b o n d e d p e r m a n e n t l y 
to t h e c e l l w a l l o f t h e w o o d . I f t h e l e v e l o f c h e m i c a l a d d i t i o n w e r e 
h i g h e n o u g h , d i m e n s i o n a l s t a b i l i t y a n d s o m e d e g r e e o f r e s i s tance to 
b i o l o g i c a l at tack w o u l d also b e a c h i e v e d at n o a d d i t i o n a l cost . 

T h e greatest s i n g l e a p p l i c a t i o n o f c u r r e n t r e s e a r c h m a y b e i n r e 
c o n s t i t u t e d p r o d u c t s i n w h i c h s t a n d a r d o p e r a t i n g p r o c e d u r e s c a l l for 
d r y w o o d m a t e r i a l s , s p r a y c h e m i c a l a d d i t i o n for m a x i m u m d i s t r i b u 
t i o n , s m a l l s a m p l e s i ze for g o o d p e n e t r a t i o n , a n d h i g h t e m p e r a t u r e 
a n d p r e s s u r e i n p r o d u c t f o r m a t i o n . T h e s e a re exac t ly t h e p r o c e d u r e s 
r e q u i r e d for s u c c e s s f u l c h e m i c a l m o d i f i c a t i o n . P e r m a n e n t l y b o n d e d 
c h e m i c a l s t h a t p r o v i d e f i r e r e t a r d a n c y , U V s t a b i l i z a t i o n , c o l o r 
c h a n g e s , d i m e n s i o n a l s t a b i l i t y , a n d r e s i s t a n c e to b i o l o g i c a l at tack m a y 
b e p o s s i b l e t h r o u g h c h e m i c a l m o d i f i c a t i o n . 
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5 
The Chemistry of Wood Strength 

J E R R O L D E . WINANDY and R O G E R M. R O W E L L 

U.S. Department of Agriculture, Forest Service, Forest Products Laboratory, 
Madison, WI 53705 

The source of strength in solid wood is the wood fiber. 
Generally, cellulose is responsible for strength in the 
wood fiber because of its high degree of polymerization 
and linear orientation. Hemicellulose acts as a matrix 
for the cellulose and increases the packing density of the 
cell wall. The actual role of hemicellulose in wood 
strength is unknown, but hemicellulose and lignin are 
closely associated. Lignin not only holds fibers together, 
but also holds cellulose molecules together within the 
fiber cell wall. The chemical components of wood that 
are responsible for mechanical properties can be viewed 
from three levels: macroscopic (cellular), microscopic 
(cell wall), and molecular (polymeric). Mechanical prop
erties change with changes in the chemical environment. 
Changes in temperature, pressure, humidity, pH, chem
ical adsorption from the environment, UV radiation, 
fire, or biological degradation can have significant ef
fects on the strength of wood. 

JL H E S O U R C E O F S T R E N G T H I N W O O D is the w o o d fiber. W o o d is b a s i c a l l y 
a ser ies o f t u b u l a r fibers o r c e l l s c e m e n t e d toge ther . E a c h fiber w a l l 
is c o m p o s e d o f v a r i o u s q u a n t i t i e s o f t h r e e p o l y m e r s : c e l l u l o s e , h e m i 
c e l l u l o s e , a n d l i g n i n (see C h a p t e r 1). C e l l u l o s e , p r i m a r i l y , is r e s p o n 
s i b l e for s t r e n g t h i n t h e w o o d fiber b e c a u s e o f i ts h i g h d e g r e e o f 
p o l y m e r i z a t i o n a n d l i n e a r o r i e n t a t i o n . H e m i c e l l u l o s e acts as a m a t r i x 
for t h e c e l l u l o s e a n d inc reases t h e p a c k i n g d e n s i t y o f t h e c e l l w a l l . 
T h e r o l e o f h e m i c e l l u l o s e as a c o n t r i b u t o r to s t r e n g t h is l a r g e l y u n 
k n o w n ; h o w e v e r , h e m i c e l l u l o s e m a y act as a l i n k b e t w e e n t h e fibrous 
c e l l u l o s e a n d t h e a m o r p h o u s l i g n i n . L i g n i n , a p h e n o l i c c o m p o u n d , 
no t o n l y h o l d s t h e fibers t o g e t h e r , b u t also acts as a s t i f f en ing agent 
for t h e c e l l u l o s e m o l e c u l e s w i t h i n t h e fiber c e l l w a l l . A l l t h r e e c e l l 
w a l l c o m p o n e n t s c o n t r i b u t e i n d i f f e r e n t degrees to t h e s t r e n g t h o f 
w o o d . T o g e t h e r t h e t u b u l a r s t r u c t u r e a n d t h e p o l y m e r i c c o n s t r u c t i o n 

This chapter not subject to U.S. copyright. 
Published 1984, American Chemical Society 
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212 T H E CHEMISTRY OF SOLID WOOD 

are r e s p o n s i b l e for m o s t o f t h e p h y s i c a l a n d c h e m i c a l p r o p e r t i e s ex
h i b i t e d b y w o o d . 

T h e s t r e n g t h o f w o o d c a n b e a l t e r e d b y e n v i r o n m e n t a l agents . 
T h e c h a n g e s i n p H , m o i s t u r e , a n d t e m p e r a t u r e ; the i n f l u e n c e o f 
decay , f i r e , a n d U V r a d i a t i o n ; a n d t h e a d s o r p t i o n o f c h e m i c a l s f r o m 
t h e e n v i r o n m e n t c a n h a v e a s i g n i f i c a n t effect o n s t r e n g t h p r o p e r t i e s . 
E n v i r o n m e n t a l l y i n d u c e d changes m u s t b e c o n s i d e r e d i n a n y d i s c u s 
s i on o n t h e s t r e n g t h o f t r e a t e d o r u n t r e a t e d w o o d . 

T h e s t r e n g t h o f w o o d c a n also b e a l t e r e d b y p r e s e r v a t i v e a n d 
f i r e - r e t a r d a n t c o m p o u n d s u s e d to p r e v e n t e n v i r o n m e n t a l d e g r a d a 
t i o n . I n s o m e cases , t h e loss i n m e c h a n i c a l p r o p e r t i e s c a u s e d b y these 
t r e a t m e n t s m a y b e l a r g e e n o u g h that t h e t r e a t e d m a t e r i a l c a n n o 
l o n g e r b e c o n s i d e r e d t h e s a m e as t h e u n t r e a t e d m a t e r i a l . T h e t r e a t e d 
w o o d m a y n o w res i s t e n v i r o n m e n t a l d e g r a d a t i o n b u t m a y b e s t r u c 
t u r a l l y i n f e r i o r to t h e u n t r e a t e d m a t e r i a l . E x c e p t for p r e s e r v a t i v e -
t r e a t e d w o o d u s e d i n m a r i n e e n v i r o n m e n t s , these p o s s i b l e changes 
are n o t a c c o u n t e d for i n t h e s t r u c t u r a l d e s i g n process b e c a u s e c h e m 
i c a l d e g r a d a t i o n o f t h e p o l y m e r s r e s p o n s i b l e for s t r e n g t h is a s s u m e d 
to b e m a r g i n a l o r n o n e x i s t e n t . W i t h f i r e - r e t a r d a n t t r e a t e d w o o d , a 
1 0 % r e d u c t i o n i n s t r e n g t h is i n c o r p o r a t e d i n t o t h e s t r u c t u r a l d e s i g n 
process . 

T h i s c h a p t e r p r e s e n t s a t h e o r e t i c a l m o d e l to e x p l a i n t h e r e l a 
t i o n s h i p b e t w e e n t h e m e c h a n i c a l p r o p e r t i e s a n d t h e c h e m i c a l c o m 
p o n e n t s o f w o o d . T h i s m o d e l is t h e n u s e d to d e s c r i b e t h e effects o f 
a l t e r e d c o m p o s i t i o n o n those m e c h a n i c a l p r o p e r t i e s . M a n y o f the 
t h e o r i e s p r e s e n t e d are u n p r o v e n . T h e y s h o u l d b e c o n s i d e r e d as a 
s t a r t i n g p o i n t for d i a l o g u e b e t w e e n c h e m i s t s a n d e n g i n e e r s that w i l l 
e v e n t u a l l y l e a d to a b e t t e r u n d e r s t a n d i n g o f t h e c h e m i s t r y o f w o o d 
s t r e n g t h . 

Mechanical Properties 

E v e n w o o d that has n o d i s c e r n i b l e defects has e x t r e m e l y v a r i a b l e 
p r o p e r t i e s as a r e s u l t o f i ts h e t e r o g e n e o u s c o m p o s i t i o n a n d n a t u r a l 
g r o w t h p a t t e r n s . W o o d is a n a n i s o t r o p i c m a t e r i a l i n that t h e m e 
c h a n i c a l p r o p e r t i e s v a r y w i t h r e s p e c t to t h e t h r e e m u t u a l l y p e r p e n 
d i c u l a r axes o f t h e m a t e r i a l ( r a d i a l , t a n g e n t i a l , a n d l o n g i t u d i n a l ) . 
T h e s e n a t u r a l c h a r a c t e r i s t i c s are c o m p o u n d e d f u r t h e r b y t h e e n v i 
r o n m e n t a l i n f l u e n c e s e n c o u n t e r e d d u r i n g t h e g r o w t h o f t h e l i v i n g 
t r e e . Yet w o o d is a v i a b l e c o n s t r u c t i o n m a t e r i a l be cause w o r k a b l e 
e s t imates o f t h e m e c h a n i c a l p r o p e r t i e s h a v e b e e n d e v e l o p e d . 

M e c h a n i c a l p r o p e r t i e s r e l a t e a m a t e r i a l ' s r es i s tance to i m p o s e d 
loads ( i . e . , forces) . M e c h a n i c a l p r o p e r t i e s i n c l u d e : (1) m e a s u r e s o f 
r e s i s t a n c e to d e f o r m a t i o n s a n d d i s t o r t i o n s ( e las t i c p r o p e r t i e s ) , (2) 
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m e a s u r e s o f f a i l u r e - r e l a t e d (strength) p r o p e r t i e s , a n d (3) m e a s u r e s o f 
o t h e r p e r f o r m a n c e p r o p e r t i e s . To pre face a n y d i s c u s s i o n c o n c e r n i n g 
m e c h a n i c a l p r o p e r t i e s , t w o c o n c e p t s n e e d to b e e x p l a i n e d : stress (σ) 
a n d s t r a i n (e). 

S tress is a m e a s u r e o f t h e i n t e r n a l forces e x e r t e d i n a m a t e r i a l 
as a r e s u l t o f a n a p p l i c a t i o n o f a n e x t e r n a l l o a d . T h r e e t y p e s o f p r i m a r y 
stress ex is t : t e n s i l e s tress , w h i c h p u l l s o r e longates a n ob jec t ( F i g u r e 
l a ) ; c o m p r e s s i v e s t r e s s , w h i c h p u s h e s o r c o m p r e s s e s a n o b j e c t 
( F i g u r e l b ) ; a n d s h e a r stress , w h i c h causes t w o c o n t i g u o u s parts o f a 
b o d y to s l i d e t h r o u g h s o m e p l a n e o f t h e ob j e c t ( F i g u r e l c ) . B e n d i n g 
stress ( F i g u r e Id ) is a c o m b i n a t i o n o f a l l t h r e e o f the p r i m a r y stresses 
a n d causes r o t a t i o n a l d i s t o r t i o n o r f l e x u r e i n a n ob jec t . 

S t r a i n is t h e m e a s u r e o f a m a t e r i a l ' s a b i l i t y to d e f o r m — t h a t i s , 
e l o n g a t e o r c o m p r e s s — w h i l e u n d e r stress . O v e r t h e e las t i c r a n g e o f 
a m a t e r i a l , s tress a n d s t r a i n are r e l a t e d to e a c h o t h e r i n a l i n e a r 
m a n n e r . I n e las t i c m a t e r i a l s a u n i t o f stress w i l l cause a c o r r e s p o n d i n g 
u n i t o f s t r a i n . T h i s c o n c e p t , k n o w n as H o o k e ' s l a w (E = σ /e) , a p p l i e s 
to a l l e las t i c m a t e r i a l s at p o i n t s b e l o w t h e i r e las t i c o r p r o p o r t i o n a l 
l i m i t s (2). 

E l a s t i c p r o p e r t i e s r e l a t e a m a t e r i a l ' s a b i l i t y to b e d e f o r m e d b y a 
stress to its a b i l i t y to r e g a i n its o r i g i n a l d i m e n s i o n s w h e n t h e stress 
is r e m o v e d . T h e c r i t e r i o n for e l a s t i c i t y is no t t h e a m o u n t o f d e f o r 
m a t i o n , b u t t h e a b i l i t y o f a m a t e r i a l to c o m p l e t e l y r e g a i n its o r i g i n a l 
d i m e n s i o n s w h e n t h e stress is r e m o v e d . T h e o p p o s i t e q u a l i t y is v i s -

a. ==! 
j t. — — _ _ _ _ — 

TENSION 

COMPRESSION 

SHEAR 

BENDING 

Figure 1. Examples of the three axial and one flexural types of stress. 
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cos i ty , w h i c h c a n also b e t h o u g h t o f as p las t i c i ty . A p e r f e c t l y p l a s t i c 
b o d y is o n e that m a k e s n o r e c o v e r y o f its o r i g i n a l d i m e n s i o n s u p o n 
t h e r e m o v a l o f a stress . W o o d is n o t i d e a l l y e las t i c ; i t w i l l no t c o m 
p l e t e l y r e c o v e r d e f o r m a t i o n i m m e d i a t e l y o n u n l o a d i n g , b u t i n t i m e , 
r e s i d u a l d e f o r m a t i o n s t e n d to b e r e c o v e r a b l e . W o o d is c o n s i d e r e d a 
v i s c o e l a s t i c m a t e r i a l . F o r s i m p l i c i t y ' s sake , h o w e v e r , w o o d w i l l b e 
c o n s i d e r e d as a n e las t i c m a t e r i a l i n th i s c h a p t e r . 

T h e t w o m a i n e las t i c p r o p e r t i e s are m o d u l u s o f e las t i c i ty , w h i c h 
d e s c r i b e s t h e r e l a t i o n s h i p o f l o a d (stress) to d e f o r m a t i o n (strain) , a n d 
m o d u l u s o f r i g i d i t y o r shear m o d u l u s , w h i c h d e s c r i b e s the i n t e r n a l 
d i s t r i b u t i o n o f s h e a r i n g stress to shear s t r a i n or , m o r e p r e c i s e l y , a n 
g u l a r d i s p l a c e m e n t w i t h i n a m a t e r i a l . 

S t r e n g t h v a l u e s are n u m e r i c a l e s t i m a t e s o f t h e m a t e r i a l ' s a b i l i t y 
to res i s t a p p l i e d forces . T h e m a j o r s t r e n g t h p r o p e r t i e s are l i m i t v a l u e s 
for t h e s t r e s s - s t r a i n r e l a t i o n s h i p w i t h i n a m a t e r i a l . S t r e n g t h , i n these 
t e r m s , is t h e q u a l i t y that d e t e r m i n e s t h e greatest u n i t stress a m a 
t e r i a l c a n w i t h s t a n d w i t h o u t f r a c t u r e o r excess ive d i s t o r t i o n . I n m a n y 
cases t h e u n q u a l i f i e d t e r m s t r e n g t h is s o m e w h a t v a g u e . It is s o m e 
t i m e s m o r e u s e f u l to t h i n k o f spec i f i c s t r e n g t h s , s u c h as c o m p r e s s i v e , 
t e n s i l e , shear , o r u l t i m a t e b e n d i n g s t r e n g t h s . 

T h e A m e r i c a n S o c i e t y for T e s t i n g a n d M a t e r i a l s ( A S T M ) is a n 
o r g a n i z a t i o n that s t a n d a r d i z e s t e s t i n g p r o c e d u r e s to p r o v i d e r e l i a b l e 
a n d u n i v e r s a l l y c o m p a r a b l e e s t i m a t e s o f s t r e n g t h . T h e A S T M S t a n 
d a r d s (2-6) o u t l i n e p r o c e d u r e s f o r d e t e r m i n i n g b a s i c m e c h a n i c a l 
p r o p e r t i e s a n d d e r i v i n g a l l o w a b l e d e s i g n stresses . I n p e r f o r m i n g a 
test , a l o a d is a p p l i e d to a s p e c i m e n i n a p a r t i c u l a r m a n n e r a n d t h e 
r e s u l t i n g d e f o r m a t i o n is m o n i t o r e d . T h e l o a d i n f o r m a t i o n a l l o w s t h e 
i n t e r n a l forces w i t h i n t h e s p e c i m e n (stress) to b e c a l c u l a t e d . T h e 
d e f o r m a t i o n i n f o r m a t i o n a l l o w s t h e i n t e r n a l d i s t o r t i o n (strain) to b e 
c a l c u l a t e d . W h e n stress a n d s t r a i n are p l o t t e d against e a c h o t h e r o n 
a g r a p h , a s t r e s s - s t r a i n d i a g r a m is d e v e l o p e d ( F i g u r e 2). 

I ^ ULTIMATE 

STRAIN 

Figure 2. A typical stress-strain diagram for wood. 
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T h e u n i t stress c o r r e s p o n d i n g to t h e u p p e r l i m i t o f t h e l i n e a r 
s e g m e n t o f t h e s t r e s s - s t r a i n d i a g r a m is k n o w n as t h e p r o p o r t i o n a l 
l i m i t ( F i g u r e 2, P o i n t A ) . T h i s p r o p o r t i o n a l o r e las t i c l i m i t m e a s u r e s 
t h e b o u n d a r y o f a m a t e r i a l ' s c o m p l e t e l y r e c o v e r a b l e s t r e n g t h . A t 
stress l e v e l s b e l o w t h e p r o p o r t i o n a l l i m i t , a p e r f e c t l y e las t i c m a t e r i a l 
w i l l r e g a i n its o r i g i n a l d i m e n s i o n s a n d f o r m . A t stress l e v e l s i n excess 
o f t h e p r o p o r t i o n a l l i m i t , a n e las t i c m a t e r i a l w i l l no t r e g a i n its o r i g i n a l 
s h a p e ; i t w i l l b e p e r m a n e n t l y d i s t o r t e d . 

T h e u n i t stress r e p r e s e n t e d b y t h e m a x i m u m o r d i n a t e is t h e 
u l t i m a t e ( m a x i m u m ) s t r e n g t h ( F i g u r e 2, P o i n t B ) . T h i s p o i n t e s t i 
mates t h e m a x i m u m stress at t h e t i m e o f f a i l u r e . M a n y o f t h e m e 
c h a n i c a l p r o p e r t i e s o f i n t e r e s t to t h e e n g i n e e r , s u c h as m a x i m u m 
c r u s h i n g s t r e n g t h o r u l t i m a t e b e n d i n g s t r e n g t h , d e s c r i b e th is p o i n t 
o f m a x i m u m stress . 

F a c t o r s A f f e c t i n g S t r e n g t h . M A T E R I A L F A C T O R S . Specific 
Gravity. S p e c i f i c g r a v i t y is t h e ra t i o o f t h e w e i g h t o f a g i v e n v o l u m e 
o f w o o d to that o f a n e q u a l v o l u m e o f w a t e r . A s spec i f i c g r a v i t y i n 
creases , s t r e n g t h p r o p e r t i e s i n c r e a s e (7) b e c a u s e i n t e r n a l stresses are 
d i s t r i b u t e d a m o n g m o r e m o l e c u l a r m a t e r i a l . M a t h e m a t i c a l a p p r o x i 
m a t i o n s o f t h e r e l a t i o n s h i p b e t w e e n spec i f i c g r a v i t y a n d v a r i o u s m e 
c h a n i c a l p r o p e r t i e s are s h o w n i n Tab le I . 

Growth Characteristics. A s a f i b r o u s p r o d u c t f r o m l i v i n g t r ees , 
w o o d is s u b j e c t e d to m a n y e n v i r o n m e n t a l i n f l u e n c e s as i t is f o r m e d 
a n d d u r i n g its l i f e t i m e . T h e s e e n v i r o n m e n t a l i n f l u e n c e s c a n i n c r e a s e 
t h e v a r i a b i l i t y o f t h e w o o d m a t e r i a l a n d , t h u s , i n c r e a s e t h e v a r i a b i l i t y 
o f t h e m e c h a n i c a l p r o p e r t i e s . To r e d u c e t h e effect o f th i s i n h e r e n t 
v a r i a b i l i t y , s t a n d a r d i z e d t e s t i n g p r o c e d u r e s u s i n g s m a l l , c l e a r s p e c i 
m e n s o f w o o d are o f ten u s e d . S m a l l , c l e a r s p e c i m e n s d o no t h a v e 
k n o t s , c h e c k s , s p l i t s , o r r e a c t i o n w o o d . H o w e v e r , t h e w o o d p r o d u c t s 
u s e d a n d o f e c o n o m i c i m p o r t a n c e i n t h e r e a l w o r l d h a v e these d e 
fects. S t r e n g t h e s t i m a t e s d e r i v e d f r o m s m a l l c l e a r s p e c i m e n s are r e 
p o r t e d b e c a u s e m o s t c h e m i c a l t r e a t m e n t d a t a h a v e b e e n g e n e r a t e d 
f r o m s m a l l c l e a r s p e c i m e n s . 

B e c a u s e s t r e n g t h is a f fec ted b y m a t e r i a l factors s u c h as spec i f i c 
g r a v i t y a n d g r o w t h c h a r a c t e r i s t i c s , a coe f f i c ient o f v a r i a t i o n is u s e d 
to a p p r o x i m a t e t h e v a r i a b i l i t y assoc ia ted w i t h e a c h s t r e n g t h p r o p e r t y . 
T h e e s t i m a t e d coe f f i c i ent o f v a r i a t i o n o f v a r i o u s s t r e n g t h p r o p e r t i e s 
c a n b e f o u n d i n T a b l e I I . 

E N V I R O N M E N T A L F A C T O R S . Moisture. W o o d , w h i c h is a h y g r o 
s cop i c m a t e r i a l , ga ins or loses m o i s t u r e to e q u i l i b r a t e w i t h i ts i m 
m e d i a t e e n v i r o n m e n t . T h e e q u i l i b r i u m m o i s t u r e c o n t e n t ( E M C ) is 
t h e s teady-s tate l e v e l that w o o d a c h i e v e s w h e n s u b j e c t e d to a p a r t i c 
u l a r r e l a t i v e h u m i d i t y a n d t e m p e r a t u r e . T h e e v e n t u a l E M C o f t w o 
s i m i l a r s p e c i m e n s w i l l d i f f er i f o n e a p p r o a c h e s E M C u n d e r a d s o r b i n g 
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T a b l e II. T h e A v e r a g e C o e f f i c i e n t o f V a r i a t i o n f o r S o m e 
M e c h a n i c a l P r o p e r t i e s o f C l e a r G r e e n W o o d 

Coefficient of 
Variation" 

Property (%) 

S p e c i f i c g r a v i t y 10 
S h r i n k a g e 

R a d i a l 15 
T a n g e n t i a l 14 
V o l u m e t r i c 16 

S ta t i c b e n d i n g 
F i b e r stress at p r o p o r t i o n a l l i m i t 22 
M o d u l u s o f r u p t u r e 16 
M o d u l u s o f e l a s t i c i t y 22 
W o r k to p r o p o r t i o n a l l i m i t 3 8 
W o r k to m a x i m u m l o a d 34 

I m p a c t b e n d i n g 
H e i g h t o f d r o p caus ing c o m p l e t e fa i lure 2 5 

C o m p r e s s i o n p a r a l l e l to g r a i n 
F i b e r stress at p r o p o r t i o n a l l i m i t 24 
M a x i m u m c r u s h i n g s t r e n g t h 18 
M o d u l u s o f e l a s t i c i t y 29 

C o m p r e s s i o n p e r p e n d i c u l a r to g r a i n 
F i b e r stress at p r o p o r t i o n a l l i m i t 28 

Shear para l l e l to gra in 
M a x i m u m shear ing strength 14 

Tens ion p e r p e n d i c u l a r to gra in 
M a x i m u m tensile strength 2 5 

H a r d n e s s 
E n d 17 
S i d e 2 0 

T o u g h n e s s 34 

S O U R C E : Ref. 9. 
a Values given are based on results of tests of approximately 50 species of green 

wood. Values for wood in the air -dried condition (12% moisture content) may be assumed 
to be approximately of the same magnitude. 

c o n d i t i o n s a n d t h e o t h e r a p p r o a c h e s E M C u n d e r d e s o r b i n g c o n d i 
t i o n s . F o r e x a m p l e , i f t h e r e l a t i v e v a p o r p r e s s u r e o f t h e e n v i r o n m e n t 
is 0 .65 , t w o s i m i l a r s p e c i m e n s e x p o s e d u n d e r e i t h e r a d s o r b i n g o r 
d e s o r b i n g c o n d i t i o n s w i l l e q u i l i b r a t e at m o i s t u r e c o n t e n t s o f a p p r o x 
i m a t e l y 1 1 % a n d 1 3 . 8 % , r e s p e c t i v e l y ( F i g u r e 3). 

W o o d s t r e n g t h is r e l a t e d to t h e a m o u n t o f w a t e r i n t h e w o o d 
f i b e r c e l l w a l l ( 7 - 1 0 ) . A t m o i s t u r e c o n t e n t s f r o m o v e n - d r y ( O D ) to 
t h e f i b e r - s a t u r a t i o n p o i n t , w a t e r a c c u m u l a t e s i n the w o o d c e l l w a l l 
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A D S O R P T I O N 

J I L 
0.2 0.4 0.6 0.8 1.0 

R E L A T I V E V A P O R P R E S S U R E 

Figure 3. Adsorption-desorption isotherms for water vapor by spruce at 
25 °C (17). 

( b o u n d water ) . A b o v e t h e fiber-saturation p o i n t , w a t e r a c c u m u l a t e s 
i n t h e w o o d c e l l c a v i t y (free w a t e r ) , a n d t h e r e are n o t a n g i b l e s t r e n g t h 
effects assoc ia ted w i t h a c h a n g i n g m o i s t u r e c o n t e n t . H o w e v e r , at 
m o i s t u r e c o n t e n t s b e t w e e n O D a n d t h e fiber-saturation p o i n t , w a t e r 
does affect s t r e n g t h . I n c r e a s e d a m o u n t s o f b o u n d w a t e r i n t e r f e r e w i t h 
a n d r e d u c e h y d r o g e n b o n d i n g b e t w e e n t h e o r g a n i c p o l y m e r s o f t h e 
c e l l w a l l ( J I ) w h i c h decreases t h e s t r e n g t h o f w o o d . T h e a p p r o x i m a t e 
r e l a t i o n s h i p s are s h o w n i n Tables I I I a n d IV. 

N o t a l l m e c h a n i c a l p r o p e r t i e s c h a n g e w i t h m o i s t u r e c o n t e n t . T h e 
p e r f o r m a n c e o f w o o d u n d e r d y n a m i c l o a d i n g c o n d i t i o n s is a d u a l 
f u n c t i o n o f t h e s t r e n g t h o f t h e m a t e r i a l , w h i c h is d e c r e a s e d w i t h 
i n c r e a s e d m o i s t u r e c o n t e n t , a n d t h e p l i a b i l i t y o f t h e m a t e r i a l , w h i c h 
is i n c r e a s e d w i t h i n c r e a s e d m o i s t u r e c o n t e n t s . C h a n g e s i n s t r e n g t h 
a n d p l i a b i l i t y offset o n e a n o t h e r a n d , t h e r e f o r e , m e c h a n i c a l p r o p e r 
t ies that d e a l w i t h d y n a m i c l o a d i n g c o n d i t i o n s are no t u s u a l l y a f fected 
b y a c h a n g i n g m o i s t u r e c o n t e n t . 

Temperature. S t r e n g t h is r e l a t e d to t h e t e m p e r a t u r e o f t h e 
w o r k i n g e n v i r o n m e n t (7, 9 , 10). A t c ons tant m o i s t u r e c o n t e n t , t h e 
i m m e d i a t e effect o f t e m p e r a t u r e o n s t r e n g t h is l i n e a r ( F i g u r e 4) a n d 
u s u a l l y r e c o v e r a b l e w h e n t h e t e m p e r a t u r e r e t u r n s to n o r m a l . I n g e n 
e r a l , t h e s t r e n g t h o f w o o d is h i g h e r i n c o o l e r t e m p e r a t u r e s a n d l o w e r 
i n w a r m e r t e m p e r a t u r e s . H o w e v e r , th i s r e l a t i o n s h i p c a n b e d r a m a t 
i c a l l y i n f l u e n c e d b y i n c r e a s i n g m o i s t u r e c o n t e n t a n d t e m p e r a t u r e 
d u r a t i o n , w h i c h c a n i n d u c e p e r m a n e n t ( n o n r e c o v e r a b l e ) effects. 

T h e i m m e d i a t e effects o f i n c r e a s e d t e m p e r a t u r e are a n i n c r e a s e 
i n t h e p l a s t i c i t y o f t h e l i g n i n a n d a n i n c r e a s e i n s p a t i a l s i ze , w h i c h 
r e d u c e s i n t e r m o l e c u l a r contac t a n d i s , t h u s , r e c o v e r a b l e . P e r m a n e n t 
effects m a n i f e s t t h e m s e l v e s as a n a c t u a l r e d u c t i o n i n w o o d s u b s t a n c e 
o r w e i g h t loss v i a d e g r a d a t i v e m e c h a n i s m s , a n d are t h e r e b y n o n r e 
c o v e r a b l e . 

L O A D F A C T O R S . Duration of Load. T h e a b i l i t y o f w o o d to r e -
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T a b l e III. A p p r o x i m a t e C h a n g e i n t h e M e c h a n i c a l P r o p e r t i e s o f 
C l e a r W o o d W h e n S u b j e c t e d to C h a n g e i n M o i s t u r e C o n t e n t 

Change Per 1% 
Change in 
Moisture 
Content0 

Property (%) 

Stat i c b e n d i n g 
F i b e r stress at p r o p o r t i o n a l l i m i t 5 
M o d u l u s o f r u p t u r e 4 
M o d u l u s o f e l a s t i c i t y 2 
W o r k to p r o p o r t i o n a l l i m i t 8 
W o r k to m a x i m u m l o a d 0 .5 

I m p a c t b e n d i n g 
H e i g h t o f d r o p c a u s i n g c o m p l e t e f a i l u r e 0 .5 

C o m p r e s s i o n p a r a l l e l to g r a i n 
F i b e r stress at p r o p o r t i o n a l l i m i t 5 
M a x i m u m c r u s h i n g s t r e n g t h 6 

C o m p r e s s i o n p e r p e n d i c u l a r to g r a i n 
F i b e r stress at p r o p o r t i o n a l l i m i t 5.5 

S h e a r p a r a l l e l to g r a i n 
M a x i m u m s h e a r i n g s t r e n g t h 3 

H a r d n e s s 
E n d 4 
S i d e 2 .5 

S O U R C E : Ref. 9. 
a These adjustments can be calculated more precisely by the formulas given in Ref

erence 7. 

sist l o a d is d e p e n d e n t u p o n t h e l e n g t h o f t i m e t h e l o a d is a p p l i e d (7, 
12, 13). T h e l o a d r e q u i r e d to cause f a i l u r e o v e r a l o n g p e r i o d o f t i m e 
is m u c h less t h a n t h e l o a d r e q u i r e d to cause f a i l u r e o v e r a v e r y shor t 
p e r i o d o f t i m e . W o o d u n d e r i m p a c t l o a d i n g ( d u r a t i o n o f l o a d — I s ) 
c a n s u s t a i n n e a r l y t w i c e as great a l o a d as w o o d s u b j e c t e d to l o n g -
t e r m l o a d i n g ( d u r a t i o n o f l o a d > 1 0 years) . T h i s t i m e - d e p e n d e n t r e 
l a t i o n s h i p c a n b e s e e n g r a p h i c a l l y i n F i g u r e 5. 

Fatigue. C y c l i c o r r e p e a t e d l o a d i n g s o f ten i n d u c e fat igue f a i l 
u r e s . F a t i g u e r e s i s t a n c e is a m e a s u r e o f a m a t e r i a l ' s a b i l i t y to res is t 
r e p e a t i n g , v i b r a t i n g , o r f l u c t u a t i n g loads w i t h o u t f a i l u r e . F a t i g u e f a i l 
u r e s o f ten r e s u l t f r o m stress l e v e l s far l o w e r t h a n those r e q u i r e d to 
cause stat ic f a i l u r e . R e p e a t e d o r f a t i g u e - t y p e stresses u s u a l l y r e s u l t 
i n a s l o w t h e r m a l b u i l d u p w i t h i n t h e m a t e r i a l a n d i n i t i a t e a n d p r o p 
agate t i n y m i c r o c h e c k s that e v e n t u a l l y g r o w to a t e r m i n a l s i ze . W h e n 
w o o d is s u b j e c t e d to r e p e a t e d stress (e .g . , 5 .0 x 1 0 7 cyc les ) , f a t i g u e -
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T a b l e I V . T h e R e l a t i o n s h i p B e t w e e n S o m e M e c h a n i c a l P r o p e r t i e s 
a n d M o i s t u r e C o n t e n t 

Moisture Content 

Property Green 19% 12% 8% Oven-Dry 

D o u g l a s - F i r 
M o d u l u s o f r u p t u r e 62 76 100 117 161 
C o m p r e s s i o n p a r a l l e l 

to g r a i n 52 68 100 124 192 
M o d u l u s o f e l a s t i c i t y 8 0 88 100 108 125 

L o b l o l l y P i n e 
M o d u l u s o f r u p t u r e 57 72 100 121 175 
C o m p r e s s i o n p a r a l l e l 

to g r a i n 4 9 66 100 127 203 
M o d u l u s o f e l a s t i c i t y 78 87 100 109 128 

M o d u l u s o f r u p t u r e 
A s p e n 

M o d u l u s o f r u p t u r e 61 75 100 118 165 
C o m p r e s s i o n p a r a l l e l 

to g r a i n 50 67 100 126 199 
M o d u l u s o f e l a s t i c i t y 73 83 100 111 137 

N O T E : A l l values are expressed as a percent of property at 12% moisture content. 

r e l a t e d f a i l u r e s m a y b e i n d u c e d b y stress l e v e l s as l o w as 2 5 - 3 0 % o f 
t h e a n t i c i p a t e d u l t i m a t e stress u n d e r stat ic c o n d i t i o n s (14). 

M e c h a n i c a l P r o p e r t i e s . To d e s i g n w i t h a n y m a t e r i a l , m e c h a n 
i c a l p r o p e r t y e s t i m a t e s n e e d to b e d e v e l o p e d . A S T M s t a n d a r d test 
m e t h o d s d e t a i l t h e p r o c e d u r e s r e q u i r e d to d e t e r m i n e m e c h a n i c a l 
p r o p e r t i e s v i a s t r e s s - s t r a i n r e l a t i o n s h i p s ( 2 - 6 ) . 

F L E X U R A L L O A D I N G P R O P E R T I E S . F l e x u r a l ( b e n d i n g ) p r o p e r t i e s 
are i m p o r t a n t i n a w o o d d e s i g n . M a n y s t r u c t u r a l d e s i g n s r e c o g n i z e 
e i t h e r b e n d i n g s t r e n g t h o r s o m e f u n c t i o n o f b e n d i n g , s u c h as d e 
f l e c t i o n , as t h e l i m i t i n g d e s i g n c r i t e r i o n . S t r u c t u r a l e x a m p l e s i n 
w h i c h b e n d i n g - t y p e stresses are o f ten t h e l i m i t i n g c o n s i d e r a t i o n are 
b r i d g e s o r b o o k s h e l v e s . F i v e m e c h a n i c a l p r o p e r t i e s are d e r i v e d f r o m 
t h e s t r e s s - s t r a i n r e l a t i o n s h i p o f a s t a n d a r d b e n d i n g test : m o d u l u s o f 
r u p t u r e ( M O R ) , fiber stress at p r o p o r t i o n a l l i m i t ( F S P L ) , m o d u l u s o f 
e l a s t i c i t y ( M O E ) , w o r k to p r o p o r t i o n a l l i m i t ( W P L ) , a n d w o r k to 
m a x i m u m l o a d ( W M L ) . 

Modulus of Rupture. T h e M O R is t h e u l t i m a t e b e n d i n g 
s t r e n g t h o f a m a t e r i a l . T h u s , M O R d e s c r i b e s t h e l o a d r e q u i r e d to 
cause a w o o d b e a m to f a i l a n d c a n b e t h o u g h t o f as t h e u l t i m a t e 
r e s i s t a n c e o r s t r e n g t h that c a n b e e x p e c t e d ( F i g u r e 2, P o i n t B ; F i g u r e 
6, P o i n t B ) f r o m a w o o d b e a m e x p o s e d to b e n d i n g - t y p e stress . M O R 
is d e r i v e d b y t h e f l e x u r e f o r m u l a 
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Figure 4. Immediate effect of temperature on strength properties ex
pressed as a percent of value at 20 °C (7). Trends illustrated are composites 

from several studies on three strength properties (MOR, ΤL, and C y . 

M O R = f 
w h e r e M is t h e m a x i m u m b e n d i n g m o m e n t a n d S is the s e c t i o n 
m o d u l u s , w h i c h re la tes t h e m o m e n t to t h e g e o m e t r i c shape o f t h e 
b e a m . 

F o r a r e c t a n g u l a r o r s q u a r e b e a m i n b e n d i n g u n d e r c e n t e r p o i n t 
l o a d i n g , t h e f l e x u r e f o r m u l a is v a r i e d to r e f l e c t l o a d i n g c o n d i t i o n s 
a n d b e a m g e o m e t r y 

M O R = ^ 

w h e r e Ρ is t h e u l t i m a t e l o a d , I is t h e s p a n o f b e a m , b is t h e w i d t h o f 
b e a m , a n d h is t h e h e i g h t o f b e a m . 

Fiber Stress at Proportional Limit. T h e F S P L is t h e m a x i m u m 
b e n d i n g stress a m a t e r i a l c a n s u s t a i n u n d e r stat ic c o n d i t i o n s a n d s t i l l 
e x h i b i t n o p e r m a n e n t set o r d i s t o r t i o n . I t is b y d e f i n i t i o n the a m o u n t 
o f u n i t stress o n t h e y - c o o r d i n a t e at t h e p r o p o r t i o n a l l i m i t o f the 
m a t e r i a l ( F i g u r e 2 , P o i n t A ; F i g u r e 6, P o i n t A ) . F S P L is d e r i v e d 
u s i n g t h e f l e x u r e f o r m u l a 

_ M 
° F S P L - g 
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TIME TO FAILURE (SECONDS) 

Figure 5. Hyperbolic load-duration curve with rapid loading and long
time loading trends for bending (12,13). 

w h e r e M is t h e b e n d i n g m o m e n t at t h e p r o p o r t i o n a l l i m i t a n d S is 
t h e s e c t i o n m o d u l u s . 

Modulus of Elasticity. T h e M O E q u a n t i f i e s a m a t e r i a l ' s r e s i s 
tance to d e f o r m a t i o n u n d e r l o a d . T h e M O E c o r r e s p o n d s to t h e s l ope 
o f t h e l i n e a r p o r t i o n o f t h e s t r e s s - s t r a i n r e l a t i o n s h i p f r o m z e r o to the 
p r o p o r t i o n a l l i m i t ( F i g u r e 6). Sti f fness is o f ten i n c o r r e c t l y t h o u g h t to 
b e s y n o n y m o u s w i t h M O E . H o w e v e r , M O E is s o l e l y a m a t e r i a l p r o p 
e r t y a n d stif fness d e p e n d s o n t h e s i ze o f the b e a m . L a r g e a n d s m a l l 
b e a m s o f s i m i l a r m a t e r i a l w o u l d h a v e s i m i l a r M O E s b u t d i f f e r e n t 
st i f fnesses. T h e M O E c a n b e c a l c u l a t e d f r o m the s t r e s s - s t r a i n c u r v e 
as t h e c h a n g e i n stress c a u s i n g a c o r r e s p o n d i n g c h a n g e i n s t r a i n . 
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Figure 6. Example of the relationship between a typical stress-strain dia
gram and some mechanical properties. Key: A, proportional limit; B, ul
timate strength; σΒ, MOR; σΑ, FSPL; Δσ/Δε (from origin to A), MOE; 

J>ade, WPL; and J>rde, WML. 

Work to Proportional Limit. T h e W P L is t h e m e a s u r e o f w o r k 
p e r f o r m e d i n g o i n g f r o m a n u n l o a d e d state to the e las t i c o r p r o p o r 
t i o n a l l i m i t o f a m a t e r i a l ( F i g u r e 6). F o r a b e a m o f r e c t a n g u l a r cross 
s e c t i o n u n d e r c e n t e r p o i n t l o a d i n g , W P L is f o u n d b y c a l c u l a t i n g t h e 
a r e a u n d e r t h e s t r e s s - s t r a i n c u r v e f r o m z e r o to t h e p r o p o r t i o n a l 
l i m i t . 

W P L = 
W r i j 2bhl 

w h e r e Ρ is the l o a d , d is t h e d e f l e c t i o n , b is t h e w i d t h o f b e a m , h is 
t h e h e i g h t o f b e a m , a n d I is t h e s p a n o f b e a m . 

Work to Maximum Load. W M L is t h e a m o u n t o f w o r k n e e d e d 
to a c t u a l l y f r a c t u r e o r fa i l a m a t e r i a l , a n d i t is the a r e a u n d e r t h e 
s t r e s s - s t r a i n c u r v e f r o m z e r o to t h e u l t i m a t e s t r e n g t h o f t h e m a t e r i a l 
( F i g u r e 6). B e c a u s e W M L is a m e a s u r e o f w o r k b o t h b e l o w a n d 
b e y o n d t h e p r o p o r t i o n a l l i m i t i t is d e r i v e d b y e i t h e r g r a p h i c a l a p 
p r o x i m a t i o n s o r b y m e a n s o f c a l c u l u s . 

A X I A L L O A D I N G P R O P E R T I E S . B e c a u s e o f the a n i s o t r o p i c a n d h e t 
e r o g e n e o u s n a t u r e o f w o o d , t h e r e c a n b e p r o f o u n d d i f f e rences i n the 
s t r e n g t h i n v a r i o u s d i r e c t i o n s . W o o d is s t r o n g e r a l o n g t h e g r a i n (par
a l l e l to t h e l o n g i t u d i n a l axis o f t h e l o g o r l o n g i t u d i n a l axis o f t h e w o o d 
ce l l ) t h a n p e r p e n d i c u l a r to t h e g r a i n (at r i g h t angles to the l o n g i t u 
d i n a l axis). A x i a l l oads d e s c r i b e forces that h a v e t h e same l i n e o f 
a c t i o n a n d are , t h u s , b o t h p a r a l l e l a n d c o n c u r r e n t . B e c a u s e t h e r e is 
n o e c c e n t r i c i t y i n t h e a p p l i c a t i o n o f these forces , t h e y d o not i n d u c e 
f l e x u r e o r b e n d i n g m o m e n t s . 

M e c h a n i c a l p r o p e r t i e s d e a l i n g w i t h a x i a l l o a d i n g c o n d i t i o n s are 
m a x i m u m c r u s h i n g s t r e n g t h ( c o m p r e s s i o n p a r a l l e l to t h e gra in ) , c o m -
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p r e s s i o n p e r p e n d i c u l a r to t h e g r a i n , t e n s i o n p a r a l l e l to the g r a i n , a n d 
t e n s i o n p e r p e n d i c u l a r to t h e g r a i n . 

Compression Parallel to the Grain. I f w o o d is c o n s i d e r e d a 
b u n d l e o f s t raws b o u n d t o g e t h e r , t h e n a c o m p r e s s i o n p a r a l l e l to t h e 
g r a i n (Cjj) c a n b e t h o u g h t o f as a force t r y i n g to c o m p r e s s t h e s traws 
f r o m e n d to e n d . T h e d i s t a n c e t h r o u g h w h i c h c o m p r e s s i v e stress is 
t r a n s m i t t e d does n o t i n c r e a s e o r m a g n i f y t h e stress , b u t t h e l e n g t h 
o v e r w h i c h t h e stresses are c a r r i e d is i m p o r t a n t . I f t h e l e n g t h o f t h e 
c o l u m n is far g r e a t e r t h a n t h e w i d t h , t h e s p e c i m e n m a y b u c k l e . T h i s 
s t ress is a n a l o g o u s to b e n d i n g - t y p e f a i l u r e r a t h e r t h a n a x i a l - t y p e 
f a i l u r e . A s l o n g as s p e c i m e n w i d t h is great e n o u g h to p r e c l u d e b u c k 
l i n g , C|j is s o l e l y a n a x i a l p r o p e r t y . 

E x a m p l e s o f w o o d i n c o m p r e s s i o n p a r a l l e l t o t h e g r a i n a r e 
w o o d e n c o l u m n s o r t h e t o p c h o r d o f a r o o f t russ . C o m p r e s s i o n - p a r -
a l l e l - t o - t h e - g r a i n s t r e n g t h o r t h e m a x i m u m c r u s h i n g s t r e n g t h is d e 
rived at t h e u l t i m a t e l i m i t v a l u e o f a s t a n d a r d s t r e s s - s t r a i n c u r v e . 

T h e s t r e n g t h o f w o o d i n Cy is d e r i v e d b y 

F 
Œ c H = Â 

w h e r e oC|| is t h e stress i n c o m p r e s s i o n p a r a l l e l to g r a i n , Ρ is t h e 
m a x i m u m l o a d , a n d A is t h e a r e a o v e r w h i c h l o a d is a p p l i e d . 

Compression Perpendicular to the Grain. C o m p r e s s i o n p e r 
p e n d i c u l a r to t h e g r a i n ( C ± ) c a n b e t h o u g h t o f as stress a p p l i e d p e r 
p e n d i c u l a r to t h e l e n g t h o f t h e w o o d c e l l . T h e r e f o r e , i n o u r s t r a w 
e x a m p l e , t h e s t raws (or w o o d cel ls ) are b e i n g c r u s h e d at r i g h t ang les 
to t h e i r l e n g t h . U n t i l t h e c e l l c a v i t i e s are c o m p l e t e l y c o l l a p s e d , w o o d 
is n o t as s t r o n g p e r p e n d i c u l a r to t h e g r a i n as i t is p a r a l l e l to t h e g r a i n . 
H o w e v e r , o n c e t h e w o o d c e l l c a v i t i e s c o l l a p s e , w o o d c a n s u s t a i n a 
n e a r l y i m m e a s u r a b l e l o a d i n C ± . B e c a u s e a t r u e u l t i m a t e stress is 
n e a r l y i m p o s s i b l e to a c h i e v e , m a x i m u m C± i n t h e sense o f u l t i m a t e 
l o a d - c a r r y i n g c a p a c i t y is u n d e f i n e d a n d d i s c u s s i o n s o f C x are u s u a l l y 
c o n f i n e d to stress at t h e p r o p o r t i o n a l l i m i t . 

C o m p r e s s i o n - p e r p e n d i c u l a r - t o - t h e - g r a i n s t r e s s e s a r e f o u n d 
w h e n e v e r o n e m e m b e r is s u p p o r t e d u p o n a n o t h e r m e m b e r at right 
ang les to t h e g r a i n . E x a m p l e s o f c o m p r e s s i o n p e r p e n d i c u l a r to t h e 
g r a i n are t h e b e a r i n g areas o f a b e a m , t r u s s , o r j o i s t . 

T h e C ± s t r e n g t h is d e r i v e d b y 

Ρ 

w h e r e o c ± is t h e stress i n c o m p r e s s i o n p e r p e n d i c u l a r to t h e g r a i n , Ρ 
is t h e p r o p o r t i o n a l l i m i t l o a d , a n d A is t h e area . 

Tension Parallel to the Grain. A t e n s i o n p a r a l l e l to t h e g r a i n 
(T||) stress is a force t r y i n g to e l o n g a t e t h e w o o d c e l l s , o r s t raws i n 
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o u r s t r a w e x a m p l e . W o o d is e x t r e m e l y s t r o n g i n T|. T h e d i s t a n c e 
t h r o u g h w h i c h t e n s i l e stress is t r a n s m i t t e d does n o t i n c r e a s e t h e 
s t r e s s . T h e T (| is d i f f i c u l t t o m e a s u r e b e c a u s e o f t h e d i f f i c u l t y i n 
s e c u r e l y g r i p p i n g t h e t e n s i l e s p e c i m e n i n t h e t e s t i n g m a c h i n e . O f t e n 
Tj| is c o n s e r v a t i v e l y e s t i m a t e d b y t h e M O R ( u l t i m a t e s t r e n g t h i n 
b e n d i n g ) . T h i s c o n v e r s i o n is a c c e p t e d b e c a u s e f a i l u r e o f ten o c c u r s o n 
t h e l o w e r face o f a b e n d i n g s p e c i m e n w h e r e the l o w e r face f ibers are 
u n d e r t e n s i l e - t y p e stresses . A n e x a m p l e o f t e n s i o n p a r a l l e l to t h e 
g r a i n w o u l d b e t h e b o t t o m c h o r d o f a t russ that is u n d e r t e n s i l e stress . 

T h e Tj| s t r e n g t h o f w o o d is d e r i v e d b y the f o r m u l a 

F 
σ τ ϋ = A 

w h e r e σ Τρ is t h e stress i n t e n s i o n p a r a l l e l to t h e g r a i n , Ρ is t h e m a x 
i m u m l o a d , a n d A is t h e area . 

Tension Perpendicular to Grain. T e n s i o n p e r p e n d i c u l a r to t h e 
g r a i n ( T ± ) is i n d u c e d b y a t e n s i l e force a p p l i e d p e r p e n d i c u l a r to t h e 
l o n g i t u d i n a l axis o f t h e w o o d c e l l . I n th is case, t h e s traws (or w o o d 
cel ls ) are b e i n g p u l l e d a p a r t at r i g h t ang les to t h e i r l e n g t h . T h e T ± 

is e x t r e m e l y v a r i a b l e a n d is o f ten a v o i d e d i n d i s c u s s i o n s o n w o o d 
m e c h a n i c s . H o w e v e r , T ± s tresses o f t en cause c l eavage or s p l i t t i n g 
f a i l u r e s a l o n g t h e g r a i n , w h i c h c a n d r a m a t i c a l l y r e d u c e t h e s t r u c t u r a l 
i n t e g r i t y o f l a r g e b e a m s . F a i l u r e s f r o m T ± are s o m e t i m e s f o u n d i n 
l a rge b e a m s that d r y w h i l e i n s e r v i c e . F o r e x a m p l e , i f a b e a m is 
s e c u r e d b y a t o p a n d a b o t t o m b o l t at o n e e n d , s h r i n k a g e m a y e v e n 
t u a l l y cause c l e a v a g e o r s p l i t t i n g f a i l u r e s b e t w e e n t h e t op a n d b o t t o m 
b o l t h o l e s . W o o d c a n b e c l e a v e d b y T ± forces at a r e l a t i v e l y l i g h t l o a d . 
It is th i s w e a k n e s s that is o f t en e x p l o i t e d i n kara te a n d o t h e r d e m 
o n s t r a t i o n s o f h u m a n s t r e n g t h . T h e T x s t r e n g t h o f w o o d is d e r i v e d 
b y 

Ρ 
σ τ ± = χ 

w h e r e σ τ ± is t h e stress i n t e n s i o n p e r p e n d i c u l a r to t h e g r a i n , Ρ is 
t h e m a x i m u m l o a d , a n d A is t h e area . 

O T H E R M E C H A N I C A L P R O P E R T I E S . Shear. S h e a r p a r a l l e l to t h e 
g r a i n (7) m e a s u r e s t h e a b i l i t y o f w o o d to res i s t t h e s l i p p i n g o r s l i d i n g 
o f o n e p l a n e past a n o t h e r p a r a l l e l to t h e g r a i n . S h e a r s t r e n g t h is 
d e r i v e d i n a m a n n e r s i m i l a r to ax ia l p r o p e r t i e s , b y u s i n g t h e e q u a t i o n 

Ύ = P 

A 

w h e r e γ is t h e shear stress p a r a l l e l to g r a i n . 
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Hardness. H a r d n e s s is u s e d to r e p r e s e n t t h e res i s tance to 
i n d e n t a t i o n a n d / o r m a r r i n g . H a r d n e s s (2) is m e a s u r e d b y t h e l o a d 
r e q u i r e d to e m b e d a 1 .128 - cm s t e e l b a l l o n e - h a l f i ts d i a m e t e r i n t o 
t h e w o o d . 

Shock Resistance. S h o c k res i s tance o r e n e r g y a b s o r p t i o n is a 
f u n c t i o n o f a m a t e r i a l ' s a b i l i t y to q u i c k l y a b s o r b a n d t h e n d i s s i p a t e 
e n e r g y v i a d e f o r m a t i o n . T h i s is a n i m p o r t a n t p r o p e r t y for b a s e b a l l 
bats , t o o l h a n d l e s , a n d o t h e r ar t i c l e s that are s u b j e c t e d to f r e q u e n t 
s h o c k l o a d i n g s . H i g h s h o c k res i s tance o n e n e r g y a b s o r p t i o n p r o p e r 
t ies r e q u i r e s b o t h t h e a b i l i t y to s u s t a i n h i g h u l t i m a t e stress a n d t h e 
a b i l i t y to d e f o r m g r e a t l y b e f o r e f a i l i n g . 

S h o c k r e s i s t a n c e c a n b e m e a s u r e d b y s e v e r a l m e t h o d s . W i t h 
w o o d , t w o o f t h e m o s t o f t en u s e d m e t h o d s are i m p a c t b e n d i n g tests 
a n d t o u g h n e s s tests . B o t h test m e t h o d s y i e l d m e a s u r e s o f s t r e n g t h 
a n d p l i a b i l i t y . T h e s e m e a s u r e s are s i m i l a r b u t are n o t p a r t i c u l a r l y 
r e l a t i v e to o n e a n o t h e r . I m p a c t b e n d i n g is t e s t e d b y d r o p p i n g a 
w e i g h t o n t o a b e a m f r o m s u c c e s s i v e l y i n c r e a s i n g h e i g h t s (2) a n d is 
r e c o r d e d as t h e h e i g h t o f d r o p c a u s i n g c o m p l e t e f a i l u r e i n a b e a m . 
T o u g h n e s s is t h e a b i l i t y o f a m a t e r i a l to res i s t a s i n g l e i m p a c t - t y p e 
l o a d f r o m a p e n d u l u m d e v i c e (2). T h u s , i t is s i m i l a r to i m p a c t b e n d i n g 
i n that i t is a m e a s u r e o f r e s i s t a n c e , b u t i t re fers to a s i n g l e l o a d 
r a t h e r t h a n m u l t i p l e l oads . 

Chemical Components of Strength 
R e l a t i o n s h i p o f S t r u c t u r e to C h e m i c a l C o m p o s i t i o n . T h e 

c h e m i c a l c o m p o n e n t s r e s p o n s i b l e for t h e s t r e n g t h p r o p e r t i e s o f w o o d 
c a n b e t h e o r e t i c a l l y v i e w e d f r o m t h r e e d i s t i n c t l e v e l s : the m a c r o 
s c o p i c ( ce l lu lar ) l e v e l , t h e m i c r o s c o p i c ( ce l l wa l l ) l e v e l , a n d the m o 
l e c u l a r ( p o l y m e r i c ) l e v e l . 

M A C R O S C O P I C . W o o d w i t h its i n h e r e n t s t r e n g t h is a p r o d u c t o f 
g r o w i n g t rees . W o o d exists as c o n c e n t r i c b a n d s o f c e l l s o r i e n t e d for 
s p e c i f i c f u n c t i o n s . T h i n - w a l l e d e a r l y w o o d c e l l s act as c o n d u c t i v e 
t i s s u e ; t h i c k - w a l l e d l a t e w o o d ce l l s p r o v i d e s u p p o r t . E a c h o f these 
c e l l s is a s i n g l e f i ber . S o f t w o o d f ibers average a b o u t 3 .5 m m i n l e n g t h 
a n d 0 . 0 3 5 m m i n d i a m e t e r . H a r d w o o d f ibers are g e n e r a l l y s h o r t e r 
( 1 - 1 . 5 m m ) a n d s m a l l e r i n d i a m e t e r (0 .015 m m ) . T h e fibers c o m p r i s e 
a l a r g e m a t , b o n d e d t o g e t h e r b y a p h e n o l i c a d h e s i v e , l i g n i n . T h e m a t 
is a n i s o t r o p i c i n c h a r a c t e r b u t is r e i n f o r c e d i n t w o o f t h e t h r e e ax ia l 
d i r e c t i o n s b y l o n g i t u d i n a l p a r e n c h y m a a n d r a y p a r e n c h y m a c e l l s . 
T h e s e p a r e n c h y m a ce l l s f u n c t i o n as a m e a n s o f e i t h e r l o n g i t u d i n a l o r 
r a d i a l n u t r i e n t c o n d u c t i o n a n d as a m e a n s o f p r o v i d i n g l a t e r a l s u p p o r t 
b y i n c r e a s e d stress d i s t r i b u t i o n ( F i g u r e 7). B e c a u s e w o o d is a r e i n 
f o r c e d c o m p o s i t e m a t e r i a l , i ts s t r u c t u r a l p e r f o r m a n c e at the c e l l u l a r 
l e v e l has b e e n l i k e n e d to r e i n f o r c e d c o n c r e t e (15, 16). 
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Figure 7. Two representative diagrams of three-dimensional anisotropic 
wood cubes showing the radial, tangential, and longitudinal direction of 

each cube. Key: A , a typical hardwood; and B, a typical softwood. 

T h e m a c r o s c o p i c l e v e l o f c o n s i d e r a t i o n takes i n t o a c c o u n t fiber 
l e n g t h a n d d i f f e rences i n c e l l g r o w t h s u c h as e a r l y w o o d , l a t e w o o d , 
r e a c t i o n w o o d , s a p w o o d , h e a r t w o o d , m i n e r a l c o n t e n t , r e s i n c o n t e n t , 
etc . D i f f e r e n c e s i n g r o w t h c h e m i s t r y c a n cause s ign i f i cant d i f f e rences 
i n t h e s t r e n g t h o f w o o d . 

M I C R O S C O P I C . A t t h e m i c r o s c o p i c l e v e l , w o o d has b e e n c o m 
p a r e d to m u l t i p a r t s y s t e m s s u c h as filament-wound fiber p r o d u c t s 
(16). E a c h c o m p o n e n t c o m p l e m e n t s t h e o t h e r i n s u c h a m a n n e r that , 
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w h e n c o n s i d e r i n g t h e o v e r a l l r a n g e o f p h y s i c a l p e r f o r m a n c e , t h e c o m 
p o n e n t s t o g e t h e r o u t p e r f o r m t h e c o m p o n e n t s separate ly . 

Composition. W i t h i n t h e c e l l w a l l are d i s t i n c t r e g i o n s ( F i g u r e 
8), e a c h o f w h i c h has d i s t i n c t c o m p o s i t i o n a n d a t t r i b u t e s . F o r a t y p i c a l 
s o f t w o o d t h e m i d d l e l a m e l l a a n d p r i m a r y w a l l are m o s t l y l i g n i n ( 8 . 4 % 
o f t h e t o ta l w e i g h t ) a n d h e m i c e l l u l o s e (1 .4%) , w i t h v e r y l i t t l e c e l l u l o s e 
( 0 . 7 % ) . T h e Sx l a y e r c o n s i s t s o f c e l l u l o s e ( 6 . 1 % ) , h e m i c e l l u l o s e 
(3 .7%) , a n d l i g n i n (10 .5%) . T h e S 2 l a y e r is t h e t h i c k e s t l a y e r a n d has 
t h e h i g h e s t c a r b o h y d r a t e c o n t e n t ; i t is m o s t l y c e l l u l o s e (32.7%) w i t h 
l e s se r q u a n t i t i e s o f h e m i c e l l u l o s e s (18.4%) a n d l i g n i n (9 .1%). T h e S 3 

l a y e r , t h e i n n e r m o s t l a y e r , cons i s ts o f c e l l u l o s e (0 .8%) , h e m i c e l l u l o s e s 
(5 .2%) , a n d v e r y l i t t l e l i g n i n . 

T h e l a r g e n u m b e r o f h y d r o g e n b o n d s e x i s t i n g b e t w e e n c e l l u l o s e 
m o l e c u l e s r e s u l t s i n s u c h s t r o n g l a t e r a l assoc iat ions that c e r t a i n areas 
o f t h e c e l l u l o s e c h a i n s are c o n s i d e r e d c r y s t a l l i n e . M o r e t h a n 6 0 % o f 
the c e l l u l o s e (17) exists i n th i s c r y s t a l l i n e f o r m , w h i c h is sti f fer a n d 
s t r o n g e r t h a n t h e less c r y s t a l l i n e o r a m o r p h o u s r e g i o n s . T h e c r y s t a l 
l i n e areas are a p p r o x i m a t e l y 6 0 n m l o n g (18) a n d are d i s t r i b u t e d 
t h r o u g h o u t t h e c e l l w a l l . 

Microfibril Orientation. M i c r o f i b r i l s a r e h i g h l y o r d e r e d 
group ings o f c e l lu lose that m a y also c onta in s m a l l quant i t ies o f h e m i 
c e l l u l o s e a n d l i g n i n . T h e exact c o m p o s i t i o n o f t h e m i c r o f i b r i l a n d i ts 
r e l a t i v e n i c h e b e t w e e n t h e p o l y m e r i c c h a i n a n d t h e l a y e r e d c e l l w a l l 

Figure 8. Representation of the microfibril orientation for each cell wall 
hyer of Scotch pine with the chemical composition as a percent of total 

weight. 
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are sub jec t s o f great d i s c u s s i o n (16). T h e m i c r o f i b r i l o r i e n t a t i o n ( f i b r i l 
angle) is d i f f e r e n t a n d d i s t i n c t for e a c h c e l l w a l l l a y e r ( F i g u r e 8). T h e 
e n t i r e m i c r o f i b r i l s y s t e m is a g r o u p i n g o f r i g i d c e l l u l o s i c c h a i n s a n a l 
ogous to t h e s t e e l r e i n f o r c i n g bars i n r e i n f o r c e d c o n c r e t e o r t h e glass 
o r g r a p h i t e fibers i n filament-wound r e i n f o r c e d p las t i c s . M o s t c o m 
p o s i t e m a t e r i a l s u s e a n a d h e s i v e o f s o m e t y p e to b o n d t h e e n t i r e 
m a t e r i a l i n t o a s y s t e m . I n w o o d , l i g n i n fu l f i l l s t h e f u n c t i o n o f a m a t r i x 
m a t e r i a l . Yet , i t is n o t t r u l y o r s o l e l y a n a d h e s i v e a n d b y i t s e l f adds 
l i t t l e to s t r e n g t h (19). L i g n i n is a h y d r o p h o b i c p h e n o l i c m a t e r i a l that 
s u r r o u n d s a n d e n c r u s t s t h e c a r b o h y d r a t e c o m p l e x e s ( F i g u r e s 9 a n d 
10). I t a ids i n h o l d i n g t h e c e l l c o m p o n e n t s t o g e t h e r at t h e m i c r o s c o p i c 
l e v e l . L i g n i n a lso s e e m s to b e r e s p o n s i b l e for p a r t o f t h e stiffness o f 
w o o d . R u b b e r y w o o d , a v i r a l d i sease o f c e r t a i n v a r i e t i e s o f a p p l e 
(Mains sp . ) , is c h a r a c t e r i z e d b y e x t r e m e l y f l e x i b l e w o o d . T h e af fected 
w o o d has b e e n s h o w n (20) to h a v e ce l l s r i c h i n c e l l u l o s e b u t l o w i n 
l i g n i n . 

M O L E C U L A R . A t t h e m o l e c u l a r l e v e l t h e r e l a t i o n s h i p o f s t r e n g t h 
a n d c h e m i c a l c o m p o s i t i o n dea l s w i t h t h e i n d i v i d u a l p o l y m e r i c c o m 
p o n e n t s that m a k e u p t h e c e l l w a l l . T h e p h y s i c a l a n d c h e m i c a l p r o p 
er t i e s o f c e l l u l o s e , h e m i c e l l u l o s e s , a n d l i g n i n p l a y a m a j o r r o l e i n t h e 
c h e m i s t r y o f s t r e n g t h . H o w e v e r , o u r p e r c e p t i o n s o f w o o d p o l y m e r i c 
p r o p e r t i e s are b a s e d o n i s o l a t e d p o l y m e r s that h a v e b e e n r e m o v e d 
f r o m t h e w o o d s y s t e m a n d , t h e r e f o r e , p o s s i b l y a l t e r e d . T h e i n d i 
v i d u a l p o l y m e r i c c o m p o n e n t s m a y b e far m o r e c l o s e l y assoc ia ted w i t h 
o n e a n o t h e r t h a n has h e r e t o f o r e b e e n b e l i e v e d . 

C e l l u l o s e is a n u n b r a n c h e d , r i g i d c h a i n , l i n e a r p o l y m e r c o r n -

F i g u r e 9. Photomicrograph of softwood fiber embedded in lignin 
(X4000). 
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Figure 10. Photomicrograph of delignified cell-wall softwood fibers 
(x 16,000). 

p o s e d o f a n h y d r o - D - g l u c o p y r a n o s e r i n g u n i t s b o n d e d t o g e t h e r b y β -
1 - 4 - g l y c o s i d i c l i n k a g e s . T h e g r e a t e r t h e l e n g t h o f t h e p o l y m e r i c 
c h a i n , t h e h i g h e r t h e d e g r e e o f p o l y m e r i z a t i o n , t h e g r e a t e r t h e 
s t r e n g t h o f t h e u n i t c e l l (16, 21) a n d , t h u s , the g r e a t e r t h e s t r e n g t h 
o f t h e w o o d . T h e c e l l u l o s e c h a i n m a y b e 5 0 0 0 - 1 0 , 0 0 0 u n i t s l o n g . 
C e l l u l o s e is e x t r e m e l y r es i s tant to t e n s i l e stress because o f t h e co -
v a l e n t b o n d i n g w i t h i n t h e p y r a n o s e r i n g a n d b e t w e e n the i n d i v i d u a l 
u n i t s . H y d r o g e n b o n d s w i t h i n t h e c e l l u l o s e p r o v i d e r i g i d i t y to t h e 
c e l l u l o s e m o l e c u l e v i a stress t rans fer a n d a l l o w t h e m o l e c u l e to a b s o r b 
shock b y s u b s e q u e n t l y b r e a k i n g a n d r e f o r m i n g . 

T h e h e m i c e l l u l o s e s are c a r b o h y d r a t e m o l e c u l e s that c ons i s t o f 
v a r i o u s e l e m e n t a r y sugar u n i t s , p r i m a r i l y t h e s i x - c a r b o n sugars , D -
g l u c o s e , D - g a l a c t o s e , a n d D - m a n n o s e , a n d the five-carbon sugars , L -
a r a b i n o s e a n d D - x y l o s e (see C h a p t e r 2). H e m i c e l l u l o s e s h a v e l i n e a r 
c h a i n b a c k b o n e s that are h i g h l y b r a n c h e d a n d h a v e a l o w e r d e g r e e 
o f p o l y m e r i z a t i o n t h a n c e l l u l o s e . T h e sugars i n t h e h e m i c e l l u l o s e 
s t r u c t u r e e x h i b i t h y d r o g e n b o n d i n g b o t h w i t h i n t h e h e m i c e l l u l o s e 
c h a i n as w e l l as b e t w e e n o t h e r h e m i c e l l u l o s e a n d c e l l u l o s e c h a i n s . 
M o s t h e m i c e l l u l o s e s are f o u n d i n t h e a m o r p h o u s reg i ons o f t h e c e l 
l u l o s e c h a i n s a n d i n c l ose assoc ia t i on w i t h the l i g n i n . H e m i c e l l u l o s e 
m a y b e t h e c o n n e c t i n g m a t e r i a l b e t w e e n c e l l u l o s e a n d l i g n i n . 

L i g n i n is o f t en c o n s i d e r e d n a t u r e ' s a d h e s i v e . It is the least u n 
d e r s t o o d a n d m o s t c h e m i c a l l y c o m p l e x p o l y m e r o f t h e w o o d - s t r u c t u r e 
t r i a d . Its c o m p o s i t i o n is b a s e d o n h i g h l y o r g a n i z e d t h r e e - d i m e n s i o n a l 
p h e n o l i c p o l y m e r s r a t h e r t h a n l i n e a r o r b r a n c h e d c a r b o h y d r a t e 
c h a i n s . L i g n i n is t h e m o s t h y d r o p h o b i c ( w a t e r - r e p e l l i n g ) c o m p o n e n t 
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o f t h e w o o d c e l l . Its a b i l i t y to act as a n e n c r u s t i n g agent o n a n d 
a r o u n d t h e c a r b o h y d r a t e f r a c t i o n , a n d t h e r e b y l i m i t water ' s i n f l u e n c e 
o n that c a r b o h y d r a t e f r a c t i o n , is t h e c o r n e r s t o n e o f w o o d ' s a b i l i t y to 
r e t a i n i t s s t r e n g t h a n d s t i f fness as m o i s t u r e is i n t r o d u c e d to t h e 
s y s t e m . D r y d e l i g n i f i e d w o o d has n e a r l y t h e same s t r e n g t h as n o r m a l 
d r y w o o d , b u t w e t d e l i g n i f i e d w o o d has o n l y a p p r o x i m a t e l y 1 0 % o f 
t h e s t r e n g t h o f w e t n o r m a l w o o d (19). T h u s , w o o d s t r e n g t h is d u e i n 
p a r t to l i g n i n ' s a b i l i t y to l i m i t t h e access o f w a t e r to t h e c a r b o h y d r a t e 
m o i e t y a n d t h e r e b y l e s s e n t h e i n f l u e n c e o f w a t e r o n w o o d ' s h y 
d r o g e n - b o n d e d s t r u c t u r e . 

R e l a t i o n s h i p o f C h e m i c a l C o m p o s i t i o n to S t r e n g t h . To r e l a t e 
c h e m i c a l c o m p o s i t i o n to s t r e n g t h p r o p e r t i e s , to w o r k a n d t o u g h n e s s 
p r o p e r t i e s , a n d e v e n t u a l l y to e las t i c p a r a m e t e r s , a m o d e l o r t h e o r y 
m u s t b e d e v e l o p e d that e x p l a i n s t h e r e l a t i o n s h i p b e t w e e n s t r e n g t h 
a n d w o o d c o m p o s i t i o n . T h e t h e o r e t i c a l r e l a t i o n s h i p o f stress to s t r a i n 
c a n b e g r a p h i c a l l y r e p r e s e n t e d b y a d i a g r a m ( F i g u r e 11). I f w o o d is 
a s s u m e d to b e a n e las t i c m a t e r i a l , a l i n e a r r e g i o n , A , r e p r e s e n t s t h e 
c o n s t a n t r e l a t i o n s h i p b e l o w t h e p r o p o r t i o n a l l i m i t , a n d t h e n o n l i n e a r 
r e g i o n s , Β a n d C , r e p r e s e n t n o n c o n s t a n t r e l a t i o n s h i p b e y o n d t h e 
p r o p o r t i o n a l l i m i t . I f e a c h r e g i o n o f t h e s t r e s s - s t r a i n r e l a t i o n s h i p is 
e x a m i n e d at e a c h o f t h e t h r e e d i s t i n c t l e v e l s o f w o o d s t r u c t u r e (mac 
r o s c o p i c , m i c r o s c o p i c , a n d m o l e c u l a r ) , t h e r e l a t i o n s h i p b e t w e e n 
s t r e n g t h a n d c o m p o s i t i o n c a n b e h y p o t h e t i c a l l y e x p l a i n e d . 

A s loads are a p p l i e d to a w o o d s y s t e m , stresses are i m m e d i a t e l y 
i n t r o d u c e d a n d d i s t r i b u t e d t h r o u g h o u t t h e m a t e r i a l . T h e s t resses 
cause t w o t y p e s o f s t r a i n o r d i s t o r t i o n : i m m e d i a t e , u n d e r w h i c h w o o d 
can b e d e s c r i b e d as a n e las t i c m a t e r i a l , a n d t i m e d e p e n d e n t . E v e n 
at l o w stress l e v e l s , p e r m a n e n t set o r d i s t o r t i o n w i l l e v e n t u a l l y b e 
i n d u c e d i n a w o o d m e m b e r . T h i s p h e n o m e n o n , k n o w n as c r e e p , 

ULTIMATE 
STRENGTH 

Figure 11. Typical stress-strain curve showing the three theoretically 
identifiable regions of mechanical behavior. Key: A, elastic region; B, 

elastic (BJ-plastic (Bh) region; and C, plastic region. 
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r e q u i r e s that w o o d b e c o n s i d e r e d v i s c o e l a s t i c . B u t for p u r p o s e s o f 
s i m p l i f i c a t i o n t h i s d i s c u s s i o n w i l l b e c o n f i n e d to i m m e d i a t e s t r a i n o r 
d i s t o r t i o n a n d w i l l c o n s i d e r w o o d as a n e las t i c m a t e r i a l . I m m e d i a t e 
s t r a i n o r d i s t o r t i o n c a n b e c o n c e p t u a l i z e d at e a c h o f t h e t h r e e d i s t i n c t 
l e v e l s o f w o o d s t r u c t u r e . 

B E L O W P R O P O R T I O N A L L I M I T ( E L A S T I C S T R E N G T H ) . W h e n a l o a d is 
a p p l i e d to a p i e c e o f w o o d , at t h e m o l e c u l a r l e v e l , h y d r o g e n b o n d s 
b e t w e e n a n d w i t h i n i n d i v i d u a l p o l y m e r c h a i n s are b r e a k i n g , s l i d i n g 
( u n c o i l i n g ) , a n d s u b s e q u e n t l y r e f o r m i n g ( F i g u r e 12); C - C a n d C - O 
b o n d s are d i s t o r t i n g w i t h i n t h e r i n g s t r u c t u r e s ( F i g u r e 13). 

A t t h e m i c r o s c o p i c l e v e l , h y d r o g e n b o n d s b e t w e e n ad jacent m i 
c r o f i b r i l s are b r e a k i n g a n d r e f o r m i n g ( F i g u r e 12), to a l l o w t h e m i c r o 
fibrils to s l i d e b y o n e a n o t h e r w i t h o n l y t h e d i s r u p t i o n o f t h e h y 
d r o g e n b o n d s that are s u b s e q u e n t l y r e f o r m e d . A d d i t i o n a l l y , t h e i n 
d i v i d u a l c e l l w a l l l ayers are d i s t o r t i n g i n r e l a t i o n to e a c h o ther , b u t 
n o p e r m a n e n t set o r d i s t o r t i o n is o c c u r r i n g b e t w e e n these i n d i v i d u a l 
c e l l w a l l l a y e r s . 

A t t h e m a c r o s c o p i c l e v e l , t h e r e is d i s t o r t i o n b e t w e e n t h e i n d i 
v i d u a l c e l l s , b u t i t is n o t p e r m a n e n t b e c a u s e t h e stresses a re b e i n g 
d i s t r i b u t e d b e t w e e n t h e i n d i v i d u a l c e l l s s u c h t h a t n o p e r m a n e n t 
t r a n s l o c a t i o n o r set is i n t r o d u c e d . 

W i t h i n t h e l i m i t s o f t h e e las t i c m o d e l , a l l s t r a i n o r d i s t o r t i o n 
r e s u l t i n g f r o m t h e a c c u m u l a t i o n o f stress i n th i s m a t e r i a l has b e e n 

Figure 12a. Hydrogen bonding (bonded) between polysaccharide 
chains under shear forces. 
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\ 

Figure 12b. Hydrogen bonding (sliding, unbonded) between polysac
charide chains under shear forces. 

r e c o v e r a b l e u p to t h i s p o i n t . A s t h e p r o p o r t i o n a l l i m i t is a p p r o a c h e d , 
t h e w o o d m a t e r i a l c a n n o l o n g e r d i s t r i b u t e the stress i n a l i n e a r 
m a n n e r . 

B E Y O N D P R O P O R T I O N A L L I M I T ( P L A S T I C S T R E N G T H ) . A S t h e p r o p o r 
t i o n a l l i m i t is e x c e e d e d ( F i g u r e 11 , R e g i o n B ) , t h e s t r e s s - s t r a i n r e 
l a t i o n s h i p is n o l o n g e r l i n e a r . Stresses are n o w great e n o u g h to i n d u c e 
c o v a l e n t b o n d r u p t u r e a n d p e r m a n e n t d i s t o r t i o n at a l l t h r e e s t r u c 
t u r a l l e v e l s . 

A t t h e m o l e c u l a r l e v e l , t h e l i m i t o f r e v e r s i b l e o r r e c o v e r a b l e 
h y d r o g e n b o n d i n g has b e e n e x c e e d e d . C o v a l e n t C - C a n d C - O 
b o n d s are b r e a k i n g , t h u s r e d u c i n g l a r g e r m o l e c u l e s to s m a l l e r ones . 
T h i s r e d u c t i o n i n d e g r e e o f p o l y m e r i z a t i o n b y c o v a l e n t b o n d s c i s s i on 
is n o n r e c o v e r a b l e . 

A t t h e m i c r o s c o p i c l e v e l , stresses d e v e l o p w i t h i n t h e c r y s t a l l i n e 
r e g i o n o f t h e c a r b o h y d r a t e m i c r o f i b r i l s . F a i l u r e o f t h e m i c r o f i b r i l 
f r o m stress o v e r l o a d causes a c t u a l c o v a l e n t b o n d r u p t u r e a n d exces 
s i ve m i c r o f i b r i l d i s o r i e n t a t i o n . A d d i t i o n a l l y , the c e l l w a l l l ayers d i s 
t o r t s u c h that p e r m a n e n t m i c r o c r a c k s o c c u r b e t w e e n t h e v a r i o u s c e l l 
w a l l l a y e r s . S e p a r a t i o n o f t h e c e l l w a l l l ayers is soon n o t i c e a b l e . 
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Figure 12c. Hydrogen bonding (rebonded) between polysaccharide chains 
under shear forces. 

A t t h e m a c r o s c o p i c l e v e l , e n t i r e fibers a c t u a l l y d i s t o r t i n r e l a t i o n 
to o n e a n o t h e r , s u c h that r e c o v e r y o f o r i g i n a l p o s i t i o n is n o w i m p o s 
s i b l e . T h e w o o d ce l l s o r w o o d fibers a re a c t u a l l y f a i l i n g e i t h e r b y 
s c i s s i o n o f t h e c e l l , i n w h i c h t h e c e l l a c t u a l l y fai ls b y t e a r i n g i n t o t w o 
par ts to g i v e a b r a s h t y p e o f f a i l u r e , o r b y c e l l - t o - c e l l w i t h d r a w a l 
( m i d d l e l a m e l l a fa i lure ) w h e r e t h e ce l l s a c t u a l l y p u l l away from o n e 
a n o t h e r to g i v e a s p l i n t e r i n g t y p e o f f a i l u r e . 

b 

Figure 13. Flexing and elongation of polysaccharide molecule under ten-
site force. Key: a, no tensile force—no elongation; and b, tensile force— 

elongation. 
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P e r m a n e n t set is n o w e v i d e n t at a l l l e v e l s o f c o n s i d e r a t i o n , a n d 
e v e n t u a l f a i l u r e is i m m i n e n t . I n a p p r o a c h i n g t h e u l t i m a t e s t r e n g t h 
( F i g u r e 11 , R e g i o n C ) , m o l e c u l a r l e v e l f a i lures o c c u r b y C - C a n d 
C - O b o n d c l e a v a g e . Stress r e d i s t r i b u t i o n w i t h i n t h e i n d i v i d u a l p o l y 
m e r s is n o w i m p o s s i b l e . A t t h e m i c r o s c o p i c l e v e l , t h e c e l l w a l l s are 
d i s t o r t i n g w i t h o u t a d d i t i o n a l s t r e s s . T h e s e w a l l s a r e a c t u a l l y d e 
f o r m i n g at s u c h a n e x a g g e r a t e d rate that t h e y c a n b e t h o u g h t o f as 
b e i n g c o m p l e t e l y v i s c o u s o r p l a s t i c , a n d t h e y c a n n o l o n g e r h a n d l e 
a d d i t i o n a l stress . T h e c e l l w a l l is b e i n g s h e a r e d o r t o r n apart . A t t h e 
m a c r o s c o p i c l e v e l , f a i l u r e is r e l a t e d to c e l l w a l l s c i s s i on o r c e l l - t o - c e l l 
w i t h d r a w a l . 

R e l a t i o n s h i p o f S t r u c t u r e t o S t r e n g t h . T h e m e c h a n i s m o f 
s t r e n g t h , as i t r e la tes to w o o d c o m p o s i t i o n , has b e e n d i s c u s s e d as a 
t h e o r e t i c a l e las t i c m o d e l . To b e t t e r u n d e r s t a n d th is p r o p o s e d m o d e l , 
w e w i l l l o o k at w h a t m a y b e h a p p e n i n g at e a c h o f t h e t h r e e s t r u c t u r a l 
l e v e l s . 

M O L E C U L A R L E V E L . A t t h e m o l e c u l a r l e v e l , s t r e n g t h is e las t i c 
o r r e c o v e r a b l e b e c a u s e the p o l y m e r i c s t r u c t u r e can f l e x a n d , t h u s , 
a b s o r b e n e r g y w i t h o u t f r a c t u r i n g t h e i m p o r t a n t c o v a l e n t b o n d s 
( F i g u r e 11 , R e g i o n A ) . T h e s e c o n d r e g i o n o f t h e s t r e s s - s t r a i n d i a g r a m 
( F i g u r e 11 , R e g i o n B ) cons is ts o f R e g i o n B a , w h i c h is i n d i c a t i v e o f 
r e s i d u a l e las t i c s t r e n g t h s u c h as r e p r e s e n t e d i n R e g i o n A , a n d R e g i o n 
Bb, w h i c h r e p r e s e n t s p l a s t i c s t r e n g t h or , m o r e a p p r o p r i a t e l y , s t r e n g t h 
assoc ia ted w i t h i n i t i a l p e r m a n e n t set o r d i s t o r t i o n . 

S e c t i o n B ^ is r e p r e s e n t a t i v e o f C - C a n d C - O c l eavage at t h e 
i n t r a p o l y m e r l e v e l w h i c h c a n n o t b e r e c o v e r e d . E x a m p l e s o f C — C 
b o n d b r e a k a g e are l i g n i n - h e m i c e l l u l o s e c o p o l y m e r s e p a r a t i o n , h e m i 
c e l l u l o s e d e p o l y m e r i z a t i o n , a n d a m o r p h o u s c e l l u l o s e d e p o l y m e r -
i z a t i o n . 

I n R e g i o n C ( F i g u r e 11), e las t i c d e f o r m a t i o n e s s e n t i a l l y e n d s ; 
t h e r e is n o w n e a r l y p u r e p l a s t i c f l o w i n t h e s t r e s s - s t r a i n r e l a t i o n s h i p . 
S t r a i n is c o n t i n u i n g w i t h l i t t l e a d d i t i o n a l i n c r e a s e i n stress a n d u l t i 
m a t e f a i l u r e is i m m i n e n t . T h i s r e g i o n is c h a r a c t e r i z e d b y a l l the s a m e 
m e c h a n i s m s as i n B ^ , b u t a n e w a n d t e r m i n a l i n t r a p o l y m e r i c factor 
is i n t r o d u c e d — t h e c r y s t a l l i n e c e l l u l o s e f a i l u r e . A s c r y s t a l l i n e c e l l u 
lose f a i l u r e o c c u r s , t h e m a i n f r a m e w o r k o f t h e w o o d m a t e r i a l at t h e 
m o l e c u l a r l e v e l is d i s i n t e g r a t i n g . 

M I C R O S C O P I C L E V E L . A t t h e m i c r o s c o p i c l e v e l , t h e s t r e n g t h o f 
t h e p h e n o l i c m a t r i x is u s u a l l y great e n o u g h that t h e c e l l w a l l stress 
r eaches f a i l u r e l e v e l i n t h e c a r b o h y d r a t e f r a m e w o r k . T h e S r l a y e r 
m i c r o f i b r i l s are o r i e n t e d i n b o t h a r i g h t - h a n d (S he l ix ) a n d a l e f t - h a n d 
( Z he l i x ) a r r a n g e m e n t w h e r e a s t h e S 2 a n d S 3 h a v e o n l y t h e S - h e l i x 
a r r a n g e m e n t ( F i g u r e 8). T h e S 3 l a y e r c a n b e b i h e l i c a l o r m o n o h e l i c a l , 
b u t , for t h e p u r p o s e o f s i m p l i f i c a t i o n , i t has b e e n a s s u m e d to b e 
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m o n o h e l i c a l i n th i s e x a m p l e . B e c a u s e o f t h e d i f f e r e n t l i n e a r e l o n g a 
t i o n o f t h e b i h e l i c a l Sx l a y e r as c o m p a r e d to t h e m o n o h e l i c a l a r r a n g e 
m e n t o f t h e S 2 a n d S 3 l a y e r s , t h e c e l l w a l l i n i t i a l l y fails b y S i - S 2 

s e p a r a t i o n (16). A s S x - S 2 s epara te , t h e S 2 - S 3 l ayers a s s u m e t h e t r a n s 
f e r r e d stresses , a n d s u s t a i n e d stress i n c r e a s e s , w h i c h w i l l e v e n t u a l l y 
cause e i t h e r a b r a s h - t y p e f a i l u r e ( c a r b o h y d r a t e c o v a l e n t b o n d fa i lure ) 
o r a s l o w b u i l d u p to u l t i m a t e stress y i e l d i n g a fibrous-type f a i l u r e 
( p h e n o l i c c o v a l e n t b o n d fa i lure ) . 

B e l o w t h e p r o p o r t i o n a l l i m i t ( F i g u r e 11 , R e g i o n A ) , t h e r e is 
e las t i c t rans fe r o f stresses b e t w e e n t h e S i - S ^ - S a c e l l w a l l l a y e r s . A s 
R e g i o n Β is e n t e r e d , stress is s t i l l t r a n s f e r r e d b e t w e e n t h e S 1 - S 2 - S 3 

c e l l w a l l l a y e r s as c h a r a c t e r i z e d b y S e c t i o n B a . B u t S j - S g s e p a r a t i o n 
is i n i t i a t i n g , c a u s i n g a s i z e a b l e t rans fer o f stresses to the S 2 - S 3 l ayers 
c h a r a c t e r i z e d b y S e c t i o n B^ . I n R e g i o n C , u l t i m a t e s t r e n g t h is n o w 
d i c t a t e d b y t h e S g - S s c e l l w a l l l a y e r ' s a b i l i t y to sus ta in a d d i t i o n a l 
stress u n t i l e v e n t u a l f a i l u r e o f t h e s u b s t a n t i a l S 2 l ayer . 

M A C R O S C O P I C L E V E L . A t t h e m a c r o s c o p i c l e v e l , it is n e c e s s a r y 
to c o n s i d e r w o o d a v i s c o e l a s t i c m a t e r i a l . A s stress is a p p l i e d to a 
w o o d e n m e m b e r , m i n u t e c racks i n i t i a t e , p r o p a g a t e , a n d t e r m i n a t e 
t h r o u g h o u t t h e c o l l e c t i v e c e l l u l a r s y s t e m i n a l l d i r e c t i o n s . T h e y d e 
v e l o p i n a l l r e g i o n s o f t h e s t r e s s - s t r a i n r e l a t i o n s h i p at t h e m a c r o 
s cop i c l e v e l , b u t o n l y i n t h e e las t i c r e g i o n ( F i g u r e 11 , R e g i o n s A a n d 
B a ) is c r a c k p r o p a g a t i o n c o n t r o l l e d a n d e v e n t u a l l y t e r m i n a t e d . I n t h e 
t a n g e n t i a l d i r e c t i o n , t h e c o n c e n t r i c r i n g s t r u c t u r e o f t h i n - w a l l e d e a r 
l y w o o d a n d t h i c k - w a l l e d l a t e w o o d i n so f twoods , a n d p o r o u s e a r l y -
season vesse l s a n d d e n s e la te - season fibers i n h a r d w o o d s act as the 
e l e m e n t s o f e l as t i c stress t ransfer . I n t h e r a d i a l d i r e c t i o n , t h e ray 
s t r u c t u r e s a n d t h e l i n e a r a r r a n g e m e n t o f f ibers a n d vesse ls are t h e 
e l e m e n t s o f e las t i c stress transfer . E v e r y c e l l i n t h e r a d i a l d i r e c t i o n 
is a l i g n e d c l o s e l y w i t h t h e n e x t c e l l b e c a u s e e a c h c e l l i n t h e r a d i a l 
d i r e c t i o n has o r i g i n a t e d f r o m t h e s a m e c a m b i a l m o t h e r c e l l . T h u s , 
t h e m a t e r i a l c a n t rans fer stress e l a s t i c a l l y u n t i l a n i n d u c e d c r a c k o r 
a n a t u r a l g r o w t h de fe c t i n t e r r u p t s th i s o r d e r l y c e l l u l a r a r r a n g e m e n t . 
A s stresses are b u i l t u p w i t h i n t h e m a t e r i a l , c racks are i n i t i a t e d i n 
the areas w h e r e e las t i c stress t rans fer is i n t e r r u p t e d . T h e s e c racks 
c o n t i n u e to p r o p a g a t e u n t i l t h e y are e i t h e r t e r m i n a t e d v i a d i s p e r s i o n 
o f t h e e n e r g y a w a y f r o m t h e c r a c k b y t h e s t r u c t u r a l e l e m e n t s o f stress 
t ransfer , o r b y e v e n t u a l t e r m i n a l f a i l u r e s as g r a p h i c a l l y c h a r a c t e r i z e d 
b y R e g i o n s B b a n d C ( F i g u r e 11). 

Altered Composition Effects 
W h e n w o o d is e x p o s e d to e n v i r o n m e n t a l agents o f d e t e r i o r a t i o n , 

s u c h as c h e m i c a l t r e a t m e n t s o r e l e v a t e d t e m p e r a t u r e s , e a c h m e c h a n 
i c a l p r o p e r t y reacts d i f f e r e n t l y . M o s t c o m m o n l y , u l t i m a t e s t r e n g t h 
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p r o p e r t i e s are r e d u c e d a n d p r o p e r t i e s d e a l i n g w i t h t h e p r o p o r t i o n a l 
l i m i t s h o w l i t t l e o r n o effect. H o w e v e r , the s t r a i n - t o - f a i l u r e ( s tra in 
rate) is o f t en c o n s i d e r a b l y r e d u c e d , w h i c h , d u e to e m b r i t t l e m e n t o f 
the f i b e r s , is r e f l e c t e d as a r e d u c t i o n i n p l i a b i l i t y . 

A s i n d i v i d u a l w o o d c o m p o n e n t s are a l t e r e d i n s i z e , s t a t u r e , o r 
c o m p o s i t i o n , t h e s t r e n g t h o f t h e w o o d m a t e r i a l is d r a m a t i c a l l y af
f e c t e d . H y p o t h e t i c a l l y , w h e n u l t i m a t e stress is r e d u c e d 5 % ( F i g u r e 
14, U 1 - U 2 ) a n d t h e p r o p o r t i o n a l l i m i t is no t a f fected , t h e p r o p e r t i e s 
d e a l i n g w i t h p r o p o r t i o n a l l i m i t ( F S P L , M O E , W P L ) r e f l e c t t h i s . T h e 
m e c h a n i c a l p r o p e r t i e s d e a l i n g w i t h t h e p o i n t o f u l t i m a t e stress ( M O R 
i n b e n d i n g tests , Cy i n a x i a l - t y p e c o m p r e s s i o n tests , a n d Ty a n d T ± 

i n a x i a l - t y p e t e n s i l e tests) are r e d u c e d 5 % . W o r k to m a x i m u m l o a d 
c a n b e r e d u c e d 3 3 % b e c a u s e i t is a f u n c t i o n o f b o t h stress a n d s t r a i n . 
I f t h e stress l e v e l at t h e p r o p o r t i o n a l l i m i t is r e d u c e d , a n d b o t h the 
u l t i m a t e stress a n d s t r a i n l e v e l s are s i g n i f i c a n t l y r e d u c e d ( F i g u r e 15), 
l a r g e r dec reases w i l l o c c u r i n p r o p o r t i o n a l l i m i t p r o p e r t i e s ( M O E , 
F S P L , W P L ) , u l t i m a t e s t r e n g t h p r o p e r t i e s ( M O R , C | | 5 T„, T J , a n d 
i n w o r k to m a x i m u m l o a d . T h e e x a m p l e s i n b o t h F i g u r e s 14 a n d 15 
s h o w e v i d e n c e that W M L a n d r e l a t e d p r o p e r t i e s , s u c h as t o u g h n e s s 
a n d i m p a c t b e n d i n g , are u s u a l l y a f fected l o n g be fo re t h e o t h e r p r o p 
er t i e s d e a l i n g w i t h u l t i m a t e s t r e n g t h a n d t h e p r o p o r t i o n a l l i m i t are 
s i g n i f i c a n t l y a f fec ted . 

W h a t causes t h e p h e n o m e n o n o f stress a n d s t r a i n r e d u c t i o n a n d 
w h y is t h e r e d u c t i o n i n i m p a c t a n d w o r k p r o p e r t i e s so v i s i b l e at s m a l l 
o r n e g l i g i b l e c h a n g e s i n e las t i c m o d u l u s a n d u l t i m a t e s t r e n g t h s ? A s 
d i s c u s s e d p r e v i o u s l y , m e c h a n i c a l p r o p e r t i e s d e a l w i t h s t ress a n d 
s t r a i n r e l a t i o n s h i p s t h a t a r e s i m p l y f u n c t i o n s o f c h e m i c a l b o n d 
s t r e n g t h . A t t h e m o l e c u l a r l e v e l , s t r e n g t h is r e l a t e d to b o t h c o v a l e n t 
a n d h y d r o g e n i n t r a p o l y m e r b o n d s . A t t h e m i c r o s c o p i c l e v e l , s t r e n g t h 

STRAIN 

Figure 14. Hypothetical example of the effect of no change in proportional 
limit and a 5% reduction in ultimate bending strength on a few mechanical 
properties: MOE is not affected, MOR is reduced 5%, but WML is reduced 

by 33% because it is a dual function of stress and strain. 
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UJ 
C/3 

STRAIN 

Figure 15. Hypothetical example of the effect of a 20% reduction in pro
portional limit and a 30% reduction in ultimate bending strength on a few 
mechanical properties: MOE is reduced 20%, MOR is reduced 30%, and 
WML is reauced 50%, because it is a dual function of stress and strain. 

is r e l a t e d to b o t h c o v a l e n t a n d h y d r o g e n i n t e r p o l y m e r b o n d s a n d c e l l 
w a l l l a y e r b o n d s ( S i - S g a n d S2-S3). A t t h e m a c r o s c o p i c l e v e l , s t r e n g t h 
is r e l a t e d to f i b e r - t o - f i b e r b o n d i n g w i t h t h e m i d d l e l a m e l l a a c t i n g as 
t h e a d h e s i v e . T h u s , a n y c h e m i c a l o r e n v i r o n m e n t a l agent that affects 
those b o n d i n g s also affects s t r e n g t h . 

E n v i r o n m e n t a l E f f e c t s . I n c o n s i d e r i n g the s t r u c t u r a l p e r f o r 
m a n c e o f t h e p o l y s a c c h a r i d e a n d p h e n o l i c p o l y m e r s i n w o o d f iber , 
t h e c h e m i c a l e n v i r o n m e n t o f t h e fiber is o f great i m p o r t a n c e . C h e m 
icals c a n s w e l l , h y d r o l y z e , p y r o l y z e , o x i d i z e , a n d , i n g e n e r a l , d e p o -
l y m e r i z e w o o d p o l y m e r s , c a u s i n g a loss i n s t r e n g t h p r o p e r t i e s d u e 
to w o o d f i b e r n e t w o r k d e g r a d a t i o n . O t h e r e n v i r o n m e n t a l agents s u c h 
as U V l i g h t , h e a t , a n d b i o l o g i c a l o r g a n i s m s h a v e a s i m i l a r i n f l u e n c e 
i n c h a n g i n g s t r e n g t h p r o p e r t i e s . 

A C I D S A N D B A S E S . T h e average ρ H o f w o o d is b e t w e e n 3 a n d 
5.5 (17) d u e to t h e a c e t y l c o n t e n t , t h e p r e s e n c e o f a c i d ex t rac t i ves , 
a n d t h e a d s o r p t i o n o f ca t i ons that c o m p r i s e the ash . E v e n after s ev 
e r a l h u n d r e d y e a r s , th i s n a t u r a l l y m i l d a c i d i c state does n o t i n d u c e 
a n y a p p r e c i a b l e s t r e n g t h losses as l o n g as t h e w o o d is p r o t e c t e d f r o m 
b i o l o g i c a l a t tack (7). 

I f t h e p H o f t h e e n v i r o n m e n t s u b s t a n t i a l l y changes , s t r e n g t h 
p r o p e r t i e s c a n b e r e d u c e d . T h e s e effects are f u r t h e r c o m p o u n d e d b y 
t i m e a n d t e m p e r a t u r e . I n g e n e r a l , the l o n g e r the t i m e o r t h e h i g h e r 
t h e t e m p e r a t u r e at w h i c h w o o d is e x p o s e d to a n a c i d o r a base , t h e 
g r e a t e r is t h e d e g r a d a t i v e effect o n s t r e n g t h (see C h a p t e r 14). H e a r t -
w o o d is g e n e r a l l y m o r e res i s tant to a c i d t h a n is s a p w o o d , p r o b a b l y 
b e c a u s e o f h e a r t w o o d ' s l o w e r p e r m e a b i l i t y a n d h i g h e r ex t rac t ives 
c o n t e n t . H a r d w o o d s are u s u a l l y m o r e s u s c e p t i b l e to d e g r a d a t i o n b y 
e i t h e r ac ids o r a l k a l i e s t h a n are so f twoods . T h i s m a y b e d u e to h a r d 
w o o d ' s l o w e r l i g n i n c o n t e n t a n d h i g h e r p r o p o r t i o n o f p e n t o s a n h e m i -
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c e l l u l o s e s . O x i d i z i n g ac ids , s u c h as H N 0 3 , h a v e a g r e a t e r d e g r a d a t i v e 
a c t i o n o n w o o d fiber t h a n d o n o n o x i d i z i n g ac ids . A l k a l i n e so lu t i ons 
are m o r e d e s t r u c t i v e to w o o d fibers t h a n are a c i d i c s o lu t i ons (7) b e 
cause w o o d adsorbs a l k a l i n e s o lu t i ons m o r e r e a d i l y t h a n a c i d i c s o l u 
t i o n s . A c i d s w i t h p H v a l u e s a b o v e 2 a n d bases w i t h p H v a l u e s b e l o w 
10 d o n o t d e g r a d e t h e w o o d fiber g r e a t l y o v e r shor t p e r i o d s o f t i m e 
at l o w t e m p e r a t u r e s (22). M i l d ac ids , s u c h as acet i c a c i d , h a v e l i t t l e 
effect o n s t r e n g t h , w h e r e a s s t r o n g a c i d s , s u c h as H 2 S 0 4 , cause ex 
t e n s i v e s t r e n g t h losses (23). 

A D S O R P T I O N O F E L E M E N T S . C h e m i c a l s o t h e r t h a n ac ids a n d bases 
c a n also b e a d s o r b e d a n d c a n cause d e g r a d a t i o n o f t h e w o o d f iber . 
F o r e x a m p l e , fibers o f s o u t h e r n p i n e e x p o s e d to the o c e a n a i r c a n b e 
d e g r a d e d b a d l y ( F i g u r e 16). Sa l t c rys ta ls d e p o s i t e d i n t h e v o i d s t r u c 
t u r e ( F i g u r e 17) c a n cause e x t e n s i v e c h e m i c a l a n d p h y s i c a l d a m a g e . 

O t h e r m a t e r i a l s c a n b e a d s o r b e d f r o m the e n v i r o n m e n t i f a h y -
d r o l y t i c s o l v e n t (e .g . , water ) is a v a i l a b l e . W h e n w a t e r is a v a i l a b l e , 
w o o d w i l l a d s o r b i r o n f r o m o x i d i z e d m e t a l (rust) a n d cause d e c o m 
p o s i t i o n o f t h e c e l l u l o s e (24). T h i s is also t r u e for c o p p e r , c h r o m i u m , 
t i n , z i n c , a n d o t h e r s i m i l a r r e a c t i v e m e t a l s . 

S W E L L I N G S O L V E N T S . S o l u t i o n s that s w e l l w o o d t e n d to p l a s t i c i z e 
i t a n d r e d u c e its s t r e n g t h p r o p e r t i e s . W a t e r , for e x a m p l e , swe l l s the 
i n t r a p o l y m e r i c s p a c e s , r e d u c e s c r o s s - l i n k i n g a n d , t h u s , r e d u c e s 
s t r e n g t h . I n g e n e r a l , t h e g r e a t e r t h e s w e l l i n g , t h e g r e a t e r t h e 
s t r e n g t h loss. N o n s w e l l i n g l i q u i d s g e n e r a l l y d o no t de c r e as e s t r e n g t h 

Figure 16. Photomicrograph of NaCl deposited on the surface (left) of 
southern pine (x40). 
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Figure 17. Photomicrograph of NaCl deposited in southern pine (x400). 

p r o p e r t i e s . F o r e x a m p l e , o v e n - d r y w o o d a n d w o o d s a t u r a t e d w i t h 
w a t e r - f r e e b e n z e n e h a v e v i r t u a l l y t h e same s t r e n g t h (25, 26). 

U V D E G R A D A T I O N . W o o d e x p o s e d to t h e o u t d o o r s u n d e r g o e s 
c h e m i c a l r e a c t i o n s d u e to U V r a d i a t i o n (see C h a p t e r 11). U V r a d i a t i o n 
causes p h o t o c h e m i c a l d e g r a d a t i o n p r i m a r i l y i n t h e l i g n i n c o m p o n e n t , 
w h i c h g ives r i s e to c h a r a c t e r i s t i c c o l o r changes . S o u t h e r n p i n e , for 
e x a m p l e , c h a n g e s f r o m a l i g h t - y e l l o w n a t u r a l c o l o r to b r o w n a n d 
e v e n t u a l l y to gray. A s t h e l i g n i n d e g r a d e s , t h e w o o d surface b e c o m e s 
r i c h e r i n c e l l u l o s e c o n t e n t . A l t h o u g h t h e c e l l u l o s e is m u c h less sus 
c e p t i b l e to U V d e g r a d a t i o n (27) i t is w a s h e d off t h e sur face w i t h w a t e r 
d u r i n g r a i n , w h i c h exposes n e w l i g n i n - r i c h surfaces that t h e n start to 
d e g r a d e . A s t h i s p r o c e s s c o n t i n u e s , t h e w o o d s u r f a c e is s a i d to 
weather. 

B e c a u s e U V r a d i a t i o n does n o t p e n e t r a t e w o o d m o r e t h a n a f e w 
ce l l s d e e p , w e a t h e r i n g is c o n s i d e r e d a surface p h e n o m e n o n . O v e r 
t i m e , i t c a n a c c o u n t for a s i gn i f i cant loss i n surface fiber ( F i g u r e 18). 
A s t h e d e g r a d a t i v e p rocess c o n t i n u e s , t h e loss i n fiber m a y e v e n t u a l l y 
cause a r e d u c t i o n i n t h e m a t e r i a l ' s l o a d - c a r r y i n g capac i ty . 

H E A T D E G R A D A T I O N . W o o d s t r e n g t h is i n v e r s e l y r e l a t e d to t e m 
p e r a t u r e . A n e a r l y l i n e a r d e c r e a s e i n s t r e n g t h is o b s e r v e d o n i n 
c r e a s i n g t h e t e m p e r a t u r e f r o m - 2 0 0 to + 1 6 0 °C ( F i g u r e 4) w i t h 
a c o r r e s p o n d i n g loss i n s t r e n g t h f r o m t w o - to t h r e e - f o l d (JO, 22). H e a t 
has t w o t y p e s o f effects o n w o o d : i m m e d i a t e effects that o c c u r o n l y 
as l o n g as t h e i n c r e a s e d t e m p e r a t u r e is m a i n t a i n e d , a n d p e r m a n e n t 
effects that r e s u l t f r o m t h e r m a l d e g r a d a t i o n o f w o o d ' s p o l y m e r c o m 
p o n e n t s (see C h a p t e r 13). T h e i m m e d i a t e effects o f heat are r e c o v -
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Figure 18. Wood loss in southern pine due to weathering. 

e r a b l e b u t p e r m a n e n t effects are not . T h e c o m b i n a t i o n o f i m m e d i a t e 
a n d p e r m a n e n t effects is m u l t i p l i c a t i v e r a t h e r t h a n a d d i t i v e . 

I n a n e n v i r o n m e n t w i t h o u t a d e q u a t e h u m i d i t y , the i n i t i a l effect 
o f h e a t i n g w o o d is d e h y d r a t i o n . A s t e m p e r a t u r e s a p p r o a c h 5 5 - 6 5 °C 
for e x t e n d e d p e r i o d s ( 2 - 3 m o n t h s ) , h e m i c e l l u l o s e a n d c e l l u l o s e d e -
p o l y m e r i z a t i o n b e g i n s (28). P y r o l y s i s a n d v o l a t i l i z a t i o n o f c e l l w a l l 
p o l y m e r s o c c u r at a b o u t 2 5 0 °C f o l l o w e d b y c h a r f o r m a t i o n i n the 
a b s e n c e o f a i r a n d c o m b u s t i o n i n t h e p r e s e n c e o f a ir . 

H e a t i n g D o u g l a s - f i r i n an o v e n at 102 °C for 3 3 5 d r e d u c e d M O E 
b y 1 7 % , M O R b y 4 5 % , a n d fiber stress at p r o p o r t i o n a l l i m i t b y 3 3 % 
(29-31). T h e s a m e losses m i g h t b e o b s e r v e d i n 1 w e e k at 160 °C . I n 
t h e a b s e n c e o f a i r , h e a t i n g s o f t w o o d at 2 1 0 °C for 10 m i n r e d u c e d 
M O R b y 2 % , h a r d n e s s b y 5 % , a n d t o u g h n e s s b y 5 % (32). U n d e r t h e 
s a m e c o n d i t i o n s at 2 8 0 °C M O R is r e d u c e d 1 7 % , h a r d n e s s is r e d u c e d 
2 1 % , a n d t o u g h n e s s is r e d u c e d 4 0 % . B o t h e x a m p l e s i l l u s t r a t e t h e 
c o m p o u n d effect o f h e a t a n d t i m e . 

C o m p a r i s o n o f p h o t o m i c r o g r a p h s o f s o u t h e r n p i n e at 2 5 °C 
( F i g u r e 19a) a n d t h e s a m e s a m p l e after h e a t i n g f r o m 2 0 to 2 9 5 °C 
u n d e r n i t r o g e n o v e r a p e r i o d o f 15 m i n ( F i g u r e 19b) shows t h e c e l l 
s t r u c t u r e s t i l l i n t a c t , b u t t h e c e l l w a l l c o m p o n e n t s h a v e b e e n d a r k 
e n e d b y p y r o l y s i s . A l t h o u g h t h e c e l l s t r u c t u r e s t i l l appears s o m e w h a t 
n o r m a l , t h e s t r e n g t h p r o p e r t i e s are g r e a t l y r e d u c e d b e c a u s e o f t h e 
t h e r m a l d e g r a d a t i o n o f t h e w o o d m a t e r i a l . 

M I C R O B I A L D E G R A D A T I O N . W h e n c e r t a i n o r g a n i s m s c o m e i n t o 
contac t w i t h w o o d , s e v e r a l t y p e s o f d e g r a d a t i o n o c c u r (see C h a p t e r 
12). T h e m e c h a n i c a l d a m a g e c a u s e d b y m e t a b o l i c a c t i o n c a n r e s u l t 
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Figure 19. Southern pine at 25 °C fx 400) (top), and southern pine after 
heating in a nitrogen environment from 20 to 295 °C over 15 min (x400). 

i n s i g n i f i c a n t losses i n s t r e n g t h . M i c r o b i a l a c t i v i t y v i a e n z y m a t i c p a t h 
w a y s i n d u c e s w o o d f i b e r d e g r a d a t i o n b y c h e m i c a l r eac t i ons s u c h as 
h y d r o l y s i s , d e h y d r a t i o n , a n d o x i d a t i o n . B r o w n - r o t f u n g i p r e f e r e n 
t i a l l y m e t a b o l i z e h o l o c e l l u l o s e , e s p e c i a l l y t h e s t r e n g t h - c r i t i c a l c e l l u 
lose f r a c t i o n (33). W h i t e - r o t f u n g i m e t a b o l i z e n e a r l y a l l f rac t ions o f 
t h e w o o d , b u t s t r e n g t h is n o t a f fected to the s a m e d e g r e e as w i t h a 
b r o w n - r o t f u n g u s . A n i n i t i a l 1 0 % w e i g h t loss for s w e e t g u m (Liquid-
ambar styraciflua L . ) a t t a c k e d b y a b r o w n - r o t fungus r e d u c e d the 
d e g r e e o f p o l y m e r i z a t i o n o f t h e h o l o c e l l u l o s e f r o m 1 5 0 0 to 3 0 0 
( F i g u r e 20) (33). A s t h e p o l y m e r s r e s p o n s i b l e for s t r e n g t h i n t h e w o o d 
f i b e r are d e g r a d e d , m e c h a n i c a l p r o p e r t i e s o f t h e w o o d d e c r e a s e . 

T h e l a r g e d r o p i n d e g r e e o f p o l y m e r i z a t i o n r e p r e s e n t s a large 
d r o p i n w o o d s t r e n g t h p r o p e r t i e s w i t h o u t c o r r e s p o n d i n g w e i g h t 
loss (21, 33, 34) a n d i n d i c a t e s that , i n t h e i n i t i a l stages o f b i o l o g i c a l 
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II 
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Figure 20. Action of a typical brown-rot fungus (Poria monticola) on the 
holocellulose of sweetgum sapwood (33). 

attack, h y d r o l y t i c c h e m i c a l r eac t i ons p l a y an i m p o r t a n t par t . I n th i s 
phase o f d e g r a d a t i o n , l a r g e p o l y m e r s are b r o k e n i n t o s m a l l e r , m o r e 
d i g e s t i b l e u n i t s , b u t t h e i n i t i a l d e g r a d a t i o n p r o d u c t s are not a c t u a l l y 
c o n s u m e d b y t h e o r g a n i s m s . H y d r o g e n p e r o x i d e a n d i r o n m i g h t b e 
i n v o l v e d i n th i s r a p i d d e p o l y m e r i z a t i o n (24). T h e i n i t i a l e n z y m a t i c 
at tack b y m i c r o o r g a n i s m s is p r o b a b l y no t o n l y h y d r o l y t i c b u t o x i d a 
t i v e i n n a t u r e . 

N A T U R A L L Y O C C U R R I N G C H E M I C A L S . S o m e w o o d s h a v e a h i g h e r 
a c i d i c e x t r a c t i v e s c o n t e n t tha t c a n cause g r e a t e r s t r e n g t h loss d u e to 
h y d r o l y s i s . T h i s m a y b e a p r o b l e m i n s o m e o f t h e t r o p i c a l spec ies 
c o m i n g i n t o t h e m a r k e t . T h e s e m o r e a c i d i c w o o d s w i l l no t o n l y b e 
m o r e s u s c e p t i b l e to s t r e n g t h loss b u t w i l l a lso i n c r e a s e t h e c o r r o s i o n 
p o t e n t i a l o f i r o n fasteners u s e d w i t h t h e w o o d . It is no t u n c o m m o n 
to f i n d s i l i c a a n d c a l c i u m salt c rys ta l s i n w o o d f i b e r ( F i g u r e 21), a n d 
t h e y c a n l e a d to s t r e n g t h losses b y a b r a s i o n o f t h e f ibers d u r i n g m a 
c h i n i n g . N a t u r a l l y o c c u r r i n g c h e m i c a l s m a y also cause i n c r e a s e d h y 
g r o s c o p i c i t y a n d h y d r o l y s i s w h e n salts d i s s o l v e i n water . 

T r e a t m e n t E f f e c t s . B I O L O G I C A L R E S I S T A N C E . S a l t s s u c h as 
c h r o m a t e d c o p p e r a r s e n a t e ( C C A ) , a m m o n i a c a l c o p p e r a r s e n a t e 
( A C A ) , a n d o t h e r m e t a l l i c salts o f c o p p e r , a r s e n i c , z i n c , a n d t i n are 
u s e d to i n c r e a s e t h e s e r v i c e l i f e o f w o o d i n use against b i o l o g i c a l 
attack (see C h a p t e r 8). O n e m a j o r a d v a n t a g e o f m a n y w a t e r b o r n e 
p r e s e r v a t i v e s is t h e i r r e s i s t a n c e to l e a c h i n g b y water . T h e s e p a r t i c u l a r 
m e t a l salts u n d e r g o h y d r o l y t i c r e d u c t i o n u p o n contac t w i t h t h e r e 
d u c i n g sugars f o u n d i n w o o d . I n th i s p rocess , k n o w n as f i x a t i o n , t h e 
c e l l w a l l is o x i d i z e d a n d s u b s e q u e n t l y s t r e n g t h is af fected . A t m o s t 

INCUBATION TIME (WEEKS) AVERAGE WEIGHT LOSS (PERCENT) 
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Figure 21. Calcium carbonate crystals deposited in lumens of southern 
pine (x 800). 

u s a b l e c o n c e n t r a t i o n s t h e s e p r e s e r v a t i v e s are su f f i c i en t ly a c i d i c o r 
a l k a l i n e to cause s o m e c e l l w a l l h y d r o l y s i s (35, 3 6 , 37). M o s t w a t e r -
b o r n e p r e s e r v a t i v e salts i n c r e a s e t h e h y g r o s c o p i c i t y o f t h e w o o d . T h i s 
causes an i n c r e a s e d E M C , w h i c h f u r t h e r i n f l u e n c e s s t r e n g t h . 

W i t h w a t e r b o r n e t r e a t m e n t s s u c h as C C A o r A C A , m o s t t r e a t e d 
d i m e n s i o n l u m b e r is d r i e d t w i c e . L u m b e r m u s t b e d r y to a c h i e v e 
a d e q u a t e w a t e r b o r n e p r e s e r v a t i v e p e n e t r a t i o n , so t h e m a t e r i a l is 
k i l n - d r i e d b e f o r e t r e a t m e n t , a n d t h e n t h e t r e a t e d l u m b e r o f ten is 
k i l n - d r i e d a s e c o n d t i m e to r e m o v e r e s i d u a l w a t e r r e m a i n i n g f r o m 
t h e w a t e r b o r n e p r e s e r v a t i v e t r e a t m e n t process a n d to f i n a l i z e t h e 
f i xa t i on process . L i m i t e d r e s e a r c h has b e e n d o n e to i n v e s t i g a t e t h e 
effects o f t h i s s e c o n d d r y i n g process . T h e effects are p r o b a b l y no t t h e 
same as those d u e to t h e i n i t i a l d r y i n g process b e c a u s e t h e c o m b i 
n a t i o n o f h y d r o l y t i c c h e m i c a l s a n d h i g h t e m p e r a t u r e s m a y b e s u b 
s t a n t i a l l y m o r e d e g r a d i n g to s t r e n g t h p r o p e r t i e s . I n g e n e r a l , w a t e r -
b o r n e p r e s e r v a t i v e t r e a t m e n t s h a v e n o a p p a r e n t effect o n M O E ; t h e y 
r e d u c e M O R , Ty, a n d F S P L b y a b o u t 5 % ; r e d u c e W M L b y a b o u t 
2 0 % ; a n d r e d u c e t o u g h n e s s b y a b o u t 3 0 % (Table V ) . T h e m a g n i t u d e 
o f t h e s e effects c a n b e i n c r e a s e d o r d e c r e a s e d b y c o n t r o l l i n g t h e 
s e v e r i t y o f t r e a t i n g a n d p r o c e s s i n g p a r a m e t e r s . 

A f t e r f i x a t i o n , p r e c i p i t a t e d p r e s e r v a t i v e salts c a n b e s e e n i n t h e 
w o o d s t r u c t u r e . C o m p a r i s o n o f p h o t o m i c r o g r a p h s o f u n t r e a t e d 
s o u t h e r n p i n e ( F i g u r e 22a) a n d s o u t h e r n p i n e t r e a t e d w i t h 2 .5 l b 
C C A / f t 3 ( F i g u r e 22b) r e v e a l s that t h e salts i n t h e t r e a t e d w o o d f o r m 
a r o u g h c o a t i n g o n t h e l u m e n w a l l s . T h e exact f i n a l l o c a t i o n o f these 
f i x e d salts is s t i l l s u b j e c t to d i s c u s s i o n . U n d o u b t e d l y , m o s t o f these 
i n j e c t e d h y d r o l y t i c p r e s e r v a t i v e s r e m a i n i n t h e c e l l l u m e n , b u t t h e 
e x t e n t to w h i c h t h e s e p r e s e r v a t i v e s e n t e r t h e c e l l w a l l a n d react w i t h 
t h e c e l l w a l l s u b s t a n c e d i c ta tes t h e p r e s e r v a t i v e ' s effect o n s t r e n g t h . 
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Figure 22. Untreated southern pine shows the absence of crystalline ma
terials. ( x 4000) (a)y and southern pine treated with the wood preservative 
CCA to a retention of 2.5 lb/ft3 shows the presence of crystalline material 

in the cell wall (b) (x4000). 

P r e s e r v a t i v e f o r m u l a t i o n s t h a t c o n t a i n c o p p e r a n d c h r o m i u m 
salts r e p o r t e d l y p r o m o t e a f t e r g l o w i n t r e a t e d w o o d s u b j e c t e d to fire. 
O n c e t h e t r e a t e d w o o d starts to b u r n o r g l o w , t h e w o o d m a y c o n t i n u e 
to g l o w u n t i l t h e e n t i r e m e m b e r is c o n s u m e d , e v e n w h e n n o f l a m e 
is p r e s e n t (38, 39) . T h i s c h a r a c t e r i s t i c c a n cause se r i ous p r o b l e m s i n 
u t i l i t y p o l e s , f encepos t s , a n d h i g h w a y s igns , s t r u c t u r e s that m i g h t b e 
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250 T H E C H E M I S T R Y O F S O L I D W O O D 

s u b j e c t e d to a c c i d e n t a l f i res o r c o n t r o l l e d g r o u n d f i r e w h i c h is u s e d 
as a n a g r i c u l t u r a l m a n a g e m e n t t o o l . 

P e t r o l e u m - b a s e d c h e m i c a l s s u c h as c reoso te a n d p e n t a c h l o r o 
p h e n o l i n o i l a re also u s e d as w o o d p r e s e r v a t i v e s . T h e s e o r g a n i c 
p r e s e r v a t i v e s are i n e r t t o w a r d t h e c e l l w a l l subs tance a n d d o n o t s e e m 
to c a u s e a n y a p p r e c i a b l e s t r e n g t h l osses (40-42). B e c a u s e o f t h e 
h i g h e r t r e a t i n g t e m p e r a t u r e s c o m m o n l y u s e d w i t h o r g a n i c p r e s e r 
v a t i v e s , s t r e n g t h losses (Table V ) h a v e b e e n a t t r i b u t e d to t h e t r e a t 
m e n t c o n d i t i o n s ( h i g h t e m p e r a t u r e a n d p r e s s u r e ) r a t h e r t h a n the 
o r g a n i c p r e s e r v a t i v e c h e m i c a l s (43). 

F I R E R E T A R D A T I O N . S a l t s s u c h as s o d i u m t e t r a b o r a t e , d i a m -
m o n i u m p h o s p h a t e , t r i s o d i u m p h o s p h a t e , d i a m m o n i u m sul fate , a n d 
salts o f b o r i c a c i d h a v e l o n g b e e n u s e d as f i r e r e t a r d a n t s . (See C h a p t e r 
14.) H y g r o s c o p i c i t y , c o r r o s i o n o f fas teners , a n d i n c r e a s e d a c i d i t y are 
also p r o b l e m s w i t h these salts . 

L i k e t h e p r e s e r v a t i v e sal ts , t h e s e salts also p r e c i p i t a t e i n t h e c e l l 
c a v i t y a n d t h e c e l l w a l l ( F i g u r e 23). T h e y a p p e a r o n t h e f i b e r sur face 
o f p i n e t r e a t e d w i t h 4 . 2 l b o f a m m o n i u m d i h y d r o g e n p h o s p h a t e 
( Ν Η 4 Η 2 Ρ 0 4 ) p e r c u b i c foot o f w o o d . 

M a n y f i r e - r e t a r d a n t salt t r e a t m e n t s are v e r y h y g r o s c o p i c . A c 
c o r d i n g l y , m o s t f o r m u l a t i o n s are n o t r e c o m m e n d e d for use w h e r e 
r e l a t i v e h u m i d i t y is o v e r 8 0 % (44). R e c e n t l y , f i r e - r e t a r d a n t t r e a t 
m e n t s h a v e c o m e o n t h e m a r k e t that c l a i m to h a v e o v e r c o m e h y g r o -

Figure 23. Southern pine fiber treated with the fire-retardant NH4H2P04 

(X1600). 
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scop i c p r o b l e m s , b u t b e c a u s e t h e y are p r o p r i e t a r y , l i t t l e is k n o w n o f 
t h e i r n a t u r e . 

S e v e r a l s t u d i e s h a v e i n v e s t i g a t e d t h e r e l a t i o n s h i p s b e t w e e n 
s t r e n g t h p r o p e r t i e s a n d fire-retardant salt t r e a t m e n t s . T h e N a t i o n a l 
D e s i g n S p e c i f i c a t i o n s (45) r e c o m m e n d a 1 0 % r e d u c t i o n i n a l l a l l o w 
ab le d e s i g n stresses for fire-retardant-treated l u m b e r . Tab le V I shows 
losses i n m e c h a n i c a l p r o p e r t i e s i n w o o d t r e a t e d w i t h fire r e t a r d a n t s . 
T h e effects o n s t r e n g t h are g r e a t e r i n k i l n - d r i e d s a l t - t r e a t e d w o o d 
t h a n i n a i r - d r i e d s a l t - t r e a t e d w o o d (46-49). L i k e the w a t e r b o r n e p r e 
s e r v a t i v e s , th i s is d u e to h y d r o l y t i c d e g r a d a t i o n o f t h e fiber, c a u s e d 
b y t h e c o m b i n a t i o n o f h i g h m o i s t u r e c o n t e n t , h i g h t e m p e r a t u r e , a n d 
a c i d salts o r a l k a l i e s d u r i n g t h e p o s t - t r e a t m e n t r e d r y i n g process . 

Summary 

O v e r t h e years t h e s t r e n g t h o f w o o d has b e e n , for t h e m o s t p a r t , 
s t u d i e d b y p h y s i c a l c h e m i s t s a n d e n g i n e e r s a n d t h e c h e m i s t r y o f 
w o o d has b e e n s t u d i e d b y o r g a n i c c h e m i s t s a n d b i o c h e m i s t s . I n a 
m a t e r i a l s s c i e n c e a p p r o a c h to w o o d r e s e a r c h , these d i s c i p l i n e s m u s t 
w o r k t o g e t h e r to r e l a t e t h e p h y s i c a l p r o p e r t i e s to t h e c h e m i s t r y o f 
the w o o d m a t e r i a l . 

I n th i s c h a p t e r a n e x p l a n a t i o n is p r e s e n t e d o f c e r t a i n e n g i n e e r i n g 
aspects that a re i m p o r t a n t i n u n d e r s t a n d i n g t h e m e c h a n i c a l p r o p e r 
t ies o f w o o d . I n d i v i d u a l factors s u c h as g r o w t h , e n v i r o n m e n t , c h e m 
ica ls , a n d use c a n g r e a t l y affect t h e p h y s i c a l a n d m e c h a n i c a l p r o p 
e r t i e s o f t h e w o o d m a t e r i a l . A t h e o r e t i c a l m o d e l is p r e s e n t e d to ex 
p l a i n t h e r e l a t i o n s h i p b e t w e e n p h y s i c a l p r o p e r t i e s a n d c h e m i s t r y o f 
w o o d at t h r e e d i s t i n c t l e v e l s : m a c r o s c o p i c o r c e l l u l a r , m i c r o s c o p i c o r 
c e l l w a l l , a n d m o l e c u l a r o r p o l y m e r i c . T h e s e t h r e e l e v e l s a n d t h e i r 
i m p l i c a t i o n s o n m a t e r i a l p r o p e r t i e s m u s t b e u n d e r s t o o d to r e l a t e b o t h 
w o o d c h e m i s t r y a n d w o o d e n g i n e e r i n g f r o m a m a t e r i a l s s c i e n c e 
s t a n d p o i n t . W h e n t h i s is a c c o m p l i s h e d , t h e t r e a t m e n t a n d p r o c e s s i n g 
o f w o o d a n d w o o d p r o d u c t s c a n b e c o n t r o l l e d to y i e l d m o r e d e s i r a b l e 
a n d u n i f o r m p r o p e r t i e s . 

T h e t h e o r i e s p r e s e n t e d a r e u n p r o v e n . T h e y a r e o f f e r e d as a 
s t a r t i n g p o i n t — a p o i n t to b e v e r i f i e d , r e f i n e d , a n d r e c o n s i d e r e d , a 
p o i n t f r o m w h i c h , t h r o u g h m u t u a l c o o p e r a t i o n b e t w e e n t h e fields o f 
e n g i n e e r i n g a n d c h e m i s t r y , t h e c h e m i s t r y o f w o o d s t r e n g t h m a y b e 
t r u l y e x p l a i n e d . 
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6 
Wood-Polymer Materials 

J O H N A. M E Y E R 

State University of New York, College of Environmental Science and 
Forestry, Syracuse, NY 13210 

Treatment of solid wood over the years for increased 
utility included many chemical systems that affected the 
cell wall and filled the void spaces in the wood. Some of 
these treatments found commercial applications, while 
some remain laboratory curiosities. A brief description 
of the earlier treatments is given for heat-stabilized 
wood, phenol-formaldehyde-treated veneers, bulking of 
the cell wall with polyethylene glycol, ozone gas-phase 
treatment, ammonia liquid- and gas-phase treatment, 
and β- and γ-radiation. Many of these treatments led to 
commercial products, such as Staybwood, Staypak, Im
preg, and Compreg. This chapter is concerned primarily 
with wood—polymer composites using vinyl monomers. 
Generally, wood-polymers imply bulk polymerization 
of a vinyl-type monomer in the void spaces of solid wood. 
This bulk polymerization takes place in the vessels, cap
illaries, ray cells, etc., but not in the cell wall or middle 
lamellas. The monomer is introduced into the solid wood 
by a vacuum process. The wood-monomer is then con
verted into the solid polymer by γ-radiation or a heat

-sensitive catalyst dissolved in the monomer. The wood
polymer is fabricated into the final product. 

Background and History 

W o o d , as a r e n e w a b l e r e s o u r c e , has p r o v i d e d p e r s o n s w i t h too ls , 
w e a p o n s , a n d s h e l t e r s i n c e t h e b e g i n n i n g o f o u r c o e x i s t e n c e o n th i s 
p l a n e t . D u r i n g t h e m i l l e n n i u m o f o u r d e v e l o p m e n t w e l e a r n e d h o w 
to m a k e w o o d h a r d e r a n d s t r o n g e r b y d r y i n g a n d h e a t - t e m p e r i n g o u r 
w o o d e n tools a n d w e a p o n s . A s o u r k n o w l e d g e o f t h e w o r l d w e l i v e d 
i n i n c r e a s e d , w e a t t e m p t e d o t h e r m o d i f i c a t i o n s to b e t t e r fit o u r i n 
c r e a s e d r e q u i r e m e n t s . O v e r t h e years tars , p i t c h e s , c reoso te , r e s i n s , 
a n d salts h a v e b e e n u s e d to coat w o o d o r to fill i ts p o r o u s s t r u c t u r e . 

T r e a t m e n t o f w o o d to m o d i f y its p r o p e r t i e s has t w o o b j e c t i v e s : 
d i m e n s i o n a l s t a b i l i z a t i o n d u e to m o i s t u r e c o n t e n t a n d i m p r o v e m e n t 
i n p h y s i c a l a n d m e c h a n i c a l c h a r a c t e r i s t i c s . D u r i n g t h e p e r i o d f r o m 
1930 to 1960 r e s e a r c h was c a r r i e d o u t a n d m a n y a t t e m p t s w e r e m a d e 

0065-2393/84/0207-0257/$09.25/0 
© 1984 American Chemical Society 
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to a l t e r w o o d p r o p e r t i e s b y t h e a p p l i c a t i o n o f heat , p r e s s u r e for s u r 
face d e n s i f i c a t i o n , c h e m i c a l a d d i t i o n to b u l k t h e c e l l w a l l s , i m p r e g 
n a t i o n w i t h p o l y m e r s , a l t e r a t i o n o f t h e c h e m i c a l c o m p o s i t i o n o f w o o d 
c o m p o n e n t s u s i n g l i q u i d a n d gaseous reagents , i r r a d i a t i o n o f w o o d 
w i t h 7- a n d β-radiation, as w e l l as o t h e r t e c h n i q u e s . T w o e x c e l l e n t 
r e v i e w s o f t h e s e processes h a v e b e e n p u b l i s h e d ( I , 2). E a c h o f t h e 
m a j o r s y s t e m s is o u t l i n e d i n t h e f o l l o w i n g p a r a g r a p h s . A s i m i l a r o u t 
l i n e has b e e n p u b l i s h e d e l s e w h e r e (3, 4). 

H e a t - S t a b i l i z e d W o o d ( S t a y b w o o d ) . I n th is process k i l n - d r i e d 
l u m b e r is h e l d at 1 5 0 - 3 0 0 °C for v a r i o u s l e n g t h s o f t i m e r a n g i n g f r o m 
m i n u t e s to h o u r s . T h i s p r o c e s s g ives u p to 6 0 % a n t i s h r i n k e f f i c i ency 
( A S E ) . T h i s t y p e o f d i m e n s i o n a l s t a b i l i z a t i o n is a c c o m p a n i e d b y a 
se r i ous loss i n s t r e n g t h , t o u g h n e s s , a n d a b r a s i o n res i s tance (5, 6). 
H e a t i n g g r e e n w o o d i n w a t e r also i m p a r t s s o m e d i m e n s i o n a l s t a b i 
l i z a t i o n to w o o d (7). T h e r e is n o c o m m e r c i a l a p p l i c a t i o n for S t a y b 
w o o d . 

H e a t - S t a b i l i z e d C o m p r e s s e d W o o d ( S t a y p a k ) . P r e s s u r e s o f 
4 0 0 - 4 0 0 0 p s i a re a p p l i e d to t h e w o o d after i t has b e e n h e a t e d . B o t h 
heat a n d p r e s s u r e p l a s t i c i z e w o o d . A t 160 °C a n d 1 2 % m o i s t u r e c o n 
t e n t , t h e m a x i m u m p l a s t i c y i e l d p e r i n c r e m e n t o f p r e s s u r e o c c u r s at 
1100 p s i . P r e s s u r e s o f 1 5 0 0 - 2 5 0 0 p s i are r e q u i r e d to y i e l d a spec i f i c 
g r a v i t y o f 1.3. H i g h l y d e n s i f i e d w o o d m u s t b e c o o l e d i n t h e press . 
S o m e s t r e n g t h p r o p e r t i e s , s u c h as i m p a c t s t r e n g t h a n d h a r d n e s s , are 
i n c r e a s e d i n d i r e c t p r o p o r t i o n to t h e d e n s i t y . S t a y p a k f inds l i m i t e d 
a p p l i c a t i o n for s i l v e r w a r e h a n d l e s a n d d e s k legs (6). 

P h e n o l - F o r m a l d e h y d e W o o d C o m p o s i t e ( I m p r e g ) . I n t h i s 
p r o c e s s , k i l n - d r i e d v e n e e r is i m p r e g n a t e d w i t h a w a t e r s o l u t i o n o f 
p h e n o l - f o r m a l d e h y d e p r e p o l y m e r ( t r i m e r s a n d t e t r a m e r s ) w i t h a m o 
l e c u l a r s i ze s m a l l e n o u g h that i t c a n b e c a r r i e d i n t o t h e c e l l w a l l b y 
t h e w a t e r . T h i s s y s t e m has t h e a d v a n t a g e c a u s i n g t h e c e l l w a l l to 
s w e l l u p to 2 5 % b e y o n d t h e s w e l l i n g i n w a t e r , so that after c u r i n g 
t h e c o m p o s i t e has a f i n a l v o l u m e a l m o s t e q u a l to that o f w a t e r - s w o l l e n 
w o o d (6, 8). A f t e r i m p r e g n a t i o n u s i n g v a c u u m a n d p r e s s u r e , t h e 
w a t e r is r e m o v e d b y d r y i n g a n d t h e p r e p o l y m e r is p o l y m e r i z e d a n d 
c r o s s - l i n k e d to a h i g h m o l e c u l a r w e i g h t b y a p p l y i n g heat i n a press 
o r d r y k i l n . G r e e n v e n e e r s c a n b e t r e a t e d d i r e c t l y . A t a l o a d i n g o f 
3 5 % b y w e i g h t o f t h e d r y w o o d t h e r e is n o v i s i b l e d e p o s i t i o n o f t h e 
p o l y m e r i n t h e v o i d spaces o f t h e w o o d , a n d t h e c o m p o s i t e has an 
A S E o f 7 0 - 7 5 % . T h e h i g h A S E is a n i n d i c a t i o n that m o s t o f t h e 
p o l y m e r is i n t h e c e l l w a l l . I m p r e g is i n c o m m e r c i a l u s e , p r i m a r i l y 
for d i e m o l d s a n d p a t t e r n s i n t h e a u t o m o b i l e i n d u s t r y . T h e d e s i r e d 
t h i c k n e s s is b u i l t f r o m l a y e r s o f i m p r e g n a t e d v e n e e r sheets ; t h e as
s e m b l y is t h e n h e a t c u r e d . 

P h e n o l - F o r m a l d e h y d e C o m p r e s s e d W o o d C o m p o s i t e ( C o m -
p r e g ) . T h i s c o m p o s i t e is s i m i l a r to I m p r e g i n that t h e v e n e e r , g r e e n 
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o r d r i e d , is s o a k e d i n a w a t e r o r a l c o h o l s o l u t i o n o f l o w m o l e c u l a r 
w e i g h t p h e n o l - f o r m a l d e h y d e p r e p o l y m e r s ( t r i m e r s a n d t e t r a m e r s ) , 
a n d t h e p r e p o l y m e r is c a r r i e d i n t o t h e c e l l w a l l b y t h e water . T h e 
w a t e r is r e m o v e d at a t e m p e r a t u r e l o w e n o u g h to p r e v e n t c u r i n g o f 
t h e p r e p o l y m e r . A stack o f t h e t r e a t e d v e n e e r sheets is p l a c e d i n a 
press w i t h h e a t e d p l a t e n s a n d , as t h e c o m p o s i t e m a t e r i a l is h e a t e d , 
p r e s s u r e u p to 1000 p s i is a p p l i e d to c o m p r e s s the w o o d a n d c o l l a p s e 
t h e c e l l s t r u c t u r e (6, 8 , 9). T h e d e n s i t y o f t h e final, c u r e d ( p o l y m e r 
i z e d a n d c r o s s - l i n k e d ) c o m p o s i t e a p p r o a c h e s that o f t h e c e l l w a l l ( so l id 
c e l l w a l l substance ) w i t h a spec i f i c g r a v i t y f r o m 1.3 to 1.4. I n c o r p o 
r a t i o n o f t h e p o l y m e r i n t o t h e c e l l w a l l p r e v e n t s s p r i n g b a c k i n t h e 
p r e s e n c e o f h i g h r e l a t i v e h u m i d i t i e s a n d i m p a r t s h i g h d i m e n s i o n a l 
s tab i l i t y . A r e t e n t i o n i n t h e w o o d o f a b o u t 3 0 % p o l y m e r g ives o p 
t i m u m s t a b i l i t y a n d a h i g h A S E ( 9 0 - 9 5 % ) . C o m p r e g w i l l a b s o r b less 
t h a n 1% m o i s t u r e w h e n i m m e r s e d i n w a t e r for 24 h . S t r e n g t h (par
t i c u l a r l y i n c o m p r e s s i o n ) , h a r d n e s s , a n d a b r a s i o n res i s tance are a l l 
i n c r e a s e d , a n d t h e c o m p o s i t e is q u i t e r e s i s t a n t to d e c a y a n d t e r m i t e s . 
I m p a c t s t r e n g t h , h o w e v e r , is a d v e r s e l y a f fected b y t h e p r o c e s s , a n d 
t h e c o m p o s i t e is m u c h m o r e b r i t t l e . 

M a n y s p e c i a l t y i t e m s , k n i f e a n d c u t l e r y h a n d l e s i n p a r t i c u l a r , 
are m a d e f r o m C o m p r e g . T h i s c o m p o s i t e c a n b e m a c h i n e d w i t h great 
p r e c i s i o n a n d t h e s u r f a c e f i n i s h c a n b e r e n e w e d b y s a n d i n g a n d 
b u f f i n g b e c a u s e t h e p o l y m e r is t h r o u g h o u t t h e w o o d . C o m p r e g is 
also u s e d for e l e c t r i c a l i n s u l a t o r s r e q u i r i n g h i g h t e n s i l e s t r e n g t h . 

P o l y e t h y l e n e G l y c o l T r e a t m e n t . T h e p o l y m e r s o f d i h y d r i c a l 
c oho l s are p o l y e t h e r s w i t h a n o x y g e n a t o m s e p a r a t i n g t h e h y d r o 
c a r b o n g r o u p s a n d r e a c t i v e h y d r o x y l g r o u p s o n t h e e n d s o n l y ; m o 
l e c u l a r w e i g h t s u p to 6000 are h i g h l y s o l u b l e i n w a t e r (6,10). B e c a u s e 
o f t h e l o w v a p o r p r e s s u r e o f p o l y e t h y l e n e g l y c o l ( P E G ) 1, i t r e m a i n s 
i n t h e c e l l w a l l s w h e n the w o o d is d r i e d ; th i s b u l k i n g a c t i o n p r e v e n t s 
the w o o d f r o m s h r i n k i n g . A s w a t e r evapora tes a n d inc reases t h e c o n 
c e n t r a t i o n o f P E G i n t h e s o l u t i o n , t h e ra te o f d i f f u s i o n i n t o t h e c e l l 
w a l l i n c r e a s e s (6). T h i s is e v i d e n t b y t h e s w e l l i n g o f t h e t r e a t e d w o o d 
as i t d r i es . G r e e n cross -sect ional d isks o f s ou thern p i n e sapwood , 3.18 
c m t h i c k t reated w i t h P E G have b u l k e d suff ic iently to p r e v e n t c h e c k i n g 
d u r i n g a i r - d r y i n g . T r e a t m e n t consists o f an overn ight , or longer , soak i n 
a 3 0 % so lu t i on o f P E G - 1 0 0 0 o r two surface coats o f m o l t e n P E G - 1 0 0 0 a 
day apart . F o r t h i c k e r d i sks , soak t i m e s h o u l d increase i n p r o p o r t i o n to 
the square o f the th i ckness . H e a r t w o o d requ i res m o r e soaking t i m e or 
m o r e coats t h a n s a p w o o d (11). 

H O - C ^ C H s - O - C H s C H ^ i O - C ^ C H ^ - O - C H ^ ^ - O H 
1 

G r e e n l o b l o l l y p i n e 12.7 c m l o n g , 7.6 c m w i d e , a n d 0 .95 c m t h i c k 
c a n b e d r i e d i n 1 0 - 4 0 m i n b y i m m e r s i o n i n m o l t e n P E G - 1 0 0 0 at 135 
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° C . ( D r y i n g t i m e i n m o l t e n P E G is s h o r t e r t h a n i n air . ) Su f f i c i en t 
P E G di f fuses i n t o t h e s a m p l e s d u r i n g t h e i m m e r s i o n to g i v e a b o u t a 
3 5 % A S E (12). 

T h e P E G - b u l k e d w o o d feels m o i s t w h e n r e l a t i v e h u m i d i t y is 
a b o v e 7 0 % b e c a u s e o f i ts h y g r o s c o p i c i t y , b u t c e r t a i n p o l y u r e t h a n e 
finishes t e n d to r e d u c e th i s c l a m m y f e e l i n g . T h e t r e a t e d w o o d is 
h i g h l y s tab le t o w a r d c h a n g e s i n h u m i d i t y , b u t i n w a t e r , t h e P E G is 
l e a c h e d out o f t h e w o o d w i t h t i m e . T r e a t m e n t causes a s l i gh t loss o f 
a b r a s i o n r e s i s t a n c e a n d b e n d i n g s t r e n g t h . Toughness is g e n e r a l l y u n 
af fected at a 4 5 % P E G l o a d i n g w i t h t h e A S E i n t h e r e g i o n o f 8 0 % . 
P E G is u s e d w h e r e w o o d m u s t h a v e d i m e n s i o n a l s t a b i l i t y to p r e v e n t 
c r a c k i n g a n d c h e c k i n g . V a l u a b l e art c a r v i n g s h a v e b e e n p r e s e r v e d i n 
th i s m a n n e r , a n d P E G t r e a t m e n t has p e r m i t t e d m a r i n e ar cheo log i s t s 
to p r e s e r v e w a t e r - l o g g e d w o o d e n s h i p s b r o u g h t u p f r o m l a k e s a n d 
oceans . 

Ozone Gas-Phase Treatment . T h i s process h o l d s l i t t l e p r o m i s e 
for s o l i d w o o d t r e a t m e n t b e c a u s e b o t h t h e c e l l u l o s e a n d l i g n i n are 
d e g r a d e d . T h e effect o f o z o n e o n s m a l l w o o d s a m p l e s , g r o u n d w o o d , 
a n d c h i p s is d e s c r i b e d e l s e w h e r e (13, 14). 

A m m o n i u m L i q u i d - and Vapor-Phase Treatment. A p p l i c a t i o n 
o f th i s a m m o n i u m t r e a t i n g process s h o w s p r o m i s e as an a l t e r n a t i v e 
to s t e a m b e n d i n g . S o m e o f t h e d i sadvantages o f s t e a m b e n d i n g i n 
c l u d e r e c o v e r y o f t h e o r i g i n a l shape i f e x p o s e d to h i g h r e l a t i v e h u 
m i d i t y , t h e n e c e s s i t y o f h o l d i n g t h e p a r t i n its final shape u n t i l the 
w o o d is set b y r e d u c i n g t h e m o i s t u r e c o n t e n t to a m b i e n t c o n d i 
t i o n s , a n d h i g h b r e a k a g e d u r i n g the b e n d i n g process . T h e use o f a n 
h y d r o u s a m m o n i a , i n t h e l i q u i d o r v a p o r p h a s e , p e r m i t s t h e b e n d i n g 
o f m a n y w o o d s i n m u c h m o r e c o m p l i c a t e d shapes t h a n s t e a m b e n d i n g 
(15-17). 

C o m p l i c a t e d shapes c a n b e f o r m e d w i t h o u t s p r i n g b a c k b e c a u s e 
t h e c r y s t a l l i n e s t r u c t u r e o f t h e c e l l u l o s e is c h a n g e d a n d the h y d r o g e n 
b o n d s r e f o r m e d u p o n t h e e v a p o r a t i o n o f the a m m o n i a . W h e n a m 
m o n i a - t r e a t e d b e n t w o o d is e x p o s e d to l i q u i d w a t e r it w i l l c h a n g e 
shape to s o m e e x t e n t , b u t u p o n d r y i n g the t r e a t e d w o o d w i l l r e t u r n 
to its n e w s h a p e . X - R a y c r y s t a l l o g r a p h y shows that the o r i g i n a l c e l 
l u l o s e I p a t t e r n c h a n g e s to c e l l u l o s e I I u p o n t r e a t m e n t o f c e l l u l o s e 
w i t h a m m o n i a . T h e e v a c u a t e d w o o d is e x p o s e d to a m m o n i a v a p o r at 
a p r e s s u r e o f 150 p s i at r o o m t e m p e r a t u r e . T h e t i m e o f e x p o s u r e is 
d e t e r m i n e d b y t h e t h i c k n e s s o f the w o o d a n d the m o i s t u r e c o n t e n t ; 
th is t i m e c a n r a n g e f r o m m i n u t e s to h o u r s . B e n d i n g o f 180° has b e e n 
a c c o m p l i s h e d w i t h 3 .8 c m t h i c k w o o d . 

So f twoods r e q u i r e a l o n g e r e x p o s u r e to a m m o n i a v a p o r t h a n d o 
h a r d w o o d s f o r t h e s a m e d e g r e e o f b e n d i n g . A f t e r t h e a m m o n i a -
t r e a t e d w o o d is b e n t i n t o its f i n a l shape o n l y m i l d r e s t r a i n t is r e q u i r e d 
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for a s h o r t p e r i o d o f t i m e u n t i l t h e t r e a t e d w o o d is s e t — t h a t i s , u n t i l 
s o m e o f t h e a m m o n i a i n t h e w o o d has e v a p o r a t e d . 

I n m o s t cases t h e c o l o r o f t h e a m m o n i a - t r e a t e d w o o d is d a r k e r 
a n d a p p r o a c h e s a w a l n u t co lor . S o m e c o l o r s t r e a k i n g is a d r a w b a c k 
w i t h c e r t a i n w o o d spec i es . I n a d d i t i o n , t h e a m m o n i a v a p o r reacts 
w i t h s o m e o f t h e w o o d c o m p o n e n t s to p r o d u c e a l i q u i d that d r a i n s 
f r o m t h e w o o d u p o n re lease o f t h e a m m o n i a p r e s s u r e . T h i s process 
is n o t i n c o m m e r c i a l use at t h e p r e s e n t t i m e . 

Vinyl Composites 
R a d i a t i o n C a t a l y s t s . B e c a u s e w o o d is e s s e n t i a l l y a m i x t u r e o f 

h i g h m o l e c u l a r w e i g h t p o l y m e r s , h i g h e n e r g y r a d i a t i o n e x p o s u r e [ in 
m i l l i o n e l e c t r o n v o l t s ( M e V ) ] w i l l d e p o l y m e r i z e t h e p o l y m e r s b y 
c r e a t i n g f ree r a d i c a l s a l o n g t h e C - C b a c k b o n e . I f t w o free rad i ca l s 
are c r e a t e d o n separate c h a i n s i n c lose p r o x i m i t y , c r o s s - l i n k i n g w i l l 
take p l a c e . O t h e r t y p e s o f r e a c t i o n s w i l l take p l a c e w h e n t h e f ree 
r a d i c a l is c r e a t e d n e a r a r e a c t i v e o r f u n c t i o n a l g r o u p . W h e n t h e f ree 
r a d i c a l is o n a t e r t i a r y c a r b o n , d i s p r o p o r t i o n a t i o n w i l l o c c u r w i t h 
c h a i n s c i s s i o n . S u r p r i s i n g l y l i g n i n is m o r e res i s tant to 7 - r a d i a t i o n t h a n 
c e l l u l o s e , b u t l i g n i n is also m o r e s u s c e p t i b l e to n a t u r a l U V rays w h e n 
e x p o s e d to t h e a t m o s p h e r e . ( U V rays h a v e a b o u t 2 0 e V p e r q u a n t a 
c o m p a r e d to a b o u t 1.25 M e V for 7 - r a y quantas f r o m t h e c o b a l t - 6 0 
s o u r c e . S o m e s l i g h t i n c r e a s e i n m e c h a n i c a l p r o p e r t i e s a n d a d e c r e a s e 
i n h y g r o s c o p i c i t y w e r e n o t e d w i t h r a d i a t i o n e x p o s u r e u p to 1 ,000 ,000 
r d (rads) (18). E x p o s u r e s a b o v e th i s l e v e l d e g r a d e d t h e c e l l u l o s e a n d 
i m p a i r e d t h e m e c h a n i c a l p r o p e r t i e s ; t h e w o o d was c o m p l e t e l y s o l u b l e 
a b o v e 3 x 1 0 8 r d (20, 21). T h e u l t r a s t r u c t u r e o f 7 - i r r a d i a t e d D o u g l a s -
fir a n d y e l l o w p o p l a r was s t u d i e d b y d e L h o n e u x (22). T h e resu l t s 
w e r e s i m i l a r for b o t h w o o d s o v e r t h e r a n g e o f c o b a l t - 6 0 7 - i r r a d i a t i o n 
(1 .25 M e V ) o f 3 2 - 1 5 0 0 M r d . T h e s c a n n i n g e l e c t r o n m i c r o s c o p e r e 
v e a l e d that t h e m i d d l e l a m e l l a a n d t h e p r i m a r y w a l l w e r e t h e m o s t 
res i s tant to t h e 7 - r a d i a t i o n ; t h e s e c o n d a r y w a l l d e p o l y m e r i z e d r a p i d l y 
w i t h l o w e x p o s u r e . A t 1500 M r d t h e w o o d was c o m p l e t e l y s o l u b l e . 

D u r i n g t h e e a r l y 1960s a n e w class o f c h e m i c a l s c o n t a i n i n g o n e 
o r m o r e d o u b l e b o n d s was u s e d to t reat w o o d — v i n y l - t y p e m o n o m e r s 
that c o u l d b e p o l y m e r i z e d i n t o t h e s o l i d p o l y m e r b y m e a n s o f f ree 
rad i ca l s (23). T h i s v i n y l m o n o m e r p o l y m e r i z a t i o n was a n i m p r o v e 
m e n t o v e r the c o n d e n s a t i o n p o l y m e r i z a t i o n r e a c t i o n b e c a u s e t h e f ree 
r a d i c a l cata lyst was n e i t h e r a c i d i c n o r bas i c , n o r does the r e a c t i o n 
l eave b e h i n d a r e a c t i o n p r o d u c t , s u c h as w a t e r , that m u s t b e r e m o v e d 
f r o m t h e final c o m p o s i t e . T h e a c i d a n d base catalysts u s e d w i t h t h e 
o t h e r t r e a t m e n t s d e g r a d e t h e c e l l u l o s e c h a i n a n d cause a b r i t t l e n e s s 
i n t h e c o m p o s i t e . V i n y l p o l y m e r s h a v e a l a rge r a n g e o f p r o p e r t i e s 
f r o m soft r u b b e r to h a r d b r i t t l e so l ids d e p e n d i n g u p o n the g r o u p s 
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a t t a c h e d to t h e C - C b a c k b o n e . A f e w e x a m p l e s o f v i n y l m o n o m e r s 
are s h o w n h e r e : 

C H 2 = C H 2 C H 2 = C H C H 2 = C H C H 2 = C H C H 2 = C - C H 3 

I I I I 
C H 3 C l C N 0 = C - C H 3 

e t h y l e n e p r o p y l e n e v i n y l a c r y l o n i t r i l e m e t h y l 
c h l o r i d e m e t h a c r y l a t e 

C H 2 = C H C H , = C H C H , = C H 

Û 
s t y r e n e C H 3 

v i n y l t o l u e n e 

( C H 3 ) 2 

/ \ 

CH3 CH3 
f e r t - b u t y l s t y r e n e 

M o s t v i n y l m o n o m e r s are n o n p o l a r ; c o n s e q u e n t l y , t h e r e is l i t t l e 
i f a n y i n t e r a c t i o n w i t h t h e h y d r o x y l g r o u p s a t t a c h e d to the c e l l u l o s e 
m o l e c u l e . I n g e n e r a l , v i n y l p o l y m e r s s i m p l y b u l k t h e w o o d s t r u c t u r e 
b y filling t h e c a p i l l a r i e s , vesse l s , a n d o t h e r v o i d s i n t h e w o o d s t r u c 
t u r e . 

T h e U . S . A t o m i c E n e r g y C o m m i s s i o n , i n t h e e a r l y 1960s, s p o n 
s o r e d r e s e a r c h that u s e d 7 - r a d i a t i o n to d e v e l o p w o o d - p o l y m e r s . T h e 
7 - r a d i a t i o n g e n e r a t e d f r ee r a d i c a l s i n t h e w o o d - m o n o m e r , w h i c h i n 
t u r n i n i t i a t e d t h e p o l y m e r i z a t i o n o f t h e v i n y l m o n o m e r (24). T h i s 
s u p p o r t was e x p a n d e d to o t h e r o r g a n i z a t i o n s , s u c h as L o c k h e e d -
G e o r g i a w h o s u p p l i e d w o o d - p o l y m e r s a m p l e s for i n d u s t r i a l e v a l u a 
t i o n , N o r t h C a r o l i n a State U n i v e r s i t y (25, 26) for the e v a l u a t i o n o f 
t h e w o o d - p o l y m e r p h y s i c a l p r o p e r t i e s , a n d A r t h u r D . L i t t l e C o m 
p a n y for e c o n o m i c e v a l u a t i o n o f t h e w o o d - p o l y m e r s . T h e first p a p e r 
o n t h e c a t a l y s t - h e a t p ro cess for m a k i n g w o o d - p o l y m e r s was p r e 
s e n t e d at t h e 1965 a n n u a l m e e t i n g o f t h e F o r e s t P r o d u c t s R e s e a r c h 
S o c i e t y i n N e w Y o r k C i t y (27). D u r i n g t h e past 2 0 years t h e i n d u s t r i a l 
d e v e l o p m e n t has b e e n s l o w b u t s teady for b o t h 7 - r a d i a t i o n a n d cat 
a l y s t - h e a t p rocesses . 

I n g e n e r a l , t h e f ree r a d i c a l s u s e d for t h e p o l y m e r i z a t i o n r e a c t i o n 
c o m e f r o m t w o sources : t e m p e r a t u r e - s e n s i t i v e catalysts a n d c o b a l t -
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60 7 - r a d i a t i o n . I n e a c h process a f ree r a d i c a l is g e n e r a t e d f r o m o n e 
o f these sources . A f t e r f r e e - r a d i c a l g e n e r a t i o n the v i n y l p o l y m e r i z a 
t i o n m e c h a n i s m is t h e s a m e . E a c h process for g e n e r a t i n g f ree rad i ca l s 
has its o w n p e c u l i a r i t i e s . 

W h e n 7 - r a d i a t i o n is u s e d as a s o u r c e o f f ree rad i ca l s m a n y c o m 
p l i c a t i o n s ar i se i m m e d i a t e l y , t h e least o f w h i c h is t h e c h e m i s t r y o f 
t h e process . T h e use o f r a d i a t i o n m a n d a t e s c o m p l i a n c e w i t h g o v e r n 
m e n t r e g u l a t i o n s a n d arouses t h e c o n c e r n o f e n v i r o n m e n t a l i s t s (28). 

Safety r e q u i r e m e n t s m u s t b e sat i s f i ed be f o re a c o b a l t - 6 0 s o u r c e 
c a n b e i n s t a l l e d a n d l i c e n s e d . R a d i a t i o n - t r a i n e d p e r s o n n e l m u s t b e 
o n t h e staff b e f o r e a l i c e n s e c a n b e i s s u e d . A t least 5 0 0 , 0 0 0 - 1 , 0 0 0 , 0 0 0 
C i ( c u r i e s ) o f c o b a l t - 6 0 a r e r e q u i r e d i n a p r o d u c t i o n s o u r c e f o r 
m a k i n g w o o d - p o l y m e r s , a n d at $ 1 . 0 0 o r m o r e p e r c u r i e , a c o n s i d 
e r a b l e i n v e s t m e n t m u s t b e m a d e be fo re p r o d u c t i o n c a n b e g i n . B e 
s ides cost c o n s i d e r a t i o n s , t h e c o b a l t - 6 0 r a d i a t i o n process does h a v e 
s o m e d i s t i n c t advantages i n m a k i n g w o o d - p o l y m e r c o m p o s i t e s . B e 
cause t h e m o n o m e r is n o t c a t a l y z e d i t c a n b e s t o r e d at a m b i e n t c o n 
d i t i o n s as l o n g as t h e p r o p e r a m o u n t o f i n h i b i t o r is m a i n t a i n e d . T h e 
rate o f f ree r a d i c a l g e n e r a t i o n is c o n s t a n t for a g i v e n a m o u n t o f c o 
b a l t - 6 0 a n d does n o t i n c r e a s e w i t h t e m p e r a t u r e . 

W h e n 7 - r a d i a t i o n passes t h r o u g h a m a t e r i a l s u c h as w o o d o r a 
v i n y l m o n o m e r i t l eaves b e h i n d a ser ies o f i ons a n d e x c i t e d states as 
the e n e r g y o f t h e 7 - r a y is a b s o r b e d t h r o u g h p h o t o e l e c t r i c , C o m p t o n , 
a n d p a i r p r o d u c t i o n c o l l i s i o n s (see F i g u r e 1). ( C o b a l t - 6 0 p r o d u c e s t w o 
7 - r a y s o f 1.17 a n d 1.33 M e V . A p p r o x i m a t e l y 30 e V is r e q u i r e d to 
r u p t u r e a c o v a l e n t b o n d a n d to cause i o n i z a t i o n . ) T h e i ons a n d e x c i t e d 
states g e n e r a t e d i n t h e a b s o r b i n g m a t e r i a l i m m e d i a t e l y r e a r r a n g e to 
f o r m free r a d i c a l s , w h i c h i n t u r n i n i t i a t e t h e p o l y m e r i z a t i o n process . 

( M o n o m e r ) * - » R + H ' 
E x c i t e d State F r e e R a d i c a l s 

T h e f ree r a d i c a l s u s u a l l y c ons i s t o f H * a n d t h e r a d i c a l m o n o m e r . O n c e 
t h e f ree r a d i c a l is g e n e r a t e d , t h e p o l y m e r i z a t i o n r e a c t i o n is t h e s a m e 
as that o f a n o r m a l f r e e - r a d i c a l - c a t a l y z e d , v i n y l m o n o m e r b u l k p o l y 
m e r i z a t i o n (27). 

rf · " r f r f e" M* M* e" f f j f r f * \ ^ \ Μ * f f r f 

β" 

Figure 1. Ionized and excited molecules along the path of a η-ray. 
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T h e i n i t i a t i o n s t ep c a n b e r e p r e s e n t e d i n g e n e r a l b y 
R + M ( m o n o m e r ) —» R - M 

a n d t h e p r o p a g a t i o n s tep b y 

R - ( M ) n - M ' + M - » R - ( M ) n + 1 - M ' 

T h e t e r m i n a t i o n s tep r e c o m b i n e s t h e g r o w i n g rad i ca l s 

R - ( M ) n - M - + R - ( M ) n - M ' - > R - ( M ) n - M - M - ( M ) n - R 

B e c a u s e t h e w o o d ' s c e l l w a l l s t r u c t u r e is no t s w o l l e n b y t h e v i n y l 
m o n o m e r , t h e r e is l i t t l e o p p o r t u n i t y for the m o n o m e r to r e a c h the 
free-radical s i tes , g e n e r a t e d b y t h e 7 - r a d i a t i o n o n t h e c e l l u l o s e , to 
f o r m a v i n y l p o l y m e r b r a n c h . F r o m th i s shor t d i s c u s s i o n , i t is r e a 
s o n a b l e to c o n j e c t u r e that t h e r e s h o u l d b e l i t t l e i f a n y d i f f e r e n c e i n 
t h e p h y s i c a l p r o p e r t i e s o f c a t a l y s t - h e a t i n i t i a t e d o r 7 - i n i t i a t e d i n s i t u 
p o l y m e r i z a t i o n o f v i n y l m o n o m e r s i n w o o d . 

C h e m i c a l C a t a l y s t s . V a z o o r 2 , 2 ' - a z o b i s i s o b u t y r o n i t r i l e c a t a 
l y s t (2) is p r e f e r r e d o v e r p e r o x i d e cata lysts b e c a u s e o f i ts l o w d e c o m 
p o s i t i o n t e m p e r a t u r e a n d i t s n o n o x i d i z i n g n a t u r e . V a z o w i l l n o t 
b l e a c h d y e s d i s s o l v e d i n t h e m o n o m e r d u r i n g p o l y m e r i z a t i o n . 

CH3 CH3 CH3 
I I I 

C H 3 - C - N = N - C - C H 3 2 C H 3 - C + N 2 

I I I 
C N C N C N 

T h i s first-order r e a c t i o n is i n d e p e n d e n t o f t h e c o n c e n t r a t i o n o f v a z o 
a n d i n d e p e n d e n t o f t h e t y p e o f m o n o m e r (29). 

T h e r a p i d d e c o m p o s i t i o n o f v a z o cata lyst w i t h a n i n c r e a s e i n 
t e m p e r a t u r e (Table I) c a n b e u s e d to a d v a n t a g e i n t h e b u l k v i n y l 
p o l y m e r i z a t i o n s i n w o o d . A m o d e r a t e t e m p e r a t u r e o f 60 °C c a n b e 

T a b l e I . H a l f - L i f e o f V a z o C a t a l y s t 
v s . T e m p e r a t u r e 

Temperature (°C) T,„ (min) 

0 4 x 1 0 7 

7 1 x 1 0 7 

18 1 x 1 0 6 

3 0 1 x 1 0 5 

4 6 1 x 1 0 4 

70 270 
100 5 .5 

(Reproduced from Ref. 30. Copyright 1977, American C h e m 
ical Society. ) 
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u s e d to i n i t i a t e t h e r e a c t i o n , a n d , b e c a u s e t h e ha l f - l i f e is m o r e t h a n 
4 0 , 0 0 0 , 0 0 0 m i n o r a b o u t 2 0 years at 0 ° C , the c a t a l y z e d m o n o m e r 
c a n b e s t o r e d safe ly for m o n t h s . C a t a l y z e d m o n o m e r s h a v e b e e n 
s t o r e d for o v e r a y e a r at 5 ° C . T h e n i t r o g e n r e l e a s e d d u r i n g the v a z o 
cata lyst d e c o m p o s i t i o n is n o r m a l l y s o l u b l e i n t h e m o n o m e r - p o l y m e r 
s o l u t i o n . A t h i g h t e m p e r a t u r e s t h e n i t r o g e n f o rms gas b u b b l e s i n t h e 
h i g h l y v i s c o u s m o n o m e r - p o l y m e r s o l u t i o n a n d t h e f i n a l w o o d -
p o l y m e r w i l l c o n t a i n v o i d spaces . I n t h e w o o d - p o l y m e r th is is o f 
l i t t l e c o n s e q u e n c e b e c a u s e t h e m e t h y l m e t h a c r y l a t e m o n o m e r 
( M M A ) s h r i n k s a b o u t 2 5 % d u r i n g t h e p o l y m e r i z a t i o n to c reate a d 
d i t i o n a l v o i d spaces i n t h e s o l i d p o l y m e r . T h e cost o f v a z o cata lyst is 
i n t h e r a n g e o f $ 1 - $ 1 0 a p o u n d d e p e n d i n g u p o n the a m o u n t o r d e r e d . 
T h e o r e t i c a l l y , 1 g w i l l p r o d u c e 7.4 x 1 0 2 1 f ree rad i ca l s a n d at $ 1 0 / l b ; 
th i s is 3 .3 x 1 0 2 3 f ree rad i ca l s p e r d o l l a r , o r a b o u t $0 .02 /g . 

I m p r e g n a t i o n P r o c e s s . I n b o t h processes t h e first s tep i n t h e 
i m p r e g n a t i o n o f w o o d is c a r r i e d o u t b y e v a c u a t i n g t h e a i r f r o m t h e 
w o o d vesse l s a n d c e l l l u m e n s (27). A n y t y p e o f m e c h a n i c a l v a c u u m 
p u m p is a d e q u a t e i f i t c a n r e d u c e t h e p r e s s u r e i n t h e appara tus to 
750 m m o f m e r c u r y o r less . S o m e i n d u s t r i a l p r o d u c e r s o n l y r e d u c e 
t h e p r e s s u r e to a b o u t 711 m m o f m e r c u r y . E x p e r i e n c e has s h o w n 
that t h e a i r i n t h e c e l l u l a r s t r u c t u r e o f m o s t w o o d s is r e m o v e d as fast 
as t h e p r e s s u r e i n t h e e v a c u a t i o n v e s s e l is r e d u c e d . P u m p i n g for 30 
m i n at 1 m m p r e s s u r e is su f f i c i ent to r e m o v e the air . T h e v a c u u m 
p u m p is i s o l a t e d f r o m the s y s t e m at th is p o i n t . 

T h e c a t a l y z e d m o n o m e r c o n t a i n i n g c r o s s - l i n k e r s , a n d o n o c c a 
s i on d y e s , is i n t r o d u c e d i n t o t h e e v a c u a t e d c h a m b e r t h r o u g h a r e s 
e r v o i r at a t m o s p h e r i c p r e s s u r e . (See F i g u r e 2, w h i c h i l l u s t r a t e s t h e 
c o m p o n e n t s n e c e s s a r y for m a k i n g w o o d — p o l y m e r s o n b o t h a l a b o 
r a t o r y a n d i n d u s t r i a l scale . ) T h e w o o d m u s t b e w e i g h t e d so that i t 
does n o t f l oa t i n t h e m o n o m e r s o l u t i o n . I n t h e r a d i a t i o n process , t h e 
cata lyst is o m i t t e d f r o m t h e m o n o m e r . A surge t a n k 10 t i m e s t h e 
v o l u m e o f t h e t r e a t i n g v e s s e l is i n c l u d e d i n t h e s y s t e m to a l l o w t h e 
a i r d i s s o l v e d i n t h e m o n o m e r to e x p a n d w i t h o u t g r e a t l y c h a n g i n g t h e 
p r e s s u r e i n t h e i m p r e g n a t i o n v e s s e l . A l t e r n a t i v e l y , t h e s y s t e m c a n 
b e p u m p e d as t h e m o n o m e r is a d m i t t e d i n t o t h e e v a c u a t e d v e s s e l . 
W i t h th i s p r o c e d u r e m u c h m o n o m e r is lost d u e to t h e h i g h v a p o r 
p r e s s u r e o f M M A (40 m m at r o o m t e m p e r a t u r e ) . A f t e r t h e w o o d is 
c o v e r e d w i t h m o n o m e r s o l u t i o n , a t m o s p h e r i c p r e s s u r e is r e g a i n e d , 
or , i n t h e case o f r a d i a t i o n p r o c e s s , d r y n i t r o g e n is a d m i t t e d i n t o t h e 
e v a c u a t e d v e s s e l . I m m e d i a t e l y t h e m o n o m e r s o l u t i o n b e g i n s to f l o w 
i n t o t h e e v a c u a t e d w o o d s t r u c t u r e to fill t h e v o i d spaces . C a r e m u s t 
b e t a k e n to m a i n t a i n e n o u g h m o n o m e r s o l u t i o n a b o v e t h e w o o d so 
that a i r is n o t r e a d m i t t e d to t h e c e l l s t r u c t u r e . 

T h e s o a k i n g p e r i o d l i k e t h e e v a c u a t i o n p e r i o d d e p e n d s u p o n t h e 
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MANOMETER 

Figure 2. Apparatus used to impregnate wood. 

s t r u c t u r e o f t h e w o o d : m a p l e , b i r c h , a n d o t h e r o p e n - c e l l e d w o o d s f i l l 
i n a b o u t 3 0 m i n , a n d o t h e r w o o d s r e q u i r e l o n g e r p e r i o d s o f t i m e . A 
b l o c k o f 7.6 x 7.6 x 17 .8 c m m a p l e a b s o r b e d 3 0 0 m L o f m o n o m e r 
i n less t h a n 10 m i n . 

A f t e r t h e m o n o m e r i m p r e g n a t i o n is c o m p l e t e t h e w o o d -
m o n o m e r is r e m o v e d a n d p l a c e d i n a n e x p l o s i o n - p r o o f o v e n , o r t h e 
c o b a l t - 6 0 s o u r c e for c u r i n g . O n a l a b o r a t o r y scale o r s m a l l p r o d u c t i o n 
u n i t t h e w o o d - m o n o m e r is w r a p p e d i n a l u m i n u m f o i l be f o re p l a c i n g 
i n t h e c u r i n g o v e n at 60 °C . I n l a r g e r p r o d u c t i o n o p e r a t i o n s the 
w o o d - m o n o m e r is p l a c e d d i r e c t l y i n t o the c u r i n g o v e n , u s u a l l y i n 
t h e b a s k e t that h e l d t h e w o o d d u r i n g i m p r e g n a t i o n . I n the r a d i a t i o n -
c u r e d p r o c e d u r e t h e t h i n m e t a l c a n , i n w h i c h t h e w o o d was i m p r e g 
n a t e d , is f l u s h e d w i t h n i t r o g e n a n d is l o w e r e d i n t o a w a t e r p o o l nex t 
to t h e c o b a l t - 6 0 s o u r c e . W i t h h i g h v a p o r p r e s s u r e m o n o m e r s , the 
w o o d sur face is d e p l e t e d to s o m e e x t e n t b y e v a p o r a t i o n , b u t th i s 
d e p l e t e d a r e a is u s u a l l y r e m o v e d b y m a c h i n i n g to expose t h e w o o d -
p o l y m e r sur face . A s m e n t i o n e d p r e v i o u s l y , M M A has a v a p o r p r e s 
s u r e o f 4 0 m m at r o o m t e m p e r a t u r e ; tert-butylstyrene has a v a p o r 
p r e s s u r e o f o n l y 0 .8 m m at r o o m t e m p e r a t u r e . 

M o n o m e r s . M a n y d i f f e r e n t v i n y l m o n o m e r s (32) h a v e b e e n 
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u s e d to m a k e w o o d - p o l y m e r s d u r i n g t h e past 10 years , b u t M M A 
a p p e a r s to b e t h e p r e f e r r e d m o n o m e r for b o t h t h e c a t a l y s t - h e a t a n d 
r a d i a t i o n processes . I n fact, M M A is t h e o n l y m o n o m e r that c a n b e 
e c o n o m i c a l l y p o l y m e r i z e d w i t h 7 - r a d i a t i o n . A l l t ypes o f l i q u i d v i n y l 
m o n o m e r s c a n b e p o l y m e r i z e d w i t h v a z o o r p e r o x i d e cata lysts . I n 
m a n y c o u n t r i e s s t y r e n e a n d s t y r e n e - M M A m i x t u r e s are u s e d w i t h 
v a z o o r p e r o x i d e cata lysts . 

A l l v i n y l m o n o m e r s c o n t a i n i n h i b i t o r s to p r e v e n t p r e m a t u r e 
p o l y m e r i z a t i o n d u r i n g t r a n s p o r t a t i o n a n d storage . I f these i n h i b i t o r s , 
s u c h as 1 , 4 - b e n z e n e d i o l , m o n o m e t h y l e t h e r o f 1 , 4 - b e n z e n e d i o l , tert-
b u t y l - 1 , 2 - b e n z e n e d i o l , a n d 2 ,4 -d imethyl -6 - ter£-buty lphenol , are n o t 
r e m o v e d b e f o r e u s e t h e cata lys t o r r a d i a t i o n m u s t g e n e r a t e e n o u g h 
free r a d i c a l s to u s e u p t h e i n h i b i t o r b e f o r e p o l y m e r i z a t i o n w i l l b e g i n . 
T h i s i n d u c t i o n p e r i o d d e p e n d s u p o n t h e a m o u n t a n d t y p e o f i n h i b i t o r 
p r e s e n t . I n t h e case o f r a d i a t i o n , t h e i n h i b i t o r m u s t b e k e p t to a 
m i n i m u m for e f f i c i ent use o f t h e 7 - r a y s. T h e p r o d u c t i o n o f c o m m e r 
c i a l p o l y m e t h y l m e t h a c r y l a t e r o d o r sheet stock, s o l d as L u c i t e o r 
P l e x i g l a s , r e q u i r e s 0 . 0 1 % v a z o cata lys t w i t h t h e i n h i b i t o r r e m o v e d . 
W i t h 5 0 p p m o f 2 , 4 - d i m e t h y l - 6 - f e r i - b u t y l p h e n o l i n M M A i n w o o d , 
0 . 2 5 % v a z o cata lys t is r e q u i r e d to o b t a i n c o m p l e t e p o l y m e r i z a t i o n . 
W o o d c o n t a i n s n a t u r a l i n h i b i t o r s , w h i c h is t h e r e a s o n for t h e h i g h 
v a z o c o n t e n t . A g a i n , t h e a m o u n t o f n a t u r a l i n h i b i t i o n w i l l d e p e n d 
u p o n t h e spec i es o f w o o d . M o n o m e r s ex trac t t h e s o l u b l e f rac t ions 
from t h e w o o d s t r u c t u r e , a n d , w i t h r e p e a t e d use , t h e e x t r a c t i v e c o n 
t e n t b u i l d s u p i n t h e m o n o m e r . T h e r e f o r e , excess ive f o a m i n g is p r o 
d u c e d u n d e r v a c u u m a n d t h e p o l y m e r i z a t i o n r e a c t i o n is c o m p l e t e l y 
i n h i b i t e d , a n d a d d i t i o n a l cata lys t m u s t b e a d d e d . 

T h e p o l y m e r i z a t i o n o f v i n y l m o n o m e r s is a n e x o t h e r m i c r e a c t i o n 
i n w h i c h a c o n s i d e r a b l e a m o u n t o f h e a t is r e l e a s e d , a b o u t 7 5 . 3 k j / 
m o l . I n b o t h t h e c a t a l y s t - h e a t a n d 7 - r a d i a t i o n processes t h e heat 
r e l e a s e d d u r i n g p o l y m e r i z a t i o n is t h e s a m e for a g i v e n a m o u n t o f 
m o n o m e r . T h e rate at w h i c h t h e heat is r e l e a s e d is c o n t r o l l e d b y t h e 
rate at w h i c h t h e f r e e - r a d i c a l i n i t i a t i n g spec ies is s u p p l i e d a n d at 
w h i c h t h e c h a i n s are g r o w i n g . T h e v a z o a n d p e r o x i d e catalysts are 
t e m p e r a t u r e d e p e n d e n t ; c o n s e q u e n t l y , t h e rate o f d e c o m p o s i t i o n , 
a n d t h u s t h e s u p p l y o f f ree r a d i c a l s , in c reases r a p i d l y w i t h a n i n c r e a s e 
i n t e m p e r a t u r e . B e c a u s e w o o d is a n i n s u l a t o r d u e to i ts c e l l u l a r s t r u c 
t u r e , h e a t f l o w i n t o a n d o u t o f t h e w o o d - m o n o m e r - p o l y m e r m a t e 
rial is r e s t r i c t e d . I n t h e c a t a l y s t - h e a t p r o c e s s , heat m u s t b e i n t r o 
d u c e d i n t o t h e wood— m o n o m e r to start the p o l y m e r i z a t i o n , b u t o n c e 
t h e e x o t h e r m i c r e a c t i o n b e g i n s t h e heat f l o w is r e v e r s e d . T h e t e m 
p e r a t u r e o f t h e w o o d - m o n o m e r - p o l y m e r c o m p o s i t e increases r a p 
i d l y , b e c a u s e t h e h e a t f l o w o u t o f t h e w o o d is m u c h s l o w e r t h a n t h e 
heat g e n e r a t i o n . F i g u r e 3 i l l u s t r a t e s t h e h e a t - t r a n s f e r process (31). 
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Figure 3. Idealized temperature-time exothermic curve. 

T h e t i m e to t0 is t h e t i m e for t h e w o o d - m o n o m e r mass to r e a c h 
o v e n o r c u r i n g t e m p e r a t u r e at 7 V D u r i n g t h e p e r i o d o f c o n s t a n t 
t e m p e r a t u r e (the i n d u c t i o n p e r i o d ) , t h e i n h i b i t o r is b e i n g r e m o v e d 
b y t h e r e a c t i o n w i t h t h e f ree r a d i c a l s . W h e n t h e i n h i b i t o r s are e l i m 
i n a t e d f r o m t h e m o n o m e r a n d w o o d , t h e t e m p e r a t u r e r ises to a m a x 
i m u m that c o r r e s p o n d s to t h e p e a k o f t h e e x o t h e r m i c p o l y m e r i z a t i o n 
r e a c t i o n . P o l y m e r i z a t i o n c o n t i n u e s to c o m p l e t i o n a l t h o u g h at a d e 
c r e a s e d r a t e , a n d t h e t e m p e r a t u r e r e t u r n s t o t h a t o f t h e c u r i n g 
c h a m b e r . T h e t i m e t o t h e p e a k t e m p e r a t u r e d e p e n d s u p o n t h e 
a m o u n t o f ca ta lys t p r e s e n t , t h e t y p e o f m o n o m e r , t h e t y p e o f c ross -
l i n k e r , a n d t h e r a t i o o f t h e mass o f m o n o m e r to that o f t h e w o o d . T h e 
w o o d mass acts as a h e a t s i n k . 

T h e G e l E f f e c t . T h e g e l o r T r o m m s d o r f f e f f e c t (33) i s t h e 
s t r i k i n g a u t o a c c e l e r a t i o n o f t h e v i n y l p o l y m e r i z a t i o n r e a c t i o n as t h e 
v i s c o s i t y o f t h e m o n o m e r — p o l y m e r s o l u t i o n inc reases . C h a i n t e r m i 
n a t i o n i n v o l v i n g t h e r e c o m b i n a t i o n o f t w o free rad i ca l s b e c o m e s d i f 
f u s i o n c o n t r o l l e d ; th i s r e s u l t s i n a d e c r e a s e i n t h e rate o f t e r m i n a t i o n . 
T h e c o n c e n t r a t i o n o f a c t i v e f ree rad i ca l s t h e r e f o r e increases p r o p o r 
t i o n a l l y . To s u m u p t h e g e l effect: t h e rate o f v a z o cata lyst i n i t i a t i o n 
inc reases w i t h t e m p e r a t u r e , t h e rate o f p r o p a g a t i o n o r p o l y m e r i z a t i o n 
i n c r e a s e s w i t h t h e v i s c o s i t y , a n d t h e r a t e o f t e r m i n a t i o n o f t h e 
g r o w i n g p o l y m e r c h a i n s decreases w i t h t h e v i scos i ty . T h e g e l effect 
also r e s u l t s i n a n i n c r e a s e i n t h e m o l e c u l a r w e i g h t o f l i n e a r p o l y m e r s , 
b u t th i s has n o p r a c t i c a l s i g n i f i c a n c e w h e n c r o s s - l i n k i n g is p a r t o f t h e 
r e a c t i o n . 

A s m e n t i o n e d p r e v i o u s l y , a g i v e n 7 - r a d i a t i o n - s o u r c e g e o m e t r y 
w i l l s u p p l y f ree r a d i c a l s at a c ons tant rate for v i n y l m o n o m e r p o l y -

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
00

6

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



6. M E Y E R Wood-Polymer Materials 269 

m e r i z a t i o n . A n i n c r e a s e i n t e m p e r a t u r e w o u l d o n l y affect t h e p r o p 
agat i on a n d t e r m i n a t i o n rates . T h e e x o t h e r m i c heat f r o m t h e v i n y l 
m o n o m e r p o l y m e r i z a t i o n is s t i l l r e l e a s e d i n t h e w o o d — m o n o m e r 
c o m p o s i t e , b u t t h e t e m p e r a t u r e is m u c h l o w e r b e c a u s e o f t h e s l o w 
r a t e o f i n i t i a t i o n . C o m p l e t e r a d i a t i o n c u r i n g o f w o o d - m o n o m e r 
c o m p o s i t e s u s u a l l y r e q u i r e s 8 to 10 h d e p e n d i n g u p o n t h e r a d i a 
t i o n s o u r c e g e o m e t r y ; t h e v a z o i n i t i a t e d r e a c t i o n is o v e r i n 30 to 4 0 
m i n u t e s . T h u s , a l l t h e c a t a l y t i c heat o f p o l y m e r i z a t i o n o f a g i v e n 
m o n o m e r mass is r e l e a s e d i n o n e - s i x t e e n t h o f the t i m e i t is i n t h e 
r a d i a t i o n p r o c e s s . B e c a u s e t h e w o o d - m o n o m e r m a t e r i a l i n a t h i n 
m e t a l c a n is i m m e r s e d i n t o a w a t e r p o o l for i r r a d i a t i o n , t h e c o o l i n g 
b y t h e w a t e r r a d i a t i o n s h i e l d also assists i n l o w e r i n g t h e t e m p e r a t u r e . 
A d d i t i o n a l heat is a d d e d to t h e w o o d - m o n o m e r - p o l y m e r c o m p o s i t e 
b y t h e a b s o r p t i o n o f t h e 7 - rays b y t h e w o o d , a l t h o u g h th i s h e a t is 
s m a l l c o m p a r e d to t h e e x o t h e r m i c heat f r o m t h e p o l y m e r i z a t i o n . 

W h e n t h e h e a t o f p o l y m e r i z a t i o n is r e l e a s e d q u i c k l y i n a w o o d -
m o n o m e r c o m p o s i t e t h e h i g h t e m p e r a t u r e increases t h e v a p o r p r e s 
s u r e o f t h e m o i s t u r e i n t h e c e l l w a l l s a n d d i s t i l l s t h e m o i s t u r e o u t o f 
t h e w o o d . T h e c h a n g e i n v o l u m e o f t h e c e l l w a l l causes changes i n 
d i m e n s i o n s w h i c h are m a n i f e s t e d b y s h r i n k a g e a n d d i s t o r t i o n o f t h e 
o r i g i n a l w o o d s h a p e . W o o d - p o l y m e r c o m p o s i t e s c u r e d b y t h e c a t a 
l y s t - h e a t p r o c e s s m u s t b e m a c h i n e d to t h e final s h a p e after t r e a t 
m e n t . C o n v e r s e l y , b e c a u s e t h e heat o f p o l y m e r i z a t i o n b y 7 - rays is 
r e l e a s e d o v e r a l o n g e r p e r i o d o f t i m e , t h e t e m p e r a t u r e o f t h e w o o d -
p o l y m e r r e m a i n s l o w a n d n o t as m u c h c e l l w a l l m o i s t u r e is d r i v e n 
off. T h e r e f o r e , t h e a m o u n t o f d i s t o r t i o n a n d d i m e n s i o n a l c h a n g e is 
s o m e w h a t less (30, 31). 

V a z o C a t a l y s t E f f e c t o n P o l y m e r i z a t i o n . F i g u r e 4 i l l u s t r a t e s 
t h e t e m p e r a t u r e - t i m e c u r v e s for t h e c u r i n g o f b a s s w o o d s a m p l e s 
i m p r e g n a t e d w i t h M M A c o n t a i n i n g v a r i o u s c o n c e n t r a t i o n s o f v a z o 
cata lyst . T h e d a t a for e a c h p o l y m e r i z a t i o n h a v e b e e n c o m p i l e d , are 
p r e s e n t e d i n T a b l e I I , a n d are p l o t t e d i n F i g u r e 5 as t h e p e r c e n t v a z o 
cata lyst p e r w e i g h t o f m o n o m e r vs . the t i m e to the e x o t h e r m i c p e a k 
(tp). T h e d a t a s h o w that v a r y i n g the a m o u n t o f cata lyst has a d e f i n i t e 
effect o n t h e t i m e to t h e e x o t h e r m i c p e a k , a n d o n t h e e x o t h e r m i c 
p e a k t e m p e r a t u r e (Tp). T h e r e is also a d e c r e a s e i n t h e p e r c e n t c o n 
v e r s i o n at h i g h cata lys t c o n c e n t r a t i o n s (31, 34). 

I n c r e a s i n g t h e c o n c e n t r a t i o n o f cata lyst b r i n g s a b o u t a r e d u c t i o n 
i n t h e t i m e to t h e e x o t h e r m i c peak . T h e e x o t h e r m i c p e a k t e m p e r a 
t u r e increases as t h e p e r c e n t a g e o f cata lyst is i n c r e a s e d . T h i s i n c r e a s e 
i n t e m p e r a t u r e is d u e to t h e a u t o a c c e l e r a t i o n effect that o c curs w h e n 
t h e v i s c o s i t y o f t h e m o n o m e r - p o l y m e r s o l u t i o n increases v e r y r a p 
i d l y w i t h p o l y m e r f o r m a t i o n . T h e p e r c e n t a g e o f c o n v e r s i o n is a p 
p r o x i m a t e l y c o n s t a n t , e x c e p t for a d r o p at t h e 1 .2% a n d 1 .5% v a z o 
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J3l eC 

0r%VAZ0 

0.2%VAZD 

0.3%\AZO 

CURING TIME (mire.) 

Figure 4. Temperature- time curves showing the effects of various con
centrations of vazo catalyst on the polymerization exotherm of basswood-
MMA composite. (Reproduced with permission from Ref. 31. Copyright 

1972y Springer- Verlag?) 

T a b l e I I . E f f e c t o f V a z o C a t a l y s t o n P o l y m e r i z a t i o n o f 
B a s s w o o d - M M A C o m p o s i t e 

Basswood- MMA 
Sample (g) (e) 

M 
(%) 

Ρ 
(%) 

Vazo t 0 

(%) (min) 
t Τ 

(min) (°é) 

48.5 56.7 48.4 116.9 99.8 85.4 0.1 102.1 208.4 131.0 
46.7 
49.3 
49.4 
50.5 
46.1 
49.1 
47.3 

59.2 
56.4 
57.5 
56.6 
58.2 
56.8 
58.1 

50.8 
49.5 
49.8 
48.6 
48.6 
44.7 
45.3 

126.7 
114.4 
116.4 
112.1 
126.2 
115.7 
122.8 

108.7 
100.4 
100.8 

96.2 
105.4 

91.0 
95.8 

85.8 
87.8 
86.6 
85.9 
83.5 
78.7 
78.0 

0.2 
0.3 
0.5 
0.8 
1.0 
1.2 
1.5 

90.1 
76.1 
71.3 
70.0 
59.4 
53.3 
65.5 

154.1 
130.8 
101.9 

98.8 
83.4 
76.6 
84.1 

139.5 
145.0 
156.0 
152.5 
163.0 
157.0 
163.0 

Key: W S , weight of oven-dry wood; W m , weight of monomer; Wp, weight of polymer; M, % of monomer; P, % 
of polymer; and C, % conversion of monomer to polymer. 

(Reproduced with permission from Ref. 31. Copyright 1972, Springer - Verlag. ) 
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200h 
h ~85.4% 

e 
150 

< 
L U 
C L 

Ο 
i 

X 
U J 

100 

50 

85.9% 
83.5% 

è 6 3 # c 

^l57eC 78.0% 
78.7% 

J_ J 
0 0.5 1.0 1.5 

% VAZO CATALYST ADDED TO MMA MONOMER 

Figure 5. Time to exothermic peak (tp) vs. percent vazo catalyst added to 
basswood-MMA composite. Exothermic peak temperature and percent 
monomer conversion are shown on the curve. (Reproduced with permis

sion from Ref. 31. Copyright 1972, Springer-Verlag.) 

c o n c e n t r a t i o n s . T h i s c a n b e e x p l a i n e d b e c a u s e the m o n o m e r e x p a n d s 
b e y o n d t h e e n d s o f t h e s a m p l e as t h e t e m p e r a t u r e r i ses a n d e v a p o 
rates f r o m t h e sur face o f t h e w o o d . 

I n d i v i d u a l m o n o m e r s r e s p o n d to c a t a l y t i c p o l y m e r i z a t i o n i n d i f 
f e r e n t w a y s . F i g u r e 6 i l l u s t r a t e s t h e t i m e - t e m p e r a t u r e c u r v e s o b 
t a i n e d w h e n b a s s w o o d was i m p r e g n a t e d w i t h s e v e r a l m o n o m e r s c o n 
t a i n i n g 0 . 8 % v a z o cata lys t . T h e t i m e to t h e e x o t h e r m i c peak (tp) was 
t h e shor tes t for M M A , f o l l o w e d b y tert-butylstyrene, s t y r e n e , a n d 
v i n y l t o l u e n e . C o r r e s p o n d i n g l y , t h e e x o t h e r m i c p e a k t e m p e r a t u r e (Tp) 
for M M A was t h e h i g h e s t at 152 ° C , for terr-butylstyrene 145 ° C , for 
s t y r e n e , 141 ° C , a n d for v i n y l t o l u e n e , 133 ° C . A h i g h e r vazo c o n t e n t 
was u s e d i n o r d e r to assure p o l y m e r i z a t i o n o f t h e f o u r m o n o m e r s . 
T h e effect o f a d d i n g i n c r e a s i n g a m o u n t s o f vazo cata lyst a n d c ross -
l i n k e r s to tert-butylstyrene, s t y r e n e , a n d v i n y l t o l u e n e was s i m i l a r to 
that for M M A (see F i g u r e s 4 a n d 7) (35). 
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152.5° 

CURING TIME (mint.) 

Figure 6. Temperature-time curves showing the effects of various mono
mers, catalyzed with the same vazo concentration, on the polymerization 
exotherms of basswood-monomer composites (35). Key: MMA, methyl 

methacrylate; TBS, tert-butylstyrene; and VT, vinyltoluene. 

C r o s s - l i n k i n g E f f e c t o n P o l y m e r i z a t i o n . T h e g e n e r a l c r o s s -
l i n k i n g r e a c t i o n that o c c u r s d u r i n g p o l y m e r i z a t i o n a n d i n v o l v e s c o m 
p o n e n t s w i t h a f u n c t i o n a l i t y g r e a t e r t h a n o n e (two o r m o r e d o u b l e 
b o n d s , d i v i n y l m o n o m e r ) has b e e n s t u d i e d e x t e n s i v e l y . T h e s t a t i s t i 
c a l ana lys i s o f m o l e c u l a r d i s t r i b u t i o n s i n s u c h reac t i ons is d u e to 
F l o r y (36). 

T h e c r o s s - l i n k i n g o f u n s a t u r a t e d p o l y m e r c h a i n s b y p o l y m e r 
i z a t i o n w i t h d i v i n y l m o n o m e r s c a n b e c o n s i d e r e d to o c c u r i n t h r e e 
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stages. T h e first stage is e q u i v a l e n t to a l i n e a r c o p o l y m e r i z a t i o n r e a c 
t i o n w i t h a l o w d e g r e e o f c o n v e r s i o n . T h e s e c o n d stage is c h a r a c t e r 
i z e d b y t h e f o r m a t i o n o f a t h r e e - d i m e n s i o n a l g e l s t r u c t u r e a n d b y a n 
e x p o n e n t i a l i n c r e a s e i n t h e rate o f r e a c t i o n r e s u l t i n g f r o m d i f fus i on 
c o n t r o l o f t h e t e r m i n a t i o n s tep ( T r o m m s d o r f f - N o r r i s h acce lerat ion ) 
(33, 37) as t h e v i s c o s i t y inc reases . I n t h e t h i r d stage, p r o p a g a t i o n , 
t ransfer , a n d e v e n t h e i n i t i a t i o n rate b e c o m e d i f fus i on c o n t r o l l e d as 
t h e g e l s t r u c t u r e b e c o m e s i n c r e a s i n g l y d e n s e . 

D a t a are p r e s e n t e d i n Tab le I I I for t h e p o l y m e r i z a t i o n o f bass -
w o o d - M M A - t r i m e t h y l o l p r o p a n e t r i m e t h a c r y late ( T M P T M A ) i m 
p r e g n a t e d s a m p l e s c o n t a i n i n g 0 . 2 5 % v a z o cata lyst . T h e m e l t i n g p o i n t 
o f t h e t h r e e - d i m e n s i o n a l p o l y m e r is r a i s e d b y a d d i n g T M P T M A to 

CURING TIME (mins.) 

Figure 7. Temperature-time curves showing the effects of various con
centrations of TMPTMA cross-linker on the polymerization exotherm of 

basswood-MM A composite (35). 
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T a b l e H I . E f f e c t o f T M P T M A C r o s s - l i n k e r o n P o l y m e r i z a t i o n 
o f B a s s w o o d - M M A C o m p o s i t e 

Basswood- MMA 
Sample 

W s 

(g) 
w m 

(g) s 
M 

(%) 
Ρ 

(%) 
C 

(%) 
TMPTMA 

(%) 
to 

(min) (min) cà) 

1 43.3 62.0 57.1 143.2 131.8 92.0 1.0 80.0 123.4 177 
2 43.4 60.2 54.3 138.5 125.0 90.2 2.0 76.8 108.3 180 
3 43.0 62.5 54.6 145.3 126.9 87.4 3.0 65.0 83.3 180 
4 43.6 62.5 54.3 143.3 124.5 86.9 5.0 66.3 81.3 182 
5 43.8 62.3 53.1 142.2 121.2 85.9 7.0 58.8 72.5 184 
6 43.6 63.3 53.6 145.2 122.9 84.7 9.0 51.9 60.8 187 
7 43.0 63.3 53.6 147.2 124.6 84.7 12.0 49.0 55.5 188 
8 43.1 62.6 53.6 145.2 124.4 85.6 15.0 49.4 55.0 188 
9 41.3 64.5 53.1 156.2 128.6 82.3 20.0 49.4 54.8 183 

N O T E : The key is the same as in Table I I . 
(Reproduced from Ref. 35.) 

M M A m o n o m e r , w h i c h causes c r o s s - l i n k i n g to t h e p o i n t w h e r e t h e 
p o l y m e r w i l l d e c o m p o s e be f o re i t m e l t s . O n t h e average , t h e exo 
t h e r m i c p e a k t e m p e r a t u r e r e m a i n s a b o u t t h e s a m e as the c o n c e n t r a 
t i o n o f t h e T M P T M A is i n c r e a s e d f r o m 1.0 to 2 0 % b y w e i g h t o f M M A . 

T h e c r o s s - l i n k i n g agent affects the t i m e to t h e e x o t h e r m i c p e a k 
d r a m a t i c a l l y as s h o w n i n F i g u r e 7. A d d i n g a c r o s s - l i n k i n g agent is 
c o m p a r a b l e to i n c r e a s i n g t h e a m o u n t o f cata lyst i n the b a s s w o o d -
M M A s y s t e m . O n e a d v a n t a g e o f T M P T M A is that i t f o r m s a g e l at 
t h e b e g i n n i n g o f t h e p o l y m e r i z a t i o n , so that t h e m o n o m e r c a n n o t 
e x p a n d o u t o f t h e w o o d - m o n o m e r e n d s after t h e i n i t i a l r i s e i n t e m 
p e r a t u r e . N o n c r o s s - l i n k e d m o n o m e r w i l l e x p a n d o u t o f t h e e n d s o f 
t h e w o o d - m o n o m e r c o m p o s i t e w h e r e i t w i l l e v a p o r a t e o r p o l y m e r i z e 
i n t o a f o a m . T h i s dec reases t h e p o l y m e r l o a d i n g a n d wastes m o n o m e r . 
C r o s s - l i n k i n g also ra ises t h e t e m p e r a t u r e h i g h e n o u g h so that the 
p o l y m e r w i l l n o t m e l t d u r i n g s a n d i n g o p e r a t i o n s , a n d , t h u s , p r e v e n t s 
l o a d i n g o f t h e s a n d p a p e r (38) . T h e p e r c e n t c o n v e r s i o n o f t h e 
m o n o m e r to p o l y m e r r e m a i n s f a i r l y c ons tant a n d is c o m p a r a t i v e l y 
h i g h e r t h a n for b a s s w o o d - M M A s a m p l e s w i t h o u t c r o s s - l i n k e r . 

F i g u r e 8 s h o w s a p l o t o f t h e t i m e (tp) to t h e e x o t h e r m i c p e a k as 
a f u n c t i o n o f t h e p e r c e n t a g e o f T M P T M A a d d e d to t h e b a s s w o o d -
M M A c o m p o s i t e . A t T M P T M A c o n c e n t r a t i o n s a b o v e 1 0 % , t h e t i m e 
to t h e e x o t h e r m i c p e a k r e m a i n s e s s e n t i a l l y cons tant . T h e i n c r e a s e i n 
t h e rate o f r e a c t i o n , i . e . , t h e d e c r e a s e i n the t i m e to t h e e x o t h e r m i c 
p e a k , p r i m a r i l y is d u e to t h e f o r m a t i o n o f the t h r e e - d i m e n s i o n a l g e l 
s t r u c t u r e b e c a u s e t h e rate o f r e a c t i o n b e c o m e s d i f fus i on c o n t r o l l e d 
as t h e v i s c o s i t y i n c r e a s e s . T h u s , t h e rate o f t e r m i n a t i o n decreases a n d 
t h e r a d i c a l b e c o m e s e f f e c t i v e l y fixed i n space a n d o n l y adds m o r e 
m o n o m e r m o l e c u l e s . T h e p r o b a b i l i t y o f e n c o u n t e r i n g a n o t h e r free 
r a d i c a l a n d t e r m i n a t i n g t h e c h a i n g r o w t h is s m a l l . 
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Figure 8. Time to exothermic peak (tp) vs. percent TMPTMA cross-linking 
agent added to basswood-MMA composite. Exothermic peak temperature 

and percent monomer conversion are shown on the curve (35). 

W o o d M o i s t u r e E f f e c t o n t h e P o l y m e r i z a t i o n E x o t h e r m . T h e 
m o i s t u r e c o n t e n t o f w o o d u s e d for w o o d - p o l y m e r c o m p o s i t e s is u s u 
a l l y b e l o w 1 0 % . O n occas ions l i q u i d w a t e r is p r e s e n t after t h e p o l y 
m e r i z a t i o n o f t h e w o o d - m o n o m e r is c o m p l e t e . T h i s w a t e r is d i s t i l l e d 
o u t o f t h e w o o d — m o n o m e r as t h e e x o t h e r m reaches t e m p e r a t u r e s 
a b o v e 100 ° C , a n d i t c o n d e n s e s o n t h e c o o l e r a l u m i n u m f o i l o r o v e n 
w a l l s . W a t e r r e q u i r e s 2 2 5 5 J / g for e v a p o r a t i o n a n d c o u l d act as a heat 
s i n k i n t h e p o l y m e r i z a t i o n r e a c t i o n . E v a p o r a t i o n o f t h e w a t e r i n t h e 
w o o d c o u l d b e a c c o m p l i s h e d b y u s i n g t h e e x o t h e r m i c heat f r o m t h e 
p o l y m e r i z a t i o n , a n d t h e m a x i m u m e x o t h e r m i c p e a k t e m p e r a t u r e 
c o u l d b e d e p r e s s e d b e l o w 150 °C w h e r e w o o d c e l l w a l l m a t e r i a l s 
b e g i n to d e c o m p o s e . S o m e p r e l i m i n a r y r e s e a r c h has b e e n c a r r i e d 
out i n t h i s a r e a (39) to s h o w t h e effect o f m o i s t u r e c o n t e n t o n the 
e x o t h e r m i c p e a k t e m p e r a t u r e . Tab le I V a n d F i g u r e 9 i l l u s t r a t e th i s 
effect u s i n g m e t h y l m e t h a c r y l a t e , v i n y l t o l u e n e , a n d s t y r e n e m o n o -
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Table IV. Influence of W o o d Moisture Content on the 
Polymerization Exotherm Temperature 

Sample Monomer0 

Vazo 
Catalyst 

(%) 

Moisture 
Content 

(%) 

Polymer 
Loading 

(%) (mm) 
Τ 

(°è) 

1 M M A 0 .2 0 .0 5 7 . 2 105 157 
2 M M A 0 .2 8.8 6 2 . 4 132 152 
3 M M A 0 .2 13 .6 6 2 . 8 142 123 
4 M M A 0 .2 2 3 . 9 5 3 . 2 193 116 

5 V T 1.0 0 .0 5 6 . 5 175 128 
6 V T 1.0 6 .9 7 2 . 3 192 125 
7 V T 1.0 11 .1 5 8 . 6 206 97 
8 V T 1.0 16 .6 5 3 . 5 236 98 

9 S T Y 1.0 0 .0 6 8 . 0 165 138 
10 S T Y 1.0 7.6 7 3 . 0 195 130 
11 S T Y 1.0 15 .8 6 9 . 0 228 127 
12 S T Y 1.0 19 .1 6 2 . 8 238 118 

a K e y : M M A , methyl methacrylate; V T , vinyltoluene; and S T Y , styrene. 
(Reproduced from Ref. 39.) 

m e r s . T h e r e s u l t s s h o w that t h e p e a k t e m p e r a t u r e Tp c a n b e l o w e r e d 
b y i n c r e a s i n g t h e m o i s t u r e c o n t e n t o f t h e w o o d be fo re i m p r e g n a t i o n . 

A d d i t i v e s E f f e c t on the C a t a l y z e d M o n o m e r Solution. S o l u b l e 
d y e s c a n b e a d d e d to t h e c a t a l y z e d m o n o m e r s o l u t i o n to c o l o r t h e 
final w o o d - p o l y m e r c o m p o s i t e . A n y c o l o r o f t h e v i s i b l e s p e c t r u m 
c a n b e a d d e d , b r o w n s to s i m u l a t e b l a c k w a l n u t , r e d a n d b l u e s for 
n a t i o n a l c o l o r s . T h e c o l o r e m p h a s i z e s t h e g r a i n s t r u c t u r e o f t h e p a r 
t i c u l a r spec i es a n d c o m b i n e s w i t h t h e p o l y m e r to a d d a t h r e e - d i 
m e n s i o n a l d e p t h n o t p r e s e n t i n s u r f a c e - f i n i s h e d w o o d . A d e n s e b l a c k 
w o o d - p o l y m e r , so d e s i r a b l e for m u s i c a l i n s t r u m e n t s , is d i f f i c u l t to 
o b t a i n b e c a u s e o f w o o d ' s l i g h t c o l o r a n d the t e n d e n c y o f the m i c r o -
s t r u c t u r e to c h r o m a t o g r a p h i c a l l y separate a d y e o f s e v e r a l c o m p o 
n e n t s i n t o its separate c o l o r s . D y e s h a v e a n i n h i b i t i n g effect o n t h e 
p o l y m e r i z a t i o n o f w o o d - m o n o m e r c o m p o s i t e s , s o m e m o r e so t h a n 
o t h e r s . A d d i t i o n a l ca ta lys t c a n b e a d d e d to o v e r c o m e th i s i n h i b i t i o n , 
b u t i n t h e r a d i a t i o n process o f a g i v e n g e o m e t r y a d d i t i o n a l t i m e m u s t 
b e a l l o w e d for c o m p l e t e c u r i n g . 

F i r e r e t a r d a n t s are a d d e d to w o o d - p o l y m e r s u s e d for f l o o r i n g 
a n d o t h e r p u b l i c i n s t a l l a t i o n s . P o l y m e t h y l m e t h a c r y l a t e is o n e o f t h e 
f e w p o l y m e r s that w i l l d e p o l y m e r i z e i n t o t h e m o n o m e r w h e n h e a t e d 
to t h e t e m p e r a t u r e o f d e c o m p o s i t i o n . T h e m o n o m e r i n the gas p h a s e 
b u r n s w i t h a n i n t e n s e b l u e f l a m e s i m i l a r to a n a t u r a l gas f l a m e . 
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C o m m e r c i a l f i r e r e t a r d a n t s b a s e d o n p h o s p h o r u s a n d t h e h a l o g e n s , 
( i . e . , P h o s g a r d C - 2 2 - R , S A F - 7 0 7 , S a n t i c i z e r - 1 4 0 , t r i p h e n y l p h o s 
phate ) are a d d e d d i r e c t l y to t h e m o n o m e r s o l u t i o n (40, 41). M a n y o f 
t h e f i r e r e t a r d a n t s are b a s e d o n b e n z e n e r i n g s t r u c t u r e s s u c h as t r i 
p h e n y l p h o s p h a t e a n d S a n t i c i z e r - 1 4 0 . S o o t y s m o k e is a test for a r o 
m a t i c c o m p o u n d s i n b a s i c o r g a n i c c h e m i s t r y . T h e f i r e - t u b e tests a n d 
f l a m e - s p r e a d t e s t s p r o d u c e d h u g e a m o u n t s o f s m o k e f o r w o o d -
p o l y m e r c o m p o s i t e s c o n t a i n i n g a r o m a t i c f i r e r e t a r d a n t s (40, 41). T h e 
p r e s e n c e o f n o n a r o m a t i c P h o s g a r d d e c r e a s e d t h e s m o k e i n t e n s i t y . I f 
c h l o r i n e is a t t a c h e d to t h e b e n z e n e r i n g o f s t y r e n e to o b t a i n m o n o -
c h l o r o s t y r e n e , f l a m e s p r e a d is r e d u c e d b e c a u s e o f t h e f i r e - r e t a r d a n t 

MAPLE WITH 

#204-1 
23.98% MOISTURE 

CURING TIME (mint.) 

Figure 9. Temperature-time curves showing how the wood moisture con
tent affects the polymerization exotherm of maple-MMA composite (39). 
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p r o p e r t i e s o f t h e h a l o g e n . I n th i s case t h e fire r e t a r d a n t is b u i l t i n t o 
t h e v i n y l m o n o m e r a n d is p a r t o f t h e p o l y m e r u p o n p o l y m e r i z a t i o n 
i n t h e w o o d . 

S o m e r e s e a r c h has b e e n d o n e o n t h e a d d i t i o n o f p o l a r so lvents 
to t h e n o n p o l a r m o n o m e r i n a n a t t e m p t to s w e l l t h e c e l l w a l l s t r u c t u r e 
a n d a n c h o r i t i n a s w o l l e n state (32). T h i s p r o c e d u r e c a n b e d o n e a n d 
t h e A S E does i n c r e a s e , b u t after t h e s o l v e n t evaporates t h e w o o d is 
o n l y p a r t i a l l y l o a d e d , w h i c h d e c r e a s e s t h e p h y s i c a l p r o p e r t i e s . 
W o o d - p o l y m e r c o m p o s i t e s n o r m a l l y h a v e a b o u t a 1 0 - 1 5 % A S E , 
w h i c h m e a n s that t h e r e is s o m e p e n e t r a t i o n o f t h e c e l l w a l l s t r u c t u r e 
to r e d u c e t h e s w e l l i n g o v e r that o f u n t r e a t e d w o o d . 

W a t e r a n d P o l y m e r L o c a t i o n . T h e m e c h a n i s m o f w a t e r a b 
s o r p t i o n b y d r y w o o d p r o c e e d s i n t w o steps . W a t e r e n t e r i n g d r y w o o d 
i n v a p o r f o r m is a b s o r b e d i n t o t h e c e l l w a l l , a n d h y d r o g e n b o n d s to 
t h e c e l l u l o s e . A s a r e s u l t , t h e c e l l w a l l s w e l l s , a n d t h e o v e r a l l d i 
m e n s i o n s o f t h e w o o d i n c r e a s e . A f t e r 2 5 - 2 8 % o f t h e w a t e r is a b 
s o r b e d (based o n t h e o v e n - d r y w e i g h t o f t h e w o o d ) a n d t h e c e l l w a l l 
has s w o l l e n to i ts m a x i m u m , a d d i t i o n a l w a t e r w i l l b e c o n d e n s e d i n 
t h e c a p i l l a r i e s o r o t h e r v o i d spaces i n t h e w o o d u n t i l i t is filled. T h e 
fiber-saturation p o i n t is w h e r e the c e l l w a l l s h a v e a b s o r b e d t h e m a x 
i m u m a m o u n t o f w a t e r a n d are s w o l l e n to t h e m a x i m u m e x t e n t , b u t 
n o w a t e r has c o n d e n s e d i n t h e c a p i l l a r i e s . T h i s p o i n t is s u r p r i s i n g l y 
c o n s i s t e n t , 2 6 - 3 0 % , c o n s i d e r i n g t h e l a r g e n u m b e r o f spec ies o f w o o d 
o n t h i s p l a n e t . A s p o i n t e d o u t p r e v i o u s l y , n o r m a l w o o d - p o l y m e r 
m a t e r i a l c o n t a i n s p o l y m e r o n l y i n t h e v o i d spaces that are a v a i l a b l e , 
a n d l i t t l e i f a n y i n t h e c e l l w a l l s . T h i s l o a d i n g o f t h e c a p i l l a r y vesse ls 
r e d u c e s t h e rate o f w a t e r d i f f u s i n g i n t o t h e c e l l w a l l s . B u t , g i v e n 
e n o u g h t i m e ( 1 0 - 2 0 - f o l d g r e a t e r t h a n i n u n t r e a t e d wood ) at h i g h 
h u m i d i t y , e v e n t u a l l y w a t e r w i l l r e a c h t h e c e l l w a l l s a n d cause t h e 
s a m e v o l u m e s w e l l i n g as u n t r e a t e d w o o d . F i g u r e s 10 a n d 11 s h o w 
t h e d i f f e rences i n w a t e r a b s o r p t i o n i n b a s s w o o d - p o l y m e r c o m p o s 
i tes (32). 

W a t e r i n a n e v e r - d r i e d f r e s h - c u t t r e e , w h e n e x c h a n g e d w i t h a 
ser ies o f o r g a n i c s o l v e n t s , c o u l d b e r e p l a c e d w i t h 3 H - (or t r i t i u m - ) 
l a b e l e d M M A (42). A f t e r p o l y m e r i z a t i o n a n d t h e u s e o f a u t o r a d i o g 
r a p h y t h e 3 H - l a b e l e d M M A was l o c a t e d i n t h e c e l l w a l l a n d c o m 
p o u n d m i d d l e l a m e l l a . T h e p o l y m e r ( p o l y m e t h y l m e t h a c r y l a t e ) l a 
b e l e d w i t h 3 H was r e m o v e d f r o m t h e c a p i l l a r i e s a n d v o i d spaces i n 
t h e w o o d b y s o l v e n t e x t r a c t i o n , b u t t h e l a b e l e d p o l y m e t h y l m e t h 
a c r y l a t e i n t h e w o o d s t r u c t u r e r e m a i n e d . T h e s a m e w o o d , after o v e n 
d r y i n g , was t r e a t e d w i t h t h e 3 H - l a b e l e d m o n o m e r b y u s i n g t h e f u l l 
c e l l m e t h o d . A g a i n , b y a u t o r a d i o g r a p h y , t h e 3 H - l a b e l e d p o l y m e t h y l 
m e t h a c r y l a t e was l o c a t e d i n t h e c a p i l l a r i e s a n d v o i d spaces . A f t e r 
s o l v e n t e x t r a c t i o n o f t h e p o l y m e t h y l m e t h a c r y l a t e n o l a b e l e d p o l y m e r 
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/ Γ (t « HOURS) 

Figure 10. Fraction of total weight change vs. time for untreated wood. 
(Reproduced with permission from Ref 32. Copyright 1969, Forest Prod

ucts Research Society.) 

was p r e s e n t i n t h e c e l l w a l l s . T h i s p o i n t s out h o w r e l a t i v e l y i m p e r m e 
a b l e t h e o v e n - d r i e d c e l l w a l l is to v i n y l m o n o m e r s l i k e M M A . P e n -
tan e s o l v e n t e x c h a n g e d r i e d c e l l w a l l s c o n t a i n e d 2 5 % less p o l y m e r 
t h a n t h e n e v e r d r i e d w o o d . I n a l l t h r e e cases t h e c a p i l l a r i e s a n d v o i d 

0 2 4 6 8 10 12 14 16 18 20 

/t~ (t = HOURS) 

Figure 11. Fraction of total weight change vs. time for basswood treated 
with tert-butyhtyrene. (Reproduced with permission from Ref. 32. Copy

right 1969, Forest Products Research Society.) 
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spaces i n t h e w o o d w e r e f i l l e d w i t h 3 H - l a b e l e d p o l y m e t h y l m e t h a c 
r y l a t e . 

T h e f l o w i n t o w o o d , e s p e c i a l l y o f l i q u i d s , is a l o n g the g r a i n . S i a u 
p e r m e a b i l i t y m e a s u r e m e n t s w e r e d o n e o n y e l l o w b i r c h a n d t h e 
p e r m e a b i l i t i e s ( c m 3 c m / c m 2 s atm) o b s e r v e d w e r e : l o n g i t u d i n a l , 696 ; 
r a d i a l , 0 . 000177 ; a n d t a n g e n t i a l , 0 . 000092 (43). T h e s e facts p r e v e n t 
t h e sur face t r e a t m e n t w i t h m o n o m e r s f r o m f o r m i n g a w o o d - p o l y m e r 
sur face s h e l l a r o u n d t h e w o o d . R a y ce l l s i n t h e r a d i a l d i r e c t i o n are 
o f ten c o n n e c t e d to t h e l o n g i t u d i n a l c e l l s t r u c t u r e ; th i s c o n f i g u r a t i o n 
m a k e s s h e l l l o a d i n g i m p r o b a b l e . 

P h y s i c a l P r o p e r t i e s . W o o d , w h e n d r y , has u n i q u e p h y s i c a l 
p r o p e r t i e s i n that its t e n s i l e s t r e n g t h , b e n d i n g s t r e n g t h , c o m p r e s s i o n 
s t r e n g t h , i m p a c t r e s i s t a n c e , a n d h a r d n e s s p e r u n i t w e i g h t are the 
h i g h e s t o f a l l c o n s t r u c t i o n m a t e r i a l s . T h e h y d r o g e n b o n d i n g , t h e 
u n i q u e h e l i c a l s t r u c t u r e o f t h e c e l l w a l l s , t h e c o m b i n a t i o n o f the 
l i n e a r c e l l u l o s e m o l e c u l e s i m p r e g n a t e d w i t h l o w m o l e c u l a r w e i g h t 
e x t r a c t i v e s , a n d a l l o f t h e v a r y i n g a m o u n t s o f c r o s s - l i n k e d l i g n i n m a k e 
w o o d a n i n f i n i t e l y v a r i a b l e r e s o u r c e . A l l t h e u n u s u a l features o f w o o d 
are t h e r e a s o n for t h e " a r t " o f w o o d t r e a t m e n t . 

T h e p o l y m e r l o a d i n g o f w o o d d e p e n d s not o n l y o n t h e p e r m e 
a b i l i t y o f t h e w o o d spec i e s , b u t also o n t h e p a r t i c u l a r p i e c e o f w o o d 
b e i n g t r e a t e d (44). B e c a u s e t h e v o i d v o l u m e is a p p r o x i m a t e l y t h e 
same for t h e s a p w o o d a n d h e a r t w o o d o f e a c h spec i es , i t w o u l d b e 
e x p e c t e d that t h e p o l y m e r w o u l d f i l l t h e m to t h e s a m e ex tent . Tab le 
V , h o w e v e r , s h o w s t h a t t h e s a p w o o d i s f i l l e d t o a m u c h g r e a t e r 
e x t e n t t h a n t h e h e a r t w o o d for six o f t h e e i g h t spec ies . T h i s is c o n t r a r y 
to w h a t w o u l d b e a s s u m e d f r o m t h e m e a s u r e d v o i d v o l u m e . 

T h e s u g a r m a p l e a n d t h e b a s s w o o d are t w o e x c e p t i o n s ; t h e r e is 
e s s e n t i a l l y t h e s a m e r e t e n t i o n o f p o l y m e r i n the s a p w o o d a n d h e a r t -
w o o d . T h e h e a r t w o o d p r o b a b l y h a s l e s s o f t h e v o i d s f i l l e d w i t h 
p o l y m e r b e c a u s e o f o r g a n i c d e p o s i t s a n d ty loses that b l o c k t h e p e n 
e t r a t i o n o f t h e m o n o m e r i n t o t h e c a p i l l a r i e s . I n the e x t r e m e case o f 
r e d p i n e h e a r t w o o d , v i s i b l e a m o u n t s o f r e s i n e x u d e d f r o m t h e s a m p l e 
d u r i n g d r y i n g . T a b l e V also l i s ts p h y s i c a l p r o p e r t i e s for a l i m i t e d 
n u m b e r o f w o o d spec ies o f t r e a t e d w o o d - p o l y m e r c o m p o s i t e s (30). 
F i g u r e s 12 a n d 13 i l l u s t r a t e t y p i c a l test d a t a for stat ic b e n d i n g a n d 
c o m p r e s s i o n p a r a l l e l to t h e g r a i n for b a s s w o o d - p o l y m e r c o m p o s i t e s 
(45). T a b l e V I s u m s u p s o m e test r e s u l t s for s tat ic b e n d i n g a n d c o m 
p r e s s i o n p a r a l l e l to t h e g r a i n . T h e test d a t a s h o w that t h e v a r i a b i l i t y 
a m o u n t i n u n t r e a t e d test s a m p l e s is h i g h , b u t after p o l y m e r l o a d i n g 
t h e coe f f i c i ent o f v a r i a b i l i t y is r e d u c e d b y 5 0 % o r m o r e , thus p r o 
d u c i n g m u c h m o r e u n i f o r m test d a t a (45). 

L a n g w i g (32) u s e d s e v e r a l d i f f e r e n t m o n o m e r s to m a k e w o o d -
p o l y m e r c o m p o s i t e s . T h e s e same m o n o m e r s w e r e d i l u t e d w i t h s o l -
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WOOD-POLYMER COMPOSITE 

0 0.08 0,16 0,24 0,32 0,40 0,48 0,56 0,64 0,72 

DEFLECTION - INCHES 

Figure 12. Example of typical bending test data. (Reproduced with per
mission from Ref. 45. Copyright 1968, Forest Products Research Society.) 
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DEFORMATION - INCHES 

Figure 13. Example of typical compression test data. (Reproduced with 
permission from Ref. 45. Copyright 1968, Forest Products Research 

Society.) 
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v e n t s i n o r d e r to o b t a i n p a r t i a l l o a d i n g o f t h e w o o d . I n a d d i t i o n to 
M M A , teri-butylstyrene, a n d a H e i l m a n — G u l f e p o x y m o n o m e r w e r e 
u s e d . T h e m o n o m e r s w e r e d i l u t e d w i t h 5 0 % m e t h a n o l a n d ace tone . 
D i m e t h y l s u l f o x i d e , 0 . 5 % , was u s e d as a t r a n s p o r t m e d i u m to c a r r y 
t h e m o n o m e r i n t o t h e c e l l w a l l s t r u c t u r e . F i g u r e 14 shows t h e resu l t s 
o f h a r d n e s s tests o n these w o o d - p o l y m e r c o m p o s i t e s o f b a s s w o o d 
a n d sugar m a p l e . T a b l e V I I s u m s u p s o m e o f t h e p r o p e r t i e s o f t h e 
w o o d - p o l y m e r c o m p o s i t e s m a d e w i t h m o n o m e r s o t h e r t h a n M M A 
(45) . F i g u r e 15 i l l u s t r a t e s t h e l o a d - d e f l e c t i o n c u r v e s that w e r e o b 
t a i n e d f r o m t h e e x p e r i m e n t a l da ta . T h e H e i l m a n - G u l f e p o x y a n d t h e 
teri-butylstyrene m o n o m e r s w e r e a n i m p r o v e m e n t o v e r t h e M M A . 
W h e n t h e teri-butylstyrene w a s d i l u t e d w i t h 5 0 % m e t h a n o l t h e 
w o o d - p o l y m e r c o m p o s i t e c o n t a i n e d h a l f o f t h e m a x i m u m p o l y m e r 
l o a d i n g , a n d t h e l o a d - d e f l e c t i o n d a t a w e r e t h e same as t h e u n t r e a t e d 
b a s s w o o d . To o b t a i n t h e m a x i m u m i m p r o v e m e n t i n p h y s i c a l p r o p 
er t i es t h e w o o d m u s t b e f u l l y l o a d e d w i t h p o l y m e r . I n a n o t h e r s t u d y 
(46) h a r d n e s s a n d h a r d n e s s m o d u l u s tests w e r e m a d e o n u n t r e a t e d 
a n d p o l y m e t h y l m e t h a c r y l a t e - t r e a t e d r e d o a k , a s p e n , a n d h a r d 
m a p l e . U n t r e a t e d h a r d n e s s v a l u e s for these w o o d s w e r e s ta t i s t i ca l l y 
s i gn i f i cant w h e n r e l a t e d to t h e u n t r e a t e d s a m p l e dens i ty . T h e h a r d -
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Figure 14. Hardness of various wood-polymer composites.(Reproduced 
with permission from Ref. 32. Copyright 1969, Forest Products Research 

Society.) 
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D E F L E C T I O N - I N C H E S 

Figure 15. Load deflection curves for basswood-polymer composites. 
Key: H-G, Heilman-Gulf epoxy monomer; TBS, tert-butylstyrene; and 
MMA, methyl methacrylate. (Reproduced with permission from Ref 32. 

Copyright 1969, Forest Products Research Society.) 

ness v a l u e s for t h e p o l y m e t h y l m e t h a c r y l a t e - t r e a t e d w o o d s h a d n o 
s ta t i s t i ca l s i g n i f i c a n c e w h e n r e l a t e d to t h e o r i g i n a l u n t r e a t e d d e n s i t y . 
H i g h l y s i g n i f i c a n t r e l a t i o n s h i p s w e r e f o u n d b e t w e e n t r e a t e d h a r d n e s s 
m o d u l u s a n d d e n s i t y a n d l o a d i n g . P r e d i c t i n g e q u a t i o n s w e r e d e v e l 
o p e d for h a r d n e s s m o d u l u s b a s e d o n spec ies d e n s i t y a n d p o l y m e r 
l o a d i n g . 
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7 
Bioactive Wood-Polymer Composites 

R. V. SUBRAMANIAN 

Department of Materials Science and Engineering, Polymeric Materials Section, 
Washington State University, Pullman, WA 99164 

The preparation and properties of bioactive w o o d 
- p o l y m e r composites are discussed. The basic, effective 
approach to bring about simultaneous improvements in 
decay resistance, dimensional stability, and mechanical 
behavior of wood is in situ polymerization and copoly
merization of organotin monomers carrying the bioac
tive tributyltin group. Tri-n-butyltin m e t h a c r y l a t e 
maleic anhydride and tri-n-butyltin methacrylate—gly
cidyl methacrylate are examples of suitable monomer 
combinations for in situ copolymerization. Comonomers 
that carry anhydride or epoxy functional groups graft 
to wood through esterification or etherification of wood 
hydroxyls. Electron microprobe analysis for tin atoms 
shows that a detectable portion of tin copolymer is lo
cated in cell walls. The treated wood is effective in pro
viding resistance against white rot and brown rot fungi, 
and against marine organisms as determined by labo
ratory and ocean tests. Notable improvements in flexural 
and impact strengths, and significant reduction in mois
ture absorption are also observed. 

A H E POLYMERIZATION O F VINYL MONOMERS i n the v o i d spaces o f b u l k 
w o o d r e s u l t s i n w o o d - p o l y m e r c o m p o s i t e s o f i n c r e a s e d s t r e n g t h 
p r o p e r t i e s a n d d i m e n s i o n a l s t a b i l i t y (see C h a p t e r 6). B e c a u s e the 
d i f f e rent e n v i r o n m e n t a l c o n d i t i o n s expose i n - s e r v i c e t i m b e r to a t tack 
b y n u m e r o u s w o o d - d e t e r i o r a t i n g m i c r o o r g a n i s m s , i t is d e s i r a b l e to 
e n h a n c e the b iodégradat ion res i s tance o f w o o d , w i t h s i m u l t a n e o u s 
i m p r o v e m e n t s i n m e c h a n i c a l b e h a v i o r . T h i s c h a p t e r s u m m a r i z e s the 
f o r m a t i o n o f b i o a c t i v e w o o d - p o l y m e r c o m p o s i t e s (1-4). T h e bas i c 
a p p r o a c h is s t i l l i n s i t u p o l y m e r i z a t i o n o f v i n y l m o n o m e r s i n w o o d , 
w i t h t h e a p p r o p r i a t e c h o i c e o f a b i o a c t i v e , tox ic , f u n c t i o n a l g r o u p 
i n c o r p o r a t e d i n t h e m o n o m e r , a n d w i t h o t h e r m o d i f i c a t i o n s b a s e d o n 
w o o d - p o l y m e r r e a c t i o n s . 

0065-2393/84/0207-0291/$06.00/0 
© 1984 American Chemical Society 
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Biological Activity 
T h e b iodégradat ion o f w o o d , w h e t h e r it is a b o v e g r o u n d , b y s o i l 

c ontac t , o r i n m a r i n e a p p l i c a t i o n s , is b r o u g h t a b o u t b y f u n g i , b a c t e r i a , 
insec t s , a n d m a r i n e b o r e r s ( 5 ) . B o t h tox i c a n d n o n t o x i c p r e s e r v a t i v e 
t r e a t m e n t s h a v e b e e n a d o p t e d i n p r o t e c t i n g w o o d . T h e c h e m i c a l 
m o d i f i c a t i o n o f w o o d has b e e n i n v e s t i g a t e d as a n o n t o x i c p r e s e r v a t i v e 
t r e a t m e n t ( 6 , 7 ) . T h e bas is for s u c h n o n t o x i c t r e a t m e n t s is the as
s u m p t i o n that t h e e n z y m e s e x u d e d b y t h e m i c r o o r g a n i s m s m u s t c o m e 
d i r e c t l y i n c o n t a c t w i t h t h e w o o d a n d that the subs t ra te m u s t h a v e a 
spec i f i c c o n f i g u r a t i o n i n o r d e r for t h e h i g h l y s e l e c t i v e e n z y m e - i n i t i 
a t e d w o o d - d e g r a d i n g r e a c t i o n to take p l a c e . T h e r e f o r e , i f t h e w o o d y 
s u b s t r a t e is c h e m i c a l l y m o d i f i e d , e v e n b y the use o f n o n t o x i c c h e m 
i c a l s , t h e s e r e a c t i o n s c a n n o t t a k e p l a c e , a n d c h e m i c a l l y m o d i f i e d 
w o o d s h o u l d b e c o m e u n r e c o g n i z a b l e as a f ood s o u r c e to s u p p o r t m i 
c r o b i a l g r o w t h . 

Tox i c p r e s e r v a t i v e s f u n c t i o n b y d i s r u p t i n g t h e c e l l u l a r o r g a n i 
z a t i o n o f m i c r o o r g a n i s m s so that t h e o r g a n i s m d i e s . T h u s , n u m e r o u s 
o r g a n i c salts o f c o p p e r , z i n c , a r s e n i c , a n d b o r o n h a v e b e e n u s e d as 
w o o d p r e s e r v a t i v e s , g e n e r a l l y w i t h a d d e d c h r o m i u m c o m p o u n d s , to 
r e d u c e r a p i d l e a c h i n g o f t h e w a t e r - s o l u b l e c o m p o u n d s . A m o n g o r 
g a n i c c o m p o u n d s , c o a l - t a r c reoso te a n d p e n t a c h l o r o p h e n o l are i m 
p o r t a n t tox i c p r e s e r v a t i v e s i n w i d e c o m m e r c i a l use . T h e i m p r e g n a 
t i o n o f w o o d w i t h t ox i c c o m p o u n d s that are l e a c h e d o u t d u r i n g a c t u a l 
use o f w o o d r e p r e s e n t s t h e m o s t w i d e l y u s e d , a n d f r e q u e n t l y , the 
o n l y p r a c t i c a l m e t h o d o f p r e s e r v i n g w o o d . D e t a i l s o f t h e v a r i o u s as
pec ts o f w o o d a n d b iodégradat ion p r o t e c t i o n are d i s c u s s e d i n C h a p 
ters 8 a n d 12. 

Bio toxicity of Organotin Compounds and Polymers 
T h e t r i a l k y l t i n g r o u p was c h o s e n for i n c o r p o r a t i o n i n m o n o m e r s 

u s e d f o r i n s i t u p o l y m e r i z a t i o n i n w o o d b e c a u s e t r i a l k y l t i n c o m 
p o u n d s h a v e e m e r g e d as b r o a d s p e c t r u m tox icants h a v i n g h i g h tox
i c i t y t o w a r d m a r i n e f o u l i n g o r g a n i s m s (8), as w e l l as w o o d - d e s t r o y i n g 
o r g a n i s m s (9—11). I n a d d i t i o n , t h e y possess a t o l e r a b l e t o x i c i t y t o 
w a r d m a m m a l s . T h e y are also a p p r o x i m a t e l y 10 t i m e s m o r e tox i c 
a g a i n s t w o o d - d e s t r o y i n g f u n g i t h a n p e n t a c h l o r o p h e n o l (9). T r i 
a l k y l t i n c o m p o u n d s e v e n t u a l l y d e g r a d e to h a r m l e s s i n o r g a n i c ox ides 
o f t i n b y t h e a c t i o n o f U V l i g h t , m i c r o b e s , e t c . , a n d t h u s p r e s e n t a 
m i n i m a l e n v i r o n m e n t a l h a z a r d (12). 

A f u r t h e r a d v a n t a g e to u s i n g v i n y l m o n o m e r s w i t h t r i a l k y l t i n 
f u n c t i o n a l g r o u p s for i n s i t u p o l y m e r i z a t i o n is t h e p o s s i b i l i t y o f a 
c o n t r o l l e d r e l e a s e o f t h e t ox i c t r i a l k y l t i n g r o u p f r o m t h e t r e a t e d w o o d . 
I n t h e c o n v e n t i o n a l t e c h n i q u e o f w o o d t r e a t m e n t w i t h o r g a n i c p e s 
t i c i d e s , t h e p r e s e r v a t i v e is d i s p e r s e d i n w o o d , a n d t h e l o a d i n g l e v e l 
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o f t h e b i o c i d e is m a x i m i z e d b y v a r i o u s t i m b e r p r e c o n d i t i o n i n g t e c h 
n i q u e s . T h i s p r e c o n d i t i o n i n g at m a x i m u m l o a d i n g l e v e l s r e su l t s i n 
i n i t i a l o v e r k i l l t h r o u g h t h e h i g h l e a c h i n g rate o f t h e d i s p e r s e d t o x i 
c a n t a n d c o n s e q u e n t r e d u c t i o n i n t h e d u r a t i o n o f p r o t e c t i o n af 
f o r d e d . O n t h e c o n t r a r y t h e c h e m i c a l a n c h o r i n g o f t h e t o x i c 
t r i a l k y l t i n g r o u p to t h e p o l y m e r i m p r e g n a t e d i n w o o d r e q u i r e s t h e 
d i s s o c i a t i o n o f t h e c h e m i c a l b o n d l i n k i n g t h e tox i cant to t h e p o l y m e r , 
a n d t h e s u b s e q u e n t d i f f u s i o n o f t h e tox i c g r o u p t h r o u g h t h e p o l y m e r 
m a t r i x . H e n c e , a m e t h o d is a v a i l a b l e for i n c r e a s i n g t h e d u r a t i o n o f 
p r o t e c t i o n s i g n i f i c a n t l y t h r o u g h u n i f o r m a n d o p t i m u m re lease o f tox 
i c a n t t h r o u g h o u t t h e l i f e t i m e o f t h e p r e s e r v e d w o o d . F u r t h e r , t h e 
e n v i r o n m e n t a l h a z a r d s assoc ia ted w i t h r a p i d re lease o f tox i cants to 
t h e e n v i r o n m e n t is also m i n i m i z e d . 

T h e b i o c i d a l effect o f t h e t r i a l k y l t i n g r o u p s d e p e n d s o n t h e n a 
t u r e o f t h e a l k y l g r o u p , a n d t h e l o w e r h o m o l o g u e s ( m e t h y l , p r o p y l , 
etc . ) p o s s e s s i n g t h e h i g h e s t a c t i v i t y (8). H o w e v e r , for a safe b a l a n c e 
b e t w e e n t o l e r a b l e t o x i c i t y to m a m m a l s a n d h i g h a c t i v i t y against m i 
c r o o r g a n i s m s , ( n - C 4 H 9 ) 3 S n - , t h e t r i - n - b u t y l t i n f u n c t i o n a l g r o u p 
( T B T ) , is t h e p r e f e r r e d c h o i c e . T h e s y n t h e s i s a n d p r o p e r t i e s o f p o l y 
m e r s w i t h T B T f u n c t i o n a l g r o u p s h a v e b e e n i n v e s t i g a t e d e x t e n s i v e l y 
a n d t h e i r b i o c i d a l effect e s t a b l i s h e d a n d r e l a t e d to t h e i r c h e m i c a l 
s t r u c t u r e i n b o t h l a b o r a t o r y a n d field tests (13-16). T h e p o l y m e r s 
are f o r m e d b y p o l y m e r i z a t i o n o f o r g a n o t i n m o n o m e r s s u c h as t r i - n -
b u t y l t i n m e t h a c r y l a t e ( T B T M A ) o r b y e s t e r i f i c a t i o n o f p o l y m e r s c a r 
r y i n g c a r b o x y l a t e f u n c t i o n a l g r o u p s , s u c h as s t y r e n e - m a l e i c a n h y 
d r i d e c o p o l y m e r s w i t h t r i - n - b u t y l t i n o x i d e ( T B T O ) . 

T h e re l ease o f t h e T B T tox i cant f r o m these p o l y m e r s is c o n 
t r o l l e d b y t h e p o l y m e r m a t r i x p r o p e r t i e s . F o r e x a m p l e , c o p o l y m e r s 
o f T B T M A a n d g l y c i d y l m e t h a c r y l a t e ( G M A ) are e f fect ive against 
Pseudomonas nigrifaciens ( m a r i n e b a c t e r i u m ) , Sarcina lutea ( s o i l 
fungus ) ; a n d Giomeralla cingulata (so i l fungus ) ; t h e l e a c h i n g rate d e 
t e r m i n e d b y i n h i b i t i o n z o n e s against these o r g a n i s m s is m o d i f i e d b y 
t h e n a t u r e a n d e x t e n t o f c r o s s - l i n k i n g o f t h e p o l y m e r s (17, 18). T h u s 
i t is p o s s i b l e to v a r y t h e b i o t o x i c i t y o f these o r g a n o t i n p o l y m e r s b y 
m o d i f i c a t i o n s o f c h e m i c a l s t r u c t u r e . 

Organotin Polymers in Wood 
T h e i m p r e g n a t i o n o f w o o d b y p o l y m e r s w i t h T B T f u n c t i o n a l 

g r o u p s offers a v i a b l e r o u t e to t h e p r e p a r a t i o n o f b i o a c t i v e w o o d -
p o l y m e r c o m p o s i t e s w i t h a n u m b e r o f advantages . P o l y m e r i m p r e g 
n a t i o n m a y b e e x p e c t e d to i m p r o v e t h e s t r e n g t h p r o p e r t i e s a n d d i 
m e n s i o n a l s t a b i l i t y o f w o o d i n w a t e r . T h e c o n t r o l l e d re lease o f t h e 
t ox i c T B T m o i e t y , c h e m i c a l l y l i n k e d to t h e p o l y m e r l o c a t e d w i t h i n 
t h e w o o d , c a n i n c r e a s e t h e s e r v i c e l i f e o f w o o d w h i l e e n s u r i n g m i n -
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i m a l a d v e r s e i m p a c t o n t h e s u r r o u n d i n g e n v i r o n m e n t . B y d e c r e a s i n g 
t h e a m o u n t o f w a t e r a b s o r b e d b y t h e w o o d , p o l y m e r i m p r e g n a t i o n 
m i n i m i z e s t h e s w e l l i n g a n d s h r i n k i n g o f w o o d i n c y c l i c m o i s t u r e ex 
p o s u r e , a n d t h e r e b y s l ows t h e loss o f tox i cant f r o m w o o d . T h u s , 
i m p r o v e m e n t i n b iodégradat ion r e s i s t a n c e a n d m e c h a n i c a l b e h a v i o r 
m a y b e a c h i e v e d . 

A l t h o u g h i t is p o s s i b l e to i n c o r p o r a t e o r g a n o t i n p o l y m e r s i n 
w o o d b y v a c u u m o r p r e s s u r e i m p r e g n a t i o n w i t h so lu t i ons o f p r e 
f o r m e d p o l y m e r , i t w o u l d b e p r e f e r a b l e to u t i l i z e m o n o m e r i m p r e g 
n a t i o n f o l l o w e d b y i n s i t u p o l y m e r i z a t i o n b e c a u s e t h e s m a l l e r m o l e c 
u l a r s i z e , as w e l l as t h e l o w v i s c o s i t y o f m o n o m e r s , is c o n d u c i v e to 
e f f i c i ent p e n e t r a t i o n o f w o o d . T h e r e f o r e , v i n y l m o n o m e r s i n w h i c h 
t h e T B T g r o u p is c h e m i c a l l y b o n d e d , s u c h as T B T M A , are u s e d for 
i n s i t u p o l y m e r i z a t i o n i n w o o d (2). 

I n t h e s e l e c t i o n o f m o n o m e r s for i n s i t u p o l y m e r i z a t i o n , t h e 
p o s s i b i l i t y o f c h e m i c a l r e a c t i o n w i t h h y d r o x y l g r o u p s i n w o o d m u s t 
b e c o n s i d e r e d . T h i s r e a c t i o n p o s s i b i l i t y is a c h i e v e d b y s e l e c t i n g c o -
m o n o m e r s s u c h as m a l e i c a n h y d r i d e ( M A n h ) o r G M A for c o p o l y m e r -
i za t i on w i t h the m o n o m e r c o n t a i n i n g T B T I n reac t ion w i t h T B T M A 
M A n h c a n reac t w i t h w o o d h y d r o x y l s b y e s t e r i f i c a t i o n as s h o w n i n 
R e a c t i o n 1, as w e l l as c o p o l y m e r i z i n g t h r o u g h t h e d o u b l e b o n d s . 
S i m i l a r l y , G M A c a n reac t b y e t h e r i f i c a t i o n o f h y d r o x y l s , t h r o u g h its 
e p o x i d e g r o u p . A s a r e s u l t o f t h e s e r e a c t i o n s , t h e c o p o l y m e r does n o t 
j u s t fill i n t h e v o i d s o f t h e w o o d m a t r i x , b u t i t is c h e m i c a l l y b o n d e d , 
i . e . , grafted to t h e w o o d s t r u c t u r e . T h e r e f o r e , i n s i t u c o p o l y m e r -
i z a t i o n i n t h e s e s y s t e m s i n v o l v e s c o p o l y m e r i z a t i o n t h r o u g h t h e 

C H 

W o o d - O H + — v ^ C H - C H - C H z - C ^ 3 

C.= 
0 - S n ( B u ) 3 

T B T M A - M A n h C o p o l y m e r 

W o o d - 0 - C - C H - C H - C H 2 - C 

c = o 
X O H 0 - S n ( B u ) 3 

T B T M A - M A n h C o p o l y m e r gra f ted to w o o d 

R e a c t i o n 1 
d o u b l e b o n d s o f t h e c o m o n o m e r s , a n d g r a f t i n g t h r o u g h t h e a d d i t i o n a l 
f u n c t i o n a l g r o u p s p r e s e n t (the a n h y d r i d e o r epox ide ) . H o m o p o l y -
m e r i z a t i o n o f e p o x i d e g r o u p s m a y also occur . T h u s , t h e m o n o m e r 

11 j , X 

o o = c 
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7. S U B R A M A N I A N Bioactive Wood-Polymer Composites 295 

p a i r s T B T M A - M A n h or T B T M A - G M A are i n t e r e s t i n g sys tems to 
s tudy (1, 2). C o n v e r s i o n o f w o o d h y d r o x y l s b y acety lat ion or e ther i -
fication c a n i m p r o v e d i m e n s i o n a l s t a b i l i t y a n d b iodégradat ion r e s i s 
tance i n w o o d (7, 9, 20). 

C o p o l y m e r i z a t i o n o f T B T M A - M A n h a n d T B T M A - G M A was 
c o n d u c t e d i n s i t u b y f ree r a d i c a l i n i t i a t o r s b e n z o y l p e r o x i d e or azo -
b i s i s o b u t y r o n i t r i l e a f t e r v a c u u m i m p r e g n a t i o n o f g r a n d f i r (Abies 
grandis) w o o d s p e c i m e n s (0.64 x 2 .54 x 11.4 cm) c o n t a i n i n g w o o d 
f ibers e i t h e r p a r a l l e l to l e n g t h o r p a r a l l e l to w i d t h . W o r k i n g w i t h 1 0 -
4 0 % (by w e i g h t ) o f m o n o m e r s i n s o l u t i o n i n b e n z e n e o r a ce tone , i t 
was f o u n d that 1 5 - 6 0 % (by w e i g h t ) l o a d i n g o f c o p o l y m e r i n w o o d 
c a n b e o b t a i n e d . T h e a m o u n t o f p o l y m e r i n c o r p o r a t e d i n t o t r e a t e d 
w o o d was m u c h h i g h e r w h e n ace tone , a m o d e r a t e w o o d s w e l l i n g 
s o l v e n t , was u s e d t h a n f r o m b e n z e n e s o l u t i o n s . ( B e n z e n e is a n o n -
s w e l l i n g s o l v e n t for w o o d . ) T h e v i s c o s i t y o f b e n z e n e so lu t i ons o f t h e 
m o n o m e r s is s i g n i f i c a n t l y h i g h e r t h a n t h e v i s c o s i t y o f ace tone s o l u 
t i ons . 

T h e r e s u l t s o f s o l v e n t e x t r a c t i o n o f p o l y m e r - i m p r e g n a t e d w o o d 
s a m p l e s p o i n t to a h i g h d e g r e e o f g r a f t i n g o f t h e p o l y m e r to w o o d 
(Table I) as r e v e a l e d b y t h e u n e x t r a c t a b l e f rac t i on o f t h e i m p r e g n a t e d 
p o l y m e r . C o m p a r i s o n o f these d a t a w i t h those o b t a i n e d w h e n o n l y 
t h e i n d i v i d u a l m o n o m e r s w e r e h o m o p o l y m e r i z e d s h o w e d t h a t 
M A n h , o r G M A , s t i l l g ives a h i g h d e g r e e o f g r a f t i n g b u t T B T M A d i d 
not . T h e r e f o r e , u n d e r t h e p o l y m e r i z a t i o n c o n d i t i o n s u s e d , t h e a c y l -
a t i o n a n d e t h e r i f i c a t i o n o f w o o d h y d r o x y l s b y M A n h o r G M A , r e 
s p e c t i v e l y , r e a d i l y c a n o c c u r i n a d d i t i o n to h o m o p o l y m e r i z a t i o n r e a c 
t i ons . 

P o l y m e r D i s t r i b u t i o n . T h e m a c r o d i s t r i b u t i o n o f p o l y m e r i n 
t r e a t e d w o o d s p e c i m e n s c a n b e e x a m i n e d b y s c a n n i n g e l e c t r o n m i 
c r o s c o p y ( S E M ) o f t r a n s v e r s e a n d l o n g i t u d i n a l sec t ions o f the s p e c i -

Table I. Fractions of Various Polymers and Copolymers Grafted 
to W o o d 

Polymer 
Polymer in Wood 

(wt %) 
Grafting 

(%) 

T B T M A - M A n h 16 .2 
3 7 . 9 
5 7 . 6 
17 .6 
3 2 . 5 
5 1 . 5 

8 7 . 3 
9 3 . 5 
9 1 . 5 
8 6 . 0 
8 8 . 3 
83 .4 

T B T M A - G M A 

N O T E : T h e solvent used for extraction was benzene. 
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296 T H E C H E M I S T R Y O F SOLID W O O D 

m e n s (2). S m a l l sec t i ons f r o m e d g e a n d e n d surfaces c o u l d t h u s b e 
c o m p a r e d w i t h sec t i ons f r o m t h e b o d y c e n t e r o f t h e s p e c i m e n s . I n 
t h e case o f G M A p o l y m e r i z e d f r o m ace tone s o l u t i o n s , w o o d ce l l s fill 
to t h e s a m e e x t e n t i n a l l par t s o f t h e s p e c i m e n ; t h e r e f o r e , t h e p o l y m e r 
is d i s t r i b u t e d u n i f o r m l y t h r o u g h o u t t h e t r e a t e d s p e c i m e n . H o w e v e r , 
w h e n T B T M A - G M A o r T B T M A - M A n h a r e c o p o l y m e r i z e d f r o m 
b e n z e n e s o l u t i o n s , p o l y m e r d i s t r i b u t i o n i n t r e a t e d w o o d was n o t u n i -

10 μ 

Figure 1. Concentration of tin atoms in the cell walls of TBTMA-GMA-
treated wood. Key: top, S EM using secondary emission electrons of treated 
wood; and bottom, concentration of tin determined by electron micro-

probe moving along line cc' (top). 
(Reproduced with permission from Ref. 2. Copyright 1981, Springer-Verlag.) 
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f o r m . S a m p l e s t a k e n f r o m t h e b o d y c e n t e r o f t h e t r e a t e d w o o d 
s h o w e d t h e h i g h e s t f r a c t i o n o f e m p t y w o o d ce l l s , a n d those t a k e n 
from t h e shor t e d g e o f t r e a t e d w o o d s h o w e d t h e h i g h e s t f r a c t i o n o f 
f i l l e d c e l l s . T h u s , t h e p o l y m e r d i s t r i b u t i o n is u n i f o r m at t h e sur face 
b u t d e c l i n e s t o w a r d t h e c e n t e r o f t h e s a m p l e . B o t h t h e n o n s w e l l i n g 
n a t u r e o f b e n z e n e a n d t h e h i g h e r v i s c o s i t y o f m o n o m e r s o l u t i o n s i n 
b e n z e n e c o n t r i b u t e to t h e o b s e r v e d n o n u n i f o r m i t y i n p o l y m e r d i s 
t r i b u t i o n . 

P o l y m e r m i g r a t i o n i n t o t h e c e l l w a l l s o f t r e a t e d w o o d c a n b e 
e x p e c t e d to h a v e i m p o r t a n t c o n s e q u e n c e s o n i m p r o v e m e n t i n m e 
c h a n i c a l p r o p e r t i e s , d i m e n s i o n a l s t a b i l i t y , a n d r e s i s t a n c e to w o o d 
decay . B e c a u s e t h e c o p o l y m e r i n t h e T B T M A sys tems c o n t a i n s t i n , 
t h e m i c r o d i s t r i b u t i o n o f t h e c o p o l y m e r i n t r e a t e d w o o d c a n b e ex 
a m i n e d b y d e t e r m i n i n g t h e l o c a t i o n o f t i n a toms w i t h t h e a i d o f 
e l e c t r o n m i c r o p r o b e a n a l y s i s . T h e r e s u l t s f o r T B T M A - G M A c o 
p o l y m e r are s h o w n i n F i g u r e 1. A s u b s t a n t i a l a m o u n t o f t i n a t o m s 
a n d , p r e s u m a b l y , t h e T B T M A - G M A c o p o l y m e r a r e d i s t r i b u t e d 
w i t h i n t h e c e l l w a l l s o f t r e a t e d w o o d . A l t h o u g h b e n z e n e is a n o n -
s w e l l i n g s o l v e n t , t h e c o p o l y m e r is f o r m e d i n w o o d c e l l w a l l s i n d e 
t e c t a b l e a m o u n t s . 

O r g a n o t i n p o l y m e r s are i n c o r p o r a t e d u n i f o r m l y i n t o w o o d b y i n 
s i t u p o l y m e r i z a t i o n o f o r g a n o t i n m o n o m e r s . T h e use o f c o m o n o m e r s 
c o n t a i n i n g f u n c t i o n a l g r o u p s c a p a b l e o f r e a c t i n g w i t h w o o d h y d r o x y l s 
l eads to t h e g r a f t i n g o f t h e c o p o l y m e r to w o o d . T h e effects o f o r 
g a n o t i n p o l y m e r i m p r e g n a t i o n o n the p r o p e r t i e s o f w o o d m a y b e 
e x a m i n e d n o w . 

Dimensional Stability. A s e x p e c t e d , t h e a n t i s h r i n k e f f i c i ency 
( A S E ) is i n c r e a s e d , a n d t h e a m o u n t o f w a t e r a b s o r b e d is d e c r e a s e d 
b e c a u s e o f p o l y m e r i m p r e g n a t i o n . Tab le I I s u m m a r i z e s the r esu l t s o f 

Table II. Antishrink Efficiency of W o o d T r e a t e d with 
Various Polymers 

Antishrink Efficiency0 

Soaking 
Time 

GMA TBTMA -MAnh TBTMA-GMA 
Soaking 

Time 
(wt %) (wt %) (wt %) 

(h) 25.4 59.6 16.2 57.6 17.6 51.5 

1.5 6 7 . 0 7 3 . 0 6 8 . 0 8 2 . 0 6 6 . 0 7 7 . 5 
6 6 2 . 0 6 6 . 0 6 0 . 0 7 6 . 0 6 0 . 5 7 4 . 0 

18 6 1 . 5 6 2 . 5 5 7 . 5 7 1 . 5 5 6 . 0 7 2 . 5 
48 6 1 . 0 6 2 . 0 5 2 . 0 6 7 . 0 5 2 . 0 7 1 . 0 
N O T E : Samples had wood fibers parallel to sample length. 
a Antishrink efficiency = (1 — % swelling of treated w o o d / % swelling of control) 

X 100. (Reproduced, with permission from Ref. 3. Copyright 1981, S p r i n g e r - Verlag. ) 
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Table III. Weight Percent of Water Absorbed by Untreated 
W o o d and Various Treated Woods 

Water Absorption (%) 

GMA TBTMA-MAnh TBTMA-GMA 
™kinë (wt%) (wt%) (wt%) 
Time 

(d) Untreated 25.4 5 9 . 6 16.2 57.6 17.6 51.5 

0 .50 5 1 2 5 13 12 4 14 10 
1.50 60 3 9 24 2 0 13 26 21 
4 .50 76 58 3 5 34 2 3 37 32 
8 .50 88 64 38 4 5 28 42 38 

(Reproduced with permission from Ref. 3. Copyright 1981, S p r i n g e r - Verlag. ) 

A S E d e t e r m i n e d b y t h i c k n e s s ( tangent ia l ) s w e l l i n g o f t r e a t e d a n d 
u n t r e a t e d g r a n d fir w o o d s p e c i m e n s i m m e r s e d i n d i s t i l l e d water . T h e 
e f fec t iveness o f t h e c o p o l y m e r s T B T M A - M A n h a n d T B T M A - G M A 
is s l i g h t l y b e t t e r t h a n that o f t h e G M A h o m o p o l y m e r i n i m p r o v i n g 
A S E . 

S i m i l a r l y , w a t e r a b s o r p t i o n d e t e r m i n e d b y w e i g h t g a i n f o l l o w i n g 
i m m e r s i o n i n w a t e r is d e c r e a s e d c o n s i d e r a b l y b y p o l y m e r i n c o r p o 
r a t i o n (Table I I I ) . F o r a l l t h r e e p o l y m e r t y p e s , w a t e r a b s o r p t i o n d e 
creases w i t h i n c r e a s i n g p o l y m e r c o n t e n t i n i t i a l l y , b u t l e v e l s of f to a 
c o n s t a n t v a l u e at h i g h e r p o l y m e r c o n t e n t s . T h u s , a l l a c cess ib l e sites 
for w a t e r a b s o r p t i o n are n o t c o m p l e t e l y s e a l e d off e v e n at the h i g h e s t 
l e v e l s o f p o l y m e r l o a d i n g . F u r t h e r m o r e , t h e p o l y m e r s t h e m s e l v e s 
w i l l h a v e s o m e l e v e l s o f w a t e r a b s o r p t i o n . T h e e f fec t iveness i n d e 
c r e a s i n g w a t e r a b s o r p t i o n decreases i n t h e o r d e r T B T M A - M A n h > 
T B T M A - G M A > G M A . T h i s is t h e o r d e r o f d e c r e a s i n g h y d r o p h o -
b i c i t y o f t h e t h r e e p o l y m e r s . T h e d e g r e e o f r e a c t i o n b e t w e e n e p o x y 
g r o u p s o f G M A a n d w o o d h y d r o x y l s is e n h a n c e d b y T B T g r o u p s i n 
t h e T B T M A c o m o n o m e r c o m p a r e d to r e a c t i o n o f G M A a lone i n w o o d 
(3). W i t h l a r g e r n u m b e r s o f w o o d h y d r o x y l s l e f t u n r e a c t e d , t h e 
G M A - w o o d s y s t e m s h o w s m o r e w a t e r a b s o r p t i o n . 

Mechanical Properties. S i g n i f i c a n t i m p r o v e m e n t s i n s t r e n g t h 
p r o p e r t i e s are o b s e r v e d to v a r y i n g extents i n g r a n d fir s p e c i m e n s 
t r e a t e d w i t h t h e d i f f e r e n t p o l y m e r s y s t e m s . I n s p e c i m e n s w i t h f ibers 
p a r a l l e l to t h e l e n g t h , m o d e r a t e inc reases i n f l e x u r a l s t r e n g t h , b e 
t w e e n 50 a n d 65%, a re o b s e r v e d . T h e f l e x u r a l s t r e n g t h is i n c r e a s e d 
m u c h m o r e d r a s t i c a l l y i n t h e t r a n s v e r s e d i r e c t i o n , b y 3 1 7 % , 6 1 % , 
a n d 2 4 3 % for G M A - , T B T M A - M A n h - , a n d T B T M A - G M A - t r e a t e d 
w o o d s p e c i m e n s , r e s p e c t i v e l y (see F i g u r e 2). S u c h s ign i f i cant i m 
p r o v e m e n t i n t h e w e a k t r a n s v e r s e d i r e c t i o n is h i g h l y d e s i r a b l e . 

S i m i l a r l y , t h e i m p r o v e m e n t s i n f l e x u r a l m o d u l u s o f e l a s t i c i t y 
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Figure 2. Dependence of flexural strength on polymer content of wood 
treated with GMA (Π), TBTMA-MAnh (O), and TBTMA-GMA (A). The 

specimens had fibers parallel to their width. 
(Reproduced with permission from Ref 3. Copyright 1981, Springer-Verlag. ) 

w e r e also m o d e r a t e i n t h e l o n g i t u d i n a l d i r e c t i o n . F o r e x a m p l e , at 
4 0 % (by w e i g h t ) p o l y m e r c o n t e n t , the f l e x u r a l m o d u l i w e r e : 1460 
M P a for T B T M A - M A n h , c o m p a r e d to 1265 M P a for T B T M A - G M A , 
1110 M P a for G M A , a n d 1000 M P a for u n t r e a t e d w o o d . A s s e e n i n 
F i g u r e 3, G M A , T B T M A - M A n h , a n d T B T M A - G M A b r i n g a b o u t 
i m p r o v e m e n t s to t h e e x t e n t o f 5 3 5 % , 8 0 % , a n d 4 5 6 % , r e s p e c t i v e l y , 
i n t h e t r a n s v e r s e f l e x u r a l m o d u l u s . T h e T B T M A - M A n h c o p o l y m e r 
is h a r d a n d b r i t t l e c o m p a r e d to t h e o t h e r t w o c o p o l y m e r s . C o n s i d 
e r i n g that the T B T M A - M A n h c o p o l y m e r p r o d u c e s t h e h i g h e s t i n 
crease i n m o d u l u s i n t h e l o n g i t u d i n a l d i r e c t i o n , t h e o b s e r v e d l o w 
e f f i c i ency for th i s p o l y m e r i n t h e t r a n s v e r s e d i r e c t i o n c o u l d b e d u e 
to t h e f o r m a t i o n o f l o n g i t u d i n a l m i c r o c r a c k s i n w o o d t r a c h e i d s d u r i n g 
t h e t r e a t m e n t p r o c e s s . T h i s h y p o t h e s i s is c o n s i s t e n t w i t h the o b s e r 
v a t i o n that t h e t e n s i l e s t r e n g t h o f s p e c i m e n s w i t h f i bers p a r a l l e l to 
t h e w i d t h a c t u a l l y d e c r e a s e s w i t h p o l y m e r c o n t e n t f o r T B T M A -
M A n h , a l t h o u g h i n c r e a s i n g m e a s u r a b l y for t h e o t h e r t w o sys tems 
( F i g u r e 4). T h e i m p a c t s t r e n g t h s o f s p e c i m e n s w i t h f ibers p a r a l l e l to 
the l e n g t h a n d t r e a t e d w i t h T B T M A - M A n h i n c r e a s e u n i f o r m l y w i t h 
p o l y m e r c o n t e n t , w h e r e a s w e l l - d e f i n e d m a x i m a are o b s e r v e d for t h e 
o t h e r t w o p o l y m e r s ( F i g u r e 5). T h e c o m p l e x m i c r o s t r u c t u r e a n d s u b -
m i c r o s c o p i c u l t r a s t r u c t u r e o f w o o d c o m b i n e v e r y e f f e c t ive ly i n c o n 
t r i b u t i n g to t h e f r a c t u r e t o u g h n e s s o f w o o d (21). 

C u r r e n t l y , o n l y s o m e g e n e r a l features o f m e c h a n i c a l p r o p e r t y 
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Figure 3. Dependence of flexural modulus on polymer content of wood 
treated with GMA (D), TBTMA-MAnh (O), and TBTMA-GMA (A). The 

specimens had fibers parallel to their width. 
(Reproduced with permission from Ref 3. Copyright 1981, Springer- Verlag. ) 

5.0 

4.0 

3.0 

2.0 

40 60 80 

POLYMER IN WOOD (wt %) 

100 

Figure 4. Dependence of tensile strength on polymer content of wood 
treated with GMA (Ώ), TBTMA-MAnh (O), and TBTMA-GMA (A). The 

specimens had fibers parallel to their width. 
(Reproduced with permission from Ref 3. Copyright 1981, Springer- Verlag. ) 
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Figure 5. Dependence of impact strength on polymer content of wood 
treated with GMA (Π), TBTMA-MAnh (O), and TBTMA-GMA (A). The 

specimens had fibers parallel to their length. 
(Reproduced with permission from Ref 3. Copyright 1981, Springer- Verlag. ) 

i m p r o v e m e n t b y p o l y m e r i m p r e g n a t i o n c a n b e i n f e r r e d . I n a d d i t i o n 
to filling u p v o i d s a n d m i c r o c r a c k s , a n d t h u s r e d u c i n g defects i n t h e 
s t r u c t u r e , t h e i m p r e g n a t e d p o l y m e r , b e c a u s e o f its h i g h c o h e s i v e 
s t r e n g t h , acts as a s t r o n g b i n d e r m a t r i x i n t h e w o o d s t r u c t u r e . B e t t e r 
stress t rans fe r w i t h i n t h e s t r u c t u r a l e l e m e n t s o f w o o d m a y also b e 
f a c i l i t a t e d b y p o l y m e r i m p r e g n a t i o n . A l t h o u g h i t is n o t easy to i n t e r 
p r e t t h e d e t a i l s o f t h e o b s e r v e d effects, i t s h o u l d b e r e w a r d i n g to 
s t u d y f r a c t u r e a n d t h e d e t a i l s o f c r a c k i n i t i a t i o n a n d p r o p a g a t i o n i n 
these s y s t e m s . T h e s e s t u d i e s s h o u l d b e c o u p l e d w i t h a n e x a m i n a t i o n 
o f f a i l u r e m o d e s , as r e v e a l e d i n i n s t r u m e n t e d i m p a c t tests a n d s c a n 
n i n g e l e c t r o n m i c r o g r a p h s o f f r a c t u r e sur faces , i n o r d e r to l e a d to a 
b e t t e r u n d e r s t a n d i n g o f t h e changes c a u s e d b y p o l y m e r i m p r e g n a t i o n 
o f w o o d . 

B i o d é g r a d a t i o n R e s i s t a n c e . O r g a n o t i n p o l y m e r s i n c r e a s e t h e 
d e c a y r e s i s t a n c e o f g r a n d fir w o o d to attack o f s e v e r a l m i c r o o r g a n i s m s 
e x a m p l e , Coniophora puteana, a b r o w n - r o t fungus , a n d Polyporus 
versicolor, a w h i t e - r o t f u n g u s , c o m p l e t e l y c o v e r e d u n t r e a t e d a n d 
versicolor, a w h i t e ro t f u n g u s , c o m p l e t e l y c o v e r e d u n t r e a t e d a n d 
G M A - t r e a t e d w o o d b l o c k s i n o n l y 4 w e e k s , w h i l e t h e o r g a n o t i n 
p o l y m e r - t r e a t e d s p e c i m e n s w e r e , to v i s u a l e x a m i n a t i o n , c o m p l e t e l y 
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f ree o f f u n g a l at tack e v e n after 8 w e e k s o f e x p o s u r e . T h e u n t r e a t e d 
c o n t r o l s a m p l e s e x p o s e d to Coniophora puteana for 8 w e e k s su f f e red 
a w e i g h t loss o f 5 . 2 % ; t h e G M A - t r e a t e d s a m p l e s s h o w e d a 1% w e i g h t 
loss . B u t t h e T B T M A - M A n h - a n d T B T M A - G M A - t r e a t e d s a m p l e s 
s h o w e d n o w e i g h t loss at a l l . T h u s , b a s e d o n v i s u a l a p p e a r a n c e a n d 
w e i g h t loss , t h e T B T M A - M A n h a n d T B T M A - G M A t r e a t m e n t s p r o 
v i d e s u p e r i o r p r o t e c t i o n against d e c a y as c o m p a r e d to e i t h e r u n 
t r e a t e d o r G M A - t r e a t e d w o o d . T h i s c o n f i r m s t h e expec ta t i ons b a s e d 
o n t h e p r e s e n c e o f t h e b i o a c t i v e t r i - n - b u t y l t i n g r o u p i n T B T M A -
M A n h a n d T B T M A - G M A c o p o l y m e r s a n d t h e s l o w l e a c h i n g o f t h e 
t ox i cant f r o m t h e p o l y m e r - t r e a t e d w o o d . 

T h e d e c a y r e s i s t a n c e p r o v i d e d b y o r g a n o t i n p o l y m e r s has b e e n 
c o n f i r m e d b y f i e l d tests c o n d u c t e d i n t h e o c e a n (4, 22). T h e T B T M A -
G M A p o l y m e r t r e a t m e n t a n d o t h e r s i m i l a r p o l y m e r s c a r r y i n g T B T 
f u n c t i o n a l g r o u p s w e r e a p p l i e d to s o u t h e r n y e l l o w p i n e (Pinus sp) 
s p e c i m e n s d e s i g n e d for e x p o s u r e at K e y W e s t N a v a l S t a t i o n , K e y 
W e s t , F l o r i d a . A t e a c h s e m i a n n u a l i n s p e c t i o n , i n J u n e a n d aga in i n 
D e c e m b e r , t h e racks o f s p e c i m e n s w e r e p u l l e d u p , the surface f o u l i n g 
o n t h e c o u p o n s was s c r a p e d off, a n d t h e e x p o s e d surface was i n 
s p e c t e d c a r e f u l l y a n d r a t e d b y d e g r e e o f attack o n a scale f r o m 0 to 
10. A r a t i n g o f 10 s ign i f i es n o at tack ; 9, t race attack; 7, m o d e r a t e 
at tack ; 4, h e a v y at tack ; a n d 0, n o s t r u c t u r a l i n t e g r i t y left . H e a v i e s t 
at tack takes p l a c e b e t w e e n J u n e a n d D e c e m b e r w h e n the w a t e r t e m 
p e r a t u r e is h i g h e r . T h i s test m e t h o d c o r r e s p o n d s to A S T M D 2 3 8 1 
( " A c c e l e r a t e d E v a l u a t i o n o f W o o d P r e s e r v a t i v e s for M a r i n e S e r v i c e s 
b y M e a n s o f S m a l l - S i z e S p e c i m e n s " ) . 

T h e f i e l d t e s t d a t a a r e g i v e n i n T a b l e I V , a n d c o n f i r m t h e 
e v i d e n c e o b t a i n e d i n l a b o r a t o r y tests o f w o o d d e c a y w i t h g r a n d f i r 
s p e c i m e n s d i s c u s s e d e a r l i e r . A f t e r t h e f irst 2 years o f e x p o s u r e , n o n e 
o f t h e s p e c i m e n s w i t h o r g a n o t i n t r e a t m e n t s s h o w e d a n y attack. T h e 
t o ta l f a i l u r e o f u n t r e a t e d s a m p l e s i n th i s p e r i o d d e m o n s t r a t e s the 
p r e s e n c e o f s a m p l e i n o c u l u m for attack. A f t e r 24 m o n t h s , t h e m a r i n e 
c r e o s o t e - t r e a t e d c o n t r o l s h a d a n average r a t i n g o f 8 .3 a n d t h e s p e c i a l 
m a r i n e c reoso te t r e a t m e n t r e s u l t e d i n a r a t i n g o f 9 .7 . I n 3 6 m o n t h s , 
h o w e v e r , t h e y h a v e b e e n a t t a c k e d a n d d a m a g e d severe ly , w h e r e a s 
t h e o r g a n o t i n p o l y m e r - i m p r e g n a t e d sys tems d o no t suffer a n y d e t e 
r i o r a t i o n . 

T h e l o n g - t e r m e f fec t iveness o f T B T M A as a b i o c i d e has b e e n 
c o n f i r m e d (23). T h e d e t e r i o r a t i o n o f s o u t h e r n p i n e w o o d s p e c i m e n s 
i m p r e g n a t e d w i t h T B T M A has b e e n c o m p a r e d w i t h s p e c i m e n s that 
w e r e t r e a t e d w i t h p e n t a c h l o r o p h e n o l m e t h a c r y l a t e ( P C P M A ) o r p e n -
t a b r o m o p h e n o l m e t h a c r y l a t e ( P C B M A ) . T h e t h r e e esters w e r e i n 
c o r p o r a t e d as t h e c o p o l y m e r b y i n s i t u c o p o l y m e r i z a t i o n w i t h m e t h y l 
m e t h a c r y l a t e ( M M A ) at d i f f e r e n t m o l a r rat ios o f t h e c o m o n o m e r s . 
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T a b l e I V . F i e l d T e s t D a t a f o r M a r i n e D e c a y o f W o o d 

Rating 

Sample 
Number Treatment 

12 
Months 

18 
Months 

24 30 
Months Months 

36 
Months 

A l P-13 Marine G r a d e 10 10 10 
A2 Creosote (368 kg/m 3 ) 10 4 — A 3 10 10 4 
A4 10 9 — A 5 9 7 — A 6 10 10 4 

A13 T B T M A - M M A C o p o l y m e r 10 10 10 
A14 (223 kg/m 3 ) 10 10 10 
A15 10 10 10 
A16 10 10 10 
A17 10 10 10 
A18 10 10 10 

A31 Tributyl T i n Ester of 10 10 10 
A32 M e t h y l V i n y l E t h e r / M a l e i c 10 10 10 
A33 A n h y d r i d e (52.5 kg/m 3 ) 10 10 10 
A34 10 10 10 
A35 10 10 10 
A36 10 10 10 

A37 P-13 Marine G r a d e 9 7 — 
A38 Creosote (254 kg/m 3 ) 10 10 — A39 10 10 10 
A40 10 10 10 
A41 10 10 — A42 10 10 0 

A43 Special M a r i n e Creosote, 10 9 7 
A44 40% Naphthalene 10 9 4 
A45 (435 kg/m 3 ) 9 10 4 
A46 10 10 10 
A47 10 10 10 
A48 10 10 9 

B44 T B T M A - M M A , in situ 10 10 10 
B45 Polymerization 10 10 10 
B46 (365 kg/m 3 ) 10 10 10 
B77 10 10 10 
B78 10 10 10 
B79 10 10 10 

B57 T B T M A - G M A in situ 10 10 10 
B58 Polymerization, 10% 10 10 10 
B59 Polymer in W o o d 10 10 10 
B60 10 10 10 

(Reproduced from Ref. 4. Copyright 1982, American Chemical Society.) 

B o t h s o i l b l o c k s a m p l e s a n d m a r i n e e x p o s u r e s a m p l e s o f s o u t h e r n 
p i n e w e r e i m p r e g n a t e d t h u s b y M M A , o r c o p o l y m e r s o f P C P M A , 
P C B M A , a n d T B T M A w i t h M M A . 

S o i l b l o c k s w e r e e x p o s e d to a b r o w n rot fungus Gloeophyllum 
trabeum f or 12 w e e k s to d e t e r m i n e w e i g h t loss b y b i odecay . T h e 
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u n t r e a t e d c o n t r o l s h o w e d 4 2 % w e i g h t loss , a n d t h e M M A - t r e a t e d 
s p e c i m e n s s u f f e r e d 1 7 % w e i g h t loss . T h e w e i g h t loss o f b l o c k s t r e a t e d 
w i t h P C P M A - M M A a n d P C B M A - M M A was c lose to that o b s e r v e d 
w i t h M M A t r e a t m e n t a l o n e . T h e i n f e r e n c e was that t h e r e d u c t i o n i n 
w e i g h t loss i n these cases was d u e to t h e effect o f t h e i m p r e g n a t e d 
p o l y m e r as a m o i s t u r e b a r r i e r , a n d no t d u e to re l ease o f t h e i n c o r 
p o r a t e d t ox i c c h e m i c a l s , P C P M A o r P C B M A . I n m a r k e d cont ras t to 
these r e s u l t s , t h e w e i g h t loss i n t h e p r e s e n c e o f T B T M A - M M A was 
n e g l i g i b l e , a n d s h o w s that T B T M A was i n d e e d e f fec t ive i n p r e v e n t i n g 
at tack b y t h e b r o w n r o t f u n g u s . 

T h e f a i l u r e o f e s ters , P C P M A a n d P C B M A , i n these tests to 
a f ford a n y l e v e l o f p r o t e c t i o n is p r o b a b l y d u e to t h e s t a b i l i t y o f these 
es ters , w h i c h p r e c l u d e s r e l ease o f t h e tox i c p e n t a c h l o r o p h e n o l a n d 
p e n t a b r o m o p h e n o l (23). T h e s e o b s e r v a t i o n s s e r v e to e m p h a s i z e t h e 
i m p o r t a n c e o f a c h i e v i n g c o n t r o l l e d re l ease o f tox i cants for p r o t e c t i o n 
against b i o l o g i c a l d e g r a d a t i o n . 

I n m a r i n e tests c o n d u c t e d w i t h s p e c i m e n s t r e a t e d as d e s c r i b e d 
p r e v i o u s l y , T B T M A - M M A was f o u n d e f fect ive i n p r e v e n t i n g attack 
b y m a r i n e o r g a n i s m s (23) f or o v e r 12 m o n t h s . T h e s e r e s u l t s c o n f i r m 
o b s e r v a t i o n s r e p o r t e d e a r l i e r (3, 4). T h e u n t r e a t e d c o n t r o l s p e c i m e n s 
w e r e l a r g e l y d e s t r o y e d b y l i m n o r i a a n d t e r e d i n e b o r e r s , w h i l e s p e c 
i m e n s t r e a t e d w i t h P C P M A - M M A a n d P C B M A - M M A a l r e a d y 
s h o w e d s igns o f i n c i p i e n t at tack . (These tests are b e i n g c o n t i n u e d . ) 

Conclusion 
T h e f e a s i b i l i t y o f s i m u l t a n e o u s l y i m p r o v i n g d e c a y r e s i s t a n c e , d i 

m e n s i o n a l s t a b i l i t y , s t r e n g t h , a n d t o u g h n e s s s e e m s w e l l e s t a b l i s h e d 
b y t h e r e s u l t s o f i n s i t u p o l y m e r i z a t i o n a n d c o p o l y m e r i z a t i o n o f o r -
g a n o t i n p o l y m e r s i n w o o d . P r o v e n t e c h n i q u e s o f w o o d i m p r e g n a t i o n 
b y m o n o m e r s c a n b e a d o p t e d i n these e x p e r i m e n t s to p r e p a r e w o o d -
p o l y m e r c o m p o s i t e s s t r o n g e r t h a n u n t r e a t e d w o o d . T r i b u t y l t i n f u n c 
t i o n a l g r o u p s , i n c o r p o r a t e d t h r o u g h c h e m i c a l a t t a c h m e n t to t h e p o l y 
m e r i z i n g m o n o m e r s , h a v e p r o v e d e f fec t ive i n r e n d e r i n g the w o o d -
p o l y m e r c o m p o s i t e s b i o a c t i v e , w i t h d e c a y res i s tance s u p e r i o r to that 
o b t a i n e d b y c o n v e n t i o n a l t r e a t m e n t s o f w o o d b y c reoso te . S c i e n t i f i c 
a n d t e c h n o l o g i c a l a d v a n c e s i n th i s field c a n b e e x p e c t e d to p r o c e e d 
r a p i d l y b y e x p l o r i n g a n d e x p l o i t i n g t h e c o n c e p t s u n d e r l y i n g these 
e a r l y b i o a c t i v e w o o d — p o l y m e r c o m p o s i t e s . 
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8 
Interaction of Preservatives with Wood 

D A R R E L D. NICHOLAS 
Mississippi State University, Forest Products Utilization Laboratory, 
Mississippi State, MS 39762 

A L A N F. PRESTON 
Michigan Technological University, Institute of Wood Research, Houghton, 
MI 49931 

Many of the chemicals used in wood-preservative for
mulations interact both physically and chemically with 
the wood substrate. The inorganic salts—principally 
copper and chromium—are the most chemically reac
tive components. These compounds undergo complex 
reactions to form organometallic and inorganic com
plexes that render them nonleachable. Organic com
pounds undergo a simple physical interaction with 
wood, which can be either confined to the gross struc
ture or can involve microdistribution within the cell 
wall. The type of distribution can significantly affect the 
performance of preservatives. 

îX^ooD P R E S E R V A T I O N i s T O T A L L Y D E P E N D E N T o n t h e t r e a t m e n t o f w o o d 
w i t h tox i c c h e m i c a l s . B e c a u s e w o o d c o n t a i n s c h e m i c a l l y a c t i ve f u n c 
t i o n a l g r o u p s , r e a c t i o n s b e t w e e n t h e w o o d c o m p o n e n t s a n d c h e m i c a l 
p r e s e r v a t i v e s y s t e m s are p o s s i b l e i n s o m e cases. I n th is c h a p t e r these 
i n t e r a c t i o n s w i l l b e e x p l o r e d a n d t h e i r s i gn i f i cance i n t h e w o o d - p r e 
s e r v i n g process a n d r e s u l t i n g t r e a t e d p r o d u c t s w i l l b e d i s c u s s e d . 

Major-Use Wood Preservatives 
B e f o r e p r o c e e d i n g w i t h p o t e n t i a l i n t e r a c t i o n s b e t w e e n p r e s e r 

v a t i v e c h e m i c a l s a n d t h e w o o d s u b s t r a t e , i t w i l l b e n e c e s s a r y to d e 
s c r i b e b r i e f l y t h e p e r t i n e n t c h e m i c a l a n d p h y s i c a l p r o p e r t i e s o f t h e 
c o m m e r c i a l w o o d p r e s e r v a t i v e s as w e l l as s o m e n e w b i o c i d e s that 
m a y h a v e f u t u r e p o t e n t i a l i n w o o d p r e s e r v a t i o n . 

P e n t a c h l o r o p h e n o l . I n t h e p u r e s t a t e p e n t a c h l o r o p h e n o l 
(penta) 1 is a w h i t e , n e e d l e l i k e c r y s t a l l i n e s o l i d . I t is o n l y s l i g h t l y 
s o l u b l e i n w a t e r , 14 p p m at 2 0 ° C , b u t is r e a d i l y s o l u b l e i n a n u m b e r 
o f o r g a n i c s o l vents (I). U n d e r a l k a l i n e c o n d i t i o n s , p e n t a c a n b e c o n -

0065-2393/84/0207-0307/$06.00/0 
© 1984 American Chemical Society 
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308 T H E C H E M I S T R Y O F SOLID W O O D 

v e r t e d to a l k a l i m e t a l salts that are r e a d i l y s o l u b l e i n w a t e r . B e c a u s e 
o f i ts c h l o r i n a t e d r i n g s t r u c t u r e , p u r e p e n t a is c o n s i d e r e d to b e i n e r t 

c h e m i c a l l y a n d does n o t d e c o m p o s e w h e n h e a t e d at t e m p e r a t u r e s u p 
to its b o i l i n g p o i n t (I) . U n l i k e m o s t p h e n o l s , p e n t a is n o t s u b j e c t to 
easy o x i d a t i v e c o u p l i n g o r e l e c t r o p h i l i c s u b s t i t u t i o n reac t i ons . C o m 
m e r c i a l l y a v a i l a b l e p e n t a is n o t p u r e a n d u s u a l l y c o n t a i n s a b o u t 8 3 -
8 4 % p e n t a , 6 % o f t h e t h r e e i s o m e r i c t e t r a c h l o r o p h e n o l s , 6 % o t h e r 
c h l o r i n a t e d p h e n o l s , a n d t h e r e m a i n d e r cons is ts o f o t h e r c h l o r i n e 
c o m p o u n d s a n d i n e r t m a t e r i a l s . 

C r e o s o t e . T h e m a j o r p o r t i o n o f c reoso te is d e r i v e d f r o m c o a l 
a n d is a c o m p l e x m i x t u r e o f a r o m a t i c h y d r o c a r b o n s w i t h c o n d e n s e d 
r i n g s y s t e m s . T h e r e m a i n i n g c o m p o n e n t s are tar acids, w h i c h are 
p h e n o l i c d e r i v a t i v e s o f t h e s e c o m p o u n d s , a n d tar bases, w h i c h are 
h e t e r o c y c l i c c o m p o u n d s c o n t a i n i n g n i t r o g e n p l u s s o m e n e u t r a l o x y 
g e n a t e d c o m p o u n d s . A t least 2 0 0 c h e m i c a l c o m p o u n d s h a v e b e e n 
i d e n t i f i e d i n c o a l - t a r c r e o s o t e , b u t m a n y o f these are p r e s e n t i n s m a l l 
a m o u n t s . T h e c h e m i c a l c o m p o s i t i o n is v a r i a b l e , b u t s o m e i d e a o f a 
t y p i c a l c r e o s o t e is g i v e n i n Tab le I (2). 

I n o r g a n i c S a l t s . A n u m b e r o f t h e m e t a l salts h a v e f u n g i c i d a l 
a c t i v i t y a n d are u s e d to f o r m u l a t e c o m m e r c i a l w o o d p r e s e r v a t i v e s . 
T h e p r i n c i p a l m e t a l salts u s e d are c o m p o u n d s o f a r s e n i c , c h r o m i u m , 
c o p p e r , a n d z i n c . I n o r d e r to p r o v i d e t h e d e s i r e d f u n g i c i d a l a c t i v i ty , 
l e a c h r e s i s t a n c e , a n d l o w c o r r o s i v i t y , c o m b i n a t i o n s o f t h e s e c o m 
p o u n d s are u s e d . A l l o f t h e f o r m u l a t i o n s d i s c u s s e d l a t e r a re w a t e r -
b o r n e s o l u t i o n s . O n l y a b r i e f d e s c r i p t i o n o f these p r e s e r v a t i v e sys 
t e m s w i l l b e p r e s e n t e d h e r e ; m o r e d e t a i l e d p r e s e n t a t i o n s c a n b e 
f o u n d e l s e w h e r e (3). 

A M M O N I A C A L C O P P E R A R S E N A T E ( A C A ) . T h i s p r e s e r v a t i v e is a 
c o m b i n a t i o n o f c o p p e r c a r b o n a t e , a r s e n i c t r i o x i d e , a n d a m m o n i a . T h e 
a m m o n i a serves as b o t h a s o l u b i l i z i n g a n d a n t i c o r r o s i o n agent . 

C H R O M A T E D C O P P E R A R S E N A T E ( C C A ) . T h i s p r e s e r v a t i v e is f or 
m u l a t e d e i t h e r as a salt-type o r salt-free s y s t e m , w i t h the l a t t e r b e i n g 

O H 

C I 
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Table I. Chemica l Composition of a Typical 
U . S . Creosote 

Component % 

N a p h t h a l e n e 3 .0 
M e t h y l n a p h t h a l e n e 2 .1 
A c e n a p h t h e n e 9 .0 
D i m e t h y l n a p h t h a l e n e 2 .0 
D i b e n z o f u r a n 5 .0 
F l u o r e n e - r e l a t e d c o m p o u n d s 10 .0 
M e t h y l f l u o r e n e s 3 .0 
P h e n a n t h r e n e 2 1 . 0 
A n t h r a c e n e 2 .0 
C a r b a z o l e 2 .0 
M e t h y l p h e n a n t h r e n e 3 .0 
M e t h y l a n t h r a c e n e s 4 .0 
F l u o r a n t h e n e 10 .0 
P y r e n e 8 .5 
B e n z o f l u o r e n e 2 .0 
C h r y s e n e 3 .0 

t h e m o s t f r e q u e n t l y u s e d . T h e s a l t - t y p e is f o r m u l a t e d f r o m p o t a s s i u m 
d i c h r o m a t e , c o p p e r su l fa te , a n d a r s e n i c p e n t o x i d e , w h e r e a s t h e sa l t -
f ree s y s t e m is f o r m u l a t e d f r o m c h r o m i c a c i d , c o p p e r o x i d e , a n d a r 
s e n i c a c i d . 

A C I D C O P P E R C H R O M A T E ( A C C ) . T h i s p r e s e r v a t i v e is f o r m u l a t e d 
b y m i x i n g c o p p e r su l fate , s o d i u m d i c h r o m a t e , a n d c h r o m i c a c i d . 

C H R O M A T E D Z I N C C H L O R I D E . T h i s p r e s e r v a t i v e is f o r m u l a t e d b y 
m i x i n g s o d i u m d i c h r o m a t e a n d z i n c c h l o r i d e . 

Minor-Use Wood Preservatives 
T h e r e are s e v e r a l o r g a n o m e t a l l i c c o m p o u n d s u s e d c o m m e r c i a l l y 

o n a l i m i t e d bas is for w o o d p r e s e r v a t i o n . T h e c h e m i c a l a n d p h y s i c a l 
p r o p e r t i e s o f t h e s e c o m p o u n d s are d i s c u s s e d h e r e . 

C o p p e r Naphthenate. W h e n n a p h t h e n i c ac ids are n e u t r a l i z e d 
w i t h a l k a l i , t h e y r eac t w i t h a n u m b e r o f m e t a l salts to f o r m n a p h t h e n -
ates . B e c a u s e o f i t s f u n g i c i d a l p r o p e r t i e s , c o p p e r is n o r m a l l y t h e 
m e t a l u s e d . T h e n a p h t h e n i c ac ids 2 are s t r u c t u r a l l y v a r i a b l e (3). T h e 

a( C H 2 ) 3 C O O H 

( C H 3 ) 2 
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c o p p e r salts are v i s c o u s , w a x y c o m p o u n d s a n d g e n e r a l l y are d i l u t e d 
w i t h p e t r o l e u m s o l u t i o n s . 

C o p p e r 8 - Q u i n o l i n o l a t e ( C o p p e r - 8 ) . C o p p e r 8 - q u i n o l i n o l a t e 
3 is d e r i v e d b y r e a c t i n g c o p p e r w i t h q u i n o l i n o l . T h i s c o m p o u n d is 

f o r m u l a t e d i n b o t h w a t e r a n d h y d r o c a r b o n solvents. Because o f its 
p o o r s o l u b i l i t y , coso lvents s u c h as n i c k e l 2 -e thy lhexanoate a n d d o -
decy lbenzenesu l f on i c a c i d are used i n c o m m e r c i a l formulat ions . 

T r i b u t y l t i n O x i d e . U n d e r a m b i e n t c o n d i t i o n s , t r i b u t y l t i n o x i d e 
( Τ Β Τ Ο ) 4 is a l i q u i d a n d is s o l u b l e i n m a n y o r g a n i c so lvents . S o l u t i o n s 

<=4Η9 

C
4 H 9 — S n — 0 · -Sn- - C 4 H 9 

C 4 H 9 C4H9 

o f m i n e r a l s p i r i t s are u s e d for f o r m u l a t i n g t r e a t i n g s o l u t i o n s , b u t 
w a t e r b o r n e s y s t e m s c a n b e o b t a i n e d b y s o l u b i l i z i n g Τ Β Τ Ο w i t h a l -
k y l a m m o n i u m c o m p o u n d s (4). 

New Wood Preservatives 
C u r r e n t l y , t h e m o s t p r o m i s i n g b i o c i d e s for p o t e n t i a l n e w w o o d 

p r e s e r v a t i v e s are t h e a l k y l a m m o n i u m c o m p o u n d s ( A A C ) . T h e s e c o m 
p o u n d s h a v e b e e n s u b j e c t e d to e x t e n s i v e s t u d i e s ( 5 , 6) a n d t h e d i -
a l k y l d i m e t h y l a m m o n i u m c o m p o u n d s are s u g g e s t e d to b e t h e bes t ( 7 ) . 
D i d e c y l d i m e t h y l a m m o n i u m c h l o r i d e 5 appears to b e p a r t i c u l a r l y ef
f e c t i ve . 

CH, 

C 1 0 H 2 1 Ν -C 1 0 H 2 1 

CH 3 
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O t h e r c o m p o u n d s u n d e r c o n s i d e r a t i o n i n c l u d e a m m o n i a c a l 
c o p p e r - f a t t y a c i d s , i s o t h i a z o l i n o n e s , b e n z o t h i a z o l e s , s u l f o n a m i d e s , 
t e t r a c h l o r o i s o p h t h a l o n i t r i l e , s a l i c y l a n i l i d e d e r i v a t i v e s , a n d 3 - i o d o - 2 -
p r o p y n y l b u t y l c a r b a m a t e (8-13). 

Preservative Distribution in Wood 

W h e n w o o d is i m p r e g n a t e d w i t h w o o d - p r e s e r v a t i v e s o l u t i o n s , 
the i n i t i a l f l o w is t h r o u g h o u t t h e m a c r o s t r u c t u r e — m a i n l y the c e l l 
l u m e n s — a n d th i s is t e r m e d m a c r o d i s t r i b u t i o n . F o l l o w i n g t h i s , s o m e 
s o l u t i o n s are c a p a b l e o f u n d e r g o i n g f u r t h e r m o v e m e n t i n t o t h e c e l l 
w a l l s t r u c t u r e , w h i c h resu l t s i n m i c r o d i s t r i b u t i o n o f t h e p r e s e r v a 
t ives . T h e effect o f these t w o t y p e s o f d i s t r i b u t i o n o n t r e a t e d w o o d 
w i l l b e d i s c u s s e d i n th i s s e c t i o n . 

M a c r o d i s t r i b u t i o n . T h e a b i l i t y o f a n y w o o d p r e s e r v a t i v e to 
c o n t r o l b iodégradat ion is a f fec ted b y t h e m a c r o d i s t r i b u t i o n o f t h e 
c h e m i c a l w i t h i n t h e w o o d p r o d u c t b e i n g p r o t e c t e d . T h e m a c r o d i s 
t r i b u t i o n o f a p r e s e r v a t i v e is i n f l u e n c e d b y t h r e e bas i c factors : w o o d 
character ist ics , t r ea t ing process , a n d characterist ics o f the t reat ing so
l u t i o n . C o n s i d e r a t i o n o f t h e p r i n c i p l e s o f f l o w i n w o o d a n d o f t h e 
factors that i n f l u e n c e t h e t r e a t m e n t o f w o o d are c o v e r e d i n C h a p t e r s 
3 a n d 4 (14, IS). Suffice it to say that w h e n the preservat ive has b e e n 
d i s t r i b u t e d t h r o u g h t h e w o o d , f i x a t i o n w i l l o c c u r e i t h e r t h r o u g h 
c h e m i c a l i n t e r a c t i o n b e t w e e n t h e p r e s e r v a t i v e a n d t h e w o o d s t r u c 
t u r e , b e t w e e n t h e p r e s e r v a t i v e c o m p o n e n t s t h e m s e l v e s , o r b y p h y s 
i ca l d e p o s i t i o n as a resu l t o f so lvent loss. T h e s e f ixation m e c h a n i s m s are 
c o v e r e d i n the sect ion o n m i c r o d i s t r i b u t i o n . 

T h e m a c r o d i s t r i b u t i o n o f a p r e s e r v a t i v e has a n o b v i o u s effect o n 
the a b i l i t y o f t h e t r e a t m e n t to p r o t e c t t h e w o o d p r o d u c t . T h e l o n 
g e v i t y o f t h e p r o t e c t i o n is also i n f l u e n c e d b y changes i n the m a c r o -
d i s t r i b u t i o n w i t h t i m e a n d e x p o s u r e to w e a t h e r i n g . W i t h m u l t i c o m -
p o n e n t p r e s e r v a t i v e s s u c h as C C A , m o v e m e n t o f j u s t o n e o f t h e 
c o m p o n e n t s , u s u a l l y c o p p e r , c a n h a v e a m a r k e d effect o n p e r f o r 
m a n c e . D e p e n d i n g o n the s e v e r i t y o f e x p o s u r e , r e d i s t r i b u t i o n effects 
c a n h a v e e i t h e r a p o s i t i v e o r a n e g a t i v e effect o n field p e r f o r m a n c e . 
F o r i n s t a n c e , t h e m o v e m e n t o f t h e c o p p e r c o m p o n e n t i n C C A -
t r e a t e d p i n e stakes u p o n l e a c h i n g to g i v e a h i g h e r l o a d i n g i n t h e 
o u t e r z o n e s w i l l g i v e a n a p p a r e n t e n h a n c e d p e r f o r m a n c e o v e r that 
p r e d i c t e d i n l a b o r a t o r y tests (16). H o w e v e r , th i s same t y p e o f p h e 
n o m e n o n , w h i c h a lso o c c u r s i n m a r i n e e x p o s u r e s o f C C A - t r e a t e d 
p i n e , m a y e v e n t u a l l y cause m a j o r p r o b l e m s t h r o u g h s u d d e n f a i l u r e 
o f C C A - t r e a t e d m a r i n e p i l i n g (17). 

O n e p r o b l e m that c o n c e r n s m a c r o d i s t r i b u t i o n o c c u r s w i t h t h e 
use o f D o u g l a s - f i r i n s i tuat i ons w h e r e t r e a t m e n t is necessary . T h e 
h e a r t w o o d o f t h i s spec ies is n o n d u r a b l e a n d v e r y d i f f i c u l t to t reat . 
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T h e a b u n d a n c e o f t h e r e s o u r c e a n d t h e h i g h l y d e s i r a b l e s t r e n g t h 
p r o p e r t i e s h a v e l e d to w i d e s p r e a d use o f t r e a t e d D o u g l a s - f i r w i t h 
s u b s e q u e n t b i o d é g r a d a t i o n p r o b l e m s o c c u r r i n g i n p o o r l y t r e a t e d 
p r o d u c t s (18). E x t e n s i v e r e s e a r c h has b e e n c a r r i e d out to d e v e l o p 
f u m i g a n t t r e a t m e n t s for i n t e r n a l d e c a y i n po les (19). I n H a w a i i the 
p r o b l e m s o f t e r m i t e at tack are b e i n g c o n s i d e r e d n o w (20, 21). 

M i c r o d i s t r i b u t i o n . A l t h o u g h s t u d i e s o n t h e m a c r o d i s t r i b u t i o n 
o f p r e s e r v a t i v e s h a v e d i m i n i s h e d i n n u m b e r o v e r the last d e c a d e , 
r e s e a r c h o n m i c r o d i s t r i b u t i o n effects has i n c r e a s e d c o n s i d e r a b l y . T w o 
m a j o r reasons for th i s i n c r e a s e are t h e a v a i l a b i l i t y o f s c a n n i n g e l e c t r o n 
m i c r o s c o p y - e n e r g y d i s p e r s i o n X - r a y ana lys i s ( S E M - E D X A ) t e c h 
n i q u e s for m o n i t o r i n g t h e p o s i t i o n o f p r e s e r v a t i v e s i n the w o o d s t r u c 
t u r e , a n d t h e a t t e n t i o n b e i n g g i v e n to the p o o r p e r f o r m a n c e o f i n -
g r o u n d h a r d w o o d s , p a r t i c u l a r l y w h e n t r e a t e d w i t h C C A p r e s e r v a 
t i ves . It is r o u t i n e p r a c t i c e to a n a l y z e t h e t r e a t m e n t p r o p e r t i e s o f a n y 
n e w c a n d i d a t e p r e s e r v a t i v e b y t h e S E M - E D X A t e c h n i q u e . A n o 
tab l e e x a m p l e i n the U n i t e d States is i n the d e v e l o p m e n t o f w a t e r -
b o r n e p e n t a c h l o r o p h e n o l p r e s e r v a t i v e s , b o t h s o l u t i o n s a n d e m u l 
s ions . A n a l y s i s b y S E M - E D X A s h o w s that these f o r m u l a t i o n s p e n 
e t ra te i n t o a n d t h r o u g h t h e c e l l w a l l (22). A p p a r e n t l y t h e a q u e o u s 
e m u l s i o n s o n l y b r e a k o n d e p o s i t i o n o f the p e n t a c h l o r o p h e n o l as the 
w a t e r e v a p o r a t e s . 

T h e greates t i n t e r e s t i n t h e effects o f d i s t r i b u t i o n o n p r e s e r v a t i v e 
ef f icacy has c e n t e r e d r e c e n t l y o n t h e v a r i a b l e p e r f o r m a n c e c h a r a c 
t e r i s t i c s o f t r e a t e d h a r d w o o d s i n g r o u n d contac t . A t t e n t i o n has c e n 
t e r e d a r o u n d t h e w a t e r b o r n e p r e s e r v a t i v e s o f t h e C C A t y p e . M a n y 
t h e o r i e s h a v e b e e n p r o m u l g a t e d to e x p l a i n w h y w o o d t r e a t e d s e e m 
i n g l y to l e v e l s c o n s i d e r e d s u f f i c i e n t f o r l o n g - t e r m p r o t e c t i o n c a n 
suffer s e v e r e soft -rot d e g r a d a t i o n a n d r a p i d f a i l u r e i n - s e r v i c e . O n e 
e x p l a n a t i o n o f t h e p h e n o m e n o n is k n o w n as the m i c r o d i s t r i b u t i o n 
t h e o r y ( 2 3 - 2 5 ) . T h i s t h e o r y suggests that the p r e s e r v a t i v e is d i s t r i b 
u t e d p o o r l y i n the w o o d , b o t h at t h e m a c r o s c o p i c l e v e l a n d m i c r o 
s c o p i c a l l y w i t h i n c e l l w a l l s ; that i s , t h e f u n g i t o x i c e l e m e n t s o f the 
p r e s e r v a t i v e d o n o t p e n e t r a t e i n t o t h e b u l k o f t h e fiber w a l l s d u r i n g 
t r e a t m e n t . A l t h o u g h t h e o v e r a l l p r e s e r v a t i v e l o a d i n g is a d e q u a t e for 
p r o t e c t i o n o f t h e w o o d , m o s t o f the p r e s e r v a t i v e r e m a i n s c lose to t h e 
o r i g i n a l p e n e t r a t i o n p a t h w a y s i n the vesse ls a n d rays . Sof t - rot m i c r o -
f u n g i are t h u s a b l e to g r o w i n t h e r e l a t i v e l y u n p r o t e c t e d w o o d ce l l s 
r e m o t e f r o m t h e m a i n c o n c e n t r a t i o n s o f p r e s e r v a t i v e s . 

U n d o u b t e d l y , d i s t r i b u t i o n p a t t e r n s d o a c c o u n t for soft -rot attack 
i n a n u m b e r o f cases b u t t h e y c a n n o t b e t h e sole e x p l a n a t i o n . B u t c h e r 
(26) has s h o w n that t h e r e is a c o r r e l a t i o n b e t w e e n the n a t u r a l sus 
c e p t i b i l i t y o f t i m b e r to soft -rot a n d t h e l e v e l o f c o p p e r r e q u i r e d to 
p r e v e n t at tack . T h i s c o n c e p t is b a s e d o n the i d e a that soft-rot f u n g i 
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are a b l e to t o l e r a t e h i g h e r l e v e l s o f tox i cants i f the subs t ra te is c o m 
p a r a t i v e l y r i c h i n n u t r i e n t s . S u p p o r t for th i s i d e a c o m e s f r o m s t u d i e s 
that s h o w e d that a n i n c r e a s e i n c a r b o h y d r a t e s a n d n i t r o g e n l e v e l s i n 
t h e s u b s t r a t e i n c r e a s e s t h e t o l e r a n c e o f t h e f u n g i to tox i cants (27, 28) . 

T h e h i g h l y s u s c e p t i b l e h a r d w o o d s h a v e a h i g h e r t h a n average 
c o n t e n t o f c e l l u l o s e a n d h e m i c e l l u l o s e that c a n b e u t i l i z e d for e n e r g y 
r e q u i r e d for processes s u c h as c o l o n i z a t i o n , m i c r o b i a l t r a n s p o r t o f 
n i t r o g e n i n t o w o o d , a n d e n z y m e p r o d u c t i o n . H o w e v e r , a l o n g w i t h a 
h i g h c a r b o h y d r a t e c o n t e n t , t h e h i g h l y s u s c e p t i b l e h a r d w o o d s are l o w 
i n l i g n i n . T h i s last factor is b e l i e v e d to p l a y a m a j o r r o l e i n t h e soft-
ro t s u s c e p t i b i l i t y o f t r e a t e d h a r d w o o d s a n d i t also e x p l a i n s a n d is 
c o m p a t i b l e w i t h t h e m i c r o d i s t r i b u t i o n t h e o r y (29). 

I n h i g h l i g n i n c o n t e n t w o o d spec ies t h e l i g n i n i m p e d e d e n z y 
m a t i c d e g r a d a t i o n o f t h e m i c r o f i b r i l s t h r o u g h a b a r r i e r effect (30). 
B o t h t h e l e v e l a n d t y p e o f l i g n i n are i m p o r t a n t as t h e g u a i a c y l l i g n i n 
p r e d o m i n a n t i n so f twoods a p p e a r s to p r e s e n t a g r e a t e r b a r r i e r to 
d e c a y t h a n s y r i n g y l - g u a i a c y l l i g n i n f o u n d i n s u s c e p t i b l e h a r d w o o d s . 
T h i s h y p o t h e s i s a lso a s s u m e s that l i g n i n is t h e m a j o r fixation s i te for 
c o p p e r — w h i c h a p p e a r s to b e t h e c a s e — a n d that c o p p e r c a n b e fixed 
to r e t e n t i o n l e v e l s i n t h e S 2 l ayers o f t h e c e l l w a l l s o f h i g h - l i g n i n 
w o o d spec i es w h i c h are i n excess o f t ox i c t h r e s h o l d s . C o n v e r s e l y , i n 
l o w - l i g n i n s p e c i e s , t h e l e v e l o f c o p p e r fixed w i l l b e b e l o w t h e tox i c 
t h r e s h o l d . G e n e r a l l y , th i s o b s e r v a t i o n is c o m p a t i b l e w i t h the e a r l i e r 
m i c r o d i s t r i b u t i o n t h e o r y b e c a u s e m i c r o d i s t r i b u t i o n w i l l b e i n f l u 
e n c e d b y t h e p o s i t i o n a n d l e v e l s o f t h e l i g n i n w i t h i n t h e w o o d c e l l 
w a l l . 

T h e l i g n i n hypothes i s i m p l i e s that the act ive c o p p e r fungitoxicant 
is fixed b y i o n e x c h a n g e to t h e l i g n i n . T h e i m p o r t a n c e o f t h e fixation 
m e c h a n i s m s has n o t b e e n a c c o u n t e d for, b u t soft -rot at tack i n h a r d 
w o o d t r e a t e d w i t h C C A was a c c e l e r a t e d w h e n t h e w o o d was s u b 
j e c t e d to r a p i d fixation o f t h e p r e s e r v a t i v e at e l e v a t e d t e m p e r a t u r e s 
after t r e a t m e n t (31). U n d o u b t e d l y , t h e c h a n g e i n fixation m e c h a n i s m s 
c a u s e d b y t h e h e a t t r e a t m e n t has a m a r k e d effect o n t h e c o n t r o l o f 
soft -rot decay . T h i s o b s e r v a t i o n is also c o m p a t i b l e w i t h t h e fixation 
a n d l i g n i n h y p o t h e s i s t h e o r i e s . 

T h e u n d e r s t a n d i n g o f d e c a y a n d p r o t e c t i o n processes i n s t u d i e s 
o n t h e soft -rot p r o b l e m o f C C A - t r e a t e d h a r d w o o d s w i l l b e o f c o n s i d 
e r a b l e v a l u e i n t h e d e v e l o p m e n t o f t h e n e x t g e n e r a t i o n o f w o o d p r e 
s e r v a t i v e s . 

Chemical Reactions of Preservatives with Wood 
B e c a u s e w o o d c o n t a i n s s e v e r a l d i f f e r e n t t y p e s o f f u n c t i o n a l 

g r o u p s , c h e m i c a l r e a c t i o n s w i t h w o o d - p r e s e r v a t i v e c h e m i c a l s are a 
p o s s i b i l i t y . D e p e n d i n g o n t h e c i r c u m s t a n c e s , s u c h reac t i ons c a n b e 
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e i t h e r a d v a n t a g e o u s o r d e t r i m e n t a l . F o r e x a m p l e , i n s o m e cases these 
reac t i ons c a n r e s u l t i n t h e f i xa t i on o f w a t e r - s o l u b l e c h e m i c a l s a n d 
p r e v e n t t h e i r d e p l e t i o n f r o m t h e w o o d i n - s e r v i c e . C o n v e r s e l y , s o m e 
c h e m i c a l r e a c t i o n s c a n i n a c t i v a t e p r e s e r v a t i v e s a n d , t h e r e f o r e , are 
u n d e s i r a b l e . 

I n o r g a n i c S a l t P r e s e r v a t i v e s . I n o r g a n i c c o m p o u n d s u s e d to 
f o r m u l a t e w o o d p r e s e r v a t i v e s are n o r m a l l y w a t e r s o l u b l e . A s a r e s u l t , 
t h e salts d e p o s i t e d i n t h e w o o d are s u s c e p t i b l e to l e a c h i n g u n l e s s 
t h e y are t r a n s f o r m e d to i n s o l u b l e c o m p o u n d s o r are c h e m i c a l l y fixed 
to t h e w o o d s u b s t r a t e . I n d e e d , s u c h c o n v e r s i o n s d o o c c u r as a r e s u l t 
o f i n t e r a c t i o n s b e t w e e n s o m e o f t h e salts a n d t h e w o o d subs t ra te . 
B o t h s i n g l e e l e m e n t a n d m u l t i c o m p o n e n t reac t i ons are i n v o l v e d i n 
t h e fixation m e c h a n i s m s ; c o p p e r a n d c h r o m i u m are t h e m o s t r e a c t i v e 
o f t h e p o s s i b l e c o m p o n e n t s . 

P r o b a b l y t h e m o s t s i g n i f i c a n t effect o f the i n t e r a c t i o n o f i n o r g a n i c 
salts w i t h w o o d is t h e u l t i m a t e fixation o r i n s o l u b i l i z a t i o n o f these 
c o m p o u n d s w h i c h m a k e s t h e m r e s i s t a n t to l e a c h i n g . T h e o v e r a l l 
s c h e m e o f t h e s e c o m p l e x reac t i ons was i n i t i a l l y e l u c i d a t e d b y D a h l -
g r e n (32-36) a n d D a h l g r e n a n d H a r t f o r d ( 3 7 - 3 9 ) . S u b s e q u e n t l y th is 
s c h e m e was m o d i f i e d b y P i z z i (40); F i g u r e 1 is a s c h e m a t i c d i a g r a m 
b a s e d o n h i s w o r k . 

I n i t i a l 
I n s t a n t 
R e a c t i o n s 

Ion exchange 
f i x a t i o n o f 
copper 

Temporary i o n 
exchange t a k e 
up o f p r o t o n s 
and a d s o r p t i o n 
o f c h r o m i c 
a c i d 

Main p r e c i p i t a t i o n and f i x a t i o n p e r i o d 
I n i t i a l 
I n s t a n t 
R e a c t i o n s 

Ion exchange 
f i x a t i o n o f 
copper 

Temporary i o n 
exchange t a k e 
up o f p r o t o n s 
and a d s o r p t i o n 
o f c h r o m i c 
a c i d 

1 s t r e a c t i o n zone 2nd r e a c t i o n zone 3 r d r e a c t i o n zone 

I n i t i a l 
I n s t a n t 
R e a c t i o n s 

Ion exchange 
f i x a t i o n o f 
copper 

Temporary i o n 
exchange t a k e 
up o f p r o t o n s 
and a d s o r p t i o n 
o f c h r o m i c 
a c i d 

| « C r V I r e d u c t i o n t o C r I H on 

CuCrOjj f o r m a t i o n and c o m p l e x a t i o n — • 
w i t h l i g n i n g u a i a c y l u n i t s 

C r V I t o C r 1 1 1 r e d u c t i o n t o form CrAsO^; 

u n i t s ; CrAsO^ p r e c i p i t a t i o n onto c e l l u l o s e 

Cr20j c o m p l e x a t i o n w i t h HCrO^ c o m p l e x a t i o n w i t h 
l i g n i n g u a i a c y l u n i t s l i g n i n g u a i a c y l u n i t s * 

C u 2 + c o m p l e x a t i o n w i t h 
l i g n i n and c e l l u l o s e * 

CrO^ c o m p l e x a t i o n w i t h 
^ " l i g n i n g u a i a c y l u n i t s " * 

B o l d l i n e a r r o w s i n d i c a t e predominant r e a c t i o n s i n r e a c t i o n zone. 

Figure 1. Schematic diagram of fixation of CCA wood preserva
tives. (Reproduced with permission from Ref 40. Copyright 1982, 

John Wiley ù Sons, Inc.) 
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T h e i n i t i a l i n s t a n t r e a c t i o n s o f C C A w i t h w o o d h a v e b e e n s h o w n 
to r e s u l t i n a r a p i d d e c r e a s e i n t h e p H (41). T h e m a g n i t u d e o f th i s 
p H d r o p is d e p e n d e n t o n t h e s t r e n g t h o f t h e t r e a t i n g s o l u t i o n , w h e r e 
a h i g h e r C C A c o n c e n t r a t i o n p r o d u c e s a l o w e r p H v a l u e . T h e r e a s o n 
for th i s d r o p is u n k n o w n b u t m a y b e a t t r i b u t a b l e to t h e i o n - e x c h a n g e 
fixation o f c o p p e r w h i c h re leases p r o t o n s . H o w e v e r , o t h e r r eac t i ons 
m a y also b e i n v o l v e d . F o l l o w i n g th is i n i t i a l d e c r e a s e , the p H g r a d 
u a l l y r ises as t h e fixation r e a c t i o n s c o n t i n u e . T h i s i n c r e a s e is a t t r i b 
u t a b l e to t h e f o r m a t i o n o f c h r o m i c a c i d - l i g n i n a n d c o p p e r c h r o m a t e 
( C u C r 0 4 ) - l i g n i n c o m p l e x e s , a n d to t h e r e d u c t i o n o f c h r o m i u m . 

A s u m m a r y o f t h e p r o d u c t s f o r m e d w h e n C C A reacts w i t h w o o d 
is as f o l l ows (40): 

C u C r 0 4 

C r A s 0 4 

C r 2 ( O H ) 4 C r 0 4 

C u 2 + . 

S t a b l e C u C r 0 4 - l i g n i n c o m p l e x e s 

C r A s 0 4 - l i g n i n c o m p l e x e s 
I n o r g a n i c C r A s 0 4 p r e c i p i t a t e s 

o n c e l l u l o s e 
I n o r g a n i c p r e c i p i t a t e s o n c e l l u l o s e 
C u 2 + - l i g n i n c o m p l e x e s 
P h y s i c a l l y a d s o r b e d o n w o o d 

c o n s t i t u e n t s 
C u 2 + - c e l l u l o s e c o m p l e x e s 

T h e p r o d u c t s f o r m e d w h e n C C A is r e a c t e d w i t h w o o d are c o m 
p o s e d m a i n l y o f t h e C u C r 0 4 - l i g n i n c o m p l e x e s , C r A s 0 4 - l i g n i n c o m 
p l e x e s , a n d C r A s 0 4 p r e c i p i t a t e s o n c e l l u l o s e . H o w e v e r , the a c t u a l 
p r o p o r t i o n s o f v a r i o u s c h e m i c a l spec ies are d e p e n d e n t o n t h e r e l a t i v e 
p r o p o r t i o n s o f C u , C r , a n d A s p r e s e n t i n the f o r m u l a t i o n (40). 

C o p p e r reacts w i t h b o t h t h e c e l l u l o s e a n d l i g n i n c o m p o n e n t s o f 
w o o d (29, 3 0 , 4 0 , 42-46). I n o n e s t u d y (45), t h e m a j o r i t y o f t h e 
c o p p e r was l o c a t e d i n t h e p r i m a r y w a l l a n d S x l ayer . T h i s r e s u l t 
suggests that c o p p e r is assoc ia ted w i t h l i g n i n b e c a u s e the b u l k o f th is 
c o m p o n e n t is l o c a t e d i n t h e s e layers (47). H o w e v e r , a large p a r t o f 
t h e c o p p e r i n w o o d t r e a t e d w i t h a C C A s o l u t i o n has b e e n d e m o n 
s t r a t e d to b e c l o s e l y a s s o c i a t e d w i t h t h e c e l l u l o s e , a n d p r o b a b l y 
b o u n d t o t h e h y d r o x y l g r o u p s (44, 48). T h e e x a c t n a t u r e o f t h e 
c o p p e r - w o o d r e a c t i o n is n o t k n o w n , b u t a d r o p i n p H was o b s e r v e d 
(43) d u r i n g t h e a d s o r p t i o n o f m e t a l s o n c e l l u l o s e . T h e p H d r o p s u g 
gests r e m o v a l o f p r o t o n s to f o r m c o m p l e x e s . 

O n l y a b o u t 1 0 % o f t h e c o p p e r i n t h e s y s t e m is b o u n d to t h e 
c h r o m i u m . T h e res t o f t h e c o p p e r is b o u n d , i n d e p e n d e n t o f o t h e r 
m e t a l s , to t h e c e l l u l o s e a n d l i g n i n . C o p p e r is p r e s e n t i n the t r e a t e d 
w o o d i n f o u r d i f f e r e n t f o r m s (40): (1) C u C r 0 4 b o u n d to g u a i a c y l u n i t s 
o f l i g n i n b y C r 6 + ( 1 0 - 1 5 % ) ; (2) C u 2 + d i r e c t l y b o u n d to c a r b o h y d r a t e s 
a n d l i g n i n g u a i a c y l u n i t s ( 1 0 - 2 2 % ) ; (3) C u 2 + d i r e c t l y b o u n d to l i g n i n 
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f u n c t i o n a l g r o u p s o t h e r t h a n g u a i a c y l u n i t s ( 4 0 - 7 0 % ) ; a n d (4) C u S 0 4 

p h y s i c a l l y a d s o r b e d b y t h e v a r i o u s w o o d c o n s t i t u e n t s ( 5 - 2 0 % ) . 
T h e m a j o r i t y o f t h e c o p p e r ( 8 3 - 9 0 % ) is assoc ia ted w i t h t h e l i g n i n 

i n w o o d (40). 
C h r o m i u m also reacts w i t h w o o d to f o r m c o m p l e x e s . T h e exact 

n a t u r e o f t h e s e c o m p l e x e s is u n k n o w n b u t p r o b a b l y o c curs i n b o t h 
t h e h e x a v a l e n t a n d t r i v a l e n t states. I n t h e h e x a v a l e n t state , t h e r e a c 
t i o n is p r o b a b l y w i t h t h e l i g n i n c o m p o n e n t w h e r e i t a p p a r e n t l y f o r m s 
a c o m p l e x w i t h t h e g u a i a c y l u n i t s (49). T h i s r e a c t i o n is p r o b a b l y s i m 
i l a r to that o f c h r o m i u m w i t h a n o - h y d r o x y p h e n o l s u c h as 1 , 2 - b e n -
z e n e d i o l . 

W i t h c h r o m i u m t r i o x i d e , t h e f o l l o w i n g p o l y m e r i c c o m p l e x is 
p o s t u l a t e d (49): 

.OCH, 

_ J 2 

cro, 
WITH n> 2 

T h e f o r m a t i o n o f t h i s c o m p l e x p r o v i d e s a s ign i f i cant a m o u n t o f w a t e r 
r e p e l l e n c y , w h i c h u n d o u b t e d l y c o n t r i b u t e s to t h e eff icacy o f C C A -
t r e a t e d w o o d against d e g r a d a t i v e e l e m e n t s . 

D i s t r i b u t i o n s t u d i e s o f c h r o m i u m w i t h i n t h e c e l l w a l l s h o w h i g h 
c o n c e n t r a t i o n s i n t h e p r i m a r y w a l l a n d S j l a y e r (areas o f h i g h l i g n i n 
c o n t e n t ) , w h i c h aga in suggests p r e f e r e n t i a l assoc ia t i on w i t h l i g n i n 
(50). 

W h e n c h r o m i u m is r e d u c e d f r o m t h e h e x a v a l e n t to the t r i v a l e n t 
state i t reacts r e a d i l y w i t h a r s e n i c to f o r m C r A s 0 4 , w h i c h , i n t u r n , 
has t h e a b i l i t y to c o m p l e x w i t h t h e l i g n i n a n d c e l l u l o s e . I n t r e a t e d 
w o o d , a p p r o x i m a t e l y 8 5 % o f t h e a r s e n i c reacts w i t h c h r o m i u m ; t h e 
r e m a i n i n g a r s e n i c f o r m s f a i r l y s o l u b l e c o m p l e x e s w i t h l i g n i n a n d c e l 
l u l o s e (52). 

A l t h o u g h t h e i n t e r a c t i o n o f C C A w i t h w o o d r e s u l t s i n t h e d e s i r -
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a b l e c o n v e r s i o n o f t h e c h e m i c a l s f r o m a w a t e r - s o l u b l e m i x t u r e to a 
h i g h l y w a t e r - i n s o l u b l e c o m p l e x , i t a l so has a n u n d e s i r a b l e e f fec t , 
n a m e l y , a d e c r e a s e i n s t r e n g t h p r o p e r t i e s (see C h a p t e r 5). F o r ex 
a m p l e , t h e t o u g h n e s s o f w o o d has b e e n s h o w n to b e r e d u c e d s ign i f 
i c a n t l y after t r e a t m e n t a n d r e d r y i n g (41). I n t e r e s t i n g l y , t h e d e g r e e 
o f s t r e n g t h loss is d e p e n d e n t o n the C C A r e t e n t i o n , w i t h a h i g h e r 
loss b e i n g i n c u r r e d i n m a t e r i a l t r e a t e d to h i g h e r r e t e n t i o n s . T h e exact 
r e a s o n for t h i s s t r e n g t h loss is u n k n o w n , b u t m a y b e assoc ia ted w i t h 
the d e c r e a s e i n p H assoc ia ted w i t h t h e first stage o f f i xa t i on . T h i s 
c o n t e n t i o n i s s u p p o r t e d b y t h e fac t t h a t a l o w e r p H a n d h i g h e r 
s t r e n g t h loss w a s o b t a i n e d at h i g h e r C C A r e t e n t i o n s (41). 

T h e c h e m i c a l r e a c t i o n s a n d m e c h a n i s m o f fixation o f t h e a m 
m o n i a c a l p r e s e r v a t i v e s s u c h as A C A h a v e no t b e e n s t u d i e d e x t e n 
s ive ly . T h e m a i n m e c h a n i s m o f fixation is b e l i e v e d to b e t h e f o r m a t i o n 
o f i n s o l u b l e c o p p e r arsenate u p o n e v a p o r a t i o n o f t h e a m m o n i a . H o w 
ever , t h e o v e r a l l m e c h a n i s m is u n d o u b t e d l y m o r e c o m p l e x b e c a u s e 
c u p r a m m o n i u m i ons reac t b y i o n e x c h a n g e w i t h f u n c t i o n a l g r o u p s , 
s u c h as c a r b o x y l , i n w o o d (52). I n a d d i t i o n , c o p p e r c o m p l e x e s c a n b e 
f o r m e d w i t h c e l l u l o s e (52). 

N e e d l e s s to say, t h e fixation o f i n o r g a n i c c h e m i c a l s i n w o o d b y 
i n t e r a c t i o n w i t h t h e w o o d s u b s t r a t e a n d ex t rac t i ves is b e n e f i c i a l a n d 
g r e a t l y i m p r o v e s t h e d u r a b i l i t y o f these p r e s e r v a t i v e s . C o n t r a r i l y , 
o t h e r i n t e r a c t i o n s p r o v i d e l ess d e s i r a b l e r e a c t i o n s . F o r e x a m p l e , 
u n d e r c e r t a i n c i r c u m s t a n c e s c o p p e r a n d z i n c c a n b e c o m e so t i g h t l y 
b o u n d to t h e w o o d that t h e i r ef f icacy as w o o d p r e s e r v a t i v e s is r e 
d u c e d . T h i s r e s u l t o c c u r s w h e n c o p p e r acetate a n d z i n c acetate are 
u s e d to t reat w o o d (53). I n t h i s f o r m , t h e s e e l e m e n t s are salts o f 
ace t i c a c i d a n d t h e y f o r m i o n - e x c h a n g e b o n d s w i t h t h e w o o d c o m 
p o n e n t s that a r e s tab le i n t h e w e a k a c i d e n v i r o n m e n t a n d c a n n o t b e 
i o n i z e d r e a d i l y b y w a t e r . C o n v e r s e l y , th i s r e d u c t i o n i n eff icacy does 
n o t o c c u r w h e n c o p p e r sul fate a n d z i n c c h l o r i d e are u s e d b e c a u s e 
t h e y are salts o f s t r o n g ac ids a n d the p H o f t h e e n v i r o n m e n t p r e v e n t s 
i n s o l u b i l i z a t i o n o f t h e s e e l e m e n t s b y t h e w o o d . 

A n o t h e r d e t r i m e n t a l effect o f p r e s e r v a t i v e - w o o d i n t e r a c t i o n is 
t h e f o r m a t i o n a n d b u i l d u p o f c o l l o i d a l m a t e r i a l i n t h e t r e a t i n g so
l u t i o n s as i t is r e c y c l e d . T h i s p a r t i c u l a t e m a t t e r ar ises f r o m a n i n t e r 
a c t i o n b e t w e e n t h e p r e s e r v a t i v e c h e m i c a l s a n d w o o d c o m p o n e n t s a n d 
o f t e n r e s u l t s i n a s i g n i f i c a n t d e c r e a s e i n t h e p e n e t r a b i l i t y o f t h e 
t r e a t i n g s o l u t i o n (54). 

O r g a n i c P r e s e r v a t i v e s . I n cont ras t to i n o r g a n i c salts , t h e o r 
g a n i c p r e s e r v a t i v e s are m u c h less r e a c t i v e w i t h w o o d . T h i s is p a r t i c 
u l a r l y t r u e for t h e s t a n d a r d p r e s e r v a t i v e — c r e o s o t e a n d p e n t a c h l o 
r o p h e n o l (penta) . N e v e r t h e l e s s , s o m e o f t h e o t h e r m i n o r - u s e o r n e w 
p r e s e r v a t i v e s are m o r e r e a c t i v e a n d u n d e r g o v a r i o u s reac t i ons w i t h 
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t h e w o o d s u b s t r a t e . T h i s r e a c t i v i t y has a s ign i f i cant i n f l u e n c e o n t h e i r 
p e r f o r m a n c e . 

T B T O u n d e r g o e s a c o n d e n s a t i o n r e a c t i o n w i t h c e l l u l o s e to f o r m 
a t r i b u t y l t i n a l k o x i d e (57). T h i s r e a c t i o n w i t h c e l l u l o s e c o u l d p r e v e n t 
m e t a b o l i s m b y i n h i b i t i n g t h e e x t r a c e l l u l a r e n z y m e s o f t h e w o o d - d e 
s t r o y i n g f u n g i . H o w e v e r , s u c h a r e a c t i o n is u n l i k e l y to b e i n i t i a t e d 
i n s i t u b e c a u s e t h e a l k o x i d e is h i g h l y s u s c e p t i b l e to h y d r o l y s i s (58). 

I f a r e a c t i o n b e t w e e n c e l l u l o s e a n d T B T O does o c cur , i t is far 
m o r e l i k e l y that i t w o u l d take p l a c e v i a e l e c t r o n d o n a t i o n f r o m , o r 
h y d r o g e n b o n d i n g w i t h , t h e o x y g e n a t o m o f t h e c o m p o u n d (58). H o w 
ever , s u c h i n t e r a c t i o n s are s t i l l s p e c u l a t i v e a n d m u s t b e v e r i f i e d b y 
e x p e r i m e n t a t i o n . 

O v e r a p e r i o d o f t i m e , t h e T B T O i n t r e a t e d w o o d is d e g r a d e d 
(59). T h i s d e g r a d a t i o n i n v o l v e s t h e c a r b o n - t i n b o n d s a n d resu l t s i n 
a p r o g r e s s i v e f o r m a t i o n o f d i b u t y l , m o n o b u t y l , a n d , i n s o m e cases, 
i n o r g a n i c t i n d e r i v a t i v e s , a l l o f w h i c h are far less t ox i c to w o o d - d e c a y 
f u n g i . T h e exact m e c h a n i s m for th i s d e g r a d a t i o n is n o t k n o w n b u t 
a p p e a r s to i n v o l v e m o l e c u l a r o x y g e n b e c a u s e o r g a n i c coat ings o f v a r 
i ous t y p e s r e t a r d t h e r e a c t i o n (59). 

B e c a u s e o f these d e t r i m e n t a l r e a c t i o n s , the f u t u r e o f T B T O as a 
c o m m e r c i a l w o o d p r e s e r v a t i v e is i n q u e s t i o n . 

W h e n a l k y l a m m o n i u m c o m p o u n d s are i n t h e salt f o r m , s u c h as 
a l k y l d i m e t h y l a m m o n i u m c h l o r i d e , t h e y are r e a d i l y s o l u b l e i n w a t e r . 
H o w e v e r , a f ter t h e y are i m p r e g n a t e d i n t o w o o d , t h e y b e c o m e fixed 
a n d v e r y l i t t l e c a n b e l e a c h e d o u t w i t h water . I t has b e e n h y p o t h e 
s i z e d that t h e fixation m e c h a n i s m is a n i o n - e x c h a n g e r e a c t i o n w i t h 
t h e c a r b o n y l g r o u p s i n w o o d . I f th i s h y p o t h e s i s is c o r r e c t , t h e m a i n 
r e a c t i o n s ites w o u l d b e i n t h e h e m i c e l l u l o s e a n d l i g n i n c o m p o n e n t s . 
H o w e v e r , i n r e c e n t u n p u b l i s h e d s t u d i e s at t h e I n s t i t u t e o f W o o d 
R e s e a r c h o n t h e a d s o r p t i o n o f a l k y l a m m o n i u m c o m p o u n d s a n d 
c o p p e r salt f o r m u l a t i o n s b y w o o d , i t has b e e n f o u n d that a l k y l a m 
m o n i u m c o m p o u n d s a n d c o p p e r f r o m a m i x e d s o l u t i o n c o m p e t e for 
t h e s a m e i o n - e x c h a n g e s i tes , w i t h t h e a l k y l a m m o n i u m c o m p o u n d 
b e i n g p r e f e r e n t i a l l y a d s o r b e d . A s is t h e case w i t h t h e f i x a t i o n o f 
C C A , t h e s i te o f i o n e x c h a n g e is p r e s u m a b l y w i t h i n t h e l i g n i n s t r u c 
t u r e (29, 30). I n a d d i t i o n to i o n e x c h a n g e , t h e a l k y l a m m o n i u m c o m 
p o u n d s also w i l l b e fixed w i t h i n t h e w o o d b y i o n - p a i r s o r p t i o n (60) 
as is t h e case w i t h t h e i r s o r p t i o n o n t o c o t t o n (61). 
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9 
Chemistry of Adhesion 

R. V. SUBRAMANIAN 
Department of Materials Science and Engineering, Polymeric Materials 
Section, Washington State University, Pullman, WA 99164 

The basic features of the structure, properties, and mod
ification of polymeric adhesives are discussed as they 
relate to adhesive behavior with special reference to 
wood substrates. Adhesive properties and bond perfor
mance, including durability, are derived from chemical 
composition (functional groups), molecular organization 
(branching, molecular weight distribution, c ro s s 
- l i n k i n g ) and physical state (elastomer, thermoplastic, 
thermoset, crystalline). The various types of adhesives 
include those derived from naturally occurring poly
mers—carbohydrates, proteins, and natural rubber— 
and those derived from the multitude of synthetic poly
mers—phenolics, epoxies, acrylics, elastomers, ure 
thanes, etc. The transformation of liquid adhesive to a 
solid bond calls for curing reactions of reactive com
ponents or film formation from emulsion, solution, or 
melt. The properties of adherend surfaces play a critical 
role in the wetting and bonding of substrates as do mod
ifications of interfacial interactions by chemical surface 
treatments and coupling agents. Resistance to environ
mental effects of humidity, temperature, microbial at
tack, etc. determines the durability of bonds. 

. A D H E S I V E B O N D I N G PLAYS A VITAL R O L E i n m a t e r i a l s e n g i n e e r i n g — t h e 
d e s i g n , f a b r i c a t i o n , a n d a p p l i c a t i o n o f n e w a n d i m p r o v e d p r o d u c t s 
f r o m a v a r i e t y o f m a t e r i a l s . T h e s c i e n c e o f a d h e s i o n has d e v e l o p e d 
i n t o a m u l t i d i s c i p l i n a r y s t u d y i n v o l v i n g t h e c h e m i s t r y a n d p h y s i c s o f 
a d h e r e n d surfaces a n d a d h e s i v e s a n d t h e f rac ture m e c h a n i c s o f a d 
h e s i v e j o i n t s . B e c a u s e t h e a d h e s i v e s i n use are v i r t u a l l y a l l p o l y m e r s , 
an u n d e r s t a n d i n g o f p o l y m e r sc ience is r e q u i r e d , i n c l u d i n g the c h e m 
i s t r y o f p o l y m e r i z a t i o n r e a c t i o n s , a n d t h e rheo logy , d e f o r m a t i o n , a n d 
f r a c t u r e b e h a v i o r o f p o l y m e r s (1-3). T h i s c h a p t e r d i scusses t h e c h e m 
i s t r y o f a d h e s i o n as i t re la tes to the m a n y aspects o f a d h e s i v e b o n d 
f o r m a t i o n a n d p e r f o r m a n c e . 

0065-2393/84/0207-0323/$07.50/0 
© 1984 American Chemical Society 
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I n f o c u s i n g a t t e n t i o n o n w o o d b o n d i n g , w e are d e a l i n g w i t h 
n a t u r e ' s o w n u n i q u e m a t e r i a l w h o s e s o p h i s t i c a t e d s t r u c t u r e a n d c o m 
p l e x i t i e s are at t h e s a m e t i m e b a f f l i n g a n d c h a l l e n g i n g . T h u s , t h e r e 
are s e v e r a l c o m p l i c a t i n g factors i n t h e s t u d y o f w o o d as a n a d h e r e n d : 
t h e s p e c i e s ; h e a r t w o o d ; s a p w o o d ; e a r l y w o o d ; l a t e w o o d ; s u r f a c e 
p l a n e s i n r a d i a l , t a n g e n t i a l , l o n g i t u d i n a l , o r i n t e r m e d i a t e d i r e c t i o n s ; 
p H ; p o r o s i t y ; m o i s t u r e c o n t e n t ; a n d ex t rac t ives are a l l c a p a b l e o f 
m o d i f y i n g t h e b o n d i n g p r o p e r t i e s o f w o o d (4, 5). O f these , s o m e , 
l i k e p H , m o i s t u r e c o n t e n t , o r e x t r a c t i v e s , h a v e a m o r e d i r e c t i n f l u 
e n c e o n a d h e s i v e c h e m i s t r y a n d n e e d to b e c o n s i d e r e d care fu l ly . 

Adhesive Bond Formation 
A d h e s i v e s w e t , f l o w , a n d set to a s o l i d d u r i n g b o n d f o r m a t i o n . 

T h e t r a n s f o r m a t i o n f r o m l i q u i d a d h e s i v e t o s o l i d b o n d c a n b e 
a c h i e v e d i n a n u m b e r o f w a y s . W h e r e t h e a d h e s i v e is a p o l y m e r , t h e 
i n i t i a l s t a r t i n g m a t e r i a l is a l i q u i d m o n o m e r o r p r e p o l y m e r t h a t , 
u n d e r t h e c o n d i t i o n s o f b o n d i n g w i t h heat , p r e s s u r e , a n d / o r cata lys t , 
p o l y m e r i z e s to t h e s o l i d p o l y m e r i n t h e g l u e l i n e . I t is also u s u a l to 
a p p l y s o l u t i o n s o f p r e f o r m e d p o l y m e r s i n s u i t a b l e so lvents to t h e faces 
o f a d h e r e n d s , a n d a l l o w b o n d f o r m a t i o n to take p l a c e w i t h e v a p o r a 
t i o n o f s o l v e n t . A l t e r n a t i v e l y , p o l y m e r s that c a n b e m e l t e d o r soft
e n e d to f l o w at e l e v a t e d t e m p e r a t u r e s c a n b e a p p l i e d as hot-melt 
a d h e s i v e s to f o r m t h e b o n d o n c o o l i n g . W i t h p o r o u s a d h e r e n d s l i k e 
w o o d , p e n e t r a t i o n o f t h e p o r e s b y l i q u i d o r m o l t e n a d h e s i v e s is a n 
i m p o r t a n t factor i n b o n d f o r m a t i o n . 

T h e t r a n s f o r m a t i o n o f l i q u i d m o n o m e r s to s o l i d a d h e s i v e i n 
v o l v e s a n i n c r e a s e i n m o l e c u l a r s ize a n d m o l e c u l a r w e i g h t t h r o u g h 
p o l y m e r i z a t i o n . T h e i n c r e a s e i n m o l e c u l a r w e i g h t o f t h e p o l y m e r i c 
a d h e s i v e is r e s p o n s i b l e for t h e a t t a i n m e n t o f a d e q u a t e m e c h a n i c a l 
p r o p e r t i e s , c o h e s i v e s t r e n g t h , i m p a c t s t r e n g t h , e t c . , a n d s h o u l d , 
t h e r e f o r e , b e a l l o w e d to p r o c e e d to t h e r e q u i r e d l e v e l s d u r i n g b o n d 
f o r m a t i o n . 

I n p o l y m e r a d h e s i v e s s y n t h e s i z e d separa te ly for a d h e s i v e a p p l i 
c a t i o n f r o m s o l u t i o n o r as h o t m e l t , t h e r e q u i r e d s o l u b i l i t y , s o f t e n i n g 
t e m p e r a t u r e , v i s c o s i t y o f m e l t s , a n d f l o w p r o p e r t i e s are d e p e n d e n t 
u p o n t h e m o l e c u l a r w e i g h t o f t h e p o l y m e r a n d f u r t h e r , o n t h e m o 
l e c u l a r w e i g h t d i s t r i b u t i o n . T h e p r e s e n c e o f l o w m o l e c u l a r w e i g h t 
p o l y m e r a m o n g t h e p o l y m e r m o l e c u l e s o f h i g h e r m o l e c u l a r w e i g h t 
fac i l i ta tes eas i e r m e l t i n g a n d f l o w i n g o f t h e a d h e s i v e . F u r t h e r m o r e , 
b e c a u s e w o o d is a p o r o u s a d h e r e n d , l o w m o l e c u l a r w e i g h t p o l y m e r s 
a c h i e v e b e t t e r p e n e t r a t i o n o f t h e p o r e s to e n h a n c e t h e r e s u l t i n g a d h e 
s i o n . 

T h e r m o p l a s t i c a n d T h e r m o s e t t i n g P o l y m e r s . P o l y m e r a d h e 
s ives that d i s s o l v e i n s o l v e n t s , o r that soften a n d f l o w o n h e a t i n g a n d 
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9. SUBRAMANIAN Chemistry of Adhesion 325 

s o l i d i f y o n c o o l i n g , are a b l e to d o so b e c a u s e the l o n g - c h a i n p o l y m e r 
m o l e c u l e s are e s s e n t i a l l y l i n e a r , p e r h a p s w i t h o c c a s i o n a l b r a n c h e s , 
b u t are no t c h e m i c a l l y b o n d e d to e a c h o ther . B e c a u s e o f t h e i r l o n g 
c h a i n s a n d h i g h m o l e c u l a r w e i g h t s , t h e p o l y m e r m o l e c u l e s h a v e 
p h y s i c a l e n t a n g l e m e n t s w i t h e a c h o ther . A s t h e t e m p e r a t u r e o f the 
p o l y m e r is r a i s e d , v a r i o u s s e g m e n t s o f t h e l o n g p o l y m e r m o l e c u l e 
a c q u i r e m o b i l i t y at a t e m p e r a t u r e c a l l e d t h e glass t r a n s i t i o n t e m p e r 
a t u r e , Tg. B e l o w th i s t e m p e r a t u r e , l a rge - s ca le s e g m e n t a l m o b i l i t y is 
f r o z e n , a n d t h e a m o r p h o u s p o l y m e r is i n t h e glassy state ; a b o v e Tg, 
t h e o n s e t o f s e g m e n t a l m o b i l i t y e n a b l e s t h e p o l y m e r to r e s p o n d 
q u i c k l y to a n y a p p l i e d stress , m o v e i n t o t h e r u b b e r y state , a n d e x h i b i t 
t h e t y p i c a l e l a s t i c i t y o f e l a s t o m e r s . P o l y m e r f l o w at s t i l l h i g h e r t e m 
p e r a t u r e s o c c u r s as a c o n s e q u e n c e o f t h e v i g o r o u s m o v e m e n t s o f 
v a r i o u s s e g m e n t s that shi ft t h e c e n t e r o f g r a v i t y o f t h e p o l y m e r m o l 
e c u l e p r o g r e s s i v e l y . S u c h a p o l y m e r is t h e r m o p l a s t i c , a n d f o rms t h e 
bas i c c o n s t i t u e n t o f s o l u b l e o r h o t - m e l t a d h e s i v e s . 

A p o l y m e r is i n t h e g lassy state at r o o m t e m p e r a t u r e i f t h e Tg is 
a b o v e r o o m t e m p e r a t u r e , a n d i t b e h a v e s as a n e l a s t o m e r i f the Tg is 
c o n s i d e r a b l y b e l o w r o o m t e m p e r a t u r e . T h e Τ o f a p o l y m e r d e p e n d s 
o n t h e f r e e d o m o f r o t a t i o n a v a i l a b l e a b o u t bonds i n t h e p o l y m e r 
c h a i n . F l e x i b l e p o l y m e r s are m a d e b y t h e i n t r o d u c t i o n o f g r o u p s 
a b o u t w h i c h r o t a t i o n is f a c i l e , l i k e - O - , - S i - O - S i - , C H 2 - S - , 
= C H - C H 2 - . D i s c u s s i o n s o f d i f f e rent a d h e s i v e sys tems p r o v i d e a 
n u m b e r o f e x a m p l e s o f s u c h g r o u p s b e i n g i n t r o d u c e d i n o t h e r w i s e 
i n t r a c t a b l e p o l y m e r s to m a k e t h e m f l e x i b l e a n d t o u g h . Plasticizers 
are also e m p l o y e d to m a k e r i g i d p o l y m e r s p l i a b l e . P l a s t i c i z e r m o l e 
c u l e s , b y t h e i r i n t e r a c t i o n w i t h p o l y m e r c h a i n s , r e d u c e i n t e r c h a i n 
i n t e r a c t i o n s a n d c o n s e q u e n t l y , t h e i r r i g i d i t y . 

I n c o n t r a s t to t h e l i n e a r t h e r m o p l a s t i c p o l y m e r s , w h i c h are s o l 
u b l e a n d f u s i b l e , t h e c r o s s - l i n k e d n e t w o r k p o l y m e r s are i n s o l u b l e 
a n d i n f u s i b l e . T h e y are f o r m e d f r o m p o l y m e r i z i n g sys tems c o n t a i n i n g 
m o n o m e r s o r p r e p o l y m e r s w i t h a f u n c t i o n a l i t y o f t h r e e o r m o r e . A 
g o o d e x a m p l e is t h e p h e n o l - f o r m a l d e h y d e r e s i n s y s t e m s . T h e c ross -
l i n k i n g r e a c t i o n takes p l a c e i n t h e b o n d u n d e r a p p l i e d p r e s s u r e a n d 
heat , a n d t h e w h o l e a d h e s i v e b o n d m i g h t cons i s t o f o n l y o n e s u p e r 
g i a n t m o l e c u l e . S u c h r e s i n s a r e , t h e r e f o r e , c a l l e d t h e r m o s e t t i n g 
r e s i n s . 

T h e c r o s s - l i n k d e n s i t y a n d t h e s p a c i n g o f c r o s s - l i n k s a l o n g t h e 
p o l y m e r c h a i n d e t e r m i n e t h e r e l a t i v e f l e x i b i l i t y o f the r i g i d n e t w o r k 
s t r u c t u r e s , w h i c h are n a t u r a l l y m o r e res i s tant to heat , s o l v e n t s , a n d 
c h e m i c a l at tack t h a n u n c r o s s - l i n k e d p o l y m e r s . F l e x i b i l i z i n g p o l y m e r s 
o r f i l l e r s a re also a d d e d to t h e r m o s e t t i n g r e s i n s to i m p r o v e t o u g h 
ness a n d r e d u c e b r i t t l e n e s s o f t h e a d h e s i v e . 

A n i m p o r t a n t aspec t o f f o r m i n g a c r o s s - l i n k e d s t r u c t u r e is t h e 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
00

9

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



326 T H E C H E M I S T R Y O F SOLID W O O D 

e x t e n t o f r e a c t i o n o f t h e a v a i l a b l e f u n c t i o n a l g r o u p s . A s t h e p o l y m e r 
m o l e c u l e g r o w s i n s i ze its Tg m a y r i s e above t h e t e m p e r a t u r e o f c u r e . 
S e g m e n t a l m o b i l i t y is t h e r e f o r e lost , a n d t h e r e r e m a i n a f e w f u n c 
t i o n a l g r o u p s i n t h e p o l y m e r c h a i n i m m o b i l i z e d a n d i n c a p a b l e o f 
r e a c t i o n at that t e m p e r a t u r e . H o w e v e r , o n r a i s i n g t h e t e m p e r a t u r e 
a g a i n , m o l e c u l a r m o b i l i t y is r e s t o r e d a n d m o r e f u n c t i o n a l g r o u p s can 
reac t to f o r m m o r e c r o s s - l i n k s a n d a s t r o n g e r n e t w o r k s t r u c t u r e . T h e 
i n c r e a s e i n b o n d s t r e n g t h o b s e r v e d o n p o s t - c u r i n g is a t t r i b u t e d to 
f u l l e r u t i l i z a t i o n o f t h e r e a c t i v e g r o u p s p r e s e n t . 

M o l e c u l a r F o r c e s B e t w e e n A d h e r e n d a n d A d h e s i v e . T h e v a r 
ious t h e o r i e s o f a d h e s i o n i n v o k e t h e o c c u r r e n c e a n d i n t e r p l a y o f p h y s 
i c a l a n d c h e m i c a l i n t e r a c t i o n s across t h e a d h e r e n d - a d h e s i v e i n t e r 
face , as w e l l as t h e d e f o r m a t i o n b e h a v i o r o f t h e a d h e s i v e (6, 7). 
T h e r e f o r e , b o n d f o r m a t i o n d e p e n d s u p o n t h e d e v e l o p m e n t o f 
i n t e r m o l e c u l a r a t t r a c t i o n , b o t h w i t h i n the b u l k o f t h e p o l y m e r a n d 
b e t w e e n a d h e s i v e a n d a d h e r e n d . 

O f t h e d i f f e r e n t t y p e s o f forces r e s p o n s i b l e for i n t e r m o l e c u l a r 
a t t r a c t i o n , t h e f o r e m o s t are t h e L o n d o n o r d i s p e r s i o n forces that act 
b e t w e e n a l l a t o m s a n d a c c o u n t for v i r t u a l l y a l l o f t h e m o l e c u l a r at 
t r a c t i o n o r c o h e s i o n i n a l l m o l e c u l e s e x c e p t t h e v e r y p o l a r m o l e c u l e s 
( d e s c r i b e d later ) . D i s p e r s i o n forces are s h o r t - r a n g e i n t e r a c t i o n s , ef
f e c t i v e at a b o u t 4 Â , a n d r a p i d l y d e c r e a s e w i t h the s i x t h p o w e r o f 
t h e d i s t a n c e b e t w e e n m o l e c u l e s . T h e r e f o r e , the a d h e s i v e p o l y m e r 
m o l e c u l e m u s t b e f l e x i b l e e n o u g h to c o m e w i t h i n th is r a n g e o f i n 
t e r a c t i o n w i t h t h e r i g i d a d h e r e n t sur face u n d e r t h e c o n d i t i o n s o f b o n d 
f o r m a t i o n . 

A n o t h e r i n t e r a c t i o n o c c u r s b e t w e e n d i p o l e s i n m o l e c u l e s . D i -
p o l e s ar i se w h e n t h e e l e c t r o n s o f a c h e m i c a l b o n d b e t w e e n a toms are 
no t s h a r e d e q u a l l y , t h u s c r e a t i n g p o s i t i v e a n d n e g a t i v e c h a r g e c e n t e r s 
i n t h e m o l e c u l e . T h e i n t e r a c t i o n forces b e t w e e n p e r m a n e n t d i p o l e s 
o f p o l a r m o l e c u l e s d e p e n d o n t h e s t r e n g t h o f t h e t w o d i p o l e s , a n d 
d e c r e a s e w i t h t h e s i x t h p o w e r o f t h e d i s t a n c e b e t w e e n t h e i r c e n t e r s . 
C l e a r l y , t h e d i p o l a r i n t e r a c t i o n o f p o l y m e r i c a d h e s i v e s w i l l b e s t r o n g 
w h e n t h e y c a r r y p o l a r c h e m i c a l g r o u p s . 

A p a r t i c u l a r l y s t r o n g t y p e o f d i p o l a r a t t r a c t i o n resu l t s w h e n the 
p o s i t i v e c e n t e r is assoc ia ted w i t h t h e h y d r o g e n a t o m a t t a c h e d to an 
e l e c t r o n e g a t i v e a t o m , m o s t c o m m o n l y n i t r o g e n o r o x y g e n , as i n the 
f o l l o w i n g e x a m p l e s : 

T h i s p r o t o n s h a r i n g b e t w e e n e l e c t r o n e g a t i v e a toms is c a l l e d the h y 
d r o g e n b o n d . It o c c u r s i n p o l y m e r s c a r r y i n g a m i d e ( - C O N H - ) , c a r -

δ + δ -
- c = o 

δ + δ -
H - N -

δ - δ + 
- Ο - Η 

δ - δ + 
Ο - Η 
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b o x y l ( - C O O H ) , o r h y d r o x y l ( - O H ) g r o u p s , a n d c o n t r i b u t e s s ign i f 
i c a n t l y to t h e a d h e s i o n to p o l a r substrates o f a d h e s i v e s s u c h as p r o 
t e i n s , s t a r c h , p o l y v i n y l a l c o h o l , e p o x y r e s i n s , p h e n o l i c s (8), a n d 
e s p e c i a l l y to w o o d w h i c h has a n a b u n d a n c e o f h y d r o x y l g r o u p s . 

T h e m o l e c u l a r forces are s e c o n d a r y o r v a n d e r W a a l s forces . It 
is a lso c o n c e i v a b l e that p r i m a r y v a l e n c e forces f o r m c h e m i c a l b o n d s , 
e i t h e r c o v a l e n t o r i o n i c , b e t w e e n a d h e s i v e a n d a d h e r e n d . T h e c o n 
t r i b u t i o n o f c o v a l e n t b o n d s to b o n d s t r e n g t h is a sub je c t o f great , i f 
s o m e t i m e s c o n t r o v e r s i a l , i n t e r e s t (6). 

Adhesives for Wood 
T h e v a r i e t y o f w o o d p r o d u c t s has i n c r e a s e d e n o r m o u s l y o v e r t h e 

past d e c a d e s as m o r e a d h e s i v e s h a v e b e e n f o u n d for b o n d i n g . T h e 
m o s t i m p o r t a n t p r o d u c t s i n t e r m s o f v o l u m e are p l y w o o d , p a r t i c l e 
b o a r d , a n d fiber b o a r d . B u t a d h e s i v e l y b o n d e d p r o d u c t s r a n g e f r o m 
t i n y a r t i c l e s o f j e w e l r y to g i a n t l a m i n a t e d t i m b e r s s p a n n i n g h u n d r e d s 
o f feet (5). T h e m o d i f i c a t i o n o f a d h e s i v e p r o p e r t i e s to su i t t h e d i f 
f e r e n t a p p l i c a t i o n r e q u i r e m e n t s r e q u i r e s a s o u n d u n d e r s t a n d i n g o f 
the bas i c c h e m i s t r y o f a d h e s i v e s . 

I n t h e f o l l o w i n g d i s c u s s i o n , o n l y t h e m o s t w i d e l y u s e d a d h e s i v e 
types are d e s c r i b e d . T h e s e are t h e u r e a - f o r m a l d e h y d e ( U F ) r e s i n s , 
m e l a m i n e - f o r m a l d e h y d e ( M F ) r e s i n s , p h e n o l - f o r m a l d e h y d e ( P F ) 
r e s i n s , d i i s o c y a n a t e s , p o l y i s o c y a n a t e s , p o l y m e r s a n d c o p o l y m e r s o f 
v i n y l ace tate , a n d p o l y a m i d e s . T h e s e are a l l p r e d o m i n a n t l y t h e r m o 
s e t t i n g r e s i n s y s t e m s . 

S o m e g e n e r a l o b s e r v a t i o n s c a n b e m a d e r e g a r d i n g the a b o v e 
t h e r m o s e t t i n g r e s i n s y s t e m s be fo re d i s c u s s i n g t h e i r c h e m i s t r y (9). 
T h e c o h e s i v e s t r e n g t h o f t h e s e t h e r m o s e t t i n g r e s ins exceeds t h e t e n 
s i le s t r e n g t h o f w o o d . T h e a d h e s i v e p r e p o l y m e r r e s i n s h a v e h i g h 
e n o u g h p o l a r i t y a n d l o w e n o u g h v i s c o s i t y to p e n e t r a t e i n t o t h e m i 
c r o p o r e s o f w o o d a n d b r i n g a b o u t m e c h a n i c a l a n c h o r a g e o f t h e a d 
h e s i v e at t h e o u t s e t o f t h e b o n d i n g process . T h e p o l a r g r o u p s are 
c a p a b l e o f f o r m i n g s t r o n g h y d r o g e n b o n d s w i t h the h y d r o x y l g r o u p s 
i n w o o d . T h u s s t r o n g d i p o l e i n t e r a c t i o n s are f o r m e d i n a d d i t i o n to 
s e c o n d a r y v a n d e r W a a l s f o r c e s . P r i m a r y c h e m i c a l b o n d s c a n b e 
f o r m e d b y c h e m i c a l r e a c t i o n s b e t w e e n f u n c t i o n a l g r o u p s i n w o o d a n d 
those i n P F , M F , o r U F r e s i n s o r d i i s o c y a n a t e s . R e s i n types v a r y 
m a r k e d l y i n t h e i r w a t e r r e s i s t a n c e w h i c h c o u l d affect t h e i r a p p l i c a t i o n 
i n e x t e r i o r o r i n t e r i o r e n v i r o n m e n t s . T h e P F res ins are t h e m o s t 
d u r a b l e , a n d t h e U F r e s i n s , t h e least . T h e c o r r e l a t i o n o f these p r o p 
er t i e s w i t h t h e i r c h e m i c a l s t r u c t u r e w i l l b e m a d e c l e a r i n the s t u d y 
o f t h e i r c h e m i s t r y . 

A p a r t f r o m t h e s y n t h e t i c t h e r m o s e t t i n g p o l y m e r a d h e s i v e s , 
o t h e r p o l y m e r s s u c h as p o l y v i n y l acetate a n d p o l y a m i d e s are u s e d i n 
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m u c h s m a l l e r q u a n t i t i e s . A d h e s i v e s o f n a t u r a l o r i g i n , s u c h as a n i m a l , 
c a s e i n , s o y b e a n , s t a r c h , a n d b l o o d g l u e s , are n o w l a r g e l y s u p p l a n t e d 
b y t h e m o r e v e r s a t i l e s y n t h e t i c p o l y m e r s . H o w e v e r , c a s e i n is u s e d 
for s t r u c t u r a l l a m i n a t i n g (5). P h e n o l i c c o m p o u n d s d e r i v e d f r o m t rees , 
s u c h as t a n n i n s , are i n c r e a s i n g l y u s e d for w o o d b o n d i n g , m o s t l y i n 
c o m b i n a t i o n w i t h s y n t h e t i c a d h e s i v e c o m p o n e n t s (JO, 11). 

P h e n o l i c R e s i n A d h e s i v e s . P F r e s i n a d h e s i v e s are l o w m o l e c 
u l a r w e i g h t p r e p o l y m e r s f o r m e d f r o m p h e n o l a n d f o r m a l d e h y d e , a n d 
are o f the t h e r m o s e t t i n g t y p e . T h e p o l y m e r i z a t i o n is c o n t r o l l e d b y 
t h e a c i d o r a l k a l i n e c o n d i t i o n s , i . e . , p H , at w h i c h i t is c o n d u c t e d . 
A n o t h e r i m p o r t a n t r e a c t i o n v a r i a b l e is t h e m o l a r ra t i o o f p h e n o l to 
f o r m a l d e h y d e . B y v a r y i n g t h e t i m e a n d t e m p e r a t u r e o f r e a c t i o n , a n d 
b y c h o o s i n g cata lysts a n d p h e n o l s o f v a r y i n g r e a c t i v i t y , a w i d e v a r i e t y 
o f a d h e s i v e s c a n b e p r e p a r e d for m a n y a p p l i c a t i o n s a n d c o n d i t i o n s . 

R E S O L E S . R e s o l e s are p h e n o l i c r e s i n s p r o d u c e d u n d e r a l k a l i n e 
c o n d i t i o n s w i t h a m o l a r excess o f f o r m a l d e h y d e , H C H O , o v e r p h e 
n o l i n t h e r e a c t i o n m i x t u r e . T h e i n i t i a l r e a c t i o n is t h e s u b s t i t u t i o n 
o f p h e n o l w i t h m e t h y l o l ( - C H 2 O H ) g r o u p s , as s h o w n i n F i g u r e 1, 
b o t h at t h e ortho (I) a n d para (II) p o s i t i o n s . F u r t h e r m o r e , b e c a u s e 
m o r e t h a n 1 m o l o f f o r m a l d e h y d e is u s e d for e a c h m o l e o f p h e n o l , 
p r o d u c t s c a r r y i n g t w o o r t h r e e m e t h y l o l g r o u p s (ΠΙ, IV) a re also 
f o r m e d . T h e ortho.para s u b s t i t u t i o n ra t i o d e p e n d s o n the t y p e o f 
cata lyst a n d p H , a n d decreases f r o m 1.1 at a p H o f 8 .7 to 0 .38 at a 

Figure 1. Mixture of reaction products in resole formed from phenol 
and formaldehyde. 
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p H o f 13 .0 (9). A l k a l i a n d a l k a l i n e - e a r t h m e t a l h y d r o x i d e s c o n s i d e r 
a b l y e n h a n c e ortho s u b s t i t u t i o n i n the o r d e r M g > C a > S r > B a > 
L i > N a > Κ (9). T h e c h e l a t i n g s t r e n g t h o f t h e m e t a l c a t i o n has a 
p r o n o u n c e d c a t a l y t i c effect o n d i r e c t i n g ortho s u b s t i t u t i o n , a n d cat 
ions o f t r a n s i t i o n m e t a l s F e , C o , M n , etc . are e v e n m o r e e f fec t ive . 

T h e i n i t i a l f o r m a t i o n o f these m e t h y l o l - s u b s t i t u t e d p h e n o l s is 
f o l l o w e d b y t h e i r r e a c t i o n w i t h e a c h o t h e r a n d w i t h u n r e a c t e d p h e n o l 
to g i v e a c o m p l e x m i x t u r e o f m o l e c u l e s o f d i f f e rent s izes a n d d e g r e e s 
o f b r a n c h i n g i n w h i c h t h e p h e n o l i c n u c l e i are c o n n e c t e d to e a c h o t h e r 
t h r o u g h m e t h y l e n e l i n k s , - C H 2 - , o r m e t h y l e n e e t h e r b r i d g e s , 
- C H 2 - 0 - C H 2 - , as e x e m p l i f i e d i n F i g u r e 1 (V) . 

T h e e x t e n t to w h i c h t h e m e t h y l o l p h e n o l s l i n k a n d g r o w d e p e n d s 
u p o n t h e c o n d i t i o n s o f r e a c t i o n , p H , t i m e , a n d t e m p e r a t u r e . I n a d 
d i t i o n , t h e m o l e r a t i o o f f o r m a l d e h y d e to p h e n o l i n t h e r e a c t i o n m i x 
t u r e , is a n i m p o r t a n t c o n t r o l l i n g factor. T h e p r o p e r t i e s o f r e so l e a d 
h e s i v e r e s i n s c a n b e v a r i e d o r r e p r o d u c e d o n l y b y c a r e f u l c o n t r o l o f 
these e x p e r i m e n t a l c o n d i t i o n s . M e t h y l o l f o r m a t i o n is a c c e l e r a t e d b y 
i n c r e a s i n g t h e p H . M e t h y l o l g r o u p s , w h i c h s u b s e q u e n t l y f o r m t h e 
m e t h y l e n e l i n k s l e a d i n g to t h e g r o w t h o f the m a c r o m o l e c u l e , i n c r e a s e 
w i t h i n c r e a s i n g m o l a r r a t i o o f f o r m a l d e h y d e to p h e n o l . U n d e r a n y 
o n e set o f c o n d i t i o n s , c o n t i n u e d h e a t i n g o r h e a t i n g at h i g h e r t e m 
p e r a t u r e r e s u l t s i n p r o d u c t s o f h i g h e r v i s c o s i t y a n d l o w e r w a t e r s o l 
u b i l i t y . R e s o l e s c a n t h u s b e f o r m e d as w a t e r - s o l u b l e l i q u i d r es ins o f 
l o w m o l e c u l a r w e i g h t , a b o u t 150, o r as g r i n d a b l e so l ids o f m o l e c u l a r 
w e i g h t a r o u n d 1000. 

A n a l k a l i n e ca ta lys t l i k e N a O H is u s e d , w i t h f o r m a l d e h y d e to 
p h e n o l r a t i o v a r i e d f r o m 1:1 to 3:1 (usua l ly 1 . 8 - 2 . 4 : 1 ) for p a r t i c l e 
b o a r d s . A p a r t f r o m c a t a l y z i n g t h e h y d r o x y m e t h y l a t i o n o f p h e n o l , 
N a O H also serves to p r o v i d e t h e r e q u i r e d w a t e r s o l u b i l i t y o f t h e 
r e s i n , e v e n at a h i g h m o l e c u l a r w e i g h t , t h r o u g h t h e f o r m a t i o n o f 
s o d i u m p h e n o x i d e s . F u r t h e r m o r e , i t acce lerates t h e c u r i n g o f t h e 
r e s i n . 

R e s i n s are p r e p a r e d c o m m e r c i a l l y that h a v e e x t r a o r d i n a r i l y l o w 
m o n o m e r c o n t e n t (less t h a n 0 . 1 % o f e i t h e r p h e n o l o r f o r m a l d e h y d e ) 
(9). T h e m o l e c u l a r w e i g h t d i s t r i b u t i o n o f the t y p i c a l r e s i n shows v e r y 
s m a l l a m o u n t s o f b i s ( h y d r o x y m e t h y l ) a n d t r i s ( h y d r o x y m e t h y l ) 
p h e n o l s , w i t h the b u l k o f t h e p r o d u c t b e i n g l a r g e r c o n d e n s a t i o n p r o d 
ucts (9). 

R e s o l e r e p r e s e n t s an i n t e r m e d i a t e stage i n t h e progress o f t h e 
r e a c t i o n o f p h e n o l a n d f o r m a l d e h y d e . T h e f i n a l p r o d u c t , i d e a l i z e d i n 
t h e c r o s s - l i n k e d n e t w o r k s h o w n i n F i g u r e 2, is f o r m e d b y h e a t i n g 
t h e r e s o l e to b r i n g a b o u t c r o s s - l i n k i n g t h r o u g h the m e t h y l o l g r o u p s 
a l r e a d y p r e s e n t i n t h e r e s i n . F u r t h e r a d d i t i o n o f reactants to reso l e 
is t h e r e f o r e u n n e c e s s a r y . T h e c u r i n g r e a c t i o n c a n also b e b r o u g h t 
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Figure 2. Illustration of the cross-linked structure of phenol-formalde
hyde resin. 

a b o u t b y t h e a d d i t i o n o f s t r o n g ac ids to t h e r eso l e i n s t e a d o f b y 
h e a t i n g i t . M o s t l y h y d r o c h l o r i c , p h o s p h o r i c , p - t o l u e n e s u l f o n i c , o r 
p h e n o l s u l f o n i c ac ids are u s e d . C o r r o s i o n o f m e t a l substrates a n d l o n g -
t e r m attack o n w o o d a d h e r e n d s are p r o b l e m s assoc iated w i t h the use 
o f a c i d h a r d e n e r s for p h e n o l i c a d h e s i v e s . A l t h o u g h t h e a c i d - c u r i n g o f 
r e s o l e a d h e s i v e s is t e c h n i c a l l y no t i m p o r t a n t , the r e a c t i o n o f p h e n o l 
a n d f o r m a l d e h y d e , u n d e r i n i t i a l l y a c i d i c c o n d i t i o n s , is u s e d to p r o 
d u c e a n o t h e r c lass o f p h e n o l i c r e s i n i n t e r m e d i a t e s , n o v o l a k s . 

N O V O L A K . I n t h e a c i d i c p H r a n g e , the r e a c t i o n o f p h e n o l a n d 
f o r m a l d e h y d e o c c u r s as a n e l e c t r o p h i l i c s u b s t i t u t i o n r e a c t i o n . I n i 
t ia l ly the reac t ion p r o d u c e s m e t h y l o l p h e n o l ( I - I V , F i g u r e 1) as u n d e r 
a l k a l i n e c o n d i t i o n s . H o w e v e r , t h e m e t h y l o l g r o u p is u n s t a b l e u n d e r 
a c i d c o n d i t i o n s a n d q u i c k l y f o r m s m e t h y l e n e b r i d g e s b y f u r t h e r r e a c 
t i o n w i t h p h e n o l . B y u s i n g p h e n o l i n excess , i . e . , at a f o r m a l d e -
h y d e : p h e n o l r a t i o l e s s t h a n o n e , l i n e a r m o l e c u l e s w i t h t e r m i n a l 
p h e n o l g r o u p s are f o r m e d (VI ) . T h e m o l e c u l a r w e i g h t o f these p o l y 
m e r i c c h a i n s is u s u a l l y less t h a n 2000 . B e c a u s e t h e y are u n c r o s s -
l i n k e d , n o v o l a k s are s o l u b l e a n d t h e r m o p l a s t i c . S p e c i a l cata lysts , s u c h 
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as b i v a l e n t m e t a l acetates , n e e d to b e u s e d to o b t a i n high-ortho-
s u b s t i t u t e d n o v o l a k s , i n w h i c h t h e p h e n o l i c n u c l e i are l i n k e d p r e 
d o m i n a n t l y t h r o u g h t h e o r f / i o - p o s i t i o n (see V I ) (12). I n t h e a b s e n c e 
o f these s p e c i a l ca ta lys ts , para l i n k s are also f o r m e d . T h e m e c h a n i s m 
o f t h e s e l e c t i v e o r f / i o - h y d r o x y m e t h y l a t i o n is f o r m a t i o n o f m e t a l i o n 
che la tes . 

T h e n o v o l a k r e s i n , u n l i k e r e s o l e s , d o e s n o t c o n t a i n a n y f r e e 
m e t h y l o l g r o u p s . T h e r e f o r e , i t is i n c a p a b l e o f f u r t h e r r e a c t i o n w i t h o u t 
the a d d i t i o n o f m o r e f o r m a l d e h y d e . C o n s e q u e n t l y , h a r d e n i n g o f n o 
vo laks to t h e i n f u s i b l e , c r o s s - l i n k e d p r o d u c t s h o w n i n F i g u r e 2 c a n 
b e a c h i e v e d o n l y b y f u r t h e r a d d i t i o n o f f o r m a l d e h y d e , o r f o r m a l d e 
h y d e d o n o r s . T h e u s u a l f o r m a l d e h y d e d o n o r s are p a r a f o r m a l d e h y d e , 
o r a l m o s t i n v a r i a b l y , h e x a m e t h y l e n e t e t r a m i n e ( m e t h e n a m i n e ) V I I , 
b o t h o f w h i c h d e c o m p o s e to f o r m a l d e h y d e u n d e r t h e r e a c t i o n c o n 
d i t i o n s . E i t h e r o f these c a n c r o s s - l i n k t h e l i n e a r n o v o l a k s to f o r m 
m e t h y l e n e b r i d g e s t h a t p r o d u c e t h e n e t w o r k s t r u c t u r e s h o w n i n 
F i g u r e 2. T h e h i g h - o r t T i o - s u b s t i t u t e d n o v o l a k s are m o r e r e a c t i v e i n 
th is c r o s s - l i n k i n g s tep b e c a u s e t h e r e l a t i v e l y m o r e r e a c t i v e para p o 
s i t i o n has b e e n left f ree d u r i n g t h e i r p r e p a r a t i o n , a n d is n o w a v a i l a b l e 
for r e a c t i o n w i t h f o r m a l d e h y d e o r h e x a m e t h y l e n e t e t r a m i n e . 

R E S O R C I N O L R E S I N S . T h e r e a c t i v i t y o f p h e n o l w i t h f o r m a l d e h y d e 
is g r e a t l y i n c r e a s e d w i t h t w o h y d r o x y l g r o u p s o n its n u c l e u s ( resor 
c i n o l V I I I ) . R o o m t e m p e r a t u r e p o l y m e r i z a t i o n is o b s e r v e d w i t h o u t 
the n e e d for a n y cata lyst . T h e rate o f r e a c t i o n goes t h r o u g h a m i n 
i m u m at a p H o f 3 .5 a n d i n c r e a s e s at l o w e r o r h i g h e r p H v a l u e s . To 
m a k e a u s e f u l a d h e s i v e , p r e p o l y m e r s , s i m i l a r to n o v o l a k s , are p r e -

V I I 
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p a r e d f r o m r e s o r c i n o l a n d f o r m a l d e h y d e at a l o w m o l e r a t i o , — 0 . 5 -
0 . 7 , o f t h e a l d e h y d e . T h e p r e p o l y m e r w i t h t h e r e a c t i v e r e s o r c i n o l 
n u c l e i c a n t h e n b e c u r e d , e v e n at a m b i e n t c o n d i t i o n s , w i t h f u r t h e r 
a d d i t i o n o f f o r m a l d e h y d e , u s u a l l y as p a r a f o r m a l d e h y d e , to f o r m t h e 
a d h e s i v e b o n d . 

T h e s e n s i t i v i t y o f r e s o r c i n o l r e s i n c u r i n g to changes i n p H has 
i n t e r e s t i n g c o n s e q u e n c e s i n t h e v a r i a b i l i t y o f b o n d s t r e n g t h w i t h s p e 
c ies o f w o o d b o n d e d . S p e c i m e n s o f E n g l i s h oak, for e x a m p l e , w h i c h 
gave l o w s t r e n g t h w h e n b o n d e d b y r e s o r c i n o l i c r e s i n s , w e r e f o u n d 
to g i v e a n a q u e o u s ex t rac t o f p H 3 . 7 , c l ose to the p o i n t w h e r e t h e 
r e a c t i v i t y o f t h e r e s i n is a m i n i m u m ( 3 ) . T h i s r e t a r d a t i o n o f c u r i n g 
b y t h e a c i d i t y o f oak c o u l d b e o v e r c o m e b y w a s h i n g t h e s p e c i m e n 
w i t h s o d i u m acetate after w h i c h t h e s t r e n g t h p r o d u c e d b y r e s o r c i n 
o l i c r e s i n a d h e s i v e was e x c e l l e n t . T h e effect o f ex t rac t ives o n g e l a 
t i o n o f c u r i n g r e s i n s w i l l b e d i s c u s s e d aga in later . 

M o d i f i c a t i o n s c a n b e m a d e i n p h e n o l i c r e s ins b y u s i n g a l k y l s u b 
s t i t u t e d p h e n o l s to p r o d u c e less r e a c t i v e r e s i n s , to i m p r o v e c o m p a t 
i b i l i t y w i t h r u b b e r , a n d to i m p r o v e m o i s t u r e r e s i s tance , e l e c t r i c a l 
p r o p e r t i e s , e tc . 

A P P L I C A T I O N O F P H E N O L — F O R M A L D E H Y D E R E S I N A D H E S I V E S . T h e 

w o o d i n d u s t r y is a m a j o r o u t l e t for p h e n o l - f o r m a l d e h y d e ( P F ) a d 
h e s i v e s a n d uses a b o u t 2 5 % o f t h e P F r e s i n p r o d u c e d i n m a k i n g 
p a r t i c l e b o a r d s a n d p l y w o o d s , a n d i n s t r u c t u r a l b o n d i n g . I n these 
a p p l i c a t i o n s , reso les are u s e d a l m o s t e x c l u s i v e l y , as d r y films, l i q u i d 
r e s i n s , o r p o w d e r e d r e s i n s . W o o d c o n t a i n s a v a r i e t y o f r e a c t i v e f u n c 
t i o n a l g r o u p s , i n a d d i t i o n to h y d r o x y l s , c a p a b l e o f b o t h h y d r o g e n 
b o n d i n g a n d c h e m i c a l r e a c t i o n w i t h P F r e s i n s . F o r e x a m p l e , l i g n i n , 
w h i c h c o n s t i t u t e s a b o u t 2 0 - 2 5 % o f w o o d , is p h e n o l i c i n s t r u c t u r e , 
a n d c a n c o r e a c t w i t h P F a d h e s i v e s (13). F u r t h e r m o r e , r e s i n v i s 
c o s i t y is l o w e n o u g h to e n a b l e p e n e t r a t i o n o f m i c r o p o r e s o f w o o d , 
a n d cause m e c h a n i c a l a n c h o r a g e o f t h e a d h e s i v e . F i n a l l y , t h e c o h e 
s ive s t r e n g t h o f t h e r e s i n surpasses that o f w o o d . A l l o f these factors 
c o n t r i b u t e to t h e s t r e n g t h o f t h e a d h e s i v e l y b o n d e d w o o d p r o d u c t s . 

I n p r e p a r i n g d r y films, s p e c i a l p a p e r is i m p r e g n a t e d w i t h a r e 
so le s o l u t i o n a n d d r i e d . T h e d r y film f o r m has l o n g storage l i f e , u p 
to 1 2 m o n t h s a n d is p a r t i c u l a r l y w e l l a d a p t e d to g l u i n g t h i n a n d c r o t c h 
v e n e e r s b e c a u s e p r o b l e m s o f c o n t r o l l i n g s p r e a d are a v o i d e d . T h e 
m o i s t u r e n e e d e d to e n a b l e t h e r e s o l e to b e c o m e a l i q u i d u n d e r a p 
p l i e d p r e s s u r e has to c o m e f r o m t h e w o o d ; t h e r e f o r e , t h e m o i s t u r e 
c o n t e n t s h o u l d b e c o n t r o l l e d c a r e f u l l y a n d m a i n t a i n e d a b o v e 6 % , 
p r e f e r a b l y i n t h e r a n g e o f 8 - 1 2 % d e p e n d i n g o n t h e spec ies g l u e d 
a n d t h e v e n e e r t h i c k n e s s . L i q u i d reso les are p r e p a r e d as a q u e o u s o r 
a l c o h o l i c s o l u t i o n s o f t h e P F r e s i n . R e s i n p o w d e r s , p r e f e r r e d for l o n g 
storage l i f e , c a n b e d i s s o l v e d at t h e t i m e o f a p p l i c a t i o n to y i e l d l i q u i d 
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a d h e s i v e s . T h e h o t - s e t t i n g p h e n o l i c a d h e s i v e s are u s e d m o s t l y for 
b o n d i n g e x t e r i o r s o f t w o o d p l y w o o d a n d r e q u i r e p r e s s i n g at 1 3 0 - 1 5 0 
°C for a f e w m i n u t e s . U s u a l l y a f i l l e r s u c h as c o c o n u t o r w a l n u t s h e l l 
f l o u r is u s e d to ad just w e t t i n g , a v o i d excess ive p e n e t r a t i o n , a n d to 
o b t a i n u n i f o r m j o i n t t h i c k n e s s . T h e f i l l e r s r e d u c e cost a n d , w h e n u s e d 
i n r e a s o n a b l e p r o p o r t i o n s , t h e b r i t t l e n e s s o f t h e a d h e s i v e j o i n t . 

A s i n d i c a t e d p r e v i o u s l y , a s i gn i f i cant f ea ture o f these r e s i n s is 
t h e v e r y l o w c o n t e n t (<0 .1%) o f t h e m o n o m e r s , p h e n o l a n d f o r m a l 
d e h y d e . T h e m o l e c u l a r w e i g h t s o f res ins u s e d i n p l y w o o d m a n u f a c 
t u r e are h i g h e r , a n d t h e v i s c o s i t y is i n t h e range o f 700 (wet process) 
o r 4 5 0 m P a s (dry process ) (9). I n the m a n u f a c t u r e o f p a r t i c l e b o a r d s , 
w h i c h cons i s t o f — 9 5 % b y w e i g h t o f w o o d c h i p s b o n d e d t o g e t h e r b y 
t h e a d h e s i v e , t h e v i s c o s i t y o f t h e r e s i n u s e d is m u c h l o w e r , a b o u t 
130 m P a s (9). I n b o t h cases, t h e r e s i n has a d r y so l ids c o n t e n t o f 
4 0 - 5 0 % . 

T h e c o l d - s e t t i n g r e s o l e a d h e s i v e s r e q u i r e a n a c i d h a r d e n e r , s u c h 
as p - t o l u e n e s u l f o n i c a c i d w h i c h is a d d e d at the t i m e o f a p p l i c a t i o n , 
for c u r i n g . T h e s e a d h e s i v e s are p a r t i c u l a r l y u s e f u l i n a s s e m b l y g l u i n g 
o f w o o d , as i n b u i l d i n g c o n s t r u c t i o n for b o n d i n g s a n d w i c h p a n e l s , 
p r e f a b r i c a t e d h o u s e p a n e l s , t r u c k p a n e l s , e tc . I n s u c h a p p l i c a t i o n s , 
t h e r e s i n c o n t e n t o f t h e a d h e s i v e is also h i g h e r t h a n i n h o t - p r e s s 
a d h e s i v e s , a b o u t 6 5 - 7 5 % . A c i d - c a t a l y z e d a d h e s i v e s offer s o m e d i s 
advantages . W o o d fibers a re a t t a c k e d b y t h e a c i d i n the l o n g r u n , 
a n d t h e j o i n t s f o r m e d u n d e r a c i d c o n d i t i o n s are n o t as d u r a b l e as 
j o i n t s f o r m e d f r o m r e s o r c i n o l - p h e n o l g l u e s . T h e r e f o r e , w i t h t h e d e 
v e l o p m e n t o f r e a c t i v e r e s o r c i n o l - b a s e d a d h e s i v e s that m a y b e c u r e d 
at l o w t e m p e r a t u r e s , the use o f a c i d - c a t a l y z e d p h e n o l i c a d h e s i v e s has 
d e c l i n e d . 

D U R A B I L I T Y A N D F R A C T U R E T O U G H N E S S . T h e d u r a b i l i t y o f j o i n t s 
p r e p a r e d f r o m r e s o r c i n o l s as w e l l as t h e h o t - s e t t i n g p h e n o l i c a d h e 
s ives is e x c e l l e n t . T h e j o i n t s are as d u r a b l e as w o o d , a n d p r o p e r l y 
m a d e j o i n t s c a n w i t h s t a n d , w i t h o u t s ign i f i cant d e l a m i n a t i o n o r loss 
i n s t r e n g t h , p r o l o n g e d e x p o s u r e s to c o l d a n d ho t w a t e r , a l t e r n a t e 
s o a k i n g a n d d r y i n g , t e m p e r a t u r e s u p to those that s e r i o u s l y d a m a g e 
w o o d , a n d o u t d o o r w e a t h e r i n g . T h e y are also res i s tant to s o l v e n t , 
w o o d p r e s e r v a t i v e s , fire-retardant c h e m i c a l s , a n d a c i d o r a l k a l i . T h u s 
w e l l - m a d e j o i n t s b o n d e d b y p h e n o l , p h e n o l — r e s o r c i n o l , a n d r e s o r 
c i n o l — r e s i n g lues are d i f f i c u l t to d e s t r o y w i t h o u t d e s t r o y i n g t h e w o o d 
i tse l f . T h e p r o p e r t i e s are d e r i v e d f r o m t h e h i g h l y c r o s s - l i n k e d s t r u c 
t u r e o f a r o m a t i c n u c l e i ( F i g u r e 2) that confers t h e r m a l s tab i l i t y , s o l 
v e n t r e s i s t a n c e , a n d m o i s t u r e res i s tance to t h e c u r e d a d h e s i v e . 

T h e use o f a c c e l e r a t e d a g i n g tests to p r e d i c t t h e d u r a b i l i t y o f 
p h e n o l i c a d h e s i v e j o i n t s has b e e n c r i t i c a l l y e x a m i n e d to e s t a b l i s h the 
d e p e n d e n c e o f f r a c t u r e t o u g h n e s s o f t h e j o i n t s o n c u r e c h e m i s t r y 
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(14). I n th i s s tudy , t h e c o m p o s i t i o n a n d r e a c t i v i t y o f the p h e n o l -
r e s o r c i n o l r e s i n , t i m e a n d t e m p e r a t u r e o f c u r e , a n d f i l l e r types w e r e 
v a r i e d w h i l e m e a s u r i n g o r f o l l o w i n g r e a c t i o n e x o t h e r m s , s o l u b l e r e s i n 
f rac t i ons , t h e f o r m a t i o n a n d d i s a p p e a r a n c e o f r e a c t i v e i n t e r m e d i a t e s 
a n d , f ina l ly , t h e f r a c t u r e t o u g h n e s s o f the j o i n t s . T h e f rac ture e n e r g y 
m e a s u r e m e n t was b a s e d o n e a r l i e r s t u d i e s (15, 16) o f the effects o f 
w o o d a n i s o t r o p y (gra in angle) a n d w o o d p r o c e s s i n g (surface r o u g h 
ness) o n f r a c t u r e t o u g h n e s s o f a d h e s i v e j o i n t s . T h e s e s tud ies u s e d 
d o u b l e c a n t i l e v e r b e a m c l eavage s p e c i m e n s . B y e s t a b l i s h i n g that f rac 
t u r e t o u g h n e s s m e a s u r e m e n t s c a n b e u s e d to f o l l o w progress o f c u r e 
o f t h e r e s i n , s o m e i m p o r t a n t c o n c l u s i o n s h a v e b e e n r e a c h e d . T h e 
o b s e r v e d m a x i m u m i n t h e v a r i a t i o n o f f ra c ture e n e r g y w i t h c u r i n g 
t i m e was s h o w n to c o r r e s p o n d to t h e i n i t i a l f o r m a t i o n a n d d e c o m 
p o s i t i o n o f t h e d i m e t h y l e n e e t h e r l i n k a g e s , - C H 2 - 0 - C H 2 - , ( F i g u r e 
1, V ) . A s m o r e o f these f l e x i b l e , e ther l inkages are f o r m e d , the frac
t u r e e n e r g y i n c r e a s e s ; a n d w i t h t h e d e c o m p o s i t i o n o f these l i n k s to 
t h e m o r e r i g i d m e t h y l e n e b r i d g e s , - C H 2 - , ( F i g u r e 1, V ) a d r o p i n 
f r a c t u r e e n e r g y is o b s e r v e d . 

T h e d e p e n d e n c e o f f r a c t u r e t o u g h n e s s o n c u r e t e m p e r a t u r e 
s h o w e d that t h e m a x i m u m f r a c t u r e t o u g h n e s s was o b t a i n e d at a c u r e 
t e m p e r a t u r e that c o i n c i d e d w i t h the t e m p e r a t u r e o f peak e x o t h e r m 
o f t h e r e s i n - f o r m a l d e h y d e r e a c t i o n . T h u s , t h e h i g h e s t f ra c ture e n 
e r g y is o b s e r v e d o n c u r i n g at t h e t e m p e r a t u r e o f m a x i m u m t h e r m a l 
r e s p o n s e o f t h e a d h e s i v e r e s i n . A s was m e n t i o n e d e a r l i e r , the m o 
b i l i t y o f p o l y m e r c h a i n s dec reases as c u r i n g p r o c e e d s w i t h m o r e a n d 
m o r e o f t h e a v a i l a b l e f u n c t i o n a l g r o u p s r e a c t i n g , u n t i l c u r i n g ceases 
at t h e Tg o f t h e c r o s s - l i n k e d n e t w o r k . T h e r e f o r e , at t e m p e r a t u r e s 
a b o v e a n d b e l o w the o p t i m u m c u r e t e m p e r a t u r e , p o l y m e r m o b i l i t y , 
w h i c h c o n t r o l s c r o s s - l i n k i n g , is s u b s t a n t i a l l y i n c r e a s e d o r i n h i b i t e d . 
O p t i m u m c r o s s - l i n k i n g is o b s e r v e d at t h e o p t i m u m c u r e t e m p e r a 
t u r e , a n d p r o v i d e s t h e o p t i m u m c o m b i n a t i o n o f n e t w o r k s t r e n g t h 
a n d f l e x i b i l i t y l e a d i n g to t h e o b s e r v e d m a x i m u m i n f rac ture t o u g h 
ness . 

B e c a u s e t h e f r a c t u r e t o u g h n e s s d e p e n d s b o t h o n c u r e t i m e a n d 
t e m p e r a t u r e , t h e a r b i t r a r y s e l e c t i o n o f t i m e a n d t e m p e r a t u r e for ac 
c e l e r a t e d tests m a y n o t b e a p p r o p r i a t e for r e l i a b l e p r e d i c t i o n o f l o n g -
t e r m s e r v i c e l i fe o f j o i n t s (17). I n o r d e r to r e d u c e test v a r i a b i l i t y a n d 
i m p r o v e t h e d u r a b i l i t y p r e d i c t i o n o f a d h e s i v e j o i n t s , i t w o u l d b e n e c 
essary first to c o n t r o l t h e c u r e t e m p e r a t u r e a n d t i m e r e q u i r e d to 
p r o d u c e a l e v e l o f f r a c t u r e t o u g h n e s s that does not c h a n g e f u r t h e r 
(14). T h e s t u d y is t h u s a n e x c e l l e n t e x a m p l e o f a m u l t i d i s c i p l i n a r y 
a p p r o a c h c o m b i n i n g c h e m i s t r y , f r a c t u r e m e c h a n i c s , a n d w o o d s c i 
e n c e i n the i n v e s t i g a t i o n o f t h e a d h e s i v e b o n d i n g o f w o o d . 

U r e a - F o r m a l d e h y d e and M e l a m i n e - F o r m a l d e h y d e Resins (2, 
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18). U r e a ( N H 2 C O N H 2 ) r e a c t s w i t h f o r m a l d e h y d e s i m i l a r l y t o 
p h e n o l to p r o d u c e m e t h y l o l d e r i v a t i v e s that t h e n c o n d e n s e f u r t h e r 
to y i e l d a c r o s s - l i n k e d n e t w o r k ( S c h e m e 1). A c t u a l l y , at a m o l e ra t i o 
o f 1 . 5 - 2 m o l o f f o r m a l d e h y d e to u r e a a n d a p H o f 7 .5 , a m i x t u r e o f 
t h e m o n o m e t h y l o l , d i m e t h y l o l , t r i m e t h y l o l , a n d t e t r a m e t h y l o l ureas 
are f o r m e d . F o r f u r t h e r e x t e n s i v e c o n d e n s a t i o n to take p l a c e , t h e p H 
o f t h e s y s t e m m u s t b e m a d e a c i d i c . T h u s , i t is p o s s i b l e to c o n c e n t r a t e 
t h e i n i t i a l r e s i n s o l u t i o n o r s p r a y - d r y i t to a s o l u b l e p o w d e r that c a n 
b e d i s s o l v e d a n d m i x e d w i t h a n a c i d cata lyst at t h e t i m e o f a p p l i c a t i o n 
to i n d u c e t h e c u r i n g r e a c t i o n . T h e ra t i o o f f o r m a l d e h y d e to u r e a u s e d 
i n c o m m e r c i a l r e s i n s v a r i e s w i t h t h e m a n u f a c t u r e r , b u t is a lways less 

F o r e f f i c i ent c u r i n g o f u r e a - f o r m a l d e h y d e ( U F ) r e s ins at l o w 
t e m p e r a t u r e s , s t r o n g ac ids a r e n e e d e d as cold hardeners. A d r a w b a c k 
o f s u c h use o f s t r o n g ac ids is that the a c i d attacks w o o d . W a t e r -
s o l u b l e o r g a n i c ac ids l i k e c i t r i c o r t a r t a r i c ac ids r e d u c e the d a n g e r o f 
at tack o n w o o d . Hot hardeners a re a m m o n i u m salts o f s t r o n g ac ids 
l i k e a m m o n i u m c h l o r i d e or a m m o n i u m sul fate that l i b e r a t e the a c i d 
at h i g h t e m p e r a t u r e s . 

A b o u t 8 5 % o f U F r e s i n p r o d u c t i o n is u s e d i n b o n d i n g w o o d 
m a t e r i a l s . T h e l o w e r cost o f t h e r e s i n , faster c u r i n g c o m p a r e d to P F 
res ins at t h e s a m e t e m p e r a t u r e , a n d the f o r m a t i o n o f a co l o r l ess g l u e 
l i n e h a v e f a v o r e d i ts a d o p t i o n i n p l y w o o d a n d p a r t i c l e b o a r d m a n u 
fac ture . T h e d i s a d v a n t a g e is that t h e U F r e s i n b o n d s are no t res i s tant 
to w e a t h e r i n g . T h e l a c k o f d u r a b i l i t y is a t t r i b u t e d to t h e p r e s e n c e o f 
the h y d r o l y z a b l e - C ( 0 ) - N - g r o u p s . T h e r e f o r e , the q u i c k - s e t t i n g U F 
r e s i n a d h e s i v e s are p r e f e r r e d for g l u i n g f u r n i t u r e a n d a r c h i t e c t u r a l 
p l y w o o d for i n t e r i o r use w h e r e t h e g r e a t e r d u r a b i l i t y o f P F res ins is 
not r e q u i r e d . R e c e n t l y , i n c r e a s i n g c o n c e r n has b e e n e x p r e s s e d o v e r 
the re l ease o f u n r e a c t e d , as w e l l as h y d r o l y t i c a l l y f o r m e d U F res ins 

F o r t i f i c a t i o n o r u p g r a d i n g o f U F to i m p r o v e its w e a t h e r i n g r e 
s i s tance is p r a c t i c e d b y a d d i n g m e l a m i n e I X , w h i c h p r o v i d e s a m i n o 
g r o u p s for r e a c t i o n w i t h o u t i n t r o d u c i n g eas i l y h y d r o l y z a b l e g r o u p s 
i n t h e n e t w o r k . 

t h a n 2 :1 . 

(19-21). 

N H 2 

I X 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
00

9

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



336 T H E C H E M I S T R Y O F SOLID 

X 
ο 

CM 
X ο 
X 

CVJ 
X 

X 

ο 

ο 
I 

X 
0 = 0 
I 

ζ 
X 
ώ 

CM 
X 
ο 
X 

X 
ο 
χ 

CM 

χ 

χ 
ο 

CM 
χ 
ο 
I 

χ 

6 = ο 
I 
ζ 
χ 

(CM 
χ 
ο 

'CM 
I 
ο 
ϊ 

L o 

χ 
ο 

CM 
χ 
ο 
χ 

ο 
κ-
ω 

χ 
ο 

CM 
χ 
ο 
I 

χ 

χ 
(CM 

χ 
ο 

I 
χ 
ζ 
Α=ο 
! 

ζ 
χ 
I 

ο 
CM 

χ 
ο 
χ 

•δ 

χ 

ε ρ 

ο 
ε 
ο 

C/2 

oxo 
ζ 

CM 
χ 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
00

9

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



9. S U B R A M A N I A N Chemistry of Adhesion 337 

M e l a m i n e , w h e n u s e d b y i tsel f , also f o rms a d h e s i v e r e s ins w i t h 
f o r m a l d e h y d e . H o w e v e r , m e l a m i n e - f o r m a l d e h y d e ( M F ) res ins are 
m o r e e x p e n s i v e t h a n U F a n d P F res ins a n d h a v e no t g a i n e d m u c h 
i m p o r t a n c e as a d h e s i v e s . C u r r e n t c o m m e r c i a l a p p l i c a t i o n s o f M F a d 
h e s i v e s i n s t r u c t u r a l w o o d l a m i n a t i n g i n c l u d e b o n d i n g i n t e r i o r o r 
finger j o i n t s a n d l a m i n a t e d d e c k i n g w i t h 60 :40 m e l a m i n e - u r e a c o m 
b i n a t i o n . T h e y h a v e also b e e n u s e d success fu l l y i n h i g h - f r e q u e n c y 
e d g e g l u i n g w h e r e a d u r a b l e , c o l o r l ess g l u e l i n e is d e s i r e d . 

I s o c y a n a t e - B a s e d A d h e s i v e s . G e n e r a l l y d i i s o cyanates o r p o l y -
i socyanates are u s e d i n t h e p r e p a r a t i o n o f p o l y u r e t h a n e a d h e s i v e s . 
T h e u r e t h a n e l i n k ( - O - C ( O ) - N H - ) is f o r m e d b y t h e r e a c t i o n o f a n 
a l c o h o l w i t h a n i s o c y a n a t e ( - N = C = 0 ) g r o u p : 

R ' - O H + 0 = C = N - R - * R ' - O - C O - N H - R 

T h u s , w h e n d i i s o c y a n a t e s a r e r e a c t e d w i t h d i h y d r o x y c o m p o u n d s 
(diols) a p o l y u r e t h a n e is f o r m e d , w h i c h is c o m p o s e d o f r e p e a t i n g 
u r e t h a n e l i n k s : 

H O - R - O H + 0 = C - N = R ' - N = C = 0 - » w ^ - O - R - O - C ( O ) -
N H - R ' - N H - C ( O ) w v , (1) 

T h e s t r u c t u r a l v a r i a t i o n s p o s s i b l e i n R a n d R ' m a k e i t p o s s i b l e 
to v a r y t h e t o u g h n e s s a n d e l a s t i c i t y o f t h e p o l y u r e t h a n e a d h e s i v e . 
P o l y e s t e r s o r p o l y e t h e r s are p r e p a r e d w i t h t e r m i n a l h y d r o x y l g r o u p s 
that c a n t h e n b e r e a c t e d w i t h d i f u n c t i o n a l o r p o l y f u n c t i o n a l i s o c y a -
nates . P o l y u r e t h a n e p r e p o l y m e r s c a n b e f o r m e d i n R e a c t i o n 1, w i t h 
the d e s i r e d t e r m i n a l g r o u p p r o d u c e d b y u s i n g o n e o r o t h e r o f t h e 
d i o l a n d d i i s o c y a n a t e reac tants i n excess . 

T h e t w o - p a r t a d h e s i v e s y s t e m s m a k e use o f t h e r e a c t i v e t e r m i n a l 
g r o u p s o f t h e p r e p o l y m e r s to b r i n g a b o u t c h a i n e x t e n s i o n a n d c ross -
l i n k i n g w i t h s u i t a b l e c u r i n g agents . W h e r e a s d i i s o c y a n a t e s o r p o l y -
i socyanates are n e e d e d to c u r e h y d r o x y l - t e r m i n a t e d p o l y m e r s , t h e 
t e r m i n a l i s o cyanate g r o u p s c a n c r o s s - l i n k b y r e a c t i n g w i t h t h e m s e l v e s 
i n t h e p r e s e n c e o f a b s o r b e d m o i s t u r e . I n t h e la t te r case a o n e - p a r t 
a d h e s i v e r e s u l t s . O t h e r o n e - p a r t p o l y u r e t h a n e a d h e s i v e s c o m p r i s e a 
h i g h m o l e c u l a r w e i g h t p o l y u r e t h a n e d i s s o l v e d i n a s u i t a b l e s o l v e n t . 
T h e p o l a r i t y a n d h y d r o g e n b o n d i n g c a p a b i l i t y o f the u r e t h a n e g r o u p 
g ive t h e p o l y u r e t h a n e s e n h a n c e d a d h e s i o n to a v a r i e t y o f surfaces . 

I n b o n d i n g w o o d , t h e r e a c t i o n o f i socyanate g r o u p s w i t h the 
n u m e r o u s h y d r o x y l g r o u p s that are p r e s e n t i n the v a r i o u s c o m p o 
nents o f w o o d — c e l l u l o s e , h e m i c e l l u l o s e , a n d l i g n i n — i s poss ib le . T h e 
p r o d u c t o f th is c h e m i c a l r e a c t i o n w i t h w o o d is the u r e t h a n e b o n d as 
s h o w n i n R e a c t i o n 1. M e t h y l , e t h y l , p r o p y l , a n d b u t y l i socyanates 
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react q u i c k l y w i t h d r y w o o d to f o r m u r e t h a n e l i n k s w i t h c e l l w a l l 
c o m p o n e n t h y d r o x y l s (22, 23). 

I n a s t u d y c o n c e r n e d w i t h t h e d e c a y res i s tance p r o v i d e d b y 
i s o cyanate b o n d i n g to w o o d , t h e d i s t r i b u t i o n o f t h e m e t h y l i s o cyanate 
r e a c t i o n i n s o u t h e r n p i n e s h o w e d that 6 0 % o f t h e l i g n i n h y d r o x y l s 
a n d 1 2 % o f t h e h o l o c e l l u l o s e h y d r o x y l s are s u b s t i t u t e d at t h e p o i n t 
w h e r e r e s i s t a n c e to b i o l o g i c a l at tack o c c u r s . T h e r e f o r e , i t c a n b e 
s u r m i s e d that t h e c h e m i c a l b o n d i n g o f w o o d b y i socyanates t h r o u g h 
t h e u r e t h a n e l i n k c a n c o n t r i b u t e s i g n i f i c a n t l y to t h e e x c e l l e n t p e r f o r 
m a n c e o f d i p h e n y l m e t h a n e - d i i s o c y a n a t e X o r p o l y m e r i c i socyanates 
X I as a d h e s i v e b i n d e r i n p a r t i c l e b o a r d s (24 y 25). 

T h e r e are a f e w o t h e r c h e m i c a l r eac t i ons o n t h e w o o d sur face 
that c o u l d m a k e i m p o r t a n t c o n t r i b u t i o n s . O n e is that o f m o i s t u r e o n 
t h e sur face o f w o o d to f o r m a n u n s t a b l e c a r b a m i c a c i d g r o u p that 
q u i c k l y d e c o m p o s e s to f o r m a p r i m a r y a m i n e w i t h e v o l u t i o n o f c a r b o n 
d i o x i d e . T h e p r i m a r y a m i n e f o r m e d has a c t i ve h y d r o g e n s r e a c t i v e to 
i s o cyanate . O t h e r s u c c e s s i v e r e a c t i o n s e n s u e l e a d i n g first to d i s u b -
s t i t u t e d u r e a s a n d t h e n to b i u r e t s . F u r t h e r m o r e , i socyanate r e a c t i o n 
w i t h u r e t h a n e to f o r m a l l o p h a n a t e s , a n d t r i m e r i z a t i o n o f i socyanates 
to f o r m i s o c y a n u r a t e are also p o s s i b l e to v a r i a b l e ex tents , u n d e r the 
c o n d i t i o n s o f b o n d i n g . T h e d i f f e r e n t r eac t i ons are s u m m a r i z e d i n 
S c h e m e 2. 

A l t h o u g h a l l t h e r e a c t i o n s d i s c u s s e d i n t h i s s e c t i o n c a n c o n 
t r i b u t e to t h e c r o s s - l i n k i n g o f t h e a d h e s i v e a n d t h e c h e m i c a l b o n d i n g 
o f t h e w o o d p a r t i c l e s , t h e i n i t i a l r e a c t i o n o f i socyanate w i t h a d s o r b e d 
w a t e r m o l e c u l e s o n t h e w o o d surface r e su l t s i n i m m e d i a t e w e t t i n g o f 
w o o d w i t h t h e f o r m a t i o n o f p o l y u r e a . E v e n o n i m p e r v i o u s surfaces 
l i k e glass o r m e t a l , the r e a c t i o n o f i socyanate w i t h a d s o r b e d w a t e r 
r e s u l t s i n i n t i m a t e c ontac t after c h e m i c a l r e a c t i o n , i n c l u d i n g p o l y -

MDI 
X 

OCN Ν CO 

PMDI 
X I 
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H 2 0 R - C H - C ( 0 ) - O H -> R N H 2 + C 0 2 

> (ΧΠ) 
R - N H 2 R - N H - C ( 0 ) - N H - R ' 

R - N = C = 0 / R ' N H - C ( 0 ) - N H - R " R'-N(C(0)NHR)-C(0)NHR 
(XIII) 

(XIV) 
R'NHC(Q)-OR R'-N(C(Q)NHR)-C(Q)QR 

(XV) 
ο 
II 

2 R - N = C = Q R C v R 
Ν Ν 

Ο Ο 

R 
(XVI) 

Scheme 2. Typical reactions of isocyanates leading to the formation of 
substituted carbamic acid (XII), substituted urea (XIII), biuret (XIV), 

allophanate (XV), and isocyanurate (XVI). 

merization, and produces excellent adhesion (26). In the case of wood 
surface, the excellent wetting achieved by isocyanates leads to i m 
mediate penetration of exposed cells by the isocyanate adhesive. 

T h e wetting and permeation of polymeric isocyanates mixed with 
a small amount of dye were observed in optical and scanning electron 
micrographs (27). T h e ready formation of an interphase by the per
meation of polymeric isocyanates has important consequences for me
chanical anchorage of adhesive as well as for the fracture behavior of 
the bonded wood composite. 

T a n n i n - B a s e d Adhesives . C o n d e n s e d t a n n i n s — o b t a i n e d as 
extracts of the barks of trees such as wattle, hemlock, or p i n e — 
consist of flavonoid units that have undergone varying degrees of 
condensation. T h e phenolic rings of tannins are important to adhesive 
chemistry because they have reactive sites available for condensation 
with formaldehyde. T h e main polyphenolic pattern is represented by 
f lavonoid analogs based on resorc inol -pyrogal lo l , resorc ino l -cat -
echol, phloroglucinol-pyrogallol , and phloroglucinol-catechol rings 
shown in Figure 3. Wattle extracts, rich in the resorcinolic tannins, 
have been exploited more commercially than tannins of the phloro-
glucinolic type obtained from pine trees. 

T h e major effort in understanding the chemistry of these com
plex derivatives in attempts to use them most effectively in adhesives 
is exemplified by the work of Pizzi (10, 11, 28). A detailed study of 
the composition of tannin extracts and their reaction characteristics 
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OH 

OH OH 
X I X X X 

Figure 3. Polyphenols patterns occurring in tannins. Key: XVII. resor
cinol A-pyrogallol Β; XVIII, resorcinol A-catechol Β; XIX, phloroglu
cinol A-pyrogallol B; and X X , phloroglucinol A-catechol Β ring systems. 

a n d m a c r o m o l e c u l a r s t r u c t u r e (10, 11, 28) has l e d to t h e f o r m u l a t i o n 
o f p rocesses for a d h e s i v e s f r o m t a n n i n extracts that m a y b e c o m m e r 
c i a l l y u s e f u l . T h e b a s i c r e a c t i o n s w e r e d i s c u s s e d i n t h e s e c t i o n o n P F 
r e s i n s ; e x p e r i m e n t a l d e t a i l s m a y b e f o u n d i n R e f e r e n c e s 10 , 1 1 , 
a n d 28 . 

T a n n i n s are m o s t u s e f u l w h e n a p p l i e d i n c o m b i n a t i o n w i t h s y n 
t h e t i c r e s i n s . I n a d d i t i o n to t h e c r o s s - l i n k i n g r e a c t i o n u t i l i z i n g the 
p h e n o l i c r i n g s , t h e r e a c t i o n o f p h e n o l i c h y d r o x y l s w i t h i socyanate 
g r o u p s c a n b r i n g a b o u t a d d i t i o n a l c r o s s - l i n k i n g a n d i m p r o v e t h e r e 
sul ts c o n s i d e r a b l y . E x t e r i o r - g r a d e p a r t i c l e b o a r d a d h e s i v e s h a v e b e e n 
m a d e b y c o m b i n a t i o n s o f t a n n i n s w i t h c o m m e r c i a l d i p h e n y l m e t h a n e -
d i i s o c y a n a t e a n d f o r m a l d e h y d e (10, 28, 29). T h e i socyanate g r o u p is 
d e a c t i v a t e d b y w a t e r less r e a d i l y i n t h e p r e s e n c e o f a p h e n o l ; t h e r e 
fore , t h e r e a c t i o n o f i s o c y a n a t e w i t h a w a t e r s o l u t i o n o f t a n n i n extract 
b e c o m e s q u i t e p r a c t i c a b l e (10). C o n t i n u e d r e s e a r c h o n u s i n g t a n n i n s 
for a d h e s i v e s c a n f u r t h e r t h e goa l o f s u b s t i t u t i n g p l a n t c h e m i c a l s for 
e x p e n s i v e p e t r o c h e m i c a l i n t e r m e d i a t e s . 

T h e r m o p l a s t i c A d h e s i v e s . T h e p o l y m e r a d h e s i v e s d e s c r i b e d 
i n t h e f o l l o w i n g sec t ions are no t u s e d as e x t e n s i v e l y w i t h w o o d as 
t h e t h e r m o s e t t i n g a d h e s i v e s d i s c u s s e d e a r l i e r . H o w e v e r , t h e y d o i l 
l u s t r a t e m a n y i n t e r e s t i n g p r i n c i p l e s o f t h e c h e m i s t r y o f a d h e s i o n 
t h r o u g h o r g a n i c p o l y m e r s . 
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9. SUBRAMANIAN Chemistry of Adhesion 341 

H O T - M E L T A D H E S I V E S . T h e r m o p l a s t i c p o l y m e r s , i t m a y b e r e 
c a l l e d , a re e s s e n t i a l l y l i n e a r p o l y m e r s that soften a n d f l o w w h e n 
h e a t e d a n d s o l i d i f y o n c o o l i n g . T h e r e f o r e , m a n y o f t h e m are s u i t a b l e 
for use as h o t - m e l t a d h e s i v e s . B e c a u s e the c o o l i n g o c c u r s q u i c k l y 
a n d t h e r e is n o c u r i n g r e a c t i o n i n v o l v e d , fast a s s e m b l y o n a mass 
sca le , as i n p a p e r b a c k b o o k b i n d i n g , is p o s s i b l e . S o m e p r o b l e m s that 
f o l l o w s o l v e n t use are a v o i d e d b e c a u s e no s o l v e n t is r e q u i r e d . O n e 
s u c h p r o b l e m is s o l v e n t p o l l u t i o n . A n o t h e r is s w e l l i n g b y the s o l v e n t , 
l i k e s w e l l i n g o f w o o d b y w a t e r - b a s e d sys tems . H o w e v e r , be cause h o t -
m e l t a d h e s i v e s are b a s e d o n p o l y m e r s that soften o n h e a t i n g , t h e 
j o i n t s m a d e w i t h h o t - m e l t a d h e s i v e s a r e s u s c e p t i b l e to s o f t e n i n g 
w h e n e v e r t h e y a re e x p o s e d to s u f f i c i e n t l y h i g h t e m p e r a t u r e . 

L o w m o l e c u l a r w e i g h t p o l y e t h y l e n e , ( C H 2 - C H ) n , is u s e d w i d e l y 
as a h o t - m e l t a d h e s i v e . To i m p r o v e t h e a d h e s i v e p r o p e r t i e s o f th i s 
h y d r o c a r b o n p o l y m e r , e s p e c i a l l y to p o l a r substrates , e t h y l e n e is c o -
p o l y m e r i z e d w i t h v i n y l acetate ( V A c ) , w h i c h i n t r o d u c e s the p o l a r 
acetate groups into the p o l y m e r , to m a k e e t h y l e n e - v i n y l acetate co
p o l y m e r s ( E V A c ) , 4 0 Η 2 - Ο Η 2 ) χ - [ Ο Η 2 - 0 ( Ο Ο Ο Ο Η 3 ) Η ^ . These c o p o l y 
m e r s are a v e r s a t i l e class o f h o t - m e l t adhes ives w h o s e p r o p e r t i e s 
c a n b e m o d i f i e d o v e r a w i d e r a n g e b y v a r y i n g the p r o p o r t i o n o f V A c 
c o m o n o m e r f r o m 18 to 4 0 % (8). T h e y are r a n d o m c o p o l y m e r s , w h o s e 
m o l e c u l a r w e i g h t c a n b e v a r i e d to a l t e r f l o w p r o p e r t i e s . T h e ease o f 
f l o w , a n i m p o r t a n t factor i n w e t t i n g , is m e a s u r e d b y t h e m e l t i n d e x , 
w h i c h is t h e w e i g h t o f p o l y m e r f l o w i n g t h r o u g h a g i v e n or i f i ce i n 10 
m i n at a fixed t e m p e r a t u r e a n d p r e s s u r e p r e s c r i b e d b y A S T M s t a n 
d a r d s (30). T h e h i g h e r t h e m o l e c u l a r w e i g h t o f t h e p o l y m e r , the l o w e r 
t h e m e l t i n d e x . C o p o l y m e r s w i t h m e l t i n d i c e s v a r y i n g f r o m 2 to 2 0 0 , 
s u c h as E V A c c o p o l y m e r s , a n d e t h y l e n e - a c r y l i c a c i d , are e m p l o y e d 
i n v a r i o u s a p p l i c a t i o n s . 

M o r e w i d e l y u s e d i n w o o d b o n d i n g are h o t - m e l t a d h e s i v e s b a s e d 
o n p o l y a m i d e s . A p o l y a m i d e is f o r m e d w h e n a m o n o m e r c a r r y i n g t w o 
a m i n e g r o u p s ( - N H 2 ) is r e a c t e d w i t h a n o t h e r c a r r y i n g t w o c a r b o x y l i c 
a c i d g r o u p s ( - C O O H ) . E a c h a m i n e g r o u p , at e i t h e r e n d o f the m o l 
e c u l e , c a n c o n d e n s e w i t h a c a r b o x y l i c a c i d g r o u p o f t h e o t h e r 
m o n o m e r to f o r m a n a m i d e l i n k ( - C O N H - ) w i t h t h e e l i m i n a t i o n o f 
a w a t e r m o l e c u l e : 

- N H 2 + H O O C - ^ > - N H C O -

B y s u c h s tep w i s e c o n d e n s a t i o n o f t h e a m i n e a n d c a r b o x y l i c g r o u p s 
o f m a n y m o n o m e r m o l e c u l e s , a l o n g c h a i n p o l y a m i d e , k n o w n as n y l o n 
X X I is f o r m e d . 
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H 2 N ( C H 2 ) 6 N H 2 

+ H O O C ( C H 2 ) 4 C O O H ( N H - ( C H 2 ) 6 - N H C O ( C H 2 ) 4 - C O - ) n 

( X X I ) 

T h e p o l a r i t y o f p o l y a m i d e s that are u s e d as t h e r m o p l a s t i c , h o t - m e l t 
a d h e s i v e s c a n b e v a r i e d b y a l t e r i n g t h e p r o p o r t i o n o f h y d r o c a r b o n 
( - C H 2 - ) a n d a m i d e ( - C O N H - ) groups i n - C O C C H ^ C O N H - C C H ^ -
N H - . T h e y are m o r e e x p e n s i v e t h a n E V A c c o p o l y m e r s , b u t set m o r e 
r a p i d l y , a n d are p r e f e r r e d as e d g e v e n e e r a d h e s i v e s i n t h e f u r n i t u r e 
i n d u s t r y . 

A D H E S I V E E M U L S I O N S . T h e r m o p l a s t i c , s y n t h e t i c p o l y m e r s c a n b e 
p r e p a r e d as e m u l s i o n s for use as a d h e s i v e s . F o r e x a m p l e , w h i l e E V A c 
h o t - m e l t a d h e s i v e s d e s c r i b e d i n t h e p r e v i o u s s e c t i o n c o n t a i n less t h a n 
4 0 % V A c , w h e n t h e c o n t e n t o f V A c i n t h e c o p o l y m e r is i n c r e a s e d to 
6 0 % , a n d t h e c o p o l y m e r is p r e p a r e d i n t h e f o r m o f a q u e o u s e m u l 
s i ons , a v e r y u s e f u l a n d v e r s a t i l e a d h e s i v e p o l y m e r is o b t a i n e d . A l 
t h o u g h t h e V A c h o m o p o l y m e r , p o l y v i n y l acetate) , is a b r i t t l e s o l i d , 
w i t h a T g = 28 ° C , t h e e t h y l e n e u n i t s p r e s e n t i n t h e E V A c c o p o l y m e r 
act as an internal plasticizer, a n d l o w e r the Tg to b e l o w r o o m t e m 
p e r a t u r e . T h e p l a s t i c i z a t i o n r e s u l t s f r o m t h e r e d u c t i o n o f i n t e r c h a i n 
i n t e r a c t i o n o f t h e V A c p o l y m e r c h a i n s b y the e t h y l e n e u n i t s i n t e r 
s p e r s e d a m o n g t h e s t r o n g l y i n t e r a c t i n g V A c u n i t s . T h i s r e d u c t i o n o f 
the T g has impor tant consequences because the f o rmat ion of a f lex ib le 
adhesive f i l m f r o m the emuls ion depends u p o n the TR o f the po lymer . 

T h i s e m u l s i o n is n o t a l i q u i d - l i q u i d s y s t e m , b u t is an a q u e o u s 
d i s p e r s i o n o f s o l i d p o l y m e r p a r t i c l e s . T h e r e f o r e , i f t h e T g w e r e above 
r o o m t e m p e r a t u r e (at w h i c h t h e e m u l s i o n is a p p l i e d ) , t h e p o l y m e r 
s e g m e n t s , l a c k i n g s e g m e n t a l m o b i l i t y , w o u l d n o t d i f fuse r e a d i l y f r o m 
o n e p a r t i c l e o f t h e e m u l s i o n i n t o a n o t h e r after e v a p o r a t i o n o f the 
w a t e r m e d i u m i n w h i c h t h e c o p o l y m e r e m u l s i o n is p r e p a r e d . T h e 
r e s u l t w o u l d b e a p o w d e r y film. C o n v e r s e l y , w h e n t h e Τ is r e d u c e d 
b e l o w r o o m t e m p e r a t u r e , s e g m e n t a l m o b i l i t y i n t h e c o p o l y m e r leads 
to d i f f u s i o n a n d f o r m a t i o n o f a f l e x i b l e , s t r o n g a d h e s i v e f i l m f r o m t h e 
la tex b y c o a l e s c e n c e o f t h e e m u l s i f i e d p a r t i c l e s d u r i n g d r y i n g at r o o m 
t e m p e r a t u r e . 

P o l y v i n y l acetate) ( P V A c ) , { C H 2 - C H ( O C O C H 3 ) T » , is also pre 
p a r e d as an emuls ion for adhesive appl icat ions , a n d is fami l iar to users 
as white glue. A s m e n t i o n e d a l ready , t h e Tg o f P V A c is a b o v e r o o m 
t e m p e r a t u r e , w h i c h m a k e s t h e p o l y m e r r i g i d a n d b r i t t l e at r o o m 
t e m p e r a t u r e . F o r a d h e s i v e a p p l i c a t i o n , t h e r e f o r e , a n external plas
ticizer, s u c h as d i b u t y l p h t h a l a t e , is a d d e d to l o w e r the Tg b e l o w 
r o o m t e m p e r a t u r e a n d to fac i l i ta te f i l m f o r m a t i o n f r o m e m u l s i o n s . 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
00

9

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



9. SUBRAMANIAN Chemistry of Adhesion 343 

T h e f u n c t i o n o f a d d e d p l a s t i c i z e r m o l e c u l e s is to r e d u c e t h e i n t e r 
c h a i n i n t e r a c t i o n o f t h e V A c p o l y m e r c h a i n s a n d fac i l i ta te the m o b i l i t y 
o f t h e p o l y m e r s e g m e n t s . 

P V A c e m u l s i o n s h a v e e x c e l l e n t a d h e s i o n to c e l l u l o s i c m a t e r i a l s 
a n d find e x t e n s i v e use i n b o n d i n g p a p e r a n d i n w o o d a s s e m b l y i n a 
w i d e v a r i e t y o f p r o d u c t s — p a p e r b a g s , m i l k c a r t o n s , e n v e l o p e s , 
b o o k s , p e n c i l s , e tc . H i g h b o n d s t r e n g t h , fast set, a n d co lor l ess g l u e 
l i n e s c o m b i n e d w i t h ease o f a p p l i c a t i o n are advantages o f P V A c e m u l 
s ions i n w o o d b o n d i n g . A s m e n t i o n e d e a r l i e r , t h e p o l y m e r e m u l s i o n 
is a n a q u e o u s d i s p e r s i o n o f s w o l l e n s o l i d p a r t i c l e s . O n e o b v i o u s a d 
v a n t a g e o f a n e m u l s i o n is t h e use o f w a t e r as t h e m e d i u m f r o m w h i c h 
t h e p o l y m e r is a p p l i e d . T h e o t h e r a d v a n t a g e is that t h e e m u l s i o n 
e n a b l e s t h e Sol ids c o n t e n t o f t h e p o l y m e r a d h e s i v e to b e h i g h e r t h a n 
i n s o l u t i o n . B e c a u s e t h e v i s c o s i t y o f a p o l y m e r s o l u t i o n r ises r a p i d l y 
w i t h t h e m o l e c u l a r w e i g h t a n d c o n c e n t r a t i o n o f p o l y m e r , t h e r e 
q u i r e d c o n c e n t r a t i o n m a y r e d u c e f l u i d i t y a n d de c r e as e t h e ease o f 
a p p l i c a t i o n o f t h e a d h e s i v e . H o w e v e r , t h e h i g h m o l e c u l a r w e i g h t o f 
t h e p o l y m e r has l i t t l e effect o n t h e v i s c o s i t y o f t h e e m u l s i o n . T h e r e 
fore a n a q u e o u s d i s p e r s i o n w i t h a h i g h ra t i o o f h i g h m o l e c u l a r w e i g h t 
so l ids to v i s c o s i t y c a n b e p r e p a r e d a n d a p p l i e d to p r o d u c e a d h e s i v e 
films o f d e s i r a b l e s t r e n g t h a n d t h i c k n e s s . 

T h e l o w e r i n g o f t h e Tg o f P V A c does r e s u l t i n s o m e c r e e p o f t h e 
a d h e s i v e b o n d . I n o r d e r to p r e v e n t s l i d i n g o f m a c r o m o l e c u l e s , w h i c h 
p r o d u c e s c r e e p , V A c is c o p o l y m e r i z e d w i t h s m a l l a m o u n t s o f c o -
m o n o m e r s that can b e c r o s s - l i n k e d d u r i n g c u r i n g o f the adhes ive . T h u s , 
a s i g n i f i c a n t r e d u c t i o n i n c r e e p is a c h i e v e d b y c r o s s - l i n k i n g t h e 
p o l y m e r c h a i n s a n d r e d u c i n g t h e i r s u s c e p t i b i l i t y to d i s p l a c e m e n t r e l 
a t i v e to e a c h o t h e r . S u c h c u r a b l e P V A c e m u l s i o n s are u s e d i n t h e 
b o n d i n g o f n o n w o v e n fabr i c s , i . e . , to i m p a r t w a s h a n d d r y - c l e a n r e 
s i s tance . C o p o l y m e r i z a t i o n o f V A c w i t h a f l e x i b l e c o m o n o m e r r e s u l t s 
i n tacky , soft, l o w - T g c o p o l y m e r e m u l s i o n s s u i t e d for p r e s s u r e s e n 
s i t i v e a d h e s i v e s . 

P V A c is also the precursor to a f ew other types o f adhesives. F o r 
example, polyvinyl alcohol) ( P V A ) , - [ C H 2 - C H ( O H ) T n , is f o r m e d b y the 
h y d r o l y s i s o f P V A c . L o w m o l e c u l a r w e i g h t grades o f P V A are used 
i n P V A c e m u l s i o n s to i m p r o v e c o l l o i d a l s t a b i l i t y o f the e m u l s i o n s , 
i . e . , as a p r o t e c t i v e c o l l o i d . H i g h e r m o l e c u l a r w e i g h t grades , o n l y 
p a r t i a l l y h y d r o l y z e d , m o d i f y o t h e r p r o p e r t i e s s u c h as a d h e s i o n , v i s 
cos i ty , a n d film f o r m a t i o n . 

W i t h its h i g h h y d r o x y l c o n t e n t a n d e x c e l l e n t b i n d i n g capac i ty , 
P V A is u s e d w i d e l y as a w a t e r - s o l u b l e a d h e s i v e w i t h e x c e l l e n t a d h e 
s i o n t o p a p e r , a n d n a t u r a l a n d s y n t h e t i c f i b e r s . W h e n t h e - O H 
g r o u p s i n p a r t i a l l y h y d r o l y z e d P V A c a r e r e a c t e d w i t h a l d e h y d e s , 
a c e t a l u n i t s a r e f o r m e d so t h a t t h e p o l y m e r n o w c o n t a i n s a c e t a l 
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g r o u p s i n a d d i t i o n to t h e a l c o h o l a n d acetate u n i t s a l r e a d y p r e s e n t 
( R e a c t i o n 2). 

• - - C H 2 — CH — C H 2 — CH — C H 2 — C H — C H 2 — CH-

OJH HJO OH 

- o -
II 
C — H 
I 
R 

I 
0 
1 

C = 0 
I 

C H , 

-H 2 0 

CH 0 — CH — C H 0 — C H f f C H 0 — CH- f fCR 

\ ' / 
0 0 

\ / 
c 

/ \ 

R H 

ACETAL 

I 
OH 

CH -+ 
I 

0 
1 

CO 
i 

C H 3 

ALCOHOL ACETATE 

(2) 

Poly ( v i n y l acetals) c a n b e a p p l i e d f r o m s o l u t i o n i n o r g a n i c s o l 
v e n t s o r as h o t - m e l t a d h e s i v e s . T h e p r o p e r t i e s o f these p o l y m e r s 
d e p e n d o n t h e i r m o l e c u l a r w e i g h t s , o n the d e g r e e o f h y d r o l y s i s o f 
the acetate , a n d o n t h e t y p e a n d p r o p o r t i o n o f ace ta l u n i t s . P o l y v i n y l 
b u t y r a l ) a n d p o l y ( v i n y l f o rmal ) f o r m e d b y r e a c t i o n w i t h b u t y r a l d e -
h y d e a n d f o r m a l d e h y d e , r e s p e c t i v e l y , are e x a m p l e s o f s u c h aceta l 
r e s i n s . Po ly ( v i n y l acetals) are c a p a b l e o f c r o s s - l i n k i n g b y heat o r m i n 
e r a l ac ids . I n a d d i t i o n , t h e r e s i d u a l h y d r o x y l g r o u p s can c o n d e n s e 
w i t h m e t h y l o l d e r i v a t i v e s i n p h e n o l - f o r m a l d e h y d e a n d m e l a m i n e -
f o r m a l d e h y d e r e s i n s y s t e m s , w i t h i socyanates , a n d w i t h e p o x y r e s i n s . 
T h e r e f o r e , i t is n o m e r e c o i n c i d e n c e that p o l y v i n y l f o rmal ) , c u r e d 
w i t h p h e n o l i c r e s i n s , was t h e first m a t e r i a l to f i n d m a j o r s t r u c t u r a l 
a d h e s i v e u s e w i t h m e t a l s . L i k e w i s e , m a n y c o m m e r c i a l a d h e s i v e s 
b a s e d o n p o l y v i n y l acetals) i n v o l v e c u r i n g w i t h t h e r m o s e t t i n g r e s i n s , 
mainly, p h e n o l i c s ; t h e t y p e s o f ace ta l , a n d the rat ios o f the t w o c o m 
p o n e n t s i n t h e a d h e s i v e p r o v i d e a r a n g e o f p e r f o r m a n c e . T h e 
p o l y v i n y l a c e t a l ) - P F r e s i n a d h e s i v e sys tems are e x c e l l e n t for w o o d 
b o n d i n g (3). 

P o l y v i n y l acetals) are also c o m p o u n d e d w i t h a p p r o p r i a t e p l a s -
t i c i z e r a n d o t h e r a d d i t i v e s for use as h o t - m e l t a d h e s i v e s . A s h o t - m e l t 
a d h e s i v e s , t h e y p r o v i d e m o d e r a t e s t r e n g t h as s t r u c t u r a l a d h e s i v e s for 
b o n d i n g w o o d to m e t a l . 

P o l y ( v i n y l b u t y r a l ) is w e l l k n o w n i n its a p p l i c a t i o n as t h e i n t e r -
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9. SUBRAMANIAN Chemistry of Adhesion 345 

l a y e r i n l a m i n a t e d a u t o m o t i v e safety glass. L a m i n a t e d a r c h i t e c t u r a l 
glass is m a d e s i m i l a r l y w i t h p o l y ( v i n y l b u t y r a l ) , w i t h c o n t r o l l e d t r a n s 
m i s s i o n o f l i g h t a n d heat , to p r o v i d e aes the t i c a p p e a l as w e l l as r e d u c e 
g l a r e , heat loss , a n d U V - l i g h t t r a n s m i s s i o n . M u l t i p l e l a m i n a t e s are 
u s e f u l i n m a k i n g t r a n s p a r e n t b u l l e t p r o o f s h i e l d s . A s a c o m p o n e n t o f 
washcoats a n d sea lers , p o l y ( v i n y l b u t y r a l ) f inds use i n w o o d f i n i s h i n g . 

Acidity of Wood 
T h e m a r k e d a c i d i t y o f s o m e spec ies o f w o o d s u c h as oak is w e l l 

k n o w n . B e f o r e c o m p l e t i n g t h e d i s c u s s i o n o f t h e c h e m i s t r y o f a d h e s i o n 
to w o o d , i t is n e c e s s a r y to c o n s i d e r t h e i n t e r a c t i o n b e t w e e n w o o d 
a c i d i t y a n d a d h e s i v e c h e m i s t r y . I t was p o i n t e d out e a r l i e r that t h e 
b o n d s t r e n g t h o f r e s o r c i n o l i c a d h e s i v e s to oak surfaces was s i g n i f i 
c a n t l y r e d u c e d b y t h e a c i d i t y o f the la t ter . T h a t th i s is a g e n e r a l 
p h e n o m e n o n is a p p a r e n t f r o m s e v e r a l s t u d i e s o f t h e c h e m i c a l r e a c 
t i v i t y o f p h e n o l i c a n d u r e a r e s i n s i n the p r e s e n c e o f s e v e r a l spec ies 
o f w o o d (31, 32). T h e c u r i n g r eac t i ons o f t h e res ins c o u l d b e r e t a r d e d 
b y s o m e w o o d s a n d o t h e r s h a d h a r d l y a n y effect. It has b e e n s u g 
g e s t e d that s o m e l o w m o l e c u l a r w e i g h t substances m i g r a t e f r o m t h e 
w o o d i n t o the a d h e s i v e p h a s e to r e t a r d t h e c u r i n g r e a c t i o n i n s o m e 
cases. 

T h e r e h a v e b e e n m a n y a t t e m p t s to i n v e s t i g a t e t h e effect o f ex 
t r a c t i v e s o n c u r e c h e m i s t r y a n d b o n d i n g to w o o d (33-35). F o r ex 
a m p l e , t h e effect o f e x t r a c t i v e s f r o m p r e s s u r e - r e f i n e d h a r d w o o d fiber 
o n u r e a - f o r m a l d e h y d e r e s i n was s t u d i e d (34, 35) a n d i t was f o u n d 
that t h e e t h a n o l - s o l u b l e e x t r a c t i v e s d e c r e a s e d t h e g e l t i m e as m u c h 
as 4 1 % , a n d t h e s e q u e n t i a l l y e x t r a c t e d w a t e r - s o l u b l e ex t rac t ives i n 
c r e a s e d t h e g e l t i m e i n excess o f 6 5 % . T h e r e was l i t t l e c o r r e l a t i o n 
b e t w e e n t h e e x t r a c t i v e c o n t e n t a n d g e l t i m e ; h o w e v e r , a n e m p i r i c a l 
r e l a t i o n b e t w e e n t h e p H o f t h e ex t rac t i ves a n d t h e g e l t i m e was 
o b s e r v e d (35). T h e effect o f s e v e r a l spec ies o f w o o d o n t h e g e l t i m e 
o f u r e a - f o r m a l d e h y d e r e s i n h a v e also b e e n s t u d i e d (36). I n these 
s t u d i e s t h e g e l t i m e was c o r r e l a t e d w i t h t h e p H a n d a c i d b u f f e r i n g 
c a p a c i t y o f t h e extrac t . 

H o w e v e r , i t appears that b e t t e r c o r r e l a t i o n w i t h g e l t i m e s is 
o b t a i n e d w h e n t h e a m o u n t s o f e x t r a c t a b l e a n d u n e x t r a c t a b l e w o o d 
ac ids are c o n s i d e r e d s e p a r a t e l y (37). A l t h o u g h s e v e r a l p r o c e d u r e s d o 
exist i n t h e l i t e r a t u r e for t h e d e t e r m i n a t i o n o f a c i d c o n t e n t i n w o o d , 
m a n y o f these i n v o l v e e x t r a c t i o n o f w o o d w i t h v a r i o u s so lvents , a n d 
t h e y e s t i m a t e t h e a c i d c o n t e n t i n t h e ex t rac t ives on ly . I n contras t , 
w e d e v e l o p e d a p r o c e d u r e that a c k n o w l e d g e s t h e p r e s e n c e o f s o l u b l e 
as w e l l as i n s o l u b l e ac ids i n w o o d . T h e m e t h o d is b a s e d o n t h e r e a c 
t i o n o f w o o d ac ids w i t h a q u e o u s s o d i u m acetate to l i b e r a t e a n e q u i v 
a l e n t a m o u n t o f a ce t i c a c i d . S u b s e q u e n t p H t i t r a t i o n g ives t h e t o t a l 
a c i d c o n t e n t . T h e s o l u b l e ac ids are d e t e r m i n e d b y w a t e r e x t r a c t i o n 
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a n d t i t r a t i o n . S u b t r a c t i o n o f s o l u b l e ac ids f r o m t o t a l a c i d c o n t e n t g ives 
t h e i n s o l u b l e o r b o u n d a c i d i n w o o d . T h e r e a c t i o n o f t h e b o u n d , i . e . , 
u n e x t r a c t a b l e , w o o d - c a r b o x y l i c a c i d c a n b e w r i t t e n i n a s i m p l i f i e d 
m a n n e r as f o l l o w s : 

W o o d ^ C O O H + C H 3 - C O O N a -> W o o d ' W C O O N a + C H 3 - C O O H 

O u r e s t i m a t e s o f t h e a c i d c o n t e n t s o f h e a r t w o o d s a n d sapwoods 
o f r e d oak, h i c k o r y , s o u t h e r n p i n e , w h i t e f ir , a n d D o u g l a s - f i r are 
g i v e n i n Tab le I . T h e a c i d c o n t e n t s w e r e c o r r e l a t e d w i t h t h e g e l t i m e s 
o f u r e a - f o r m a l d e h y d e r e s i n s (36) i n c on tac t w i t h t h e same s a m p l e 
lots o f t h e d i f f e r e n t spec i es o f w o o d . T h e c o r r e l a t i o n s are p r e s e n t e d 
i n T a b l e I I . I t is s e e n f r o m T a b l e I I that t h e bes t c o r r e l a t i o n o f g e l 
t i m e s is o b t a i n e d w i t h i n s o l u b l e a c i d c o n t e n t for e a c h o f t h e e m p i r i c a l 
fits that w e r e t r i e d . S i m i l a r l y , t h e p H o f t h e s o d i u m acetate extracts 
s h o w e d b e t t e r c o r r e l a t i o n s w i t h t h e g e l t i m e s t h a n t h e p H o f t h e 
w a t e r extracts (37). 

T h e u n e x t r a c t a b l e a c i d i n w o o d p l a y s a m a j o r r o l e i n t h e cata lys is 
o f t h e u r e a - f o r m a l d e h y d e p o l y c o n d e n s a t i o n r e a c t i o n . T h e s i g n i f i 
c a n c e o f th i s i n d i c a t i o n m u s t b e v i e w e d i n contras t to p r e v i o u s i n 
v e s t i g a t i o n s w h i c h h a v e a t t e m p t e d to c o r r e l a t e p r o p e r t i e s o f w o o d 
w i t h t h e p r o p e r t i e s o r a m o u n t s o f e x t r a c t i v e s . It w o u l d n o t b e p r u 
d e n t to g e n e r a l i z e r e g a r d i n g t h e effect o f u n e x t r a c t e d ac ids b e c a u s e 
o n l y s e v e n spec i e s w e r e s t u d i e d . H o w e v e r , i n f u t u r e s tud ies these 
o b s e r v a t i o n s m a y b e f o u n d to b e g e n e r a l l y t r u e for m o s t , i f n o t a l l , 
spec i e s . 

T h e m a r k e d i n f l u e n c e o f b o u n d ac ids i n w o o d o n t h e c u r i n g 

T a b l e I . A c i d C o n t e n t i n W o o d s 

Acid Content (meq/100 g wood) 
Species Gel Time0 

of Wood Water-Soluble Totala Water-Insolubleh (min) 

R e d oak 
H e a r t w o o d 0 .118 2 .577 2 .459 19 .00 
S a p w o o d 1.845 4 .183 2 .338 19 .18 

H i c k o r y 
2 5 . 0 0 H e a r t w o o d 1.651 2 .869 1.218 2 5 . 0 0 

S a p w o o d 1.982 3 .937 1.955 15 .00 
S o u t h e r n p i n e 1.390 4 .824 3 .434 12 .08 
W h i t e fir 

S a p w o o d 0 .588 2 .071 1.483 16 .38 
D o u g l a s - f i r 1.930 9 .130 7 .200 7 .75 

a B y sodium acetate extraction 
h B y difference 
c Values reported in Ref. 36 for u r e a - f o r m a l d e h y d e reaction. 
(Reproduced with permission from R e f 37. Copyright 1983, Spr inger -Ver lag . ) 
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9. SUBRAMANIAN Chemistry of Adhesion 347 

Table I I . E m p i r i c a l Correlations Between A c i d Content and G e l 
T i m e of U r e a - F o r m a l d e h y d e (36) 

Empirical Correlation0 r a b 

L i n e a r : y = a + b · χ 
S o l u b l e - 0 . 2 1 9 18 .608 - 1 . 6 7 0 
Tota l - 0 . 7 7 0 2 3 . 9 4 8 - 1 . 7 9 9 
I n s o l u b l e - 0 . 8 1 6 2 2 . 6 9 1 - 2 . 2 1 3 

E x p o n e n t i a l : y = a · ebx 

S o l u b l e - 0 . 2 8 8 18 .936 - 0 . 1 5 0 
Tota l - 0 . 8 6 3 2 7 . 6 8 1 - 0 . 1 3 8 
I n s o l u b l e - 0 . 8 9 9 2 4 . 9 3 6 - 0 . 1 6 7 

L o g a r i t h m i c : y = a + b · In χ 
S o l u b l e - 0 . 2 2 0 16 .361 - 1 . 1 7 1 
To ta l - 0 . 7 2 7 27 .304 - 8 . 2 3 8 
I n s o l u b l e - 0 . 8 5 1 2 3 . 4 6 4 - 8 . 0 1 8 

P o w e r : y = a · xb 

S o l u b l e - 0 . 2 7 7 15 .470 - 0 . 1 0 1 
Tota l - 0 . 8 0 5 3 5 . 4 3 4 - 0 . 6 2 4 
I n s o l u b l e - 0 . 8 9 5 2 5 . 7 9 9 - 0 . 5 7 8 

0 T h e acid content (x) is in milliequivalents per 100 g wood, and gel time (y) is in 
minutes. 

(Reproduced with permission from R e f 37. Copyright 1983, Springer-Verlag. ) 

r e a c t i o n o f u r e a - f o r m a l d e h y d e r e s i n s has s t r o n g i m p l i c a t i o n s for t h e 
a d h e s i v e b o n d i n g o f w o o d . I t m u s t no t b e c o n s t r u e d , h o w e v e r , that 
t h e p H v a l u e a n d b u f f e r i n g c a p a c i t y o f w o o d are t h e o n l y factors that 
affect i ts b o n d i n g . 

F u r t h e r e x p e r i m e n t s h a v e s h o w n t h e a p p l i c a b i l i t y o f th i s a n a 
l y t i c a l t e c h n i q u e to t h e d e t e r m i n a t i o n o f b o u n d a c i d g e n e r a t e d b y 
H N 0 3 t r e a t m e n t o f w o o d (38). T h u s t h e k i n e t i c s o f t h e r e a c t i o n c a n 
b e f o l l o w e d . T h e t y p e o f a c i d g r o u p s g e n e r a t e d are c a r b o x y l i c ac ids . 
T h e i r a b i l i t y to i n i t i a t e t h e i n s i t u p o l y m e r i z a t i o n o f f u r f u r y l a l c o h o l 
i n w o o d has b e e n o b s e r v e d . D e t a i l e d s t u d i e s o f t h e r eac t i ons o f w o o d 
a c i d g r o u p s w i t h a d h e s i v e s y s t e m s a n d t h e i r i m p l i c a t i o n for a d h e s i v e 
b o n d i n g o f w o o d are sub jec t s d e s e r v i n g o f c o n t i n u e d i n v e s t i g a t i o n . 
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10 
Activation of Wood Surface and 
Nonconventional Bonding 

E U G E N E ZAVARIN 
Forest Products Laboratory, University of California, Berkeley, CA 94804 

Nonconventional bonding includes many different 
methods of bonding wood, all of them radically different 
from the conventional phenol-formaldehyde and urea 
-formaldehyde and related methods. In many cases the 
methods rely, at least in principle, on formation of co
valent bonds to wood surfaces. Some of the systems in
volve direct covalent bonds between the wood surfaces, 
some employ bifunctional monomers for joining the sur
faces, and others covalently bridge the surfaces by poly
meric chains. The last methods appear to bridge the 
gaps between wood surfaces with the least difficulty. The 
methods include gluing by spent sulfite liquor at low pH; 
gluing by a mixture of spent sulfite liquor, furfuryl al
cohol, and maleic anhydride with oxidative surface ac
tivation; gluing by water-soluble carbohydrates with a 
catalyst; and gluing by isocyanates. Some methods are 
at the pilot plant stage, some are at the laboratory stage, 
while gluing by isocyanates has been in industrial use 
for some time. The products often exhibit improved di
mensional stability and water resistance, but tend to 
suffer from abnormally high variability in the mechan
ical properties. Progress is handicapped by insufficient 
knowledge of the chemical composition of wood surfaces 
as well as of the chemical processes involved in bonding. 
The reacting wood surfaces are commonly richer in 
lignin than the bulk of the wood and are covered with 
a layer of polar and nonpolar extractives. This coverage 
as well as chemical transformations during surface prep
aration and history can influence the formation of co
valent bonds to wood. Acid or oxidant activators can be 
required for bond formation. Such activators could pro
mote cross-linking of the introduced polymers without 
formation of covalent bonds to wood surface, could 

0065-2393/84/0207-0349/$13.80/0 
© 1984 American Chemical Society 
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change the polymer and enable it to form covalent bonds 
with the wood surface, or could change the wood surface 
and enable it to form covalent bonds with the polymer. 
Some systems involve the lignin portion of wood for for
mation of covalent bonds (lignophilic systems), others 
preferentially form covalent bonds with cellulose or 
hemicelluloses (cellophilic systems). 

JL H E T E R M N O N C O N V E N T I O N A L B O N D I N G has b e e n i n use for s o m e t i m e , 
b u t its c h o i c e c a n b e h a r d l y t e r m e d as f o r t u n a t e . I n t h e first p l a c e i t 
is n e g a t i v e , i . e . , i t is b a s e d o n c o n c e p t s o u t s i d e o f t h e scope o f de f 
i n i t i o n . S e c o n d l y , i t l a c k s t i m e s t a b i l i t y ; w h a t is n o n c o n v e n t i o n a l 
t o d a y m i g h t b e c o n v e n t i o n a l t o m o r r o w . T h i r d l y , i t is too b r o a d , as i t 
c a n r e l a t e to n o n c o n v e n t i o n a l g l u e s , n o n c o n v e n t i o n a l p r a c t i c e s , o r 
e v e n to n o n c o n v e n t i o n a l e q u i p m e n t . P r o b a b l y t h e o n l y r e a s o n for 
u s i n g th i s t e r m is t h e l a c k o f a p p r o p r i a t e a l t e r n a t i v e s . 

I n c o m m o n usage t h e t e r m n o n c o n v e n t i o n a l b o n d i n g o f w o o d 
has b e e n a p p l i e d s o m e w h a t i m p r e c i s e l y to a g r o u p o f b o n d i n g p r o 
c e d u r e s i n v o l v i n g a w i d e v a r i e t y o f c h e m i c a l m o n o m e r i c o r p o l y m e r i c 
r e a g e n t s . T h e s e r e a g e n t s are d i f f e r e n t f r o m t h e c o n v e n t i o n a l l y u s e d 
a d h e s i v e s , s u c h as p h e n o l - f o r m a l d e h y d e a n d u r e a - f o r m a l d e h y d e . 
T h e w o r d " d i f f e r e n t " is r a t h e r a m b i g u o u s a n d a l l o w s for a n a p p r e 
c i a b l e g r a y a rea . I n th i s c h a p t e r o n l y those b o n d i n g agents that i n 
v o l v e c o m p l e t e l y n e w w a y s o f b o n d i n g a n d c r o s s - l i n k i n g are i n c l u d e d , 
a n d t h e agents that b e a r a p p r e c i a b l e s i m i l a r i t y to p h e n o l - f o r m a l d e 
h y d e a n d u r e a - f o r m a l d e h y d e r e s i n s ( e . g . , p h e n o l - f o r m a l d e h y d e 
r e s i n s i n c l u d i n g t a n n i n as a p a r t i a l p h e n o l subs t i tu te ) are e x c l u d e d . 

M o s t n o n c o n v e n t i o n a l b o n d i n g s y s t e m s share t h e i d e a o f c o v a 
l e n t l y b o n d e d w o o d surfaces . I n c o n v e n t i o n a l b o n d i n g the w o o d s u r 
face r e p r e s e n t s , o r is t h o u g h t to r e p r e s e n t , a s e c o n d a r y r e a c t i o n 
p a r t n e r o n l y , w i t h c o v a l e n t b o n d i n g r e s t r i c t e d m a i n l y to c r o s s - l i n k i n g 
r e a c t i o n s o f t h e b o n d i n g agents ( 1 - 3 ) . S o m e o f t h e m e t h o d s i n v o l v i n g 
c o v a l e n t l y b o n d e d surfaces r e q u i r e a c t i v a t i o n o f t h e w o o d surfaces as 
a n e c e s s a r y p r e r e q u i s i t e for success fu l b o n d i n g . A c t i v a t i o n o f w o o d ' s 
e x t e r n a l sur faces 1 causes a c h a n g e i n t h e c h e m i c a l b e h a v i o r o f t h e 
w o o d a n d e n a b l e s t h e c o m p o n e n t s o f w o o d e i t h e r to u n d e r g o n e w 

2 External wood surfaces, occasionally simply designated as wood surfaces, are c o m 
monly artificially created and comprise the interfaces between wood and the external 
world . Internal wood surfaces comprise the interfaces between cell walls and cell lumena. 
T h e depth of the surface layer is not restricted to monomolecular thickness, but is re
garded as the depth necessary to produce a certain surface effect. T h e definition of depth 
is thus relative and depends on the type of interaction. Consequently, analytical results 
arrived at by different methods of surface analysis are not strictly comparable. 
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reac t i ons o r to reac t at a n i n c r e a s e d ra te . S u c h i n c r e a s e d r e a c t i v i t y 
r e s u l t s i n c e r t a i n e x t e r n a l effects (e .g . , i m p r o v e d adhes i on ) . B e c a u s e 
o f t h e v a r i e t y o f t h e s e effects, a c t i v a t i o n is a r e l a t i v e c o n c e p t a n d 
d e p e n d s u p o n t h e n a t u r e o f t h e effect a n d c a n n o t b e d i s c u s s e d p e r 
se. T h u s , i n a d d i t i o n to n o n c o n v e n t i o n a l b o n d i n g , a c t i v a t i o n o f l i g -
n o c e l l u l o s i c m a t e r i a l s f o r m s t h e basis o f g r a f t i n g o f o r g a n i c m o n o m e r s 
to l i g n o c e l l u l o s i c surfaces (4) a n d is r e s p o n s i b l e for c e r t a i n i m p r o v e 
m e n t s i n t h e p e r f o r m a n c e o f t h e sur face coat ings o f w o o d (5-8). 

A d v a n t a g e s o f n o n c o n v e n t i o n a l b o n d i n g are assoc ia ted w i t h c o 
v a l e n t l y b o n d e d w o o d surfaces ( ex te rna l a n d to s o m e e x t e n t i n t e r n a l ) 
a n d i n c l u d e d i m e n s i o n a l s t a b i l i t y o f t h e p r o d u c t s . O c c a s i o n a l l y i n 
c r e a s e d b r i t t l e n e s s a n d a loss i n m e c h a n i c a l p r o p e r t i e s d u e to a c i d i c 
d e g r a d a t i o n o f c a r b o h y d r a t e s are o b s e r v e d . 

S o m e n o n c o n v e n t i o n a l b o n d i n g m e t h o d s are b a s e d o n t h e use 
o f a g r i c u l t u r a l b y - p r o d u c t s , i . e . , o n n o n p e t r o l e u m - b a s e d m a t e r i a l s ; 
t h i s u s e c o n s t i t u t e s a n o t h e r a d v a n t a g e . S o m e n o n c o n v e n t i o n a l l y 
b o n d e d m a t e r i a l s p r o d u c e r e d u c e d a m o u n t s o f t ox i c gaseous m a t e 
r i a l s , s u c h as f o r m a l d e h y d e , that m a k e t h e m p r e f e r a b l e to p h e n o l -
f o r m a l d e h y d e p r o d u c t s a n d u r e a - f o r m a l d e h y d e r e s i n s . E c o n o m i 
c a l l y , t h e n o n c o n v e n t i o n a l m e t h o d s d o n o t o f f e r a n y p a r t i c u l a r 
advantages , a l t h o u g h t h e y a p p e a r to b e c o m p e t i t i v e w i t h t h e c o n 
v e n t i o n a l m e t h o d s . 

T h i s c h a p t e r i n c l u d e s d i s c u s s i o n s o n t h e c h e m i c a l c o m p o s i t i o n 
o f t h e w o o d sur face p r i o r to i n t e r a c t i o n s w i t h b o n d i n g a g e n t s — a 
t o p i c o f t en n e g l e c t e d i n d i s c u s s i o n s o f t h e sur face r eac t i ons o f w o o d ; 
n o n c o n v e n t i o n a l b o n d i n g m e t h o d s b a s e d o n d i r e c t , c o v a l e n t , o r 
w o o d - t o - w o o d b o n d i n g ; b o n d i n g t h r o u g h i n t e r m e d i a c y o f b i v a l e n t 
m o l e c u l e s ; b o n d i n g t h r o u g h i n t e r m e d i a c y o f a c r o s s - l i n k e d p o l y m e r , 
c o m m o n l y c o v a l e n t l y a t t a c h e d to w o o d sur faces ; a n d f u n d a m e n t a l 
r e s e a r c h i n these areas . 

Wood Surface Composition Prior to Activation or Bonding 
T h e c h e m i c a l c o m p o s i t i o n o f a w o o d surface does n o t n e c e s s a r i l y 

c o r r e s p o n d to t h e c h e m i c a l c o m p o s i t i o n o f t h e b u l k o f t h e w o o d a n d 
is a f u n c t i o n o f t h e c o n d i t i o n s a n d m e t h o d s o f sur face f o r m a t i o n ; t h e 
r e d i s t r i b u t i o n o f e x t r a c t i v e s f o l l o w i n g o r d u r i n g t h e sur face f o r m a t i o n ; 
t h e i n c o r p o r a t i o n o f f o r e i g n m a t e r i a l s d u r i n g surface f o r m a t i o n a n d 
t h e r e a f t e r ; a n d t h e c h e m i c a l c h a n g e s i n t i m e d u e to i n t e r a c t i o n s w i t h 
a i r - o x y g e n , l i g h t , a n d o t h e r c h e m i c a l a n d p h y s i c a l r e a g e n t s . A l 
t h o u g h t h e k n o w l e d g e o f t h e c h e m i c a l c o m p o s i t i o n o f t h e surface is 
o f great i m p o r t a n c e i n u n d e r s t a n d i n g t h e sur face p e r f o r m a n c e i n n o n -
c o n v e n t i o n a l b o n d i n g , t h e a m o u n t o f i n f o r m a t i o n c u r r e n t l y a v a i l a b l e 
o n t h e a b o v e areas is scarce . 

Condit ions a n d Methods of W o o d Surface F o r m a t i o n . T h e 
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c o n d i t i o n s a n d m e t h o d s o f w o o d sur face f o r m a t i o n c a n s t r o n g l y i n 
f l u e n c e t h e p e r c e n t a g e s o f l i g n i n , h e m i c e l l u l o s e s , a n d c e l l u l o s e i n 
t h e sur face l a y e r o f w o o d . W i t h t r a n s v e r s e surfaces (cuts m a d e p e r 
p e n d i c u l a r to w o o d t r u n k , i . e . , p e r p e n d i c u l a r to t h e l e n g t h o f t h e 
t r a c h e i d s ) , t h e p e r c e n t a g e s o f a b o v e w o o d c o n s t i t u e n t s s h o u l d not 
d e v i a t e m u c h f r o m those o f t o ta l w o o d . S u c h surfaces are h o w e v e r 
less p r a c t i c a l l y i m p o r t a n t t h a n o t h e r surfaces . H o w e v e r , t h e s i t u a t i o n 
is d i f f e r e n t w i t h r a d i a l a n d t a n g e n t i a l surfaces . M o r p h o l o g i c a l e v i 
d e n c e f r o m m i c r o s c o p i c s t u d i e s [ i n c l u d i n g s c a n n i n g e l e c t r o n m i c r o s 
c o p y ( S E M ) ] o f w o o d surfaces a n d w o o d fibers has b e e n p r o v i d e d for 
s p r u c e a n d b i r c h w o o d (9-15) a n d o n b l a c k s p r u c e . 

I n t h e w o r k o n b l a c k s p r u c e [Picea mariana ( M i l l . ) B S P ] (14, 15) 
t h e w o o d surfaces w e r e p r o d u c e d at t e m p e r a t u r e s r a n g i n g b e t w e e n 
—190 a n d 2 5 0 °C b y t a n g e n t i a l a n d r a d i a l t e n s i l e f a i lu res . T h e l o w 
s o f t e n i n g p o i n t o f h e m i c e l l u l o s e s ( 5 0 - 6 0 °C) a n d o f l i g n i n ( 9 0 - 1 0 0 
°C) , t h e t w o m a t e r i a l s that b i n d t h e m i c r o f i b r i l s o f t h e c e l l w a l l , 
s t r o n g l y i n f l u e n c e d t h e m o r p h o l o g y o f t h e surfaces . T h u s w i t h b o t h 
r a d i a l a n d t a n g e n t i a l f a i l u r e s , t h e p e r c e n t o f t r a c h e i d s b r o k e n b y 
t r a n s w a l l f a i l u r e d e c r e a s e d b e t w e e n 0 a n d 2 0 0 °C f r o m 4 0 - 5 0 % d o w n 
to ~ 0 % . F u r t h e r m o r e , w i t h t a n g e n t i a l surfaces t h e fiber faces p r o 
d u c e d at o r b e l o w 100 °C r e v e a l e d m a i n l y t h e S r surface s t r u c t u r e ; 
a b o v e 150 °C a p r e d o m i n a n t l y p r i m a r y w a l l s t r u c t u r e , h e a v i l y e m 
b e d d e d i n , o r c o v e r e d b y a n a m o r p h o u s m a t r i x o f l i g n i n a n d h e m i 
c e l l u l o s e s was p r o d u c e d . T h e r e s u l t s s u g g e s t e d that w i t h an i n c r e a s e 
i n t e m p e r a t u r e t h e w o o d f i b e r s a r e m o r e e a s i l y s e p a r a t e d , t h e n 
b r o k e n , f r o m p a r e n t w o o d ( F i g u r e 1). B e c a u s e t h e ra t i o o f h e m i c e l 
l u l o s e s to c e l l u l o s e p e r c e n t a g e s a n d t h e l i g n i n p e r c e n t a g e increases 
f r o m t h e s e c o n d a r y w a l l to t h e m i d d l e l a m e l l a (16-18) t h e r e s u l t s 
also suggest that w o o d surfaces o f d i f f e rent c h e m i c a l c o m p o s i t i o n 
are p r o d u c e d u n d e r d i f f e r e n t c o n d i t i o n s . T h i s is i m p o r t a n t i n r e s p e c t 
to t h e r e a c t i o n s c o n n e c t e d w i t h t h e a c t i v a t i o n o f w o o d surfaces ; for 
e x a m p l e , o x i d i z i n g , a c t i v a t i n g a g e n t s s u c h as h y d r o g e n p e r o x i d e 
( H 2 0 2 ) a n d c e r t a i n n i t r a t e s react p r e f e r e n t i a l l y w i t h l i g n i n (19, 20). 

M e t h o d o l o g i e s a l l o w i n g d i r e c t assessment o f t h e c h e m i c a l c o m 
p o s i t i o n o f t h e w o o d sur face a re those b a s e d o n A u g e r s p e c t r o s c o p y 
a n d p a r t i c u l a r l y o n e l e c t r o n s p e c t r o s c o p y f o r c h e m i c a l a n a l y s i s 
( E S C A ) . E x c e p t for o n e m a r g i n a l l y success fu l a t t e m p t to d e t e r m i n e 
t h e s u l f u r d i s t r i b u t i o n o n t h e sur face o f a s u l f o n a t e d cross s e c t i o n o f 
a b l a c k s p r u c e w o o d s a m p l e (21), A u g e r s p e c t r o s c o p y has n o t b e e n 
u s e d o n w o o d . 

A p p r e c i a b l y m o r e w o r k has b e e n d o n e w i t h E S C A , h o w e v e r . 
F r o m t h e r e s u l t s o f E S C A a r a t i o o f o x y g e n to c a r b o n atoms o n the 
sur face (NQ/NC) c a n b e c a l c u l a t e d . T h e o r e t i c a l l y for p u r e c e l l u l o s e 
th i s ra t i o is 0 . 8 3 , for m i l l e d w o o d l i g n i n f r o m con i f e rs i t is a r o u n d 
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Figure 1. Percentage of tracheids broken by transwall failure on the tan
gential fracture surface as a function of temperature (15). 

0 . 3 7 , a n d f r o m h a r d w o o d s a r o u n d 0 . 4 3 . F o r n o n p o l a r e x t r a c t i v e s 
( m o n o t e r p e n o i d s , r e s i n a c i d s , fatty acids) th i s r a t i o is a r o u n d 0 .10 o r 
l o w e r . T h e E S C A ana lyses o f l i g n o c e l l u l o s i c m a t e r i a l s a v a i l a b l e i n 
c l u d e those o n l i g n i n a n d l i g n o c e l l u l o s i c f i bers (22-24) o n l i g n o c e l 
l u l o s i c f i bers a n d c h i p s o f p i n e w o o d (25), a n d o n m a p l e w o o d (26). 

T h e N Q / N C v a l u e s for l i g n i n a n d p u r e c e l l u l o s i c f i bers ( co t ton , 
filter p a p e r ) a g r e e d r e a s o n a b l y w e l l w i t h t h e c a l c u l a t e d v a l u e s , p a r 
t i c u l a r l y i f t h e fibers w e r e e x t r a c t e d w i t h E t O H , a ce tone , o r s i m i l a r 
s o l vents . A s s u m i n g that t h e sur face o f l i g n o c e l l u l o s i c m a t e r i a l s was 
c o m p o s e d after e x t r a c t i o n o f o n l y c e l l u l o s i c s a n d l i g n i n , D o r r i s a n d 
G r a y (22, 23) e s t i m a t e d 3 0 - 4 5 % o f l i g n i n o n t h e sur face o f g r o u n d 
w o o d p u l p fibers. T h i s is a p p r e c i a b l y h i g h e r t h a n t h e l i g n i n c o n t e n t 
o f w o o d . I n a r e l a t e d w o r k 7 % l i g n i n i n t h e b u l k a n d 1 7 % o n t h e 
sur face o f e x t r a c t e d su l f i t e p u l p s w e r e r e p o r t e d (27, 28). T h e a m o u n t 
o f l i g n i n o n t h e sur face i n c r e a s e d w i t h t e m p e r a t u r e o f d e f i b r a t i o n (25) 
w h i c h agrees w i t h t h e w o r k o f K o r a n (15, 16). T h e e x t r a c t e d p i n e 
c h i p s h a d a n NQ/NC r a t i o s i m i l a r to p u r e l i g n i n . T h e s e r e s u l t s suggest 
that l i g n i n was p r o b a b l y t h e m a i n c h e m i c a l c o m p o n e n t o f t h e w o o d 
surface (Table I). 

W i t h o u t e x t r a c t i o n w i t h p o l a r s o l vents t h e Nq/NC rat ios w e r e 
r e g u l a r l y m u c h l o w e r . T h e s e rat ios w e r e w e l l b e l o w those o f c e l l u l o s e 
a n d l i g n i n for m a p l e w o o d a n d p i n e w o o d , a m o u n t i n g to 0 .15 a n d 
0 .26 , r e s p e c t i v e l y . T h e e x t r a c t i o n effect was d u e to n o n p o l a r w o o d 
e x t r a c t i v e s ; n o effort has b e e n m a d e to i d e n t i f y these e x t r a c t i v e s . 
A l t h o u g h t h e l i k e l i h o o d o f e x t r a c t i v e s c o v e r i n g t h e sur face c a n n o t b e 
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T a b l e I. E S C A NJNÇ R a t i o s f o r V a r i o u s 
L i g n o c e l l u l o s i c M a t e r i a l s 

Lignocellulosic Material N Q / N C Ratio 

C a l c u l a t e d 
C e l l u l o s e 0 .83 
M i l l e d w o o d l i g n i n 

S o f t w o o d 0 .37 
H a r d w o o d 0 .43 

N o n p o l a r e x t r a c t i v e s 0 .10 
F o u n d 

F i l t e r p a p e r 0 . 7 9 - 0 . 8 3 
M i l l e d w o o d l i g n i n (spruce) 0 .39 
P i n e c h i p s 0 .26 

A c e t o n e e x t r a c t e d 0 .42 
M a p l e w o o d 0 .15 

H N 0 3 t r e a t e d 0 .43 

d i s m i s s e d , i t is a lso p o s s i b l e that p a r t o f the o b s e r v e d effect re la tes 
to c h e m i c a l c h a n g e s d u r i n g sur face p r e p a r a t i o n . S u c h changes c o u l d 
i n v o l v e d e h y d r a t i o n , c o u l d l o w e r t h e NQ/NC r a t i o , a n d c o u l d r e n d e r 
s o m e o f t h e p r o d u c t s o f d e c o m p o s i t i o n m o r e s o l u b l e i n p o l a r s o lvents . 

A l t h o u g h e l e c t r o n i c a b s o r p t i o n s p e c t r o s c o p y i n its r e f l e c t a n c e 
v a r i a t i o n has b e e n u s e d to assess t h e d i s t r i b u t i o n o f l i g n i n across t h e 
c e l l w a l l s o f t r a c h e i d s (16, 17), n o m e t h o d b a s e d o n e l e c t r o n i c o r I R 
s p e c t r o s c o p y has b e e n d e v e l o p e d to e n a b l e q u a n t i t a t i v e d e t e r m i n a 
t i o n o f t h e l i g n i n c o n t e n t o f w o o d surfaces . 

R e d i s t r i b u t i o n o f E x t r a c t i v e s . R e d i s t r i b u t i o n o f t h e ex t rac t ives 
d u r i n g o r a f ter sur face p r e p a r a t i o n c o u l d r e s u l t i n t h e i r d e p o s i t i o n 
o n t h e sur face i n l a r g e r a m o u n t s . I f a sur face was c r e a t e d p r i o r to 
t h e r e m o v a l o f m o i s t u r e f r o m w o o d , o r i f t h e w o o d s u b s e q u e n t l y was 
w e t t e d (e .g . , a q u e o u s s o l u t i o n o f a r e a g e n t u s e d i n w o o d ac t i va t i on ) , 
t h e w a t e r - s o l u b l e , p o l a r e x t r a c t i v e s are l i k e l y to m i g r a t e a n d b e c o m e 
d e p o s i t e d o n t h e w o o d s u r f a c e d u r i n g t h e p r o c e s s o f d r y i n g . A 
n u m b e r o f s t u d i e s d i s c u s s e d d i s c o l o r a t i o n s d u r i n g k i l n o r a i r d r y i n g 
o f w o o d ( 2 9 - 3 2 ) . S o m e n o n p o l a r , w a t e r - i n s o l u b l e e x t r a c t i v e s , s u c h 
as fat ty a n d r e s i n a c i d s , a lso m i g r a t e d u r i n g d r y i n g a n d b e c o m e d i s 
t r i b u t e d o n t h e w o o d sur face . S e v e r a l s t u d i e s o n a d h e s i o n i n a c t i v a -
t i o n o f w o o d surfaces are a v a i l a b l e . T h e v a p o r - p h a s e t r a n s l o c a t i o n o f 
s t ear i c a c i d as a m o d e l c o m p o u n d was s t u d i e d (34) at t e m p e r a t u r e s 
b e t w e e n 2 5 a n d 105 °C b y u s i n g w o o d p u l p h a n d s h e e t s . A l t h o u g h 
t h e rate o f t r a n s l o c a t i o n is s t r o n g l y d e p e n d e n t u p o n t e m p e r a t u r e , i t 
c a n take p l a c e e v e n at t h e a m b i e n t t e m p e r a t u r e . T h e r e d i s t r i b u t i o n 
o f e x t r a c t i v e s d u r i n g w o o d d r y i n g is s t r o n g l y i n f l u e n c e d b y t h e d r y i n g 
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m e t h o d (34). T h e n o n p o l a r t o l u e n e - s o l u b l e ex t rac t ives o f Pinus taeda 
L . ( r es in a c i d s , fatty m a t e r i a l s , t u r p e n t i n e c o m p o n e n t s , s t e r o i d s , a n d 
o t h e r unsaponif îables) w e r e f o u n d to b e c o m e s t r o n g l y e n r i c h e d i n 
t h e o u t e r l a y e r o f w o o d d u r i n g k i l n d r y i n g , a l t h o u g h p r a c t i c a l l y n o 
e n r i c h m e n t t ook p l a c e i n a i r - d r y i n g o f w o o d . H o w e v e r , o n t h e bas is 
o f w o o d a n a t o m i c a l c o n s i d e r a t i o n s (Betula alleghaniensis B r i t t o n — 
y e l l o w b i r c h ) i t was c o n c l u d e d (35) that v a p o r t r a n s p o r t o f fatty ac ids 
f r o m i n s i d e o f w o o d to t h e sur face was c o n c l u d e d to b e h i g h l y u n 
l i k e l y , e x c e p t for t h e r e g i o n c l ose to t h e sur face . I n H e m i n g w a y ' s 
o p i n i o n (35), t h e a m o u n t o f f ree s a t u r a t e d fatty ac ids ( i . e . , no t o c 
c u r r i n g as g l y c e r i d e s ) was too s m a l l i n th i s r e g i o n to i n t e r f e r e w i t h 
g l u i n g t h r o u g h sur face d e p o s i t i o n . H e f a v o r e d t h e d e p o s i t i o n o f t h e 
p r o d u c t s o f a i r - o x i d a t i o n o f l i n o l e i c a c i d (free a n d b o u n d as g l y c e r i d e ) 
o n t h e sur face . 

A d d i t i o n a l w o r k d e a l i n g w i t h sur face d e p o s i t i o n o f n o n p o l a r ex 
t r a c t i v e s is that o f S u c h l a n d a n d S t e v e n s (36), H a n c o c k (37), C h e n 
(38), C h o w (39), a n d T r o u g h t o n a n d C h o w (40). I n t h e last w o r k , t h e 
sur face o f Picea glauca ( M o e n c h ) Voss v e n e e r was c o v e r e d w i t h a 
l a y e r o f s i l i c i c a c i d p o w d e r , t h e v e n e e r was h e a t e d at 150 °C for 
v a r i o u s a m o u n t s o f t i m e , a n d t h e m i g r a n t ace tone ex t rac t i ves that 
b e c a m e a d s o r b e d to s i l i c i c a c i d w e r e i s o l a t e d . T h e t i m e o f h e a t i n g 
( 2 0 - 8 0 m i n ) d i d n o t i n f l u e n c e t h e p e r c e n t o f t o ta l a ce tone s o l u b l e s 
that m i g r a t e d , w h i c h a m o u n t e d to an average o f 0 . 1 1 % for h e a r t w o o d 
a n d 0 . 1 8 % for s a p w o o d (dry w o o d p e r c e n t basis) . C o n v e r s e l y , t h e 
a m o u n t o f f ree fat ty ac ids o n t h e surface i n c r e a s e d f r o m 6 5 p p m for 
2 0 m i n to 74 p p m for 80 m i n o f d r y i n g t i m e . 

T h i s s u p p o r t s t h e p r e v i o u s l y m e n t i o n e d w o r k b a s e d o n E S C A 
that n o n p o l a r e x t r a c t i v e s c a n b e d e p o s i t e d o n w o o d surface d u r i n g 
its p r e p a r a t i o n a n d s u b s e q u e n t h i s t o ry . 

D e p o s i t i o n o f F o r e i g n M a t e r i a l s . F o r e i g n m a t e r i a l s are d e 
p o s i t e d o n t h e sur face o f w o o d d u r i n g a n d after sur face f o r m a t i o n . 
S o m e d e p o s i t s , s u c h as d u s t a n d w a t e r o f c o n d e n s a t i o n , are r e l a t e d 
to w o o d s torage , a n d t h e i r a m o u n t c a n b e c o n t r o l l e d i n p r i n c i p l e . 
T h e o t h e r s a r e , h o w e v e r , c o n n e c t e d w i t h t h e m e t h o d s o f sur face 
f o r m a t i o n . T h u s i n v a r i o u s m a c h i n i n g o p e r a t i o n s s m a l l a m o u n t s o f 
m e t a l , p r i m a r i l y i r o n , f r o m c u t t i n g par ts are l i k e l y to b e t r a n s f e r r e d 
to w o o d surfaces . A l t h o u g h , d u e to t h e i r m i n u t e a m o u n t s , s u c h m a 
ter ia l s are n o t g e n e r a l l y l i k e l y to i n f l u e n c e t h e c h e m i c a l b e h a v i o r o f 
t h e w o o d surfaces great ly , i n s o m e ins tances t h e i r p r e s e n c e c a n b e 
f e l t . T h u s , i n i n t e r a c t i o n s o f l i g n o c e l l u l o s i c m a t e r i a l s w i t h H 2 0 2 , 
t races o f i r o n c a n e x e r t a n a p p r e c i a b l e c a t a l y t i c effect o n t h e rate o f 
H 2 0 2 d e c o m p o s i t i o n . I n l a b o r a t o r y e x p e r i m e n t s , t races o f i r o n c a n 
b e r e m o v e d e a s i l y b y t r e a t m e n t w i t h c h e l a t i n g agents , s u c h as s o d i u m 
sal ts o f e t h y l e n e d i a m i n e t e t r a a c e t i c a c i d ( E D T A ) a n d i r o n r e i n t r o -
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d i i c e d i n c o n t r o l l e d q u a n t i t i e s as d e s i r e d . I n i n d u s t r i a l p r a c t i c e , h o w 
ever , t h e q u a n t i t a t i v e c o n t r o l o f t h e traces o f i r o n o r o t h e r c a t a l y t i c a l l y 
a c t i n g m a t e r i a l s w o u l d r e p r e s e n t a m o r e d i f f i c u l t p r o b l e m . 

C h e m i c a l C h a n g e s . T h e c h e m i s t r y o f the w o o d surface c a n b e 
c h a n g e d d u r i n g a n d after p r e p a r a t i o n o f t h e surface d u e to i n t e r a c t i o n 
w i t h v a r i o u s p h y s i c a l a n d c h e m i c a l n a t u r a l r eagents . S o m e s a w i n g 
c o n d i t i o n s , c o m m o n l y w i t h excess ive saw v i b r a t i o n s , cause t h e w o o d 
surface to b u r n . A l t h o u g h n o t m u c h is k n o w n a b o u t t h e t e m p e r a t u r e s 
o f t h e w o o d sur face d u r i n g s a w i n g , t h e t e m p e r a t u r e s o f p l a n e c i r c u l a r 
saws w e r e f o u n d to b e a b o u t 4 0 - 6 0 ° C , o c c a s i o n a l l y 100 °C , a n d e v e n 
160 ° C , a b o v e t h e a m b i e n t t e m p e r a t u r e , d e p e n d i n g u p o n t h e d i s 
tance f r o m t h e t e e t h . T h e t e m p e r a t u r e s o f t h e saw t e e t h are g e n e r a l l y 
a p p r e c i a b l y h i g h e r , r e a c h i n g as h i g h as 7 7 4 °C (41, 42). T h u s , t h e 
p o s s i b i l i t i e s are g i v e n for p y r o l y t i c a n d o x i d a t i v e changes o n w o o d 
sur face , a l t h o u g h t h e t i m e s o f e x p o s u r e are v e r y shor t a n d t h e effects 
c o r r e s p o n d i n g l y less . A d d i t i o n a l cases o f s o l i d - w o o d e x p o s u r e to e l e 
v a t e d t e m p e r a t u r e s are m e t i n d r y i n g w o o d p a r t i c l e s a n d v e n e e r . 

T h e d e g r a d a t i o n o f w o o d at m o d e r a t e l y e l e v a t e d t e m p e r a t u r e s 
o r at s h o r t e x p o s u r e s to h i g h e r t e m p e r a t u r e s i n t h e p r e s e n c e o f a i r 
is c o m p o s e d o f p y r o l y t i c a n d o x i d a t i v e changes . A t l o n g e r e x p o s u r e s 
to h i g h e r t e m p e r a t u r e s t h e c o m b u s t i o n process sets i n — a u t o c a t a l y t i c 
p y r o l y t i c d e c o m p o s i t i o n c o u p l e d w i t h o x i d a t i o n o f t h e p r o d u c e d v o l 
at i les a n d char . P y r o l y t i c a n d o x i d a t i v e changes o f c e l l u l o s e , h e m i 
c e l l u l o s e s , a n d l i g n i n at m o d e r a t e t e m p e r a t u r e s p r o c e e d i n d e p e n 
d e n t l y o f e a c h o t h e r , i . e . , w o o d b e h a v e s l i k e a m i x t u r e o f these m a 
t e r i a l s (43). P y r o l y s i s o f c e l l u l o s e w a s a s u b j e c t o f n u m e r o u s 
i n v e s t i g a t i o n s a n d has b e e n r e v i e w e d s e v e r a l t i m e s (44—48). T h e p r o 
cess b e g i n s w i t h d e p o l y m e r i z a t i o n o f t h e p o l y s a c c h a r i d e s b y t r a n s -
g l y c o s y l a t i o n to y i e l d g l u c o s a n a n d o t h e r m o n o s a c c h a r i d e a n d o l i g o 
s a c c h a r i d e d e r i v a t i v e s . C o n c u r r e n t l y , d e h y d r a t i o n to u n s a t u r a t e d 
c o m p o u n d s takes p l a c e (46). W i t h l i g n i n t h e l o w t e m p e r a t u r e d e c o m 
p o s i t i o n is d o m i n a t e d b y c o n d e n s a t i o n s a n d f o r m a t i o n o f e t h e r l i n k 
ages b e t w e e n t h e η -propy l s i d e c h a i n s , a n d b y g e n e r a t i o n o f a l k y l -
a r y l b o n d s , w h i c h is p a r a l l e l e d b y d e h y d r a t i o n reac t i ons that f o r m 
d o u b l e b o n d s i n t h e s i d e c h a i n s (49, 50). O x i d a t i o n o f c e l l u l o s e a p 
p a r e n t l y takes p l a c e at o r a b o v e 140 °C a n d is a c c o m p a n i e d b y d e -
p o l y m e r i z a t i o n a n d f o r m a t i o n o f c a r b o n y l a n d c a r b o x y l g r o u p s , f o l 
l o w e d b y s o m e d e c a r b o x y l a t i o n . M o i s t u r e s t r o n g l y cata lyzes t h e p r o 
cess (51, 52, 53). 

T h e i n f o r m a t i o n o n t h e p y r o l y t i c a n d o x i d a t i v e c h a n g e s t h a t 
o c c u r o n w o o d surfaces r e s u l t i n g f r o m t h e h i s t o r y o f t h e i r f o r m a t i o n 
is unsat i s fac tory . To a l a r g e e x t e n t s u c h i n f o r m a t i o n is c o n n e c t e d w i t h 
i n v e s t i g a t i o n s o f sur face i n a c t i v a t i o n t o w a r d c o n v e n t i o n a l g l u i n g (54), 
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o r w i t h t h e d i m e n s i o n a l s t a b i l i z a t i o n o f w o o d b y e x p o s u r e to m o d 
e r a t e l y e l e v a t e d t e m p e r a t u r e s . 

A loss o f h y g r o s c o p i c i t y b y p r o l o n g e d h e a t i n g o f s o l i d c e l l u l o s i c 
m a t e r i a l s to 100 °C o r h i g h e r w a s e x p l a i n e d b y g r a d u a l loss o f h y 
d r o x y l s (55). A q u a n t i t a t i v e c o r r e l a t i o n was o b t a i n e d b e t w e e n the loss 
o f h y g r o s c o p i c i t y a n d loss o f w e i g h t b y u s i n g y e l l o w p o p l a r a n d l o b 
l o l l y p i n e w o o d s a m p l e s h e a t e d to 200 °C for 5 m i n . T h i s c o r r e l a t i o n 
was e x p l a i n e d b y f o r m a t i o n o f i n t r a m o l e c u l a r e p o x y g r o u p s b e t w e e n 
h y d r o x y l s 2 a n d 3 o f a n h y d r o u n i t s o f c e l l u l o s e (56); i n t e r m o l e c u l a r 
e t h e r l i n k a g e s a p p a r e n t l y d o n o t f o r m (57). T h e i n c r e a s e d d i m e n 
s i o n a l s t a b i l i z a t i o n o f w o o d after h e a t i n g i t to 300 °C was e x p l a i n e d 
b y t h e d e c o m p o s i t i o n o f h y g r o s c o p i c h e m i c e l l u l o s e s a n d o t h e r c a r 
b o h y d r a t e s , f o l l o w e d b y c o n d e n s a t i o n o r p o l y m e r i z a t i o n o f t h e r e 
s u l t i n g f u r a n - t y p e c o m p o u n d s (58). C h a n g e s i n c h e m i s t r y o f m i c r o -
sec t ions o f w o o d u s e d as m o d e l s for sur face layers o f w o o d o f Picea 
glauca ( M o e n c h ) Voss w e r e s t u d i e d b y C h o w a n d M u k a i (39, 59) 
b e t w e e n 100 a n d 2 4 0 °C i n a i r a n d i n n i t r o g e n . B e l o w 180 °C t h e 
c h a n g e s w e r e assoc ia ted m a i n l y w i t h o x i d a t i o n , a n d a b o v e 180 °C 
t h e y w e r e o f m i x e d p y r o l y t i c a n d o x i d a t i v e n a t u r e . T h e h y d r o x y l 
a b s o r p t i o n i n I R s p e c t r a d e c r e a s e d w i t h t i m e at 180 ° C , t h e c o l o r o f 
w o o d d a r k e n e d , a n d b o t h c r y s t a l l i n i t y a n d d e g r e e o f p o l y m e r i z a t i o n 
( D P ) o f c e l l u l o s e d e c r e a s e d . T h e I R C = 0 a b s o r p t i o n o f e s ter a n d 
c a r b o x y l g r o u p s f i rs t d e c r e a s e d a n d t h e n i n c r e a s e d w i t h t e m p e r a t u r e . 
E x t r a c t i v e s w e r e f o u n d to c a t a l y z e t h e rate o f o x i d a t i o n . T h i s cata lys is 
is p r o b a b l y w h y r e f i n e d f i bers g i v e b e t t e r m e d i u m - d e n s i t y f i b e r b o a r d 
t h r o u g h a n i n c r e a s e i n o x i d a t i o n m o i e t i e s at t h e sur face . 

I n c r e a s e d t e m p e r a t u r e s are also l i k e l y to l e a d to changes i n ex 
t r a c t i v e m a k e u p o n t h e w o o d sur face . P o l y m e r i z a t i o n o f t a n n i n s a n d 
m o n o m e r i c p h e n o l i c m a t e r i a l s to s y n t h e t i c p h l o b a p h e n e s a n d s i m i l a r 
m a t e r i a l s is l i k e l y to take p l a c e . U n s a t u r a t e d fatty ac ids s u c h as l i n -
o l e i c a c i d a p p a r e n t l y c a n c l e a v e o x i d a t i v e l y , a n d t h e r e s u l t i n g s m a l l e r 
m o l e c u l a r w e i g h t f r a g m e n t s a t t a c h t h e m s e l v e s to t h e s u r f a c e o f 
w o o d (35). 

A s i d e f r o m s p e c i a l c i r c u m s t a n c e s t h e changes i n t h e c h e m i s t r y 
o f t h e w o o d sur face d u e to e x p o s u r e to l i g h t d u r i n g sur face f o r m a t i o n 
a n d t h e r e a f t e r ( d r y i n g , storage) are o f l i t t l e i m p o r t a n c e to n o n c o n 
v e n t i o n a l b o n d i n g ( e x c e p t i n g l i g h t as a p o t e n t i a l ac t ivator ) . T h e r e a c 
t i ons are r a t h e r c o m p l i c a t e d a n d d e p e n d u p o n t h e w a v e l e n g t h a n d 
i n t e n s i t y o f l i g h t , t e m p e r a t u r e , t i m e o f e x p o s u r e , m o i s t u r e c o n t e n t 
o f w o o d , a t m o s p h e r i c c o m p o s i t i o n , a n d p r e s e n c e o f l i g h t - a b s o r b i n g 
subs tances (act ivators) (51, 60-64). T h e sur face changes i n c l u d e f or 
m a t i o n o f f ree r a d i c a l s , c h a i n s c i s s i o n , d e h y d r o g e n a t i o n a n d d e h y -
d r o x y m e t h y l a t i o n o f c e l l u l o s e a n d s p l i t t i n g o f d o u b l e b o n d s , f o r m a -
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t i o n o f p h e n o x y rad i ca l s a n d q u i n o n e s t r u c t u r e s , a n d p o l y m e r i z a t i o n 
o f l i g n i n . I n t h e p r e s e n c e o f o x y g e n a n d w a t e r , H 2 0 2 a n d p e r o x y 
g r o u p s also f o r m . W i t h s o l i d w o o d ( 4 5 - 5 0 °C , 5 0 % r e l a t i v e h u m i d i t y , 
75 d o f e x p o s u r e , a n d X e arc as l i g h t source) t h e r e is a loss o f l i g n i n 
a n d h e m i c e l l u l o s e s from t h e sur face (61); w a t e r s t r o n g l y increases t h e 
rates o f loss . T h e c o l o r o f w o o d surface c a n l i g h t e n o r d a r k e n d e 
p e n d i n g u p o n the w a v e l e n g t h o f l i ght to w h i c h the surface was exposed 
to (65). T h e c h a n g e s i n c o l o r d e p e n d s t r o n g l y u p o n t h e a m o u n t a n d 
k i n d o f e x t r a c t i v e s p r e s e n t . A p h o t o o x i d a t i v e r e a c t i o n opera tes to 
t r a n s f o r m f l a v o n o i d s t a x i f o l i n (I) a n d a r o m a d e n d r i n (III) i n t o q u e r -
c e t i n (II) a n d k a e m p f e r o l ( IV) , r e s p e c t i v e l y , a n d r e s u l t s i n a g e n e r a l 
decrease i n f lavono ids a n d increase i n v a n i l l i n - r e l a t e d c o m p o u n d s (65). 

.OH 

ΊΚ 

Direct Covalent Wood-to-Wood Bonding 

A t t e m p t s to i n d u c e b o n d i n g b e t w e e n l i g n o c e l l u l o s i c surfaces b y 
f o r m a t i o n o f d i r e c t sur face - to - sur face c o v a l e n t b o n d s w e r e m a d e as 
e a r l y as 1945 w h e n L i n z e l l p a t e n t e d a process for m a k i n g fiber p r o d 
ucts b y c o m p r e s s i n g a n d h e a t i n g a m i x t u r e o f l i g n o c e l l u l o s i c fibers 
a n d a f e r r i c c o m p o u n d as o x i d a n t (66). S c h u r a n d L e v y n o t e d an 
i m p r o v e m e n t i n t h e w e t s t r e n g t h o f p a p e r u p o n o x i d a t i o n o f t h e p u l p 
w i t h s o d i u m p e r i o d a t e o r s o d i u m h y p o c h l o r i t e (67). A d d i t i o n a l p a t 
ents i n v o l v e d i n t e r a c t i o n o f l i g n o c e l l u l o s i c m a t e r i a l s w i t h ac ids i n the 
a b s e n c e o f o x i d a n t s (68-72). M o r e r e c e n t l y t h e a r e a has d r a w n at 
t e n t i o n f o l l o w i n g t h e e x p e r i m e n t s o f Sto fko (73). H i s i n i t i a l w o r k was 
c o n n e c t e d w i t h t h e m a n u f a c t u r e o f p a r t i c l e b o a r d a n d p l y w o o d f r o m 
w h i t e fir [Abies concolor ( G o r d . a n d G l e n d . ) L i n d l . ] a n d i n c e n s e -
c e d a r [Calocedrus decurrens (Torr.) F l o r i n ] w o o d i n c o m b i n a t i o n w i t h 
v a r i o u s o x i d a n t s i n c l u d i n g a q u e o u s H 2 0 2 / f e r r o u s s u l f a t e , a q u e o u s 
H N 0 3 , a n d e t h a n o l i c f e r r i c c h l o r i d e . 

I t was o r i g i n a l l y h o p e d that f ree rad i ca l s f o r m e d b y o x i d a t i v e 
a c t i v a t i o n o f t h e w o o d sur face w o u l d j o i n v i a o x i d a t i v e c o u p l i n g to 
f o r m c o v a l e n t b o n d s ( F i g u r e 2). T h e p a r t i c l e b o a r d was p r e p a r e d b y 
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Figure 2. Hypothetical mechanism for the direct wood-to-wood bonding 
through oxidative phenolic coupling. 

s p r a y i n g t h e p a r t i c l e s w i t h a c t i va to rs , followed b y p r e s s i n g at 130 °C 
for 2 m i n . T h e r e s u l t i n g p a r t i c l e b o a r d h a d a spec i f i c g r a v i t y o f 0 . 7 0 -
0 .72 g / c m 3 , i n t e r n a l b o n d (IB) o f 6 3 . 5 - 7 4 . 0 p s i , 2 4 - h w a t e r a b s o r p t i o n 
o f 4 4 . 0 - 5 5 . 5 % , a n d 2 4 - h t h i c k n e s s s w e l l i n g o f 1 0 . 4 - 2 6 % . A d d i t i o n 
o f h a m m e r - m i l l e d b a r k e x e r t e d a b e n e f i c i a l effect ( w o o d - t o - b a r k r a t i o , 
50 :50 ; spec i f i c g r a v i t y , 0 . 725 g / c m 3 ; I B , 8 1 . 9 p s i ; 2 4 - h w a t e r a b s o r p 
t i o n , 5 9 . 9 % ; 2 4 - h t h i c k n e s s s w e l l i n g , 5 .6%) . I n c e n s e - c e d a r p l y w o o d 
h a d a shear s t r e n g t h o f 4 0 5 o r 3 8 5 p s i ( m e a s u r e d o n a G l o b e p l y w o o d 
tester) (73). 

L a t e r e x p e r i m e n t s c o n c e n t r a t e d o n p l y w o o d . D o u g l a s - f i r v e n e e r 
[Pseudotsuga menziessi ( M i r b . ) F r a n c o ] was u s e d u n d e r a c i d i c o r a l 
k a l i n e c o n d i t i o n s , i n c o m b i n a t i o n w i t h a n e x p a n d e d l i s t o f ac t ivators 
i n c l u d i n g H 2 0 2 w i t h f e r r i c c h l o r i d e o r z i r c o n i u m t e t r a c h l o r i d e as ca t 
a lysts ; s o d i u m c h l o r a t e ; s o d i u m h y p o c h l o r i t e ; p o t a s s i u m p e r s u l f a t e ; 
a m m o n i u m n i t r a t e ; p o t a s s i u m p e r m a n g a n a t e ; a n d p o t a s s i u m f e r r i -
c y a n i d e ; o r c o m b i n a t i o n s o f t h e a b o v e ; a n d o c c a s i o n a l l y i n t h e p r e s 
e n c e o f c o b a l t o u s c h l o r i d e a n d sul fate , m a n g a n e s e d i o x i d e , a n d c u p r i c 
n i t r a t e . S o d i u m c h l o r a t e u n d e r a l k a l i n e c o n d i t i o n s p r o d u c e d p l y w o o d 
w i t h d r y shear s t r e n g t h o f 2 4 6 p s i , b u t t h e b o n d s w e r e no t w a t e r -
res i s tant . A c c e p t a b l e w a t e r r es i s tance was a t t a i n e d , h o w e v e r , u n d e r 
a c i d i c c o n d i t i o n s . D r y s h e a r was a c c e p t a b l e a l t h o u g h a n i n c r e a s e i n 
a c i d i t y b e y o n d a c e r t a i n p o i n t t e n d e d to de c r e as e d r y shear , p r o b a b l y 
b y sur face h y d r o l y s i s . P e r c e n t o f w o o d f a i l u r e r e a c h e d v a l u e s b e 
t w e e n 9 0 a n d 1 0 0 % b u t n o t c o n s i s t e n t l y ; i t t e n d e d to b e h i g h e r w i t h 
m o r e a c i d i c m i x t u r e s a n d i n s o m e cases was i n v e r s e l y p r o p o r t i o n a l 
to shear s t r e n g t h . A d d i t i o n o f w h e a t f l o u r o r o f a m m o n i u m l i g n o s u l -
fonate to r e d u c e p e n e t r a t i o n o f t h e b o n d i n g reagents i n t o the i n t e r i o r 
o f w o o d r e s u l t e d i n o n l y s m a l l i m p r o v e m e n t s a n d s m a l l r e d u c e d v a r i 
a b i l i t y . T h e m a i n p r o b l e m s w e r e c o n n e c t e d w i t h r e p r o d u c i b i l i t y a n d 
v a r i a b i l i t y o f t h e p l y w o o d c h a r a c t e r i s t i c s as w e l l as w i t h t h e a n t i c i 
p a t e d t i m e effect o f a c i d o n t h e s t r e n g t h o f t h e p r o d u c t (74, 75). T h e 
process was f i n a l l y p a t e n t e d (76) a n d i n c l u d e d e x a m p l e s o f m a k i n g 
p l y w o o d a n d p a r t i c l e b o a r d b y u s i n g i n c e n s e - c e d a r a n d D o u g l a s - f i r 
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v e n e e r a n d w h i t e fir s h a v i n g s . A c t i v a t o r s u s e d for p l y w o o d w e r e f e r r i c 
c h l o r i d e i n E t O H , H 2 0 2 w i t h f e r r i c c h l o r i d e o r w i t h z i r c o n i u m te t 
r a c h l o r i d e as cata lysts i n w a t e r , a n d s o d i u m c h l o r a t e i n water . I n s o m e 
c a s e s H 2 S 0 4 o r H C 1 w a s a d d e d . T h e m e a n p l y w o o d d r y s h e a r 
s t r e n g t h for t h e e x a m p l e s c i t e d r a n g e d f r o m 2 1 0 to 3 8 5 p s i . T h e b o n d 
was r e s i s t a n t to 4 h o f b o i l i n g . P a r t i c l e b o a r d was m a d e w i t h H 2 0 2 / 
f e r r o u s sul fate i n t h e p r e s e n c e o f H C 1 a n d gave a n I B o f 6 5 p s i at a 
d e n s i t y o f 0 .70 g / c m 3 . 

T h e w o r k o f S to fko et a l . was c o n t i n u e d b y P o h l m a n et a l . (77), 
m a i n l y i n t h e a r e a o f p a r t i c l e b o a r d a n d u s i n g p r i m a r i l y H 2 0 2 / f e r r o u s 
sul fate as o x i d a n t . I t was t h o u g h t that i m p r o v e m e n t i n m e c h a n i c a l 
p r o p e r t i e s a n d d e c r e a s e d v a r i a b i l i t y o f p a r t i c l e b o a r d p r o p e r t i e s c o u l d 
b e a c h i e v e d b y s t a b i l i z i n g t h e H 2 0 2 r eagent . U s e o f p h o s p h o r i c a c i d 
o r o f p y r o p h o s p h o r i c a c i d as s t a b i l i z e r s o r p r e o x i d a t i o n o f w o o d w i t h 
s o d i u m h y p o c h l o r i t e f a i l e d to p r o d u c e a n y p o s i t i v e r e s u l t s , h o w e v e r . 
A s e x p e c t e d , t h e s t a b i l i t y o f H 2 0 2 i n c r e a s e d as t h e a m o u n t o f a d d e d 
f e r rous sul fate d e c r e a s e d . D e s p i t e a l l t h e s e a p p r o a c h e s t h e m o s t i m 
p o r t a n t p a r a m e t e r d e t e r m i n i n g t h e I B was s t i l l t h e d e n s i t y ; t h u s , at 
d e n s i t i e s o f 0 .88 g / c m 3 , I B v a l u e s a b o v e 70 p s i w e r e r e a c h e d , a l 
t h o u g h at 0 .81 g / c m 3 , I B v a l u e s d r o p p e d to 38 p s i (150 ° C , 5 m i n 
p r e s s t i m e , 0 . 2 % F e S 0 4 , 4 . 0 % H 2 0 2 , 0 . 5 % H 3 P 0 4 , 0 . 5 % H C 1 ) . T h i s 
is e x e m p l i f i e d i n F i g u r e 3. A d d i t i o n o f b a r k e x e r t e d a favorab le effect 
o n I B , a l t h o u g h at least 5 0 % b a r k h a d to b e a d d e d to o b t a i n a n I B 
o f a b o u t 75 p s i at 0 .75 g / c m 3 d e n s i t y . I m p r o v e m e n t i n I B a n d w a t e r 
r e s i s t a n c e w e r e d i r e c t l y r e l a t e d to t h e a m o u n t o f H 2 0 2 r e a g e n t u s e d . 

A r e m a r k a b l e i m p r o v e m e n t i n p a r t i c l e b o a r d p r o p e r t i e s w a s 
a c h i e v e d u s i n g b r a n c h w o o d . T h u s at d e n s i t i e s o f 0 . 7 8 - 0 . 8 0 g / c m 3 t h e 
I B o f p o n d e r o s a p i n e B a u e r - r e f i n e d m a t e r i a l (Pinus ponderosa L a w s . ) 
was 76 p s i for n o r m a l h e a r t w o o d , 4 7 p s i for n o r m a l s a p w o o d , 163 p s i 
for n o n d e b a r k e d b r a n c h e s , a n d 228 p s i for d e b a r k e d b r a n c h e s w i t h 
sat is factory w a t e r r e s i s t a n c e ( 0 . 0 1 % F e S 0 4 , 6 . 0 % H 2 0 2 , 0 . 5 % H C 1 ) . 
U n f o r t u n a t e l y , n o t e n o u g h a t t e n t i o n has b e e n g i v e n to th i s r e s u l t . 
T h e h e a t n e c e s s a r y for b o n d i n g is p r o v i d e d b y t h e e x o t h e r m i c r e a c 
t i ons t a k i n g p l a c e w i t h t h e h e a t f r o m t h e press p l a t e n s u s e d o n l y for 
i n i t i a t i o n o f t h e s e r e a c t i o n s ; i n c o n v e n t i o n a l b o n d i n g h e a t i n g is p r o 
v i d e d m a i n l y b y t h e p l a t e n s (77). 

A t t e m p t s to n o n c o n v e n t i o n a l l y b o n d v e n e e r o f w h i t e f i r , sugar 
p i n e (Pinus lambertiana D o u g l . ) a n d a s p e n (Populus tremuloides 
M i c h x . ) w e r e m a d e u s i n g p e r o x y a c e t i c a c i d u n d e r a c i d i c c o n d i t i o n s 
(78). T h e m e a n d r y s h e a r v a l u e s w e r e d e t e r m i n e d a c c o r d i n g to A S T M 
D 9 0 5 o n a B a l d w i n U n i v e r s a l t e s t i n g m a c h i n e a n d r a n g e d f r o m 107 
to 9 7 2 , f r o m 204 to 9 1 6 , a n d f r o m 3 6 3 to 918 p s i , w i t h p h e n o l -
f o r m a l d e h y d e b o a r d s g i v i n g d r y shear v a l u e s o f 1 3 6 7 - 1 6 3 8 p s i . I n 
c rease i n p e r o x y a c e t i c a c i d c o n c e n t r a t i o n o r i n a c i d s t r e n g t h h a d a 
p o s i t i v e effect o n s h e a r s t r e n g t h . S h e a r s t r e n g t h v a r i e d w i t h i n a w i d e 
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Figure 3. Relationship between board density and internal bond strength 
in particle board made by direct oxidative wood-to-wood bonding. Key: 
· , 0.2% FeSO4-4.0% H2O2-0.5% H2PO4-0.5% HCl; and O , 0.2% FeS04-

4.0% H2O2-1.0% H3P04 (77). 

r a n g e w i t h i n a n y o f t h e b o a r d s m a d e . T h e g e n e r a l c o n c l u s i o n s d r a w n 
w e r e that v a r i a b i l i t y i n t h e b o n d q u a l i t y o f t h e p a r t i c l e b o a r d a n d 
p l y w o o d , a n d t h e excess ive d e p e n d e n c e o n d e n s i t y o f I B i n t h e case 
o f p a r t i c l e b o a r d (satisfactory p r o d u c t s c o u l d b e o b t a i n e d at i n d u s t r i 
a l l y i m p r a c t i c a l h i g h d e n s i t i e s o n l y ) w e r e t h e m a i n obstac les to the 
a c c e p t a n c e o f t h e p r o c e s s ; b o t h w e r e r e l a t e d to t h e l a ck o f g a p - f i l l i n g 
p r o p e r t i e s o f t h e r eagents . 

I n v e s t i g a t i o n s i n t h e a r e a o f l i n e r b o a r d s i n d i c a t e d that t r e a t m e n t 
o f g r o u n d w o o d , o f K r a f t f i be r , o r o f t h e i r m i x t u r e s w i t h H 2 0 2 o r 
s o d i u m c h l o r a t e i n t h e p r e s e n c e o f ac ids i m p r o v e d w e t s t r e n g t h o f 
t h e r e s u l t i n g l i n e r b o a r d s . T h i s w a s r e l a t e d to t h e f o r m a t i o n o f i n -
t e r f i b e r b o n d s (79). T h e process was p a t e n t e d 4 years l a t e r u n d e r 
i n c l u s i o n o f a f i b e r c o n f r i c a t i o n s tep (80). 

A p r o c e s s i n v o l v i n g p r e o x i d a t i o n o f l i g n o c e l l u l o s i c m a t e r i a l s i n 
p a r t i c l e f o r m w i t h H N 0 3 , o x y g e n , o r n i t r o u s gases, a n d m o l d i n g t h e m 
i n t o v a r i o u s shapes has b e e n p a t e n t e d (81). T h e c o v a l e n t b o n d i n g 
ar ises b y f o r m a t i o n o f e s t e r l i n k s b e t w e e n c a r b o x y l s a n d h y d r o x y l s 
o n t h e sur face . 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
01

0

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



362 T H E C H E M I S T R Y O F SOLID W O O D 

Bonding Through Intermediacy of Bifunctional Molecules 
C o v a l e n t b o n d i n g o f w o o d b y m e a n s o f b i f u n c t i o n a l m o l e c u l e s 

a p p e a r s t o o f f e r a d d i t i o n a l p o s s i b i l i t i e s t h r o u g h m o r e e f f i c i e n t 
b r i d g i n g o f t h e gaps b e t w e e n t h e w o o d surfaces , i . e . , t h e w o o d s u r 
faces d o n o t n e e d to b e as n e a r as a b o u t o n e b o n d l e n g t h as i n the 
case o f d i r e c t b o n d i n g , b u t c o u l d b e s e p a r a t e d b y gaps o f s e v e r a l 
b o n d l e n g t h s ( F i g u r e 4). 

S c h o r n i n g et a l . (82) a t t e m p t e d to m a k e p a r t i c l e b o a r d s b y u s i n g 
e t h y l e n e d i a m i n e a n d 1 , 6 - h e x a n e d i a m i n e as b o n d i n g agents . T h e s e 
a m i n e s are k n o w n to i n t e r a c t w i t h w o o d surface b y c o n d e n s a t i o n w i t h 
l i g n i n . A d d i t i o n o f 1 5 % o f e t h y l e n e d i a m i n e i m p a r t e d n o t i c e a b l e 
s t r e n g t h to p a r t i c l e b o a r d , w h i c h was s t i l l i n s u f f i c i e n t for c o m m e r c i a l 
c o n s i d e r a t i o n s . 1 , 6 - H e x a n e d i a m i n e was m o r e e f f i c ient w i t h t h e p a r 
t i c l e b o a r d h a v i n g a b e n d i n g s t r e n g t h o f 2176 p s i a n d a n I B o f 4 8 . 0 
p s i at 7 % a d d i t i o n (dens i ty , 0 .85 g / c m 3 , p r e s s i n g at 140 °C for 12 m i n ) ; 
h o w e v e r , t h e w a t e r r e s i s t a n c e was l o w . T h e b e t t e r resu l t s o b t a i n e d 
w i t h 1 , 6 - h e x a n e d i a m i n e are e x p l a i n e d b y i ts h i g h e r r e a c t i v i t y , a l 
t h o u g h t h e m o r e e f f i c i ent gap b r i d g i n g a b i l i t y o f t h e a m i n e m i g h t b e 
a m o r e r e a l i s t i c e x p l a n a t i o n i n v i e w o f its l o n g e r b r i d g i n g c h a i n s . 

C o l l e t t e t a l . (83, 84) a t t e m p t e d t o i m p r o v e t h e m e t h o d o f 
S c h o r n i n g et a l . b y p r e o x i d i z i n g w o o d p a r t i c l e s e i t h e r w i t h H N 0 3 i n 
t h e p r e s e n c e o f o x y g e n , o r w i t h n i t r o g e n ox ides i n t h e p r e s e n c e o f 
o x y g e n at c o n t r o l l e d t i m e a n d t e m p e r a t u r e c o n d i t i o n s . T h e b i f u n c 
t i o n a l a g e n t s 1 , 6 - h e x a n e d i a m i n e , e t h y l e n e d i a m i n e , p h e n y l e n e d i -
a m i n e , e t h y l e n e g l y c o l , a n d 1 , 6 - h e x a n e d i o l as w e l l as t h e m o n o f u n c -
t i o n a l a m m o n i a w e r e u s e d . O v e r a l l , d i a m i n e s gave t h e bes t I B v a l u e s , 
f o l l o w e d b y a m m o n i a , a n d g l y c o l s p e r f o r m e d p o o r l y . A s w i t h 

WOOD WOOD 

W O O D c 
WOOD 

WOOD 

Figure 4. Hypothetic mechanism for bonding of preoxidized wood with 
ethylenediamine (left), and bonding of wood with a bifunctional isocyanate 

(right). 
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S c h o r n i n g et a l . , 1 , 6 - h e x a n e d i a m i n e p r o v e d to b e b e t t e r t h a n e t h 
y l e n e d i a m i n e . A t d e n s i t i e s o f 0 . 8 1 - 0 . 8 8 g / c m 3 , t h e 1 0 % d r y w o o d 
basis 1 , 6 - h e x a n e d i a m i n e b o a r d gave I B v a l u e s b e t w e e n 101 a n d 142 
p s i , i . e . , a p p r e c i a b l y a b o v e t h e v a l u e s r e a c h e d b y S c h o r n i n g et a l . , 
w h i c h d e m o n s t r a t e d t h e v a l u e o f p r e o x i d a t i o n (Table II ) . T h i s i s , h o w 
ever , s t i l l w e l l b e l o w I B v a l u e s o f a b o u t 175 p s i o b t a i n e d w i t h 6 % 
p h e n o l - f o r m a l d e h y d e b o a r d at 0 .72 g / c m 3 d e n s i t y , a l t h o u g h for s o m e 
w a t e r r e s i s t a n c e p r o p e r t i e s t h e 1 , 6 - h e x a n e d i a m i n e b o a r d p r o v e d to 
b e s u p e r i o r to p h e n o l - f o r m a l d e h y d e b o a r d . I n c r e a s e d p r e o x i d a t i o n 
w i t h n i t r o u s gases o r h i g h e r a m i n e l e v e l s r e s u l t e d i n less s w e l l i n g 
a n d a n i n c r e a s e i n I B . T h e r e s u l t s suggest t h e f o r m a t i o n o f w a t e r -
res i s tant c o v a l e n t b o n d s . F o r m a t i o n o f a m i d e a n d es te r l i n k a g e s was 
u s e d to e x p l a i n t h e b o n d f o r m a t i o n . T h e resu l t s o f th i s r e s e a r c h w e r e 
p a t e n t e d (81). 

B i f u n c t i o n a l m o l e c u l e s w e r e s t u d i e d (84, 85), i n c l u d i n g m a l e i c 
a n h y d r i d e , m a l e i c a c i d , s u c c i n i c a n h y d r i d e , aze la i c a c i d , a n d sac-
c h a r i n i c a c i d as c r o s s - l i n k i n g agents , i n c o m b i n a t i o n w i t h sur face ac 
t ivators i n c l u d i n g H C 1 , h y d r o b r o m i c a c i d , p e r c h l o r i c a c i d , H 2 S 0 4 , 
f e r r i c c h l o r i d e , z i n c c h l o r i d e , f e r r i c n i t r a t e , oxa l i c a c i d , a n d f o r m i c 
a c i d . T h e press t e m p e r a t u r e s u s e d w e r e 1 5 0 - 1 6 5 °C a n d t h e p r e s s i n g 
t i m e was 15 m i n . T h e first t h r e e c r o s s - l i n k i n g reagents p r o d u c e d 
b o a r d w i t h t h e b e s t p r o p e r t i e s . W i t h 6 % m a l e i c a c i d , I B v a l u e s o f 
1 3 1 - 1 4 4 p s i at d e n s i t i e s o f 0 . 9 2 - 0 . 9 4 g / c m 3 w e r e r e a c h e d as c o m 
p a r e d w i t h p h e n o l - f o r m a l d e h y d e b o a r d w i t h a n I B o f 2 2 9 p s i at 0 . 95 
g / c m 3 o r o f 165 p s i at 0 .70 g / c m 3 . A l t h o u g h s u p e r i o r i n w a t e r r e s i s 
tance , o v e r a l l t h e b o a r d was a p p r e c i a b l y i n f e r i o r to p h e n o l - f o r m a l 
d e h y d e b o a r d . E x t r a c t i o n e x p e r i m e n t s i n d i c a t e d that b e t w e e n 97 a n d 
9 9 % o f m o n o m e r s i n t e r a c t e d w i t h sur face . E s t e r l i n k i n g as w e l l as 

T a b l e I I . S o m e P r o p e r t i e s o f 1 , 6 - H e x a n e d i a m i n e ( H M D A ) a n d 
P h e n o l - F o r m a l d e h y d e - B o n d e d P a r t i c l e B o a r d 

Thickness 
Amount Density IB Swelling 

Binder (% dry wood) (g/cm*) (psi) (%) 

Phenol - formaldehyde 6 0.65 110 36.8 
6 0.72 175 26.0 
6 0.79 179 38.2 

H M D A (wood N O / 0 2 10 0.81 104 18.6 
preoxidized 10 0.88 142 19.0 

H M D A (wood not preoxidized) 7 0.85 43 80.7 
10 0.85 48 127.8 

N O T E : Data for H M D A with nonpreoxidized wood are from Ref. 8 2 ; all other data 
are from Refs. 8 3 and 8 4 . Thickness swelling refers to 1-h boil test, except for the last 
two numbers which refer to 2 - h immersion (temperature not given). 
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p a r t i a l d e p o l y m e r i z a t i o n o f c a r b o h y d r a t e s u n d e r t h e a c i d c o n d i t i o n s 
u s e d , a n d c o n d e n s a t i o n a n d p o l y m e r i z a t i o n o f t h e r e s u l t i n g sugar 
m o n o m e r s e x p l a i n t h e c r o s s - l i n k i n g . 

O v e r a l l i t a p p e a r s that c r o s s - l i n k i n g o f w o o d u s i n g b i f u n c t i o n a l 
m o n o m e r s a n d i n v o l v i n g e i t h e r p r e o x i d a t i o n o r a c i d i c sur face t r a n s 
f o r m a t i o n s c a n l e a d to b o a r d s o f a c c e p t a b l e w a t e r res i s tance . T h e 
r e s p e c t i v e I B d e p e n d s s t r o n g l y o n t h e a m o u n t o f c r o s s - l i n k i n g agents 
a n d p a r t i c u l a r l y o n t h e d e n s i t y o f t h e b o a r d s w i t h t h e a c c e p t a b l e I B 
v a l u e s r e a c h e d a g a i n o n l y at i m p r a c t i c a l l y h i g h d e n s i t y v a l u e s . T h e 
r e s u l t s suggest tha t use o f m o n o m e r i c b i f u n c t i o n a l a m i n e s o r c a r b o x 
y l i c ac ids as c r o s s - l i n k i n g agents is i n s u f f i c i e n t for s o l v i n g t h e p r o b 
l e m s c o n n e c t e d w i t h b r i d g i n g o f t h e sur face - to - sur face gaps i n w o o d . 

C o n i f e r w o o d p a r t i c l e s w e r e b o n d e d , p r e o x i d i z e d w i t h n i t r o g e n 
o x i d e - o x y g e n m i x t u r e , a n d c r o s s - l i n k e d w i t h f u r f u r y l a l c o h o l i n t h e 
p r e s e n c e o f s m a l l a m o u n t s o f H C 1 . A c c e p t a b l e p a r t i c l e b o a r d was 
o b t a i n e d at r e l a t i v e l y h i g h d e n s i t i e s (dens i ty , 0 . 7 4 - 0 . 7 8 g / c m 3 ; I B , 
1 0 2 - 1 5 4 p s i ; s w e l l i n g i n 2 - h b o i l test , 2 6 - 4 2 % ) . G o o d resu l t s w e r e 
a l s o o b t a i n e d b y u s i n g f u r f u r y l a l c o h o l / f o r m a l d e h y d e c r o s s - l i n k i n g 
m i x t u r e s w i t h m a l e i c a c i d i n s t e a d o f H C 1 (84, 86). B o t h o f t h e s e 
p r o c e d u r e s i n v o l v e a c i d p o l y m e r i z a t i o n o f f u r f u r y l a l c o h o l a n d are 
d i s c u s s e d i n t h e n e x t s e c t i o n . T h e n a t u r e o f c o v a l e n t b o n d i n g to t h e 
w o o d sur face is s o m e w h a t o b s c u r e a n d c o u l d i n v o l v e i n p a r t es ter 
l i n k a g e s . 

B r i d g i n g w o o d surfaces w i t h b i f u n c t i o n a l i socyanate m o n o m e r s 
o r r e s i n s u n d e r f o r m a t i o n o f s u b s t i t u t e d u r e t h a n e l i n k a g e s has b e e n 
k n o w n for s o m e t i m e (87) a n d is o n l y m a r g i n a l l y n o n c o n v e n t i o n a l . 
P a r t i c l e b o a r d w i t h a n I B o f 105 p s i at 0 .65 g / c m 3 d e n s i t y a n d 2 4 - h 
t h i c k n e s s s w e l l i n g o f 1 4 % ( 5 % r e s i n c ontent ) has b e e n r e p o r t e d (88, 
89), a n d I B v a l u e s o f 5 9 - 72 p s i at 0 .65 g / c m 3 d e n s i t y a n d w i t h 2 4 - h 
t h i c k n e s s s w e l l i n g o f 1 2 . 9 - 2 0 . 0 % a n d w a t e r a b s o r p t i o n o f 3 2 . 6 -
4 5 . 1 % (4% r e s i n c o n t e n t ) h a v e also b e e n r e p o r t e d (90). S i m i l a r r e s u l t s 
w e r e r e p o r t e d b y L o e w a n d Sachs (91). I n a d d i t i o n , p o l y u r e t h a n e 
f o a m has b e e n u s e d for t h e s e s t u d i e s (92). E x p e r i m e n t s w i t h i s o 
c y a n a t e r e s i n b o n d e d p a r t i c l e b o a r d o f I B o f 6 8 - 9 6 p s i a n d w i t h 
average l i n e a r e x p a n s i o n o f 0 . 1 % at r e l a t i v e h u m i d i t i e s o f 5 0 % a n d 
9 0 % h a v e b e e n c o n d u c t e d . W a t e r was d e t r i m e n t a l to s t r e n g t h p r o p 
e r t i e s at t h e m a t m o i s t u r e c o n t e n t o f 1 8 % (93-95). T h e a d v a n t a g e o f 
i s o cyanate m e t h o d o l o g y r e s i d e s i n g o o d s t r e n g t h p r o p e r t i e s at r e l a 
t i v e l y l o w d e n s i t i e s . U n f o r t u n a t e l y w a t e r r e s i s tance appears to b e a 
m a t t e r o f s o m e c o n c e r n , at least at the e c o n o m i c a l l y v i a b l e l e v e l s o f 
i socyanates . 

Bonding by Intermediacy of a Covalently Attached Polymer 
U s e of O x i d a n t s . T h e l o g i c a l f o l l o w - u p o f t h e efforts to o v e r 

c o m e g a p - b r i d g i n g p r o b l e m s is t h e use o f p o l y m e r s c o v a l e n t l y at -
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t a c h e d to t h e sur face o f w o o d (86). T h e l o n g e r c h a i n s o f p o l y m e r i c 
m a c r o m o l e c u l e s are b e t t e r s u i t e d for b r i d g i n g l a r g e r d i s tances t h a n 
d i r e c t b o n d s o r b r i d g e s o f m o n o m e r i c l e n g t h ( F i g u r e 5). O n e process 
was c o n c e i v e d b y P h i l i p p o u a n d s u b j e c t e d to e x t e n s i v e e x p e r i m e n 
t a t i o n . I t c o n s i s t e d i n a p p l i c a t i o n o f a n o x i d a n t to t h e w o o d sur face , 
f o l l o w e d b y a m i x t u r e i n c l u d i n g i n m o s t cases v a r i o u s p e r c e n t a g e s o f 
f u r f u r y l a l c o h o l , l i g n o s u l f o n a t e s , a n d m a l e i c a c i d , a n d p r e s s i n g t h e 
f u r n i s h at e l e v a t e d t e m p e r a t u r e s (86, 96-99). T h e o r i g i n a l i d e a r e 
s i d e d i n o x i d a t i v e a c t i v a t i o n o f t h e w o o d surfaces d u r i n g p r e s s i n g 
u n d e r f o rmat i on o f act ive free rad i ca l sites to in i t iate the c h a i n p o l y 
m e r i z a t i o n o f f u r f u r y l a l c o h o l u n d e r u l t i m a t e b r i d g i n g o f t h e w o o d 
surfaces b y p o l y ( f u r f u r y l a l coho l ) c h a i n s . T h e ro les o f t h e o t h e r i n 
g r e d i e n t s o f t h e m i x t u r e w e r e m o r e n e b u l o u s . 

O f t h e o x i d a n t s u s e d b y P h i l i p p o u ( H 2 0 2 , p e r o x y a c e t i c a c i d , 
H N 0 3 , p o t a s s i u m f e r r i c y a n i d e , a n d s o d i u m d i c h r o m a t e ) the p e r o x y 
c o m p o u n d s a c t e d b e s t at d e n s i t i e s o f 0 . 7 0 - 0 . 7 5 g / c m 3 so that m o s t 
e x p e r i m e n t a t i o n was c o n d u c t e d u s i n g H 2 0 2 . G e n e r a l l y , a m m o n i u m 
l i g n o s u l f o n a t e w a s u s e d as l i g n o s u l f o n a t e . W h i t e f i r , D o u g l a s - f i r , 
sugar p i n e (Pinus lambertiana, D o u g l . ) a n d B i s h o p p i n e (Pinus muri-
cata D . D o n ) w e r e u s e d as f u r n i s h . Increases i n t h e a m o u n t o f H 2 0 2 

u p to 4 . 0 % at 0 . 7 1 - 0 . 7 6 g / c m 3 d e n s i t y i n c r e a s e d t h e I B a n d m o d u l u s 
o f e l a s t i c i t y ( M O E ) , h a d a n i n d e f i n i t e effect o n m o d u l u s o f r u p t u r e 
( M O R ) , a n d i n c r e a s e d w a t e r r e s i s t a n c e . I B v a l u e s o f 130 p s i for w h i t e 
fir, o f 146 p s i for D o u g l a s - f i r , a n d o f 211 p s i for B i s h o p p i n e w e r e 
r e p o r t e d w i t h 2 4 - h t h i c k n e s s s w e l l i n g o f 4 . 6 % , 5 . 4 % , a n d 3 . 7 % , r e 
s p e c t i v e l y for 4 % H 2 0 2 (Table III ) . T h e d i f f e r e n c e b e t w e e n t h e p e r 
f o r m a n c e o f v a r i o u s spec ies was e x p l a i n e d i n p a r t b y ex t rac t ives a n d 
i n p a r t b y d i f f e rences i n w o o d d e n s i t y ; less d e n s e w o o d s a l l o w for 
m o r e c o m p r e s s i o n a n d contac t to r e a c h t h e p a r t i c l e b o a r d d e n s i t y 
g i v e n a b o v e . I n c r e a s e i n p a r t i c l e b o a r d d e n s i t y f r o m 0 .58 to 0 .80 

W O O D 

CHAINS 
OF 

M O L E 
CULES 

W O O D 

Figure 5. Bonding of wood through polymeric chains. 
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g / c m 3 i m p r o v e d t h e I B , M O E , M O R , a n d w a t e r r e s i s t a n c e . I n 
c r e a s i n g t h e a m o u n t o f p o l y m e r i z i n g c h e m i c a l s f r o m 3 to 1 1 % i m 
p r o v e d a l l p a r a m e t e r s . A d d i t i o n o f w a x d e c r e a s e d I B a n d M O R b u t 
i n c r e a s e d r e s i s t a n c e to w a t e r . A l t h o u g h f u r f u r y l a l c o h o l u s e d a l o n e 
p e r f o r m e d w e l l , a d d i t i o n o f a m m o n i u m l i g n o s u l f o n a t e i m p r o v e d 
p r a c t i c a l l y a l l p r o p e r t i e s o f t h e p a r t i c l e b o a r d w i t h a 6:4 ra t i o o f l i g 
nosu l f onate to f u r f u r y l a l c o h o l r e p r e s e n t i n g the bes t m i x t u r e . A n i n 
c rease i n t h e a m o u n t o f c a t a l y t i c a l l y a c t i v e m a l e i c a c i d ( 0 - 1 0 % cross -
l i n k i n g c h e m i c a l s basis) i n c r e a s e d w a t e r r e s i s t a n c e , a n d h a d o n l y a 
s m a l l n e g a t i v e effect o n M O R . I n c r e a s e i n p r e s s i n g t i m e a n d t e m 
p e r a t u r e ( 4 - 1 0 m i n a n d 1 2 0 - 2 0 5 °C) h a d a p o s i t i v e effect o n w a t e r 
r e s i s t a n c e . S u b s t i t u t i o n o f f u r f u r y l a l c o h o l b y f o r m a l d e h y d e p r o d u c e d 
a c c e p t a b l e b o a r d ; s u b s t i t u t i o n b y a c i d p r e p o l y m e r i z e d f u r f u r y l a l 
c o h o l gave a p p r e c i a b l y h i g h e r I B v a l u e s w i t h l o w e r w a t e r r e s i s tance . 
T h e e x t e n t o f e x p e r i m e n t a t i o n w a s n o t s u f f i c i e n t , h o w e v e r , f o r 
f o r m i n g final c o n c l u s i o n s . 

P h i l i p p o u also e x p e r i m e n t e d w i t h w o o d p a r t i c l e s p r e o x i d i z e d 
w i t h n i t r o g e n o x i d e - o x y g e n b y u s i n g f u r f u r y l a l c o h o l a c i d p o l y m e r 
as c r o s s - l i n k i n g agent a n d m a l e i c a c i d as cata lyst . H e o b t a i n e d p a r t i c l e 
b o a r d w i t h I B v a l u e s o f 4 3 - 1 5 9 p s i a n d 9 - 2 0 % s w e l l i n g i n a 2 - h b o i l 
test at 0 . 7 0 - 0 . 7 7 g / c m 3 d e n s i t i e s a n d 7 . 5 % r e s i n usage (84, 86). T h e 
p r o c e d u r e does n o t d i f f er m u c h i n p r i n c i p l e f r o m t h e one w h e r e 
f u r f u r y l a l c o h o l m o n o m e r w a s u s e d . 

A l i m i t e d a m o u n t o f e x p e r i m e n t a t i o n was m a d e w i t h p l y w o o d 
a n d l a m i n a t e d p a n e l s . T h e s e e x p e r i m e n t s u s e d t h e same a m m o n i u m 
l i g n o s u l f o n a t e / p o l y ( f u r f u r y l a l coho l ) r e s i n o r m o n o m e r s y s t e m s , w i t h 
H 2 0 2 a c t i v a t i o n , m a l e i c a c i d as cata lyst , a n d D o u g l a s - f i r v e n e e r . A 
d r y w o o d f a i l u r e o f 1 0 0 % was o b t a i n e d w i t h p l y w o o d ( 8 3 % a n d 9 5 % 
w e t , a fter v a c u u m - p r e s s u r e soak), w i t h d r y shear s t r e n g t h o f 1135 p s i 
for p a r a l l e l l a m i n a t e d p a n e l m a d e w i t h a m m o n i u m l i g n o s u l f o n a t e -
f u r f u r y l a l c o h o l (525 p s i w e t ) , a n d o f 1640 p s i for t h e o n e m a d e u s i n g 
a m m o n i u m l i g n o s u l f o n a t e / f u r f u r y l a l c o h o l r e s i n (650 p s i wet ) . 

T h e w o r k o f P h i l i p p o u et a l . was c o n t i n u e d b y o t h e r s i n t h e 
d i r e c t i o n o f d e v e l o p i n g a c c e p t a b l e p a r t i c l e b o a r d w i t h 0 . 6 5 - g / c m 3 

d e n s i t y , m a x i m i z i n g e c o n o m i c s , e x t e n s i o n to l a rge - s ca le p r o d u c t i o n , 
a n d e x p l o r a t i o n o f v a r i o u s a n c i l l a r y , i n d u s t r i a l l y i m p o r t a n t factors (78, 
100-102). C o m p a r i s o n o f H N 0 3 w i t h H 2 0 2 as o x i d a t i v e ac t ivators 
i n d i c a t e d that H 2 0 2 g ives p r o d u c t s w i t h m e c h a n i c a l p r o p e r t i e s e q u a l 
to o r s l i g h t l y s u p e r i o r to those o f H N 0 3 (e .g . , I B o f 7 7 . 3 p s i v s . 6 2 . 9 
p s i at 0 .65 g / c m 3 d e n s i t y a n d 1 .5% o f ox idant ) . H o w e v e r , H N 0 3 

p r o d u c e d b o a r d w i t h a p p r e c i a b l y b e t t e r w a t e r r e s i s tance (e .g . , w a t e r 
a b s o r p t i o n after 2 h o f b o i l i n g : H N 0 3 , 9 0 . 3 % ; H 2 0 2 , f a i l ; d e n s i t y , 
0 .65 g / c m 3 ; o x i d a n t , 1.5%). A t a d e n s i t y o f 0 .75 g / c m 3 H 2 0 2 b o a r d s 
w e r e w a t e r r e s i s t a n t , w i t h a w a t e r a b s o r p t i o n o f 1 1 8 . 7 % . B e c a u s e t h e 
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p H o f t h e p o l y m e r i z i n g m e d i u m s t r o n g l y i n f l u e n c e s t h e m e c h a n i c a l 
a n d w a t e r r e s i s t a n c e p a r a m e t e r s o f t h e p a r t i c l e b o a r d p r o d u c e d b y 
t h e P h i l i p p o u p r o c e s s ( p H s h o u l d b e b e l o w 2 . 3 f o r g o o d w e t 
s t r e n g t h ) , t h e d i f f e r e n c e b e t w e e n H 2 0 2 a n d H N 0 3 ox idants was l i k e l y 
to r e s i d e i n t h e d i f f e r e n c e i n a c i d i t y o f t h e t w o sys tems . H o w e v e r , 
b e c a u s e e c o n o m i c aspects f a v o r e d t h e use o f H N 0 3 , p r a c t i c a l l y a l l 
e x p e r i m e n t a t i o n was b a s e d o n t h e use o f th i s o x i d a n t . 

O n t h e basis o f e x t e n s i v e e x p e r i m e n t s i t was c o n c l u d e d that t h e 
o p t i m u m c o m p o s i t i o n o f t h e c r o s s - l i n k i n g agent i n c l u d i n g a m m o n i u m 
l i g n o s u l f o n a t e , f u r f u r y l a l c o h o l , a n d m a l e i c a c i d was i n t h e p r o p o r t i o n 
o f 4 . 2 : 1 . 8 : 1 . 0 . T h e c r o s s - l i n k i n g agent was u s e d i n a n a m o u n t o f 7 -
9 % i n c o m b i n a t i o n w i t h 1 .5% H N 0 3 . T h e f u r n i s h was p r e s s e d at 177 
°C a n d 4 4 5 p s i for 7 m i n . I n a p i l o t p l a n t r u n t h e r e s u l t i n g w h i t e fir 
f l a k e b o a r d ( 7% s o l i d s , 0 . 6 5 - g / c m 3 d e n s i t y ) gave a n I B o f 6 8 . 0 p s i a n d 
s w e l l i n g after 2 h b o i l i n g o f 1 4 . 0 % vs . an I B o f 6 5 . 0 p s i a n d s w e l l i n g 
o f 3 9 . 4 % , r e s p e c t i v e l y for 5 . 0 % so l ids p h e n o l - f o r m a l d e h y d e b o a r d 
(Table I V ) . A t t e m p t s to u s e d i f f e r e n t l i gnosu l f onates ( s o d i u m o r c a l 
c i u m ) , to r e p l a c e m a l e i c a c i d w i t h o t h e r ac ids , o r to r e p l a c e f u r f u r y l 
a l c o h o l m e t w i t h n o success o r w i t h i n d e f i n i t e r e s u l t s . U s e o f h a r d 
w o o d o r o f bagasse r e s u l t e d i n p a r t i c l e b o a r d o f l e s ser q u a l i t y . I n f l u 
e n c e o f t h e m o i s t u r e c o n t e n t o f t h e f u r n i s h was s t u d i e d , a n d i t was 
c o n c l u d e d that 9 . 5 % m o i s t u r e r e p r e s e n t s t h e bes t c o m p r o m i s e . 

A t h o r o u g h i n v e s t i g a t i o n o f t h e o r g a n i c e m i s s i o n s d u r i n g p r o -

T a b l e I V . P r o p e r t i e s o f N o n c o n v e n t i o n a l l y B o n d e d F u l l - S i z e 
P a n e l s C o m p a r e d to L a b o r a t o r y - M a a e B o a r d s a n d 

P h e n o l - F o r m a l d e h y d e ( P F ) B o a r d s 

MOR MOE 2-h Boil 24-h Soak 
IB MOR Retention x 1000 Swelling Swelling 

Board Type (psi) (psi) (%) (psi) (%) (%) 

F i r , flake 
F u l l size 68 2572 36 631 22.5 14.4 
L a b size 6 8 - 7 2 2600-3100 3 8 - 4 6 600-700 22.0 12 .0 -14 .0 
5% P F a 65 4054 58 493 39.4 27.0 

Pine, flake 
F u l l size 69 2510 30 625 19.5 13.5 
L a b size 100 2446 36 527 20.5 12.8 
5% P F a 128 3690 48 405 32.6 24.8 

M i l l residue 
F u l l size 74 860 29 227 13.2 8.5 
L a b size 82 852 23 283 15.0 11.3 
5% P F a 105 1329 44 24.4 20.2 14.2 

Condit ions : Activator, 1.5% H N 0 3 (72%) (oven-dry basis); cross-linking agent, 7% 
(oven-dry basis), composed of 60% a m m o n i u m lignosulfonate, 25% furfuryl alcohol, and 
15% maleic anhydride; target density, 0.65 g /cm 3 ; bonding, 7 min at 177 °C with 9 - 1 1 % 
moisture content of the material. 

0 O n the basis of oven-dr ied wood 
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d u c t i o n o f p a r t i c l e b o a r d i n d i c a t e d that t r e a t m e n t w i t h H N 0 3 r e s u l t s 
i n t h e p r o d u c t i o n o f n i t r i c o x i d e , m e t h y l n i t r i t e , a n d m e t h y l f o r m a t e . 
A d d i t i o n o f p o l y m e r i z i n g m i x t u r e a n d p r e s s i n g resu l t s i n e m i s s i o n o f 
f u r f u r a l , d i f u r y l m e t h a n e , d i f u r f u r y l e t h e r , a n d f u r f u r y l a l c o h o l . F u r 
f u r a l w a s t h e o n l y a b u n d a n t c o m p o u n d f o u n d i n e m i s s i o n s f r o m n e w l y 
p r e s s e d b o a r d s . T h e t o x i c i t y h a z a r d f r o m t h e s e m a t e r i a l s was j u d g e d 
to b e m o d e r a t e to h i g h i f t h e y are p r e s e n t i n s ign i f i cant c o n c e n t r a 
t i ons (101). 

I n t e r m s o f t h e p e r f o r m a n c e o f c oa t ings , t h e d e v e l o p e d s y s t e m 
p r o v e d to b e c o m p a r a b l e to p h e n o l - f o r m a l d e h y d e . T h e b o a r d a p 
p e a r e d to b e less s u s c e p t i b l e to f u n g a l d e c a y i n p r e l i m i n a r y s t u d i e s , 
as c o m p a r e d to p h e n o l - f o r m a l d e h y d e b o a r d , b u t h a d h i g h m o l d sus 
c e p t i b i l i t y . A c c o r d i n g to A S T M 631 72 c o r r o s i o n test , t h e b o a r d was 
i n i t i a l l y h i g h l y c o r r o s i v e to m e t a l s b u t after 16 d the c o r r o s i v e n e s s 
d r o p p e d a n d w a s o n l y s l i g h t l y h i g h e r t h a n that o f u n t r e a t e d w o o d 
f l a k e s (102). 

E c o n o m i c a l l y t h e P h i l i p p o u p r o c e s s a p p e a r s to b e s o m e w h a t 
m o r e e x p e n s i v e t h a n p h e n o l - f o r m a l d e h y d e . I n D e c e m b e r 1981 , t h e 
cost o f b i n d e r r a w m a t e r i a l for 1000 f t 2 o f H N 0 3 b o a r d was e s t i m a t e d 
to r u n $ 2 2 . 6 0 , v s . $ 2 8 . 3 0 for H 2 0 2 b o a r d , a n d $ 2 1 . 0 0 for p h e n o l -
f o r m a l d e h y d e b o a r d . F u r t h e r w o r k , p a r t i c u l a r l y o n a l t e r n a t i v e i n g r e 
d i e n t s , c a n c h a n g e t h e s i t u a t i o n (103). 

T h e o t h e r c r o s s - l i n k i n g m i x t u r e s s t u d i e d a n d i n v o l v i n g o x i d a t i v e 
a c t i v a t i o n i n c l u d e d a m m o n i u m a n d m a g n e s i u m l i g n o s u l f o n a t e s i n 
c o m b i n a t i o n w i t h H 2 0 2 / H C 1 . T h e b o a r d s p r o d u c e d w e r e , h o w e v e r , 
i n f e r i o r to t h e a b o v e (77). 

P r o c e d u r e s b e a r i n g s o m e s i m i l a r i t y to t h e P h i l i p p o u p r o c e s s 
w e r e p a t e n t e d b y E m e r s o n i n 1953 a n d 1963 (104, 105). T h e first 
p a t e n t c o n s i s t e d o f p r e t r e a t m e n t o f l i g n o c e l l u l o s i c p a r t i c u l a t e m a t e 
rial w i t h u r e a ( 0 . 7 - 1 1 % ) , f o l l o w e d b y a d d i t i o n o f f u r f u r a l ( 0 . 8 - 1 6 % ) 
a n d a n a c i d o r a c i d salt cata lys t ( 1 . 0 - 1 6 % ) , a n d p r e s s i n g at e l e v a t e d 
t e m p e r a t u r e s . T h e s e c o n d i n v o l v e d a m i x t u r e o f u r e a , f u r f u r a l , l i g n i n , 
p e t r o l e u m r e s i n , d r y i n g o i l , w a x , a n d a n o x i d a t i o n cata lyst as a c ross -
l i n k i n g m i x t u r e . 

S y s t e m s c o n c e p t u a l l y i n v o l v i n g o n l y o x i d a t i v e c r o s s - l i n k i n g r e a c 
t i o n s o f l i g n o s u l f o n a t e s w e r e s t u d i e d (see S c h e m e 1). T h e c r o s s -
l i n k i n g m a t e r i a l i n c l u d e d s p e n t su l f i te l i q u o r , p o t a s s i u m f e r r i c y a n i d e , 
a n d H 2 0 2 i n p e r c e n t a g e s o f 2 5 % , 0 . 5 - 1 . 0 % a n d 3 . 0 % , r e s p e c t i v e l y 
( c a l c u l a t e d as w a t e r - f r e e r e a g e n t s , d r y w o o d p e r c e n t basis) , a n d gave 
p a r t i c l e b o a r d o f I B o f 1 0 2 - 1 2 2 p s i at a d e n s i t y o f 0 . 7 3 - 0 . 7 8 g / c m 3 

(106), o r a n I B o f 115 p s i at a d e n s i t y o f 0 .56 g / c m 3 (107). T h e w a t e r 
r e s i s t a n c e w a s g e n e r a l l y n o t g r e a t u n l e s s p a r a f f i n e m u l s i o n w a s 
a d d e d . T h e a d v a n t a g e s o f t h e process s e e m to b e i n t h e r e l a t i v e l y 
h i g h p H (such as 4.2). B e s i d e s p o t a s s i u m f e r r i c y a n i d e , p o t a s s i u m 
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Scheme 1. Partial mechanism of oxidative cross-linking of lignosulfonates. 

f e r r o c y a n i d e c o u l d b e u s e d as cata lyst . O t h e r catalysts s u c h as f e r rous 
s u l f a t e , m e r c u r o u s o x i d e , s i l v e r o x i d e , p e r o x i d a s e , a n d p o t a s s i u m 
p e r s u l f a t e w e r e i n a c t i v e as t h e y l e d to n o g e l a t i o n o f t h e s p e n t su l f i t e 
l i q u o r . 

S u b s t i t u t i o n o f p o t a s s i u m f e r r i c y a n i d e for 1% o f s u l f u r d i o x i d e 
d i s s o l v e d i n c a l c i u m - b a s e s p e n t su l f i t e l i q u o r was p o s s i b l e at a p H o f 
a b o u t 2 .0 . A n i n c r e a s e i n p H s t a b i l i z e d t h e c r o s s - l i n k i n g m i x t u r e 
u n l e s s 4 % o f a m m o n i u m c h l o r i d e (dry w o o d basis) was a d d e d . I n th i s 
case p a r t i c l e b o a r d c o u l d b e p r o d u c e d at a p H o f 4 . 5 , w i t h p r o p e r t i e s 
e q u i v a l e n t to those p r o d u c e d at a p H o f 2 .0 , i . e . , w i t h I B v a l u e s o f 
u p to 8 2 . 0 p s i a n d a c c e p t a b l e w a t e r r e s i s tance (IOS, 109). 

U s e of A c i d s . S e v e r a l g l u i n g p r o c e d u r e s e m p l o y a c i d - c a t a l y z e d 
c r o s s - l i n k i n g agents w i t h o u t o x i d a n t s . O n e p r o c e d u r e (110) i n v o l v e s 
t h e use o f a m i x t u r e o f a c a r b o h y d r a t e s u c h as sucrose , g l u c o s e , o r 
s t a r c h , a n d a c a t a l y s t — a w e a k a c i d i n m o s t cases (e .g . , a m m o n i u m 
salt o f an i n o r g a n i c a c i d ) — i n an a m o u n t o f 2 - 3 2 g /1000 c m 2 a n d 
p r e s s i n g t h e p a r t i c l e b o a r d at a t e m p e r a t u r e o f 1 4 0 - 2 5 0 °C a n d a 
p r e s s u r e o f 7 0 - 3 6 0 p s i for 5 to 10 m i n . T h e b o n d i n g m e c h a n i s m was 
e x p l a i n e d b y t r a n s f o r m a t i o n o f c a r b o h y d r a t e s i n t o f u r a n - t y p e c o m 
p o u n d s , p o l y m e r i z a t i o n , a n d c o n d e n s a t i o n w i t h l i g n i n o f w o o d . T h e 
r e s u l t s i n c l u d e d a n I B o f 180 .6 p s i at a d e n s i t y o f 0 .80 g / c m 3 a n d an 
I B o f 7 6 . 8 p s i at a d e n s i t y o f 0 .56 g / c m 3 , w i t h v e r y g o o d w a t e r r e s i s 
tance a n d d i m e n s i o n a l s tab i l i t y . A p a r t i c u l a r advantage o f t h e s y s t e m 
r e s i d e s i n t h e h i g h p H d u r i n g c h e m i c a l t r a n s f o r m a t i o n s , w h i c h l i es 
b e t w e e n 3 .5 a n d 5 .5 . 

A m e t h o d u s i n g H 2 S 0 4 i n c o m b i n a t i o n w i t h s p e n t su l f i te l i q u o r 
as a c r o s s - l i n k i n g a g e n t w a s d e v e l o p e d (111-14). I n i t i a l l y d i l u t e 
H 2 S 0 4 was s p r a y e d o n w o o d wafers , f o l l o w e d b y a d d i t i o n o f c a l c i u m 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
01

0

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



10. z A V A R i N Nonconventional Bonding 371 

l i g n o s u l f o n a t e p o w d e r ; l a t e r H 2 S 0 4 was m i x e d w i t h c a l c i u m , a m 
m o n i u m , s o d i u m , o r m a g n e s i u m l i g n o s u l f o n a t e b i n d e r to a n e x t e n t 
o f 1 0 - 1 2 % (112). T h e m a t e r i a l was p r e s s e d at 166 °C at 4 0 0 - 5 0 0 psi 
a n d gave I B v a l u e s o f u p to 9 5 psi. T h e s t r e n g t h o f t h e b o a r d t e n d e d 
to d e t e r i o r a t e r a p i d l y after h e a t i n g in h u m i d a ir . A l t h o u g h t h e p H o f 
t h e b o a r d was r e p o r t e d to b e as h i g h as 3 . 5 5 - 3 . 8 7 , i t is l i k e l y that 
th is d e t e r i o r a t i o n was c o n n e c t e d w i t h a l o w p H l o c a l i z e d a r o u n d t h e 
g l u e l i n e s . 

F r a c t i o n a t e d a m m o n i u m l ignosul fonate o f p H 1 . 5 - 4 . 3 was u s e d 
w i t h o u t H 2 S 0 4 f o r m a k i n g w a f e r b o a r d (115-17). T h e b o a r d w a s 
p r e s s e d at a t e m p e r a t u r e o f 2 1 0 a n d 2 2 0 °C a n d a p r e s s u r e o f 5 0 0 p s i 
for 6 to 12 m i n (115). T h e a m o u n t o f b i n d e r was 6%. T h e I B v a l u e s 
r e p o r t e d w e r e u p to 8 0 p s i w i t h w a t e r a b s o r p t i o n o f 1 2 3 - 1 5 7 % a n d 
t h i c k n e s s s w e l l i n g o f 2 7 - 4 8 % (2-h bo i l ) at a d e n s i t y o f 0 . 6 4 - 0 . 6 7 
g / c m 3 . I n t e r e s t i n g l y , t h e s t r e n g t h p r o p e r t i e s w e r e i m p r o v i n g w i t h t h e 
c a r b o h y d r a t e c o n t e n t o f t h e b i n d e r t e s t e d d r y a n d r e a c h e d a m a x 
i m u m at a r o u n d 6 0 % c a r b o h y d r a t e s w h e n t e s t e d w e t . T h i s o b s e r v a 
t i o n suggests that t h e w a t e r - s o l u b l e c a r b o h y d r a t e s o f t h e s p e n t su l f i t e 
l i q u o r are m o r e i m p o r t a n t b i n d i n g i n g r e d i e n t s t h a n l i g n i n (110). 

O t h e r M e t h o d s . D i f u n c t i o n a l a m i n e s w e r e u s e d i n c o m b i n a 
t i o n w i t h p o l y ( v i n y l c h l o r i d e ) ( P V C ) a q u e o u s d i s p e r s i o n a n d o c c a 
s i o n a l l y w i t h e p i c h l o r h y d r i n as c r o s s - l i n k i n g b i n d e r s (82). C r o s s -
l i n k i n g was a s s u m e d to take p l a c e t h r o u g h r e a c t i o n o f the a m i n e 
m o i e t y w i t h P V C , a l t h o u g h s o m e a m i n e - w o o d sur face i n t e r a c t i o n 
p r o b a b l y also t ook p l a c e i n v i e w o f w h a t was m e n t i o n e d be fore . T h e 
m a t e r i a l was p r e s s e d at 140 °C to g i v e p a r t i c l e b o a r d w i t h I B v a l u e s 
as h i g h as 153 .6 p s i at t h e d e n s i t y o f 0 .76 g / c m 3 . A d d i t i o n o f h y d r o 
p h o b i c m a t e r i a l s i m p r o v e d w a t e r r e s i s tance . A c o m b i n a t i o n o f m a l e i c 
a c i d a n d p o l y v i n y l a l coho l ) ( P V A ) was u s e d as a c r o s s - l i n k i n g b i n d e r 
for p a r t i c l e b o a r d a n d p l y w o o d (118). A f t e r p r e s s i n g at 140 °C t h e 
p a r t i c l e b o a r d e x h i b i t e d I B v a l u e s as h i g h as 142 .2 p s i at d e n s i t i e s o f 
0 . 7 4 - 0 . 7 8 g / c m 3 ; t h e r e s i s t a n c e to w a t e r was poor , h o w e v e r . 

A m i x t u r e o f m a l e i c a n h y d r i d e , s t y r e n e , a n d d i e t h y l e n e g l y c o l 
d i a c r y l a t e was u s e d , p a r t i a l l y p r e p o l y m e r i z e d , a n d r e a c t e d w i t h u n 
t r e a t e d o r w i t h H 2 0 2 / f e r r o u s s u l f a t e - p r e t r e a t e d w o o d . T h e I R s p e c t r a 
i n d i c a t e d t h e p r o b a b l e f o r m a t i o n o f c o v a l e n t b o n d s b e t w e e n t h e i n 
t r o d u c e d m i x t u r e a n d t h e h y d r o x y l s o f w o o d . D e t a i l s o f t h e p r o c e d u r e 
w e r e , h o w e v e r , u n a v a i l a b l e (119). 

S e v e r a l r e p o r t s o n t h e a c t i v a t i o n o f l i g n o c e l l u l o s i c surface b y 
c o r o n a d i s c h a r g e , m i c r o w a v e p l a s m a , a n d o z o n e t r e a t m e n t s h a v e 
b e e n p u b l i s h e d ( J 2 0 - 2 2 ) . S t r o n g b o n d s w e r e p r o d u c e d b e t w e e n 
t h e r m o p l a s t i c s a n d w o o d b y c o r o n a t r e a t m e n t o f w o o d surfaces a n d 
p a r t i c u l a r l y b y t r e a t m e n t o f p o l y e t h y l e n e a n d p o l y s t y r e n e surfaces . 
W i t h 5 - m i n t r e a t m e n t w o o d — p o l y m e r - w o o d b o n d s o f o v e r 5 6 9 p s i 
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w e r e o b t a i n e d u s i n g l o w - d e n s i t y p o l y e t h y l e n e sheets at a p r e s s i n g 
t e m p e r a t u r e o f 115 ° C . T h e r e s u l t s s u g g e s t e d g o o d m o i s t u r e r e s i s 
t a n c e (120). M a r k e d i m p r o v e m e n t i n b o n d s b e t w e e n c e l l u l o s e s t r ips 
was r e p o r t e d af ter m i c r o w a v e d i s c h a r g e o r o z o n e t r e a t m e n t (121, 
122). T r e a t m e n t w i t h c o r o n a d i s c h a r g e i m p r o v e d b o n d i n g b e t w e e n 
f i bers a n d p o l y e t h y l e n e p o w d e r i n h a r d b o a r d c o m p o s i t e s a n d d e 
c r e a s e d t h e w a t e r u p t a k e b y a factor o f 2 - 4 . T h e effect was c o n n e c t e d 
p a r t i a l l y to o x i d a t i o n o f sur face a n d p a r t i a l l y to f o r m a t i o n o f l o n g -
l i v e d c h a r g e s (e lectrets) o n t h e sur face o f m a t e r i a l s . 

Fundamental Studies 
T h e m a t e r i a l d i s c u s s e d i n t h e last sec t ions i n d i c a t e s that w o o d 

sur face a c t i v a t i o n i n v o l v e s t h e i n t e r a c t i o n o f l i g n o c e l l u l o s i c surfaces 
w i t h r e l a t i v e l y s i m p l e r e a g e n t s , g e n e r a l l y ac ids o r o x i d a n t s . B a s i c 
reagents a n d r e d u c i n g m a t e r i a l s w e r e r a r e l y u s e d . T h e i n t r o d u c e d 
o r g a n i c p o l y m e r s r e p r e s e n t e d also r a t h e r c o m m o n m a t e r i a l s a n d t h e 
g e n e r a l n a t u r e o f t h e r e a c t i o n s i n q u e s t i o n was also k n o w n . F o r these 
reasons t h e r e was n o l a c k o f h y p o t h e s e s p r o p o s e d to e x p l a i n t h e 
c h e m i c a l m e c h a n i s m s o f a c t i v a t i o n a n d b o n d i n g . T h i s is c o n t r a s t e d , 
h o w e v e r , w i t h t h e s m a l l n u m b e r o f f u n d a m e n t a l s t u d i e s a i m e d at 
s u b s t a n t i a t i n g o r at r e f u t i n g t h e h y p o t h e s e s a d v a n c e d , i . e . , d e a l i n g 
w i t h w h a t a c t u a l l y takes p l a c e d u r i n g a c t i v a t i o n o r b o n d i n g . I n v i e w 
o f t h e v o l u m i n o u s n a t u r e o f t h e m a t e r i a l a n d t h e a v a i l a b l e r e v i e w s , 
th i s s e c t i o n is n o t g o i n g to c o v e r i n d e p t h t h e e n t i r e field o f the 
r e a c t i o n s c o m i n g p o t e n t i a l l y i n q u e s t i o n a n d i n v o l v i n g t h e a c t i v a t i o n 
reagents a n d t h e c r o s s - l i n k i n g subs tances u s e d ; i n s t e a d o n l y m o r e 
f u n d a m e n t a l w o r k s p e c i f i c a l l y a i m e d to subs tant ia te t h e h y p o t h e s e s 
p r e s e n t e d o r to u n c o v e r n e w i n t e r a c t i o n s c o n n e c t e d w i t h w o o d s u r 
face a c t i v a t i o n o r n o n c o n v e n t i o n a l b o n d i n g w i l l b e p r e s e n t e d . 

S u r f a c e A c t i v a t i o n . A C I D A C T I V A T I O N . A c i d t r e a t m e n t o f c e l 
l u l o s e a n d h e m i c e l l u l o s e s g e n e r a l l y l eads to h y d r o l y s i s to m o n o s a c 
c h a r i d e s , w h i c h c a n s u b s e q u e n t l y d e h y d r a t e a n d c o n d e n s e to f o r m 
f u r a n - t y p e c o m p o u n d s s u c h as f u r f u r a l a n d its 5 - h y d r o x y m e t h y l a d -
d u c t . F u r t h e r r e a c t i o n s l e a d to p o l y m e r i c m a t e r i a l s o f d a r k c o l o r as 
w e l l as to m o n o m e r s s u c h as l e v u l i n i c a c i d , f o r m i c a c i d , a n d a n g e l i c a 
la c tones . V a r i o u s c o n d e n s a t i o n a n d so lvo lys i s r eac t i ons also a c c o m 
p a n y t h e a c i d t r e a t m e n t o f l i g n i n (123). T h e h y d r o l y s i s , d e h y d r a t i o n , 
a n d c o n d e n s a t i o n r e a c t i o n s h a v e b e e n u s e d to e x p l a i n f o r m a t i o n o f 
c o v a l e n t b o n d s b e t w e e n surfaces (85), i n c r e a s e i n w a t e r r es i s tance 
(85, 124), a n d w e a k e n i n g o f w o o d (75) i n n o n c o n v e n t i o n a l p l y w o o d 
o r p a r t i c l e b o a r d p r o d u c t i o n . H o w e v e r , v e r y l i t t l e f a c tua l i n f o r m a t i o n 
is a v a i l a b l e o n h o w far, i n t e r m s o f t h e c o n s e c u t i v e reac t i ons m e n 
t i o n e d , a n d i n w h a t d i r e c t i o n , i n t e r m s o f t h e p a r a l l e l r eac t i ons m e n 
t i o n e d , does t h e sur face o f l i g n o c e l l u l o s i c m a t e r i a l s a c t u a l l y c h a n g e 
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i n a c i d i c s u r f a c e r e a c t i o n s c o n n e c t e d w i t h n o n c o n v e n t i o n a l w o o d 
b o n d i n g , i . e . , at l o w m o i s t u r e c o n d i t i o n s a n d at t e m p e r a t u r e s b e 
t w e e n 100 a n d 2 0 0 ° C . 

S u b m i t t i n g c e l l u l o s e p o w d e r - H 2 S 0 4 m i x t u r e to 150 °C at 1200 
p s i for 10 m i n r e s u l t e d i n t h e a p p e a r a n c e o f b a n d s at 1720 ( carbonyl ) 
a n d 1620 c m " 1 (aromatic ) i n t h e I R s p e c t r u m (124). T h i s o b s e r v a t i o n 
was i n t e r p r e t e d as a n i n d i c a t i o n o f t h e f o r m a t i o n o f f u r f u r a l - t y p e c o m 
p o u n d s . C e l l u l o s e t r e a t e d w i t h a c i d i c salts s u c h as a l u m i n u m c h l o 
r i d e , z i n c c h l o r i d e , a n d s o d i u m b i s u l f a t e was r e p o r t e d to s h o w a n 
e n d o t h e r m i c n a d i r at 1 8 0 - 2 5 0 °C i n d i f f e r e n t i a l t h e r m a l a n a l y s i s 
( D T A ) (125) . T h e t h e r m o g r a v i m e t r i c ( T G ) e x p e r i m e n t s i n d i c a t e d , 
h o w e v e r , a m a r k e d l y l o w e r t e m p e r a t u r e at w h i c h w e i g h t loss (p re 
s u m a b l y d e h y d r a t i o n ) b e g i n s , w i t h a c c e l e r a t i o n t a k i n g p l a c e b e t w e e n 
100 a n d 2 0 0 ° C . W i t h D T A a n d T G , H 2 S 0 4 d e s t a b i l i z e d c e l l u l o s e 
w i t h an e n d o t h e r m o c c u r r i n g b e t w e e n 180 a n d 2 6 0 ° C , d e p e n d i n g 
u p o n t h e a m o u n t o f a c i d a d d e d (126). T h e r m a l ana lys i s o f l i g n o c e l 
l u l o s i c m a t e r i a l s has b e e n r e c e n t l y r e v i e w e d (44, 127). 

H Y D R O G E N P E R O X I D E A C T I V A T I O N . M o r e w o r k has b e e n d o n e o n 

t h e o x i d a t i v e a c t i v a t i o n o f w o o d . T h e r e a c t i o n s o f H 2 0 2 a n d o r g a n i c 
p e r o x i d e s i n a c i d m e d i a w i t h v a r i o u s o r g a n i c m a t e r i a l s , i n c l u d i n g 
l i g n o c e l l u l o s i c s , h a v e b e e n i n v e s t i g a t e d a n d r e v i e w e d m a n y t i m e s 
(128-37). I n o r d e r to o b t a i n i n f o r m a t i o n o n the h y d r o g e n p e r o x i d e 
a c t i v a t i o n o f w o o d sur face , J e n k i n (138) s t u d i e d t h e r e a c t i o n o f c e l 
l u l o s e , x y l a n , l i g n i n , a n d w o o d w i t h H 2 0 2 at 100 °C i n t h e p r e s e n c e 
a n d a b s e n c e o f F e 2 + a n d C u 2 + cata lysts . T h e r e a c t i o n was f o l l o w e d 
b y a t t e n u a t e d t o t a l r e f l e c t a n c e ( A T R ) ( F i g u r e 6) a n d b y t r a n s m i s s i o n 
I R spec t roscopy . 

I n t h e case o f c e l l u l o s e t h e m a i n r e a c t i o n p r o d u c t s w e r e c a r b o x 
y l i c g r o u p s a n d a s m a l l e r n u m b e r o f k e t o , a l d e h y d e , o r es ter g r o u p s . 
T h e r e a c t i o n b e t w e e n n o n c a t a l y z e d H 2 0 2 a n d c e l l u l o s e was s l o w at 
t h e b e g i n n i n g , b u t i ts rate i n c r e a s e d w i t h t i m e . I n t h e case o f x y l a n 
a n d l i g n i n t h e r e a c t i o n ra te d e c r e a s e d w i t h t i m e . T h e a b e r r a n t b e 
h a v i o r o f c e l l u l o s e was r e l a t e d to t h e c r y s t a l l i n i t y o f c e l l u l o s e , a n d 
t h e t i m e i n c r e a s e i n a c c e s s i b i l i t y c o n n e c t e d w i t h g r a d u a l s w e l l i n g . 
O x i d a t i o n p r o c e e d e d m u c h faster w i t h c a t a l y z e d H 2 0 2 . C a r b o x y l i c 
a b s o r p t i o n r e a c h e d a m a x i m u m i n 5 - 1 0 m i n b u t d e c r e a s e d a f t e r w a r d . 
T h i s d e c r e a s e was e x p l a i n e d b y a R u f f - t y p e d e c a r b o x y l a t i o n . 

T h e r m a l ana lys i s p r o v i d e s i n f o r m a t i o n o n changes i n p h y s i c a l 
p r o p e r t i e s o f a s u b s t a n c e as a f u n c t i o n o f i n c r e a s i n g t e m p e r a t u r e . 
T h e s e m e t h o d s are f r u i t f u l for i n v e s t i g a t i o n s o f w o o d a c t i v a t i o n a n d 
t r a n s f o r m a t i o n s l e a d i n g to b o n d i n g o f w o o d as t h e y a l l o w for t h e s t u d y 
o f c h a n g e s i n t h e p r o p e r t i e s o f s o l i d s , l i q u i d s , o r s o l i d - l i q u i d m i x 
t u r e s u n d e r t e m p e r a t u r e a n d p r e s s u r e c o n d i t i o n s a p p r o x i m a t i n g 
those i n t h e p r e s s . T h e p h y s i c a l p r o p e r t i e s p r e d o m i n a n t l y s t u d i e d 
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1400 C M " 1 

am. 

U N T R E A T E D X Y L A N 

O X I D I Z E D X Y L A N 

Figure 6. IR reflectance (ATR) spectrum of cellulose before and after 
oxidation with H202 (top) and IR transmission spectrum of xylan before 
and after oxidation with H20o (bottom). (Reproduced with permission 

from Ref 138. Copyright 1976, John Wiley ir Sons, Inc.) 

i n c l u d e h e a t a b s o r p t i o n o r r e l e a s e [d i f f e rent ia l s c a n n i n g c a l o r i m e t r y 
( D S C ) ] , t e m p e r a t u r e o f t h e s a m p l e [ d i f f e r e n t i a l t h e r m a l a n a l y s i s 
( D T A ) ] , w e i g h t [ t h e r m o g r a v i m e t r y ( T G ) o r d i f f e r e n t i a l t h e r m o g r a v i -
m e t r y ( D T G ) ] , a n d c e r t a i n m e c h a n i c a l p r o p e r t i e s [ t h e r m o m e c h a n i c a l 
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analys i s ( T M A ) ] . T h e m e t h o d s a l l o w d e t e r m i n a t i o n o f m a n y p a r a m 
e t e r s d e s c r i b i n g t h e t r a n s f o r m a t i o n s t a k i n g p l a c e . T h e s e i n c l u d e 
m e l t i n g p o i n t s , glass t r a n s i t i o n s , r e a c t i o n t e m p e r a t u r e s , e n t h a l p i e s 
o f r e a c t i o n s , a n d k i n e t i c p a r a m e t e r s a n d are p a r t i c u l a r l y e f f i c ient i f 
c o u p l e d w i t h o t h e r a n a l y t i c a l a p p r o a c h e s , s u c h as gas c h r o m a t o g 
r a p h y ( G C ) o f t h e gases f o r m e d a n d m e a s u r e m e n t o f s p e c t r a a n d p H . 

T h e r e a c t i o n b e t w e e n H 2 0 2 a n d w o o d p o w d e r , c e l l u l o s e , a n d 
l i g n i n , was s t u d i e d b y D S C u s i n g a l o d i n e d a l u m i n u m pans w i t h o u t 
r e m o v i n g c a t a l y t i c a l l y a c t i n g m e t a l i ons f r o m l i g n o c e l l u l o s i c m a t e 
r ia l s . T h e a l o d i n i n g process cons is ts o f t h e t r e a t m e n t o f a l u m i n u m 
surface w i t h p y r o p h o s p h a t e - f l u o r i d e a n d m a k e s the surface c a t a l y z e 
the d e c o m p o s i t i o n o f H 2 0 2 . I n a l l cases t w o e x o t h e r m s w e r e o b 
s e r v e d — o n e b e t w e e n 75 a n d 9 0 °C a n d t h e o t h e r b e t w e e n 115 a n d 
130 °C ( s h o u l d e r at 9 5 °C w i t h l i g n i n ) . T h e first e x o t h e r m was t h o u g h t 
to s t e m f r o m H 2 0 2 d e c o m p o s i t i o n a n d t h e o t h e r f r o m d e c o m p o s i t i o n 
o f t h e o r g a n i c p e r o x i d e s f o r m e d . T h e I R s p e c t r a o f t h e r e a c t e d m a 
ter ia l s s h o w e d c a r b o n y l b a n d s b e t w e e n 1700 a n d 1850 c m - 1 i n t h e 
case o f w o o d a n d l i g n i n w i t h t h e i n t e n s i t y o f t h e b a n d s a n d c o m p l e x i t y 
o f t h e s p e c t r a g e n e r a l l y i n c r e a s i n g w i t h r e a c t i o n t e m p e r a t u r e . O n l y 
a s l i g h t i n c r e a s e i n c a r b o n y l a b s o r p t i o n was n o t e d w i t h c e l l u l o s e (86). 
T h e r e s u l t s s u g g e s t e d p r e f e r e n t i a l l i g n i n o x i d a t i o n i n w o o d . 

C o n t i n u i n g t h e a b o v e w o r k t h e r e a c t i o n o f H 2 0 2 w i t h l i g n o c e l 
l u l o s i c m a t e r i a l s i n p o w d e r f o r m was s t u d i e d u n d e r v a r y i n g p r e s s u r e , 
h e a t i n g r a t e , p a r t i c l e s i z e , H 2 0 2 c o n c e n t r a t i o n , a n d a t m o s p h e r i c c o m 
p o s i t i o n , b y u s i n g m u c h less c a t a l y t i c a l l y a c t i ve pans m a d e o f p u r e , 
u n t r e a t e d a l u m i n u m , a n d l i g n o c e l l u l o s i c s u b s t r a t e s f r e e o f h e a v y 
m e t a l i ons (139-144). T w o e x o t h e r m s , at 1 3 0 - 1 9 0 ° C , a n d at 2 0 0 -
2 5 0 °C w e r e o b s e r v e d . T h e first e x o t h e r m was a s s i g n e d to d e c o m 
p o s i t i o n o f H 2 0 2 a n d / o r its r e a c t i o n w i t h l i g n o c e l l u l o s i c subs t ra tes ; 
t h e o t h e r e x o t h e r m was a s s i g n e d to t h e r e a c t i o n o f o x y g e n w i t h l i g 
n o c e l l u l o s i c h y d r o x y l s . T h e r m o d y n a m i c a n d k i n e t i c constants w e r e 
d e t e r m i n e d for these r e a c t i o n s . A r a b i n o x y l a n a n d l i g n i n w e r e f o u n d 
to b e m o r e r e a c t i v e t h a n w o o d o r c e l l u l o s e . M o s t substrates r e a c t e d 
w i t h H 2 0 2 to f o r m o x y g e n i n v a r i o u s a m o u n t s . B y u s i n g m o d e l c o m 
p o u n d s i t was f o u n d that o x y g e n was f o r m e d u n d e r c a t a l y t i c a l i n f l u 
e n c e o f a l d e h y d i c o r k e t o g r o u p s i n the l i g n o c e l l u l o s i c m a t e r i a l s . 
C o m p o u n d s y i e l d i n g s u c h g r o u p s b y a c i d h y d r o l y s i s , e . g . , m o n o s a c 
c h a r i d e s , d i s a c c h a r i d e s , o r p o l y s a c c h a r i d e s , w e r e also a c t i v e . E s t e r s 
o r c a r b o x y l s w e r e i n a c t i v e . A m e c h a n i s m that i n v o l v e d i n t e r m e d i a c y 
o f h y d r o p e r o x i d e s was p r o p o s e d for t h e f o r m a t i o n o f o x y g e n . 

E x p e r i m e n t i n g w i t h c e l l u l o s e - l i g n i n m i x t u r e s s h o w e d that t h e 
p o s i t i o n o f b o t h e x o t h e r m s s h i f t e d to h i g h e r t e m p e r a t u r e s w i t h a n 
i n c r e a s e i n c e l l u l o s e p e r c e n t a g e ( F i g u r e 7); t h e heat o f the r e a c t i o n 
i n c r e a s e d w i t h a n i n c r e a s e i n t h e l i g n i n p e r c e n t a g e . T h e r e is a p o s -
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ENDOl 

si2e:1.42 nig 
I 2 meal/sec 

lignin 

cellulose 

Figure 7. DSC curves of H202-treated lignin-cellulose mixtures. Condi
tions: closed aluminum pan with a pinhole; 975 psi N2 pressure; 20 °C 
min'1 heating rate. (Reproduced with permission from Ref. 142. Copy

right 1982y Gordon and Breach, Science Publishers.) 

i t i v e c o r r e l a t i o n b e t w e e n t h e t e n s i l e s t r e n g t h o f t h e c e l l u l o s e - l i g n i n 
m i x t u r e s (125) a n d t h e h e a t o f r e a c t i o n . A l l o f t h e above s u g g e s t e d 
that H 2 0 2 a c t i v a t i o n o f w o o d surfaces is c o n n e c t e d p r i m a r i l y w i t h t h e 
l i g n i n m o i e t y . 

N I T R I C A C I D A N D N I T R A T E A C T I V A T I O N . T h e reac t i ons o f H N 0 3 , 

n i t r a t e s , a n d n i t r o g e n ox ides w i t h l i g n o c e l l u l o s i c m a t e r i a l s h a v e b e e n 
a s u b j e c t o f n u m e r o u s p u b l i c a t i o n s . T h e spec i f i c t r a n s f o r m a t i o n s c a n 
b e s u b d i v i d e d i n t o a c i d r e a c t i o n s , o x i d a t i o n r e a c t i o n s , a n d n i t r a t i o n -
e s t e r i f i c a t i o n r e a c t i o n s . W i t h H N 0 3 a n d m o r e a c i d i c salts t h e a c i d 
r e a c t i o n s p r e d o m i n a t e at h i g h e r d i l u t i o n s , a n d p a r a l l e l t h o s e o f 
a q u e o u s s o l u t i o n s o f H 2 S 0 4 a n d o t h e r s i m i l a r ac ids . O x i d a t i o n o f 
c e l l u l o s e r e s u l t s p r i m a r i l y i n o x i d a t i o n o f p r i m a r y h y d r o x y l s to c a r -
b o x y Is, w i t h t h e s e c o n d a r y h y d r o x y l s o x i d i z e d less . N i t r a t i o n leads 
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to t h e f o r m a t i o n o f n i t r i c a c i d es ters . L i g n i n is o x i d i z e d to q u i n o n e 
s t r u c t u r e s , a n d la ter , u n d e r r i n g o p e n i n g , to c a r b o x y l i c ac ids . N i t r a 
t i o n i n t r o d u c e s n i t r o g r o u p s at t h e C - 6 p o s i t i o n o f t h e a r o m a t i c r i n g ; 
p o s i t i o n C - 4 is n i t r a t e d at h i g h e r a c i d c o n c e n t r a t i o n s o n l y b y d i s 
p l a c e m e n t o f t h e s i d e c h a i n . F o r d e t a i l s t h e r e a d e r is r e f e r r e d to the 
o r i g i n a l l i t e r a t u r e a n d r e v i e w s (145-55). 

T h e r e a c t i o n s b e t w e e n a b o u t 20 n i t r a t e s i n c l u d i n g n i t r i c a c i d 
a n d v a r i o u s l i g n o c e l l u l o s i c m a t e r i a l s w e r e i n v e s t i g a t e d u s i n g D S C , 
T G , a n d D T G as w e l l as I R s p e c t r o s c o p y (145, 156). T h e l i g n o c e l 
l u l o s i c m a t e r i a l s i n c l u d e d l i g n i n s f r o m a so f twood a n d a h a r d w o o d , 
m i c r o c r y s t a l l i n e c e l l u l o s e , p r e c i p i t a t e d c e l l u l o s e , x y l a n , a n d w o o d 
p o w d e r . R e a c t i o n w i t h H N 0 3 p r o d u c e d a n e x o t h e r m w h o s e p o s i t i o n 
d e p e n d e d s t r o n g l y u p o n t h e m o i s t u r e c o n t e n t o f t h e s a m p l e ; b e l o w 
1 0 % m o i s t u r e c o n t e n t t h e p o s i t i o n o f t h e e x o t h e r m was r e l a t i v e l y 
s tab l e , h o w e v e r . T h i s r e s u l t agrees w i t h t h e w e l l - k n o w n i n c r e a s e i n 
r e a c t i v i t y o f H N 0 3 w i t h c o n c e n t r a t i o n . T h e e x o t h e r m p e a k e d b e 
t w e e n 78 °C ( w o o d f l o u r ) a n d 172 °C ( m i c r o c r y s t a l l i n e ce l lu lose ) w i t h 
l i g n i n s a m p l e s r e a c t i n g b e l o w 100 °C a n d c a r b o h y d r a t e s a m p l e s r e 
a c t i n g w e l l a b o v e 100 ° C . T h e p H o f l i g n o c e l l u l o s i c m a t e r i a l s i n 
c r e a s e d f r o m 0 . 9 - 1 . 4 to 1 . 8 - 2 . 8 f o l l o w i n g t h e a p p e a r a n c e o f the 
e x o t h e r m . T h e r m o d y n a m i c a n d k i n e t i c r e a c t i o n p a r a m e t e r s w e r e d e 
t e r m i n e d for a l l l i g n o c e l l u l o s i c m a t e r i a l s m e n t i o n e d . 

O x i d a t i o n o f m i c r o c r y s t a l l i n e a n d p r e c i p i t a t e d c e l l l loses r e s u l t e d 
i n t h e a p p e a r a n c e o f 1765 - a n d 1 7 4 0 - c m " 1 b a n d s i n t h e I R s p e c t r u m . 
T h e s e b a n d s w e r e e x p l a i n e d b y f o r m a t i o n o f f ï v e - m e m b e r e d lac tones 
(poss ib ly b e t w e e n C - 6 c a r b o x y l s a n d C - 3 h y d r o x y l s ) a n d o f s i x - m e m -
b e r e d l a c tones o r es ters , r e s p e c t i v e l y . T h e f o r m a t i o n o f e s ter l i n k a g e s 
c o u l d b e r e s p o n s i b l e f o r t h e o b s e r v e d i n t e r f i b e r o r i n t e r s u r f a c e 
b o n d i n g m e n t i o n e d p r e v i o u s l y . B o t h o f t h e a b o v e b a n d s w e r e e x h i b 
i t e d also b y o x i d i z e d x y l a n . O x i d a t i o n o f l i g n i n r e s u l t e d i n a b a n d at 
1725 c m " 1 (ester) a n d at 1625 c m " 1 ( d o u b l e b o n d s o r n i t r a t e ester) 
as w e l l as i n w e a k b a n d s at 1520 a n d 1350 c m " 1 , w h i c h s u g g e s t e d 
t h e f o r m a t i o n o f n i t r a t e g r o u p s . N o b a n d s at 1765 a n d 1740 c m " 1 

w e r e p r o d u c e d i n t h e case o f w o o d , s u g g e s t i n g t h e p r e f e r e n t i a l o x i 
d a t i o n o f l i g n i n . 

T h e r m a l d e c o m p o s i t i o n o f n i t r a t e salts goes t h r o u g h f o r m a t i o n 
o f N 0 2 , 0 2 , a n d o f m e t a l ox ides i n m o s t cases; a m m o n i u m n i t r a t e 
p r o d u c e s c h i e f l y N 2 0 . I n t h e p r e s e n c e o f l i g n o c e l l u l o s i c m a t e r i a l s 
t h e r e a c t i o n s m i g h t take a n o t h e r c o u r s e , h o w e v e r . T h e r e a c t i o n b e 
t w e e n n i t r a t e s a n d v a r i o u s l i g n o c e l l u l o s i c s p r o d u c e d a n e x o t h e r m i n 
D S C p e a k i n g w i t h i n a w i d e t e m p e r a t u r e r a n g e , d e p e n d i n g u p o n t h e 
c a t i o n a n d t h e n a t u r e o f t h e s u b s t r a t e . A p o s i t i v e l i n e a r c o r r e l a t i o n 
was f o u n d to ex is t b e t w e e n t h e p H o f t h e a q u e o u s s o l u t i o n s o f t h e 
n i t r a t e salts a n d t h e p e a k t e m p e r a t u r e ( F i g u r e 8). T h e m e t a l salts o f 
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Figure 8. Rehtionship between DSC exotherm peak of wood flour oxi

dation by various nitrates and pH of the nitrates (145). 

t h e w e a k e r o r g a n i c ac ids f o r m e d i n t h e c o u r s e o f t h e o x i d a t i o n c o u 
p l e d w i t h d i s a p p e a r a n c e o f t h e n i t r a t e s r e s u l t e d i n a m a r k e d i n c r e a s e 
i n p H o f t h e r e a c t i o n m i x t u r e s after t h e r e a c t i o n . A m m o n i u m n i t r a t e 
r e p r e s e n t e d a n e x c e p t i o n , h o w e v e r , d u e to t h e o x i d a t i o n o f t h e a m 
m o n i u m c a t i o n . I n s p i t e o f t h e p H i n c r e a s e the a c i d i t y o f t h e r e a c t i o n 
m i x t u r e s i n v o l v i n g a l u m i n u m , f e r r i c , c h r o m i c , b e r y l l i u m , a n d a m 
m o n i u m n i t r a t e s was j u d g e d to b e s t i l l too h i g h ( p H < 3.5) to e l i m 
i n a t e t h e d a n g e r o f a c i d h y d r o l y s i s i n p a r t i c l e b o a r d . P r e c i p i t a t e d 
c e l l u l o s e r e a c t e d at a p p r e c i a b l y l o w e r t e m p e r a t u r e s t h a n m i c r o c r y s 
t a l l i n e c e l l u l o s e , i n d i c a t i n g t h e i n f l u e n c e o f ac cess ib i l i ty . B e t w e e n 
p H v a l u e s o f 1.0 a n d 5 .5 t h e heat o f t h e r e a c t i o n was i n d e p e n d e n t 
o f p H ; a b o v e p H 5 .5 t h e h e a t o f r e a c t i o n b e c a m e l o w e r , m o s t l i k e l y 
d u e to i n c o m p l e t e o x i d a t i o n , b e c a u s e p H increases a n d t h e r e a c t i o n 
s lows d o w n as i t p r o g r e s s e s . T h e es te r b a n d s w e r e absent i n I R w h e n 
n i t r a t e salts w e r e u s e d as o x i d a n t s p r o b a b l y b e c a u s e o f t h e f o r m a t i o n 
o f t h e m e t a l salts o f c a r b o x y l i c a c i d g r o u p s . 

E l e c t r o n s p e c t r o s c o p y for c h e m i c a l ana lys i s ( E S C A ) is a v a l u a b l e 
m e t h o d for s t u d y i n g t h e o x i d a t i o n state o f t h e w o o d surface . T h e 
c a r b o n (Is) p e a k o f t h e E S C A o u t p u t cons is ts o f s e v e r a l o v e r l a p p i n g 
c o m p o n e n t s . M a t h e m a t i c a l c o m p u t e r m e t h o d s c a n r e s o l v e th i s p e a k 
i n t o f o u r c o m p o n e n t p e a k s c o r r e s p o n d i n g to c a r b o n s w i t h n o o x y g e n 
s u b s t i t u e n t s ( C x ) , to c a r b o n s c a r r y i n g o n e s i n g l e c a r b o n - t o - o x y g e n 
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b o n d [a l coho ls , e t h e r s ( C 2 ) ] , to c a r b o n s c a r r y i n g o n e d o u b l e o r t w o 
s i n g l e c a r b o n - t o - o x y g e n b o n d s [ a l d e h y d e s , k e t o n e s , acetals ( C 3 ) ] , a n d 
to c a r b o n s c a r r y i n g o n e d o u b l e a n d o n e s i n g l e c a r b o n - t o - o x y g e n b o n d 
[esters , c a r b o x y l s (C 4 ) ] (22, 26). 

O x i d a t i v e c h e m i c a l c h a n g e s o n t h e surface o f m a p l e w o o d (Acer 
saccharum M a r s h . ) w e r e s t u d i e d b y u s i n g E S C A (26). T r e a t m e n t w i t h 
H N 0 3

 a * a m b i e n t t e m p e r a t u r e for 24 h r e s u l t e d i n a s t r o n g i n c r e a s e 
i n c a r b o x y l i c g r o u p s ( C 4 carbons ) a n d s o m e i n c r e a s e i n k e t o , a l d e 
h y d e , k e t a l o r a ce ta l g r o u p s ( C 3 carbons ) , w h i l e t h e n u m b e r o f c a r 
b o n s a t t a c h e d to a s i n g l e n o n c a r b o n y l o x y g e n [a lcohols , e t h e r s ( C 2 

carbons) ] a n d o f c a r b o n s c a r r y i n g n o o x y g e n (Cx carbons ) d e c r e a s e d 
( F i g u r e 9). T h e s e o b s e r v a t i o n s s u b s t a n t i a t e d t h e resu l t s o b t a i n e d b y 
W u (145). T r e a t m e n t o f w o o d w i t h s o d i u m p e r i o d a t e r e s u l t e d i n a 
d i s a p p e a r a n c e o f Cl c a r b o n s , a n i n c r e a s e i n C 2 a n d C 3 c a r b o n s a n d a 
s l i ght i n c r e a s e i n C 4 c a r b o n s . H i g h p e r c e n t a g e s (50%) o f c a r b o n s 
c a r r y i n g n o o x y g e n i n n o n t r e a t e d w o o d (Cx carbons ) a n d d i s a p p e a r 
ance o f these u p o n p e r i o d a t e t r e a t m e n t , as w e l l as a s t r o n g i n c r e a s e 
i n C 2 c a r b o n s , are d i f f i c u l t to i n t e r p r e t . I t is p o s s i b l e , i n v i e w o f t h e 
t e n d e n c y o f e x t r a c t i v e s t o a c c u m u l a t e at t h e s u r f a c e , t h a t t h e s e 
changes d o no t i n v o l v e s k e l e t a l l i g n o c e l l u l o s i c m a t e r i a l s , b u t r a t h e r 
t h e d e p o s i t e d e x t r a c t i v e s o r e n v i r o n m e n t a l c o n t a m i n a n t s . A s t r o n g 
i n c r e a s e i n C 3 c a r b o n s is i n k e e p i n g w i t h t h e k n o w n p e r i o d a t e o x i 
d a t i o n o f g l y c o l u n i t s to a l d e h y d e g r o u p s . 

O x i d a t i o n o f w o o d b y H N 0 3 at a m b i e n t t e m p e r a t u r e that r e s u l t s 
i n t h e f o r m a t i o n o f c a r b o x y l i c a c i d g r o u p s o n t h e surface has b e e n 
s u b s t a n t i a t e d (157). T h e s e c a r b o x y l i c g r o u p s are su f f i c i en t ly a c i d i c to 
c a t a l y z e p o l y m e r i z a t i o n o f f u r f u r y l a l c o h o l . 

P L A S M A A C T I V A T I O N . T r e a t m e n t b y m i c r o w a v e p l a s m a has b e e n 
u s e d for sur face a c t i v a t i o n o f c e l l u l o s e . T h e i n v o l v e m e n t o f free r a d 
icals i n t h e a c t i v a t i o n is u n l i k e l y ; sur face o x i d a t i o n a n d d e g r a d a t i o n 
u n d e r f o r m a t i o n o f a g l u e l i k e sur face l a y e r is f a v o r e d as t h e s o u r c e 
o f c e l l u l o s e - t o - c e l l u l o s e a d h e s i o n (122). E l e c t r o n s p i n r e s o n a n c e 
( E S R ) a n d free r a d i c a l t i t r a t i o n h a v e s h o w n that a c t i o n o f r a d i o - f r e 
q u e n c y a r g o n p l a s m a o n r a y o n r e s u l t s i n t h e f o r m a t i o n o f free r a d i c a l s 
(158). T h e n u m b e r o f p a r a m a g n e t i c c e n t e r s increases w i t h the p o w e r 
a p p l i e d . C o n c u r r e n t l y h y d r o x y l ( O H ) g r o u p s d e c r e a s e , a n d d e g r e e 
o f p o l y m e r i z a t i o n ( D P ) , w a t e r s o l u b i l i t y , a n d the n u m b e r o f c a r b o n y l 
g r o u p s i n c r e a s e . N i t r o g e n a n d a i r r a d i o - f r e q u e n c y p l a s m a c a n m o d i f y 
O H g r o u p s as w e l l as b r e a k t h e c h a i n s o f c o t t o n c e l l u l o s e (159). T h e 
c o n c e n t r a t i o n o f p a r a m a g n e t i c c e n t e r s was g r e a t l y i n f l u e n c e d b y t h e 
p r e s s u r e i n t h e reactor . 

T r e a t m e n t o f c o r r u g a t i n g m e d i u m w i t h c o r o n a d i s c h a r g e a n d 
ana lys i s o f t h e sur face b y E S C A i n d i c a t e d a n i n c r e a s e i n o x y g e n , w i t h 
Nq/NC r a t i o o f 0 .57 vs . 0 .42 a n d 0 .41 for t h e u n t r e a t e d sur face , n o t 
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7 6 5 4 3 2 I 0 - 1 - 2 
CHEMICAL SHIFT (eV) 

C CHEMICAL SHIFT 

Figure 9. Depiction of separation of smoothed, expanded, deconvoluted, 
and Gaussian curve-fitted ESCA C{1) peak of untreated maple wood (a), 
periodate-treated maple wood (b), and HN03-treated maple wood (c). 
(Reproduced with permission from Ref 26. Copyright 1982, Forest Prod

ucts Research Society.) 
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10. ZAVARIN Nonconventional Bonding 381 

e x t r a c t e d a n d e x t r a c t e d w i t h a c e t o n e , r e s p e c t i v e l y . C o n c u r r e n t l y c o 
r o n a d i s c h a r g e d e c r e a s e d t h e n u m b e r o f C x c a r b o n s a n d i n c r e a s e d 
t h e n u m b e r o f c a r b o x y l i c C 4 c a r b o n s , w h i c h also i n c r e a s e d t h e w a t e r 
a b s o r b e n c y o f t h e sur face (J 60). 

O T H E R O X I D I Z I N G A C T I V A T O R S . C h l o r a t e s h a v e b e e n u s e d at l o w 
p H as sur face ac t iva tors (75). T h e o x i d a t i o n m e c h a n i s m m o s t l i k e l y 
i n v o l v e s d e c o m p o s i t i o n to c h l o r i n e o r c h l o r i n e d i o x i d e w h i c h a r e 
l i k e l y to r eac t p r e f e r e n t i a l l y w i t h l i g n i n . O t h e r c o m p o u n d s u s e d i n 
c l u d e chromâtes , n i t r a t e s , o r g a n i c p e r o x i d e s a n d p e r o x i d e salts , h y 
p o c h l o r i t e s , c h l o r i t e s , p e r c h l o r a t e s , h a l o g e n s , o z o n e , p e r m a n g a n a t e s , 
a n d t r a n s i t i o n m e t a l salts , b u t l i t t l e o r n o f u n d a m e n t a l w o r k r e l a t e d 
to n o n c o n v e n t i o n a l b o n d i n g has b e e n d o n e w i t h t h e m (76). C e r i c 
salts , M n 3 + , o z o n e , 7 - r a d i a t i o n , a n d U V r a d i a t i o n o f ten h a v e b e e n 
u s e d as ac t i va tors i n graft p o l y m e r i z a t i o n o f l i g n o c e l l u l o s i c f i bers . T h e 
p e r t i n e n t l i t e r a t u r e has b e e n r e v i e w e d (4, 161-63). 

N o n c o n v e n t i o n a l B o n d i n g . S t u d i e s o f t h e reac t i ons o f c h e m i c a l 
agents w i t h l i g n o c e l l u l o s i c sur faces , r e s u l t i n g o r t h o u g h t to r e s u l t i n 
a n a b i l i t y o f s u c h surfaces to a d h e r e to e a c h o t h e r u n d e r f o r m a t i o n 
o f c o v a l e n t b o n d s , d o n o t g e n e r a l l y g i v e a n a n s w e r to t h e q u e s t i o n 
w h e t h e r s u c h b o n d s d o a c t u a l l y f o r m o r h o w t h e y f o r m . T h e r e s u l t s 
o f s u c h e x p e r i m e n t s t e l l us o n l y w h a t m i g h t h a p p e n a n d w h a t is n o t 
l i k e l y to h a p p e n . To g a i n a b e t t e r u n d e r s t a n d i n g o f t h e b o n d i n g p r o 
cess r e q u i r e s a n i n s i g h t i n t o t h e c h e m i c a l processes a c t u a l l y t a k i n g 
p l a c e d u r i n g b o n d i n g , i . e . , i n t o t h e i n t e r a c t i o n s b e t w e e n l i g n o c e l 
l u l o s i c surfaces a n d t h e i n t r o d u c e d m a t e r i a l s (if p r e s e n t ) . T h e d i r e c t 
e x p e r i m e n t a t i o n i n t h i s a r e a is c o m m o n l y d i f f i c u l t , a n d i n d i r e c t e v i 
d e n c e i n v o l v i n g s t u d i e s o f i n t e r a c t i o n s o f t h e m a t e r i a l s i n q u e s t i o n 
m u s t b e o b t a i n e d u n d e r c o n d i t i o n s a p p r o a c h i n g those o f t h e p r a c t i c e . 

D I R E C T B O N D I N G . T h e f o r m a t i o n o f c o v a l e n t b o n d s b e t w e e n 
w o o d surfaces i n t h e d i r e c t w o o d - t o - w o o d b o n d i n g m e t h o d (124) is 
eas ier to a c c e p t for t h e l a c k o f a l t e r n a t i v e e x p l a n a t i o n s , a l t h o u g h t h e 
n a t u r e o f s u c h b o n d s is s t i l l o b s c u r e (see F i g u r e 2). I n a n a t t e m p t to 
i n q u i r e d e e p e r i n t o t h e b o n d i n g processes Sto fko p r e p a r e d s m a l l 
c o m p o s i t e b o a r d s u s i n g h i s p r o c e s s , t e m p e r a t u r e s b e t w e e n 70 a n d 
170 ° C , p r e s s u r e s o f 1200 p s i , a n d p r e s s i n g t i m e s o f 4 - 2 0 m i n . L i g 
n o c e l l u l o s i c subs t ra tes s u c h as w o o d p o w d e r , m i c r o c r y s t a l l i n e c e l l u 
lose , r e f i n e d b r o w n ( "pecky" ) r o t r e s u l t i n g f r o m t h e at tack o f Poly-
porus amarus H e d g c o c k o n i n c e n s e - c e d a r w o o d ( 8 1 % K l a s o n l i g n i n ) 
(164), a n d m i x t u r e s t h e r e o f w e r e u s e d . T h e a c t i v a t i n g agents i n c l u d e d 
H 2 0 2 / Z r C l 4 , H 2 0 2 / F e 2 + , N a C l 0 3 / H 2 S 0 4 , N a C 1 0 3 / N a O H , H 2 S 0 4 , a n d 
N a O H . B o n d i n g w a s e v a l u a t e d b y t e n s i l e a n d I z o d - i m p a c t t e s t s , 
w a t e r a b s o r p t i o n , t h i c k n e s s s w e l l i n g , b o i l i n g tests , a n d s c a n n i n g e l e c 
t r o n m i c r o s c o p y ( S E M ) . L i g n i n a n d w o o d b o n d eas i l y w i t h t h e p r o d 
ucts r e s i s t a n t to b o i l i n g i n w a t e r . C e l l u l o s e b o n d e d u n d e r n o n o x i -
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382 T H E C H E M I S T R Y O F SOLID W O O D 

d i z i n g , a c i d i c c o n d i t i o n s , a p p a r e n t l y b y h y d r o l y t i c d e g r a d a t i o n , 
d e h y d r a t i o n t o f u r a n c o m p o u n d s , a n d s u b s e q u e n t a c i d i c r e -
p o l y m e r i z a t i o n . P e r m a n e n t b o n d i n g b e t w e e n c e l l u l o s e a n d l i g n i n 
a p p a r e n t l y r e s u l t s f r o m b o t h o x i d a t i v e a n d h y d r o l y t i c r e a c t i o n s . T h e 
b o n d i n g s t r e n g t h a c h i e v e d w i t h w o o d a n d l i g n i n was a b o u t that o f 
t h e t e n s i l e s t r e n g t h o f D o u g l a s - f i r w o o d p e r p e n d i c u l a r to t h e g r a i n . 
O v e r a l l t h e l e v e l o f b o n d i n g i n c e l l u l o s e was s i g n i f i c a n t l y l o w e r t h a n 
i n l i g n i n o r i n w o o d , a n d t h e o x i d a t i v e b o n d i n g p r o d u c e d m a t e r i a l s 
w i t h s i g n i f i c a n t l y h i g h e r b o n d i n g s t r e n g t h t h a n a c i d i c b o n d i n g . O x 
i d a t i v e b o n d i n g r e s i d e s p r i m a r i l y i n l i g n i n - t o - l i g n i n a n d p o s s i b l y i n 
l i g n i n - t o - c e l l u l o s e b o n d s . T h e s e r e s u l t s w e r e s u p p o r t e d b y t h e S E M 
r e s u l t s that d e m o n s t r a t e d that i n b o n d i n g u s i n g H 2 0 2 / F e 2 + t h e c e l 
l u l o s e p a r t i c l e s o c c a s i o n a l l y s p l i t l e n g t h w i s e i n p r e f e r e n c e to s e p a 
r a t i o n o f t h e b o n d e d l i g n i n - c e l l u l o s e p a r t i c l e s ( F i g u r e 10). 

B I F U N C T I O N A L A M I N E S . T h e o b v i o u s n a t u r e o f t h e a s s u m e d r e a c 
t i ons m a k e s t h e g e n e r a l e x p l a n a t i o n s o f the processes i n v o l v e d i n 
b o n d i n g b y b i f u n c t i o n a l m o n o m e r s r a t h e r a t t r a c t i v e , t o o . T h e 
b o n d i n g o f w o o d b y e t h y l e n e d i a m i n e a n d 1 , 6 - h e x a m e t h y l e n e d i a m i n e 
c a n b e e x p l a i n e d b y t h e k n o w n c o n d e n s a t i o n r e a c t i o n s b e t w e e n 
a m i n e s a n d l i g n i n (166). I n e x p e r i m e n t s o f d i a m i n e b o n d i n g o f w o o d 
a n d fiber p r e o x i d i z e d w i t h t h e H N 0 3 o r n i t r i c o x i d e s , the d i s r u p t i o n 
o f t h e c e l l u l a r c o m p o n e n t s at t h e w o o d surface was a s s u m e d (83), 
f o l l o w e d b y c o n s o l i d a t i o n a n d c o n d e n s a t i o n w i t h d i a m i n e s i n t h e 
press u n d e r f o r m a t i o n o f e s t e r a n d a m i d e l i n k a g e s . T h i s m e c h a n i s m 
was s u b s t a n t i a t e d b y S E M p h o t o g r a p h s o f the o x i d i z e d w o o d surface 
as w e l l as b y q u a n t i t a t i v e l y d e t e r m i n i n g t h e r e t e n t i o n o f t h e d i a m i n e s 
b y t h e c a r b o x y l i c g r o u p s o n t h e sur face (see F i g u r e 4). 

B I F U N C T I O N A L A C I D S . B o n d i n g o f w o o d b y b i f u n c t i o n a l ac ids a n d 
a n h y d r i d e s has b e e n e x p l a i n e d b y es te r f o r m a t i o n d u r i n g p r e s s i n g 
a n d h e a t i n g (85). E x t r a c t i o n o f t h e b o a r d s w i t h a ce tone i n d i c a t e d that 
b e t w e e n 9 7 . 0 a n d 9 9 . 2 % o f m a l e i c a n h y d r i d e p a r t i c i p a t e d i n b o n d 
f o r m a t i o n . R e m o v a l o f e x t r a c t i v e s i m p r o v e d i n t e r n a l b o n d . C e l l u l o s e 
( b l e a c h e d p u l p ) g a v e d r a s t i c a l l y l o w e r I B v a l u e s , p a r t i c u l a r l y at 
h i g h e r m a l e i c a n h y d r i d e p e r c e n t a g e s . T h e s e r e s u l t s c o u l d i n d i c a t e 
t h e p r e f e r e n t i a l p a r t i c i p a t i o n o f l i g n i n i n b o n d f o r m a t i o n . 

B I F U N C T I O N A L I S O C Y A N A T E S . T h e b r i d g i n g r e a c t i o n b e t w e e n i s o 
cyanates a n d w o o d i n v o l v e s t h e f o r m a t i o n o f u r e t h a n e s w i t h h y d r o x y l s 
o f w o o d . P r e s e n c e o f w a t e r exerts a n e g a t i v e i n f l u e n c e b y f o r m a t i o n 
o f p o l y u r e a s , c a r b o n d i o x i d e , a n d a m i n e s . A l t h o u g h s o m e c o n t r o v e r s y 
s t i l l exists (87), t h e i n d i r e c t e v i d e n c e for c o v a l e n t b o n d f o r m a t i o n is 
s t r o n g , as c e l l u l o s e reacts r e a d i l y w i t h i socyanates (162-64); h o w e v e r , 
b e c a u s e o n l y a f e w r e a c t i v e g r o u p s are a v a i l a b l e , l i g n i n reacts p o o r l y 
(165). I n i s o c y a n a t e b o n d i n g t h e r e a c t i o n i n v o l v e s c h i e f l y t h e c e l l u -
l os i c p a r t o f w o o d (see F i g u r e 4). 

P O L Y M E R S . T h e g e n e r a l i n v o l v e m e n t o f s u r f a c e , a c t i v a t e d o r 
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10. Z A V A R i N Nonconventional Bonding 383 

Figure 10. Scanning electron micrograph of a composite of cellulose 
powder-lignin powder mixture. The big, fibrous cellulose particle (right) 
appears to be bonded to the big amorphous lignin particle (left). A split 
in the cellulose particle suggests that bonding between lignin and cellu
lose particles was stronger than the tensile strength of cellulose perpen

dicular to the fiber axis ( 124). 

n o n a c t i v a t e d , i n d i r e c t b o n d i n g o r i n b o n d i n g i n v o l v i n g i n t e r m e d i a c y 
o f b i f u n c t i o n a l m o n o m e r s is o f t en r e l a t i v e l y easy to u n d e r s t a n d from 
t h e c h e m i c a l p o i n t o f v i e w , b u t t h e s i t u a t i o n is m o r e c o m p l i c a t e d i n 
case o f b o n d i n g b y p o l y m e r s a l l e g e d l y f o r m i n g c o v a l e n t b o n d s w i t h 
t h e sur face . I f t h e a c t i v a t o r is i n t r o d u c e d w i t h t h e p o l y m e r ( m i x e d 
o r s e p a r a t e l y a p p l i e d to t h e sur face ) s e v e r a l a l t e r n a t i v e s p r e s e n t 
t h e m s e l v e s . 

(1) R o l e o f a c t i v a t o r is r e s t r i c t e d m a i n l y o r o n l y to p o l y m e r 
c r o s s - l i n k i n g . I n th i s case t h e a c t i o n o f t h e a d h e s i v e 
b e c o m e s e q u i v a l e n t to that o f p h e n o l - f o r m a l d e h y d e o r 
u r e a - f o r m a l d e h y d e . 

(2) A c t i v a t o r is c h a n g i n g t h e p o l y m e r , e n a b l i n g i t to react 
w i t h w o o d sur face . I n t h i s case t h e surface p a r t i c i p a t e s 
i n c o v a l e n t b o n d i n g , b u t i t is n o t a c t i v a t e d . 

(3) A c t i v a t o r is r e a c t i n g w i t h w o o d sur face , e n a b l i n g i t to 
f o r m c o v a l e n t b o n d s w i t h the p o l y m e r . 

(4) C o m b i n a t i o n o f a l l t h r e e o r o f a n y t w o o f t h e a b o v e . 
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T h e s i t u a t i o n is s i m p l e r w i t h w o o d p r e a c t i v a t e d i n a separate 
s tep (83, 85) , a l t h o u g h i n t h i s case a q u e s t i o n m i g h t b e r a i s e d w h e t h e r 
c h a n g e s o n t h e w o o d sur face (e .g . , f o r m a t i o n o f carboxy ls ) m e r e l y 
c a t a l y z e c r o s s - l i n k i n g o f t h e p o l y m e r o r w h e t h e r c o v a l e n t b o n d s f o r m 
i n v o l v i n g sur face . N o t m u c h e x p e r i m e n t a t i o n has b e e n d o n e so far 
a i m e d at e l u c i d a t i o n o f t h e m e c h a n i s m s o f n o n c o n v e n t i o n a l b o n d i n g 
m e t h o d s i n v o l v i n g i n t e r m e d i a c y o f a p o l y m e r . M o s t o f t h e a v a i l a b l e 
e v i d e n c e is r e s t r i c t e d to t h e P h i l i p p o u process . 

I n t h e P h i l i p p o u p r o c e s s , b o n d i n g is a c h i e v e d b y p r e s s i n g w o o d 
c o n t a i n i n g a n o x i d a n t (e .g . , H 2 0 2 ) o n t h e sur face a n d t r e a t e d w i t h a 
m i x t u r e o f f u r f u r y l a l c o h o l , m a l e i c a c i d , a n d a m m o n i u m l i g n o s u l 
fonate (or c l o s e l y r e l a t e d r e p l a c e m e n t s ) . A c i d p o l y m e r i z a t i o n o f f u r 
f u r y l a l c o h o l has b e e n k n o w n for s o m e t i m e a n d is k n o w n to i n v o l v e 
i n t e r m o l e c u l a r d e h y d r a t i o n o f a l c o h o l i c g r o u p s u n d e r f o r m a t i o n o f a 
p o l y m e r c o m p o s e d o f f u r a n n u c l e i l i n k e d b y m e t h y l e n e b r i d g e s . 
S o m e o f t h e f u r a n n u c l e i o p e n u p d u r i n g t h e r e a c t i o n to f o r m 1,4-
d i k e t o u n i t s ( S c h e m e 2). I n a d d i t i o n f o r m a t i o n o f f u r f u r y l - f u r f u r y l 
e t h e r g r o u p s , f u r f u r y l - f u r y l e t h e r g r o u p s , s p l i t t i n g o f m e t h y l o l 
g r o u p s as f o r m a l d e h y d e as w e l l as s o m e less w e l l u n d e r s t o o d r e a c 
t i ons l e a d i n g to c r o s s - l i n k i n g a n d d a r k e n i n g o f t h e p o l y m e r i c p r o d u c t 
take p l a c e . A l t h o u g h o x i d a t i o n l eads to a v a r i e t y o f p r o d u c t s , f ree 
r a d i c a l c h a i n p o l y m e r i z a t i o n a p p a r e n t l y does n o t o c c u r (170- 76). 

I n a d d i t i o n to t h e o b v i o u s e s te r f o r m a t i o n w i t h h y d r o x y l g r o u p s , 
m a l e i c a n h y d r i d e is k n o w n to reac t w i t h f u r a n c o m p o u n d s v i a D i e l s -
A l d e r r e a c t i o n . T h e d o u b l e b o n d o f m a l e i c a c i d is s u s c e p t i b l e to f ree 
r a d i c a l at tack a n d is o x i d i z a b l e , w i t h o x i d a t i o n b y H 2 0 2 l e a d i n g to 
t a r t a r i c a c i d (J29) . T h e c h e m i s t r y o f m a l e i c a n h y d r i d e has b e e n r e 
v i e w e d t h o r o u g h l y (183). T h e r eac t i ons o f a m m o n i u m l i g n o s u l f o n a t e 
w i t h a c i d o r o x i d i z i n g agents are c o m p l i c a t e d a n d h a v e b e e n m e n 
t i o n e d p r e v i o u s l y ( J 2 2 , 177). B e c a u s e o f these a l t e r n a t i v e s t h e t r a n s 
f o r m a t i o n s f o r m i n g t h e c h e m i c a l basis o f t h e P h i l i p p o u process are 
d i f f i c u l t to n e g o t i a t e . 

O„20H - £ > C H / > H / ^ C „ 2 . . . 

Scheme 2. 
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P h i l i p p o u r e p o r t e d (86, 96) that w a t e r a b s o r p t i o n a n d t h i c k n e s s 
s w e l l i n g o f h i s p a r t i c l e b o a r d s s t r o n g l y d e c r e a s e d w i t h i n c r e a s e d d e n 
s i ty o f t h e p r o d u c t i n c o n t r a s t to t h e c o n v e n t i o n a l l y b o n d e d p r o d u c t s 
(Table V ) . A s is k n o w n f r o m p o l y m e r s c i e n c e , t h e s w e l l i n g o f a t h r e e -
d i m e n s i o n a l p o l y m e r i n s o l vents is r e c i p r o c a l l y r e l a t e d to t h e c ross -
l i n k i n g d e n s i t y o f t h e p o l y m e r i c n e t w o r k . T h e b e h a v i o r o f t h e n o n -
c o n v e n t i o n a l l y b o n d e d p a r t i c l e b o a r d s m e n t i o n e d be f o re , t h u s , s u g 
g e s t e d that w o o d w a s b o n d e d b y a c o n t i n u o u s n e t w o r k o f c o v a l e n t 
b o n d s e x t e n d i n g to a n d i n c l u d i n g t h e sur face . To d e m o n s t r a t e t h e 
c o v a l e n t b o n d i n g b e t w e e n w o o d a n d t h e p o l y m e r s a d d i t i o n a l l y , 
P h i l i p p o u i n v e s t i g a t e d t h e g r a f t i n g o f h i s p o l y m e r i c m i x t u r e to 6 0 -
80 m e s h w o o d s a w d u s t . A l t h o u g h s o m e g r a f t i n g took p l a c e i n t h e 
a b s e n c e o f H 2 0 2 , a d d i t i o n o f th i s c h e m i c a l s t r o n g l y i n c r e a s e d t h e 
p e r c e n t o f graft . S t r o n g e s t g r a f t i n g was e x h i b i t e d b y a m m o n i u m l i g 
n o s u l f o n a t e - f u r f u r y l a l c o h o l m i x t u r e s , f o l l o w e d b y f u r f u r y l a l c o h o l 
a l o n e , w h i l e a m m o n i u m l i g n o s u l f o n a t e a l o n e gra f ted p o o r l y . T h e r e 
sul ts w e r e i n a g r e e m e n t w i t h h i s p a r t i c l e b o a r d e x p e r i m e n t s , i n w h i c h 
m i x t u r e s o f f u r f u r y l a l c o h o l w i t h a m m o n i u m l i g n o s u l f o n a t e p e r f o r m e d 
best . 

A d d i t i o n a l e x p e r i m e n t s b a s e d o n D S C , I R , a n d U V s p e c t r o s c o p y 
w e r e m a d e . F u r f u r y l a l c o h o l b y i t s e l f o r i n t h e p r e s e n c e o f m i l l e d 
w o o d l i g n i n o r a m m o n i u m l i g n o s u l f o n a t e a n d w i t h m a l e i c a c i d as 
cata lyst p r o d u c e d a n e x o t h e r m b e t w e e n 135 a n d 155 °C i n D S C . I n 
t h e p r e s e n c e o f H 2 0 2 , o r i n t h e p r e s e n c e o f w o o d o r l i g n i n p r e r e a c t e d 
w i t h H 2 0 2 , t h e e x o t h e r m s h i f t e d to l o w e r t e m p e r a t u r e s . P r e r e a c t i o n 
o f c e l l u l o s e h a d n o m a j o r effect o n t h e p o s i t i o n o f t h e e x o t h e r m p e a k s , 
h o w e v e r . T h e I R a n d U V s p e c t r a o f t h e c r o s s - l i n k i n g p o l y m e r s p r e 
p a r e d i n t h e p r e s e n c e o f H 2 0 2 d i f f e r e d f r o m those p r e p a r e d o n l y b y 
a c i d p o l y m e r i z a t i o n . T h e r e s u l t s w e r e i n t e r p r e t e d as i n d i c a t i n g that 
g r a f t i n g o f t h e p o l y m e r i c m i x t u r e to l i g n o c e l l u l o s i c surfaces takes 
p l a c e d u r i n g p a r t i c l e b o a r d p r e s s i n g w i t h t h e l i g n i n p o r t i o n o f w o o d 
p l a y i n g t h e d o m i n a n t r o l e i n f o r m a t i o n o f c o v a l e n t b o n d s to t h e w o o d 
sur face (86). 

G r a f t i n g e x p e r i m e n t s g i v e c o n s i d e r a b l e i n s i g h t i n t o t h e n a t u r e 
o f c o v a l e n t b o n d i n g o f n o n c o n v e n t i o n a l a d h e s i v e s to t h e l i g n o c e l l u 
l o s i c surfaces b y a l l o w i n g for t h e assessment o f w h e t h e r a n d to w h a t 
e x t e n t s u c h b o n d s d o f o r m . T h e e x p e r i m e n t s c a n b e r u n i n a s o l v e n t 
m e d i u m (e .g . , w a t e r ) o r i n t h e c o n d e n s e d p h a s e ; t h e l a t t e r c o r r e 
s p o n d s b e t t e r to w h a t takes p l a c e i n t h e h e a t e d press . R e l i a b l e d i s 
t i n c t i o n b e t w e e n gra f t ed p o l y m e r a n d h o m o p o l y m e r ( g e n e r a l l y p e r 
f o r m e d b y d i s s o l v i n g t h e h o m o p o l y m e r i n an a p p r o p r i a t e so lvent ) is 
v e r y i m p o r t a n t a n d o f ten s u b j e c t to c o n s i d e r a b l e d i f f i cu l t i e s b e c a u s e 
o f i n s o l u b i l i z a t i o n o f t h e h o m o p o l y m e r b y c r o s s - l i n k i n g a n d o t h e r 
r e a c t i o n s . 
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10. ZAVARIN Nonconventional Bonding 387 

T h e r e s u l t s o f t h e g r a f t i n g e x p e r i m e n t s are c o m m o n l y r e p o r t e d 
as d e g r e e o f g r a f t i n g (%) o r p e r c e n t g r a f t i n g = (A - B ) 1 0 0 / B , a n d as 
g r a f t i n g e f f i c iency , (%) = (A - B )100 / (A — B ) + C , w h e r e A is t h e 
w e i g h t o f t h e g ra f t ed s a m p l e after e x t r a c t i o n , Β is t h e w e i g h t o f t h e 
o r i g i n a l , n o n g r a f t e d s a m p l e , a n d C is the w e i g h t o f t h e h o m o p o l y 
m e r (J 78). 

T h e g r a f t i n g e x p e r i m e n t s o f P h i l i p p o u w e r e c o n t i n u e d b y C . 
N g u y e n a n d Z a v a r i n (178). I n t h e p r e s e n c e o f H 2 0 2 / F e 2 + f u r f u r y l 
a l c o h o l g r a f t e d to c e l l u l o s e at a p H o f 2 .0 a n d 9 0 °C i n a q u e o u s 
m e d i u m to 1 4 % ; a c i d p r e p o l y m e r i z e d f u r f u r y l a l c o h o l g ra f t ed to 9 1 % 
u n d e r t h e s a m e c o n d i t i o n s . N o g r a f t i n g was o b s e r v e d i n t h e a b s e n c e 
o f H 2 0 2 i n s p i t e o f e x t e n s i v e p o l y m e r i z a t i o n o f 2 - f u r f u r y l a l c o h o l . U s e 
o f m o n o m e r s o t h e r t h a n 2 - f u r f u r y l a l c o h o l i n d i c a t e d that m o n o m e r s 
a b l e to a c i d p o l y m e r i z e , s u c h as 3 - f u r f u r y l a l c o h o l a n d f u r f u r a l , 
g ra f t ed i n a q u e o u s m e d i u m to c e l l u l o s e i n p r e s e n c e o f H 2 0 2 a n d 
F e 2 + . M o n o m e r s u n a b l e to a c i d p o l y m e r i z e , s u c h as 5 - m e t h y l - 2 - f u r -
f u r y l a l c o h o l , a c e t o n y l a c e t o n e , a c e t y l a c e t o n e , a n d t e t r a h y d r o f u r f u r y l 
a l c o h o l , d i d n o t graft . T h e r e s u l t s s u g g e s t e d that a c i d p o l y m e r i z a t i o n 
o f f u r f u r y l a l c o h o l is a n i n d i s p e n s a b l e s tep i n o x i d a t i v e g r a f t i n g to 
c e l l u l o s e ( F i g u r e 11). O x i d a t i o n o f c e l l u l o s e w i t h H 2 0 2 / F e 2 + u n t i l 
d i s a p p e a r a n c e o f t h e o x i d a n t ( T i C l 4 test) , f o l l o w e d b y a d d i t i o n o f f u r 
f u r y l a l c o h o l a c i d p o l y m e r r e s u l t e d i n n o g r a f t i n g ; s i m i l a r p r e o x i d a t i o n 
o f t h e a c i d p o l y m e r f o l l o w e d b y a d d i t i o n o f c e l l u l o s e r e s u l t e d i n 7 2 % 
graft. A n o x i d a t i v e c h a n g e i n f u r f u r y l a l c o h o l a c i d p o l y m e r a p p a r e n t l y 
is n e c e s s a r y for f o r m a t i o n o f c o v a l e n t b o n d s to c e l l u l o s e ; a c t i v a t i o n 
o f c e l l u l o s i c sur face p r o b a b l y p l a y s a n e g l i g i b l e r o l e . 

T h e c h e m i s t r y o f n o n c o n v e n t i o n a l b o n d i n g i n v o l v i n g a c ross -
l i n k i n g m i x t u r e o f t a n n i n , f u r f u r y l a l c o h o l , a n d m a l e i c a c i d i n c o n 
j u n c t i o n w i t h sur face a c t i v a t i o n b y H N 0 3 w e r e s t u d i e d b y D S C , a n d 
I R , U V , a n d N M R s p e c t r o s c o p i e s (179). T h e U V a n d N M R e x p e r i 
m e n t s gave r e s u l t s o f l i m i t e d i m p o r t a n c e . I n D S C f u r f u r y l a l c o h o l 
gave a n e x o t h e r m b e t w e e n 5 0 a n d 100 °C i n t h e p r e s e n c e o f m a l e i c 
a c i d a n d H N 0 3 , w h i c h t e n d e d to shi ft to l o w e r t e m p e r a t u r e s w i t h a n 
i n c r e a s e i n t h e a c i d i t y o f t h e cata lysts . A s h a r p e x o t h e r m was e x h i b 
i t e d at a b o u t 180 °C w i t h m i x t u r e s c o n t a i n i n g H N 0 3 . O n t h e bas is 
o f D S C r e s u l t s a n d I R s p e c t r a i t was c o n c l u d e d that H N 0 3 p r o m o t e d 
c o n d e n s a t i o n r e a c t i o n s o f t h e c r o s s - l i n k i n g m i x t u r e a n d that f u r f u r y l 
a l c o h o l b e c a m e n i t r a t e d w i t h t h e n i t r o g r o u p s d e g r a d i n g to g i v e t h e 
180 °C e x o t h e r m . 

P a r t i c i p a t i o n o f t h e w o o d surface has no t b e e n s t ressed m u c h i n 
n o n c o n v e n t i o n a l b o n d i n g b a s e d o n c r o s s - l i n k i n g o f c a r b o h y d r a t e s i n 
t h e p r e s e n c e o f w e a k ac ids (J20) , c r o s s - l i n k i n g o f l i gnosu l f onates i n 
t h e p r e s e n c e o f s t r o n g ac ids (111-17), a n d b a s e d o n c r o s s - l i n k i n g o f 
l i g n o s u l f o n a t e s i n t h e p r e s e n c e o f o x i d a n t s (106-9). A t t h e same t i m e 
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388 T H E C H E M I S T R Y O F SOLID W O O D 

DO NOT G R A F T 

CH^OH 

H2OH 

H 3 C ,CH, 

G R A F T 

OH 

0< 
POLY FUR FURY L AL.COHOL 

Figure 11. Cellulose graftable and cellulose nongraftable derivatives of 
furan CH202-ferrous ion as activator (178). 

i t w o u l d b e s u r p r i s i n g i f v a r i o u s a c i d d e h y d r a t i o n - c o n d e n s a t i o n 
c r o s s - l i n k i n g r e a c t i o n s t a k i n g p l a c e w i t h c a r b o h y d r a t e s a n d l i g n o s u l 
fonates o r b y p h e n o l i c o x i d a t i v e c o u p l i n g o f l i gnosu l f onates w o u l d not 
e x t e n d to t h e r e l a t e d c o n s t i t u e n t s — c e l l u l o s e , h e m i c e l l u l o s e s , a n d 
l i g n i n — o n t h e w o o d sur face . T h e q u e s t i o n o f t h e surface p a r t i c i p a 
t i o n i n t h e s e processes awai t s a d d i t i o n a l e x p e r i m e n t a t i o n . 

T h e m e c h a n i s m o f n o n c o n v e n t i o n a l b o n d i n g b a s e d o n m i x t u r e s 
o f d i a m i n e s w i t h P V C was e x p l a i n e d (82) o n t h e basis o f the r e p o r t e d 
a b i l i t y o f t h e t w o m a t e r i a l s to p a r t i a l l y c r o s s - l i n k (180) ( S c h e m e 3). 
E p i c h l o r o h y d r i n , u s e d o c c a s i o n a l l y as a n a d d i t i v e , p o l y m e r i z e s w i t h 
p o l y f u n c t i o n a l a m i n e s (J81) ( S c h e m e 4) a n d reacts w i t h l i g n i n i n the 
p r e s e n c e o f a m i n e s o r c a r b o x y l i c ac ids (J82). E v e n s i m p l e r to v i s u 
a l i z e is t h e c r o s s - l i n k i n g o f t h e m i x t u r e o f m a l e i c a n h y d r i d e a n d P V A 
b y f o r m a t i o n o f e s t e r l i n k a g e s (118) that a t tach to t h e h y d r o x y l s o f 
t h e w o o d sur face . 

Conclusions 
T h e r e s e a r c h i n t h e a r e a o f n o n c o n v e n t i o n a l w o o d b o n d i n g has 

n o t r e a c h e d i ts z e n i t h as y e t a n d m u c h a p p l i e d a n d f u n d a m e n t a l w o r k 
r e m a i n s to b e d o n e . So far, i n s p i t e o f a n a p p r e c i a b l e n u m b e r o f 
n o n c o n v e n t i o n a l b o n d i n g s y s t e m s i n e x i s t e n c e , o n l y a f e w are c o m -
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10. Z A V A R i N Nonconventional Bonding 389 

PVC-CI -I- H 2 N-(CH 2 ) n NH 2 + CI-P V C 

i 

P V C - H N ( C H 2 ) n N H - P V C + 2 HCI 

Scheme 3. 

H 2 N ( C H 2 ) n N H 2 + C H 2 - C H - C H 2 C I 

/ Epichlorohydrin 

H N - ( C H 2 ) n N H 2 _ ^ HIVHCH 2) n-NH 2 

C H r C H 0 H ~ C H 2 C I C H y C H - C H - + H C I 

H 2 N ( C H 2 ) n N H C H 2 C H O H C H 2 N H ( C H 2 ) n N H 2 — e t c . 

Scheme 4. 

p e t i t i v e w i t h t h e c o n v e n t i o n a l ones i n t e r m s o f e c o n o m i c s a n d p r o p 
er t i e s o f t h e p r o d u c t s , e . g . , b o n d i n g b y s p e n t su l f i t e l i q u o r at l o w 
p H (Shen) ; b o n d i n g b y a m i x t u r e o f s p e n t su l f i te l i q u o r , f u r f u r y l 
a l c o h o l , a n d m a l e i c a n h y d r i d e w i t h a n o x i d i z i n g a c t i v a t o r ( P h i l i p p o u ) ; 
a n d b o n d i n g b y w a t e r - s o l u b l e c a r b o h y d r a t e s w i t h a cata lyst (Stofko). 
A p p a r e n t l y , o n l y o n e ( isocyanates) is i n i n d u s t r i a l use . T h e m e t h o d s 
o f a p p l i c a t i o n o f a c t i v a t o r s , b i f u n c t i o n a l m o n o m e r s , o r p o l y m e r s , a n d 
o f p r e s s i n g t h e t r e a t e d p a r t i c l e s at e l e v a t e d t e m p e r a t u r e s c o r r e s p o n d 
to those u s e d w i t h t h e c o n v e n t i o n a l s y s t e m s a n d g e n e r a l l y d o no t 
p r e s e n t d i f f i c u l t i e s . E x c e p t i o n s are t h e m e t h o d s r e q u i r i n g p r e t r e a t -
m e n t o f t h e p a r t i c l e s w i t h gases s u c h as n i t r o g e n ox ides as h a l o g e n s 
that r e q u i r e s p e c i a l t r e a t m e n t c h a m b e r s . I f s t r o n g ac ids o r o x i d a n t s 
are e m p l o y e d , c o r r o s i o n o f t h e e q u i p m e n t m u s t b e c o n s i d e r e d a n d 
c o r r o s i o n - r e s i s t a n t m a t e r i a l s u s e d . C o n v e r s e l y , use o f i r o n e q u i p m e n t 
(press p l a t e n s , s p r a y bot t les ) c o u l d l e a d to c a t a l y t i c a l d e c o m p o s i t i o n 
o f c e r t a i n c h e m i c a l s , s u c h as H 2 0 2 , i f t h e s e are u s e d as ac t ivators . 
S t o r a g e o f s o m e s t r o n g o x i d a n t s s u c h as c h l o r a t e s c o u l d i n v o l v e safety 
h a z a r d s . T h e m e t h o d s o f t e s t i n g the p r o d u c e d p a r t i c l e b o a r d c o r r e 
s p o n d to those c o n v e n t i o n a l l y u s e d . 

T h e n o n c o n v e n t i o n a l l y p r o d u c e d p a r t i c l e b o a r d c a n offer s e v e r a l 
advantages . S o m e s y s t e m s offer b e t t e r w a t e r a b s o r p t i o n a n d t h i c k n e s s 
s w e l l i n g c h a r a c t e r i s t i c s a n d / o r l o w f o r m a l d e h y d e e m i s s i o n s . R e l i a n c e 
o n a g r i c u l t u r a l b y - p r o d u c t s a n d i n d e p e n d e n c e f r o m t h e i n t e r n a t i o n a l 
o i l m a r k e t r e p r e s e n t a d d i t i o n a l a t t rac t i ons . T h e p r o b l e m s ye t to b e 
s o l v e d are m a i n l y c o n n e c t e d w i t h a b n o r m a l l y h i g h v a r i a b i l i t y i n t h e 
m e c h a n i c a l p r o p e r t i e s a n d g e n e r a l l y i n f e r i o r p e r f o r m a n c e i n t h e l o w 
d e n s i t y area . 
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T h e c h e m i s t r y o f the b o n d i n g processes m u s t b e u n d e r s t o o d 
b e t t e r for f u r t h e r p r o g r e s s to b e m a d e . A l t h o u g h t h e r e is n o l a ck o f 
h y p o t h e s e s e x p l a i n i n g t h e c h e m i c a l t r a n s f o r m a t i o n s t a k i n g p l a c e , 
o n l y a l i m i t e d a m o u n t o f w o r k has b e e n d o n e to a l l o w an i n s i g h t i n t o 
w h a t a c t u a l l y h a p p e n s . I n m a n y cases e v e n s u c h i t e m s as t h e c h e m i c a l 
n a t u r e o f sur face a c t i v a t i o n a n d e x i s t e n c e o f c o v a l e n t b o n d s to w o o d 
sur face are n o t u n d e r s t o o d . 

Addenda 

W o o d S u r f a c e S t u d i e s . A t t e n u a t e d to ta l r e f l e c t a n c e ( A T R ) was 
u s e d to s t u d y t h e w o o d sur face b y I R spec t roscopy . A r o m a t i c l i g n i n 
b a n d s w e r e l e s s i n t e n s i v e i n A T R s p e c t r a t h a n i n t r a n s m i t t a n c e 
s p e c t r a . T h i s was e x p l a i n e d b y t h e p r e f e r e n t i a l e x p o s u r e o f t h e S 2 

l a y e r d u r i n g c u t t i n g (185). 
It was p r o p o s e d o n t h e basis o f t h e r esu l t s o f E S R a n d i o d o m e t r i c 

p e r o x i d e d e t e r m i n a t i o n s that p h o t o d e g r a d a t i v e m o d i f i c a t i o n o f the 
w o o d sur face starts w i t h f o r m a t i o n o f f ree rad i ca l s that i n t e r a c t w i t h 
o x y g e n to f o r m h y d r o p e r o x i d e g r o u p s . T h e l a t t e r d e c o m p o s e r a p i d l y 
to f o r m c a r b o n y l , c a r b o x y l , a n d s i m i l a r g r o u p s (186). 

N o n c o n v e n t i o n a l B o n d i n g w i t h A c i d A c t i v a t i o n . C o n c e n t r a t e d 
o r s p r a y - d r i e d , s p e n t su l f i t e l i q u o r , w i t h o r w i t h o u t p r e v i o u s u l t r a 
filtration, was u s e d as a b i n d e r for w a f e r b o a r d s . T h e press t e m p e r a 
t u r e s u s e d w e r e b e t w e e n 2 1 0 a n d 2 3 0 °C a n d t h e press t i m e s b e t w e e n 
5 a n d 10 m i n , w i t h t h e a m o u n t o f r e s i n b e t w e e n 4 a n d 5 % . T h e 
b o a r d s p r o d u c e d w e r e b e t t e r o r c o m p a r a b l e to t h e b o a r d s m a d e u s i n g 
p h e n o l - f o r m a l d e h y d e r e s i n a c c o r d i n g to I B , M O E , M O R , h a r d n e s s , 
a n d l i n e a r e x p a n s i o n tests ; t h e cost o f t h e b i n d e r was t w o f o l d o r 
t h r e e f o l d less (187). 

T h e t o r s i o n shear test was u s e d to e v a l u a t e t h e r o l e o f c a r b o 
h y d r a t e s i n t h e p o l y m e r i z a t i o n o f s p e n t su l f i te l i q u o r . It was d e m 
o n s t r a t e d that t h e l o w e r m o l e c u l a r w e i g h t f r a c t i o n o f s p e n t su l f i te 
l i q u o r , w h i c h c o n t a i n e d l a r g e a m o u n t s o f r e d u c i n g sugars , was r e a c 
t i v e a n d h a d g o o d b i n d i n g p r o p e r t i e s . T h e h i g h e r m o l e c u l a r w e i g h t 
f r a c t i o n , c o n t a i n i n g n o c a r b o h y d r a t e s , w o u l d no t t h e r m o s e t . A d d i t i o n 
o f g l u c o s e to t h e l a t t e r f r a c t i o n r e s u l t e d i n g o o d b o n d i n g p r o p e r t i e s , 
h o w e v e r . A t a t e m p e r a t u r e o f 2 1 0 °C bes t resu l t s w e r e o b t a i n e d w i t h 
a m i x t u r e o f c r u d e s p e n t su l f i t e l i q u o r c o n t a i n i n g 4 0 - 4 5 % g lucose . 
A t 2 3 0 °C t h e a c t i v i t y o f s p e n t su l f i te l i q u o r i n c r e a s e d a n d e v e n p u r e 
g l u c o s e , w i t h a m m o n i u m sul fate as t h e a c i d i c c o m p o n e n t , gave ex
c e l l e n t r e s u l t s . O t h e r sugars b e h a v e d s i m i l a r l y to g lucose . F u r a l d e -
h y d e d e r i v a t i v e s w e r e far less r e a c t i v e t h a n g l u c o s e ; g l u c i t o l a n d 
g l u c o n i c a c i d gave n o b o n d i n g . P o s i t i v e resu l t s w e r e o b t a i n e d w i t h 
u n s a t u r a t e d a l d e h y d e s s u c h as a c r o l e i n a n d c i n n a m a l d e h y d e . A l l 
these r e s u l t s s u g g e s t e d that f o r m a t i o n o f a n u n s a t u r a t e d a l d e h y d e 
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f u n c t i o n p l a y s a n i m p o r t a n t r o l e i n t h e p o l y m e r i z a t i o n o f s u g a r s . 
S t u d y o f t h e v a r i o u s p o l y m e r i z a t i o n catalysts i n d i c a t e d a c l e a r c o r 
r e l a t i o n b e t w e e n a c i d s t r e n g t h a n d c a t a l y t i c a c t i v i t y (188). 

N o n c o n v e n t i o n a l B o n d i n g w i t h O x i d a n t A c t i v a t i o n . P r e -
t r e a t m e n t o f w o o d f l akes w i t h H N 0 3 , f o l l o w e d b y a p p l i c a t i o n o f a 
m i x t u r e o f f u r f u r y l a l c o h o l , a m m o n i u m l i g n o s u l f o n a t e , a n d m a l e i c 
a n h y d r i d e ( w e i g h t r a t i o 4 . 2 : 1 . 8 : 1 . 0 , r e s p e c t i v e l y , 7 % to ta l o f o v e n -
d r i e d w o o d ) , gave b o a r d s w i t h a t h i c k n e s s s w e l l i n g o f 1 4 - 1 6 % o v e r 
a r a n g e o f 0 . 4 5 - 0 . 7 5 g / c m 3 d e n s i t i e s . W i t h H 2 0 2 i n s t e a d o f H N 0 3 

t h e b o a r d s f a i l e d i n t h e 2 - h b o i l i n g test at 0 .65 g / c m 3 d e n s i t y a n d 
su f f e red s e v e r e t h i c k n e s s s w e l l i n g at 0 .75 g / c m 3 d e n s i t y . T h e o p 
t i m u m b o a r d - m a k i n g p a r a m e t e r s w e r e e s t a b l i s h e d as 180 °C , 7 - m i n 
press t i m e , a n d 9 . 5 % m a t m o i s t u r e c o n t e n t (189). 

I m p r o v e m e n t i n the p a r t i c l e b o a r d p r o p e r t i e s m a d e b y the p r o 
cess b a s e d o n H N 0 3 s u r f a c e a c t i v a t i o n a n d a m m o n i u m l i g n o s u l 
fonate - f u r f u r y l a l c o h o l - m a l e i c a n h y d r i d e b i n d e r was r e p o r t e d to r e 
su l t f r o m d r y i n g o f t h e H N 0 3 t r e a t e d c h i p s (190). 

D i r e c t w o o d - t o - w o o d b o n d i n g w a s i n v e s t i g a t e d u s i n g w o o d 
p a n e l s o f Acer saccharum M a r s h . , Betula alleghaniensis B r i t t o n , 
Quercus rubra L . , Pseudotsuga menziesii ( M i r b . ) F r a n c o , a n d Pinus 
palustris M i l l i n c o m b i n a t i o n w i t h a c t i v a t i n g agents i n c l u d i n g H N 0 3 

(40%), H 2 S 0 4 (30%), H 2 0 2 (30%), p o t a s s i u m p e r s u l f a t e (0.3 M ) , a n d 
p o t a s s i u m p e r i o d a t e (0.3 M). I n t e r m s o f shear s t r e n g t h o f t h e r e 
s u l t i n g H N 0 3 - b o n d e d p r o d u c t s , Acer saccharum p e r f o r m e d bes t a n d 
Pinus palustris p e r f o r m e d w o r s t (8 g o f r eagents p e r 12 .7 x 1 7 . 8 - c m 
p a n e l s , 100 °C , 2 9 0 p s i , 1 h) . W i t h Acer saccharum, H N 0 3 a c t i v a t i o n 
p e r f o r m e d bes t (shear o f a b o v e 2031 ps i ) . N o n e o f t h e p r o d u c t s w e r e 
w a t e r - r e s i s t a n t , h o w e v e r . 

U r e a , h e x a m e t h y l e n e d i a m i n e , m a l e i c a n d p h t h a l i c a n h y d r i d e s , 
v a n i l l i n , b e n z o i c a c i d , p h e n o l , r e s o r c i n o l , a n d t a n n i n ( from Acacia 
mearnsii D e W i l d ) w e r e u s e d as b r i d g i n g agents i n c o m b i n a t i o n w i t h 
a c t i v a t i o n b y H N 0 3 (170 ° C , 2 9 0 p s i , 3 0 m i n , a n d 6 g o f b r i d g i n g 
m a t e r i a l p e r p a n e l ) . I n n e a r l y a l l cases t h e shear v a l u e s i m p r o v e d 
u p o n a c i d t r e a t m e n t a n d w e r e h i g h e s t w i t h m a l e i c a n h y d r i d e , b e n 
z o i c a c i d , r e s o r c i n o l , a n d t a n n i n (2705, 2 3 7 9 , 2 5 8 3 , a n d 2768 p s i , 
r e s p e c t i v e l y ) ; t h e s a m e b r i d g i n g agents h a d w e t shears o f 708 , 743 , 
726 , a n d 1334 p s i , r e s p e c t i v e l y , a n d t h e o t h e r agents i n m o s t cases 
d i d n o t g i v e a n y w a t e r r e s i s t a n c e to w o o d p a n e l s . T h e c o m b i n a t i o n 
o f t a n n i n w i t h H N 0 3 p r e t r e a t m e n t p r o d u c e d p a n e l s c o m p a r a b l e to 
those b o n d e d w i t h p h e n o l i c a d h e s i v e s (191). 

E x t r a c t i v e - f r e e w o o d f l o u r o f Acer saccharum M a r s h , ( sugar 
m a p l e ) , α - c e l l u l o s e , b i r c h a c e t y l - 4 - O - m e t h y l g l u c u r o n o x y l a n , a n d 
s p r u c e - m i l l e d w o o d l i g n i n w e r e t r e a t e d w i t h 4 0 % H N 0 3 a n d t h e 
r e s u l t i n g p r o d u c t s w e r e i n v e s t i g a t e d b y I R a n d U V s p e c t r o s c o p y i n 
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c o m b i n a t i o n w i t h w e t c h e m i c a l a n a l y t i c a l m e t h o d s . C e l l u l o s e was 
o x i d i z e d at 100 °C to f o r m c a r b o x y l s ; e v i d e n c e o f c e l l u l o s e n i t r a t i o n 
a n d o f t h e p r e s e n c e o f H N 0 3 a b s o r b e d b y c e l l u l o s e at a m b i e n t t e m 
p e r a t u r e was o b t a i n e d . X y l a n was s t r o n g l y c h a n g e d b y h y d r o l y s i s o f 
a c e t y l g r o u p s at t h e a m b i e n t t e m p e r a t u r e ; at 100 °C h y d r o l y s i s o f t h e 
c h a i n s , r e c o n d e n s a t i o n r e a c t i o n s , a n d f o r m a t i o n o f u r o n i c a n d a l d o n i c 
a c ids , f o l l o w e d b y t h e i r l a c t o n i z a t i o n , took p l a c e . T h e l i g n i n p o r t i o n 
o f w o o d was e x t e n s i v e l y m o d i f i e d at t h e a m b i e n t t e m p e r a t u r e w i t h 
t h e r e a c t i o n s i n c l u d i n g o x i d a t i o n , n i t r a t i o n , d e g r a d a t i o n , a n d c o n 
d e n s a t i o n . T h e m a j o r d e g r a d a t i o n p r o d u c t i s o l a t e d f r o m H N 0 3 t r e a t 
m e n t o f w o o d was 2 , 4 - d i n i t r o g u a i a c o l (192). 

I s o c y a n a t e s . T h e i n f l u e n c e o f v a r i o u s m a n u f a c t u r i n g p a r a m e 
ters o n t h e p r o p e r t i e s ( I B , M O E , M O R , b o i l e d M O R ) o f w a f e r b o a r d 
b o n d e d b y p o l y m e r i c i socyanates was e x a m i n e d . T h e a m o u n t o f a d 
h e s i v e u s e d w a s 1 . 5 - 2 . 2 5 % , t h e press t i m e was 1 - 3 m i n , t h e t e m 
p e r a t u r e was 1 7 7 - 2 0 4 ° C , a n d t h e d e n s i t y o f t h e b o a r d s was 0 .679 
g / c m 3 . T h e e x p e r i m e n t s i n d i c a t e d that u n d e r t h e c o n d i t i o n s u s e d t h e 
N a t i o n a l B u r e a u o f S t a n d a r d s ( N B S ) 2 - B - 2 s tandards c a n b e a c h i e v e d 
(193) . 

I R s p e c t r o s c o p i c e v i d e n c e for c o v a l e n t u r e t h a n e b o n d f o r m a t i o n 
i n t h e r e a c t i o n b e t w e e n i socyanates a n d w o o d has b e e n o b t a i n e d . 
I s o l a t i o n o f h o l o c e l l u l o s e b y t h e s o d i u m c h l o r i t e m e t h o d , i s o l a t i o n o f 
l i g n i n b y t h e H 2 S 0 4 p r o c e d u r e , a n d s u b j e c t i n g b o t h to I R s p e c t r o s 
c o p y i n d i c a t e d that i socyanates r e a c t e d w i t h b o t h c e l l u l o s e a n d l i g n i n 
(194) . 

I n t h r e e - l a y e r f l a k e b o a r d s b a s e d o n five so f twood a n d h a r d w o o d 
spec i es o f 4, 10, a n d 1 8 % m o i s t u r e c o n t e n t , w i t h press t e m p e r a t u r e 
o f 177 °C , 6 - m i n press t i m e , a n d 3 % i so cyanate b i n d e r , the r e s u l t s 
s h o w e d that m o i s t u r e c o n t e n t o f w o o d was t h e m o s t i m p o r t a n t v a r i 
a b l e ; at 1 8 % m o i s t u r e l e v e l , I B a n d b o n d i n g p r o p e r t i e s w e r e l o w e s t . 
S p e c i e s o f w o o d i n f l u e n c e d s t r o n g l y t h e b o n d i n g e f f i c iency . I n a l m o s t 
a l l cases t h e b e n d i n g p r o p e r t i e s w e r e t h e k e y c h a r a c t e r i s t i c o f t h e 
p a n e l p e r f o r m a n c e . S o u t h e r n p i n e p r o d u c e d t h e b o a r d s w i t h l o w e s t 
I B ( 8 1 - 1 1 6 ps i ) , a n d r e d oak gave t h e h i g h e s t I B v a l u e s ( 9 8 - 2 1 3 psi) 
(J95) . 

T h e use o f m i x t u r e s o f d i p h e n y l m e t h a n e d i i s o c y a n a t e a n d v a r 
i ous p o l y o l s as p a r t i c l e b o a r d b i n d e r s was r e c o m m e n d e d , a n d I B 
v a l u e s u p to 157 p s i at 1 .5% b i n d e r c o n t e n t ( 0 . 8 0 - 0 . 8 6 - g / c m 3 d e n s i t y ) 
w e r e r e p o r t e d (J 96). 

S e v e r a l r e v i e w s a n d d i s c u s s i o n s o f b o n d i n g b y i socyanates are 
a v a i l a b l e (197-201). 

N o n p o l a r N o n c o n v e n t i o n a l B i n d e r s . W o o d cross sec t ions a n d 
v e n e e r s p e c i m e n s o f Betula maximowicziana R e g e l w e r e m e t h a c r y -
l a t e d , a c r y l a t e d , p r o p i o n a t e d , a n d i s o b u t y r a t e d a n d g l u e d w i t h s ty -
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r e n e m o n o m e r - b e n z o y l p e r o x i d e . T h e s p e c i m e n s that w e r e e s t e r i -
fied w i t h ac ids c o n t a i n i n g a n a c t i v e d o u b l e b o n d b o n d e d p r o p e r l y , 
a n d a l l s p e c i m e n s f a i l e d i n w h i c h o n e o r b o t h p a r t n e r s w e r e e s t e r i f i e d 
w i t h s a t u r a t e d ac ids . U p o n a l k a l i n e s a p o n i f i c a t i o n o f t h e b o n d e d w o o d 
t h e c o p o l y m e r s o f s t y r e n e w i t h m e t h a c r y l i c a c i d w e r e i s o l a t e d . 
B o n d i n g was e x p l a i n e d b y b r i d g i n g t h r o u g h graft c o p o l y m e r i z a t i o n . 
S h e a r s t r e n g t h o f t h e t h r e e - p l y p l y w o o d p r e p a r e d b y t h e a b o v e 
m e t h o d s was s m a l l , h o w e v e r , a n d the v a l u e s s t r o n g l y s c a t t e r e d ; th is 
o b s e r v a t i o n was e x p l a i n e d b y t h e r o u g h n e s s o f the w o o d surface a n d 
b y i n c o m p l e t e c o p o l y m e r i z a t i o n , i n h i b i t e d b y l i g n i n a n d r e s i d u a l ex
t rac t ives (202-5). 

E x p e r i m e n t a t i o n w i t h p o l y p r o p y l e n e a n d m o d i f i e d p o l y p r o 
p y l e n e as h o t - m e l t a d h e s i v e s gave p l y w o o d s a m p l e s that sat is f ied 
spec i f i ca t i ons o f t h e J a p a n A g r i c u l t u r a l S t a n d a r d s . A c c o r d i n g to S E M 
data , m o l t e n p o l y p r o p y l e n e m a d e g o o d contac t w i t h the v e n e e r s u r 
face a n d p e n e t r a t e d i n t o t h e l u m e n a o f t h e ce l l s a n d o t h e r spaces . 
T h e g l u e - j o i n t s t r e n g t h s o f a c e t y l a t e d a n d s i l y l a t e d w o o d g l u e d w i t h 
p o l y p r o p y l e n e w e r e n e a r l y i n d e p e n d e n t f r o m the d e g r e e o f a c e t y l a -
t i o n o r s i l y l a t i o n . W i t h m o d i f i e d p o l y p r o p y l e n e t h e s t r e n g t h d e 
c r e a s e d s l i g h t l y w i t h i n c r e a s e d a c e t y l a t i o n . D e u t e r i u m e x c h a n g e i n 
d i c a t e d that a c c e s s i b i l i t y o f h y d r o x y l s was n e a r l y t h e s a m e be fore a n d 
after g l u i n g i n t h e case o f p o l y p r o p y l e n e ( 5 3 % vs . 5 1 % , r e s p e c t i v e l y ) . 
I n m o d i f i e d p o l y p r o p y l e n e t h e a c c e s s i b i l i t y d e c r e a s e d to 4 5 % after 
g l u i n g . I t was c o n c l u d e d that m e c h a n i c a l a d h e s i o n d o m i n a t e d w i t h 
n o n p o l a r p o l y p r o p y l e n e , a n d w i t h m o d i f i e d p o l y p r o p y l e n e s o m e 
a d h e s i o n d u e to p r i m a r y a n d s e c o n d a r y v a l e n c e forces was c o n t r i b 
u t i n g to t h e b o n d i n g (206, 207). 

D r y r u b b e r o r la tex was u s e d as a b i n d e r for p a r t i c l e b o a r d . 
P a r t i c l e b o a r d m e t spec i f i ca t i ons a n d was s u p e r i o r to t h e b o a r d s p r e 
p a r e d u s i n g t h e r m o s e t t i n g b i n d e r s i n t h e s t e a m a n d ho t w a t e r r e s i s 
tance as w e l l as i n p r i c e (208). 

O t h e r M e t h o d s . Pentacme contorta M e r r . a n d R o l f e ( w h i t e 
lauan) a n d Swietenia macrophylla K i n g ( large - lea f m a h o g a n y ) w o o d 
f o r m e d e n d - g r a i n j o i n t s w h e n p r e s s e d at e l e v a t e d t e m p e r a t u r e s . I n 
crease i n t e m p e r a t u r e f r o m 100 to 156 °C i n c r e a s e d b o n d s t r e n g t h . 
P r e s s u r e h a d s o m e effect. B o n d s t r e n g t h o b t a i n e d a m o u n t e d to a b o u t 
5 2 % o f that o b t a i n e d w i t h u r e a - f o r m a l d e h y d e a d h e s i v e s . B o n d i n g 
was e x p l a i n e d b y s o f t e n i n g o f l i g n i n at t h e t e m p e r a t u r e s u s e d (209). 

A q u e o u s h e x a m e t h y l e n e t e t r a m i n e s o l u t i o n a d j u s t e d to p H 2 .0 
b y a d d i t i o n o f H 2 S 0 4 was u s e d as a b i n d e r for p a r t i c l e b o a r d . T h e 
a m o u n t o f h e x a m e t h y l e n e t e t r a m i n e so l ids was 1 0 % o f w o o d w e i g h t . 
H e a t i n g was b y p r e s s p l a t e n s a n d b y h i g h f r e q u e n c y ; t e m p e r a t u r e s 
r a n g e d from 180 to 2 2 0 °C w i t h 5 m i n o f press t i m e . T h e b o a r d s 
p r e s s e d at 2 2 0 °C h a d a d e n s i t y o f 0 .75 g / c m 3 a n d e x h i b i t e d a n I B o f 
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4 5 p s i , t h i c k n e s s s w e l l i n g o f 5 . 7 % (2 h) , a n d w a t e r a b s o r p t i o n o f 
1 5 . 9 % . T h e a m o u n t o f f o r m a l d e h y d e g i v e n off was h i g h e r t h a n w i t h 
t h e p h e n o l - f o r m a l d e h y d e b o a r d s , b u t l o w e r t h a n w i t h u r e a — f o r m a l 
d e h y d e b o a r d s (210). 

P a t e n t s . A n u m b e r o f p a t e n t s o n n o n c o n v e n t i o n a l b i n d e r s a p 
p e a r e d , i n c l u d i n g a q u e o u s d i s p e r s i o n o f e p o x y r e s i n (211); a m i x t u r e 
o f d i i s o c y a n a t e s o r p o l y i s o c y a n a t e s , a l k y l e n e ox ides o r h a l o g e n a t e d 
a l k y l e n e o x i d e s , a n d l i g n i n (212); a l k a l i - t r e a t e d c h l o r o l i g n i n , o p t i o n 
a l l y i n c l u d i n g p h e n o l i c o r a m i n o r e s i n s (213); m i x t u r e s o f p o l y i s o c y a 
nates w i t h l i g n i n ( l i gnosu l fonates o r K r a f t l i g n i n ) (214); a n d a m m o 
n i u m l i g n o s u l f o n a t e (215). 
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Chemistry of Weathering and Protection 

WILLIAM C. FEIST 
U.S. Department of Agriculture, Forest Service, Forest Products Laboratory, 
Madison, WI 53705 

DAVID N.-S. H O N 
Department of Forest Products, Virginia Polytechnic Institute and State 
University, Blacksburg, VA 24061 

Wood exposed to the outdoors undergoes p h o t o d e g r a 
dation and photooxidative degradation in the natural 
weathering process. UV light interacts with lignin to 
initiate discoloration and deterioration. Deterioration of 
wood in the natural weathering process involves a very 
complex, free radical reaction sequence. Light does not 
penetrate wood past 200 µm; therefore, degradation 
reactions are a surface phenomenon. The free radicals 
generated in wood by light rapidly interact with oxygen 
to produce hydroperoxides which in turn are easily de
composed to produce chromophoric groups. In this 
chapter the influence of outdoor weathering on the per
formance of wood and wood-based materials is discussed 
in detail. Macroscopic, microscopic, chemical, and 
physical changes are described. The mechanisms of 
weathering and methods of protection of exposed wood 
surfaces are summarized. 

^ X ^ O O D is A N A T U R A L L Y D U R A B L E M A T E R I A L that has b e e n r e c o g n i z e d 
for c e n t u r i e s t h r o u g h o u t t h e w o r l d for its v e r s a t i l e a n d a t t rac t i ve 
e n g i n e e r i n g a n d s t r u c t u r a l p r o p e r t i e s . H o w e v e r , l i k e o t h e r b i o l o g i c a l 
m a t e r i a l s , w o o d is s u s c e p t i b l e to e n v i r o n m e n t a l d e g r a d a t i o n . W h e n 
w o o d is e x p o s e d to t h e o u t d o o r s above g r o u n d , a c o m p l e x c o m b i 
n a t i o n o f c h e m i c a l , m e c h a n i c a l , a n d l i g h t e n e r g y factors c o n t r i b u t e 
to w h a t is d e s c r i b e d as weathering (I). W e a t h e r i n g is no t to b e c o n 
f u s e d w i t h decay , w h i c h r e s u l t s f r o m d e c a y o r g a n i s m s (fungi) a c t i n g 
i n t h e p r e s e n c e o f excess m o i s t u r e a n d a i r for an e x t e n d e d p e r i o d o f 
t i m e (2). U n d e r c o n d i t i o n s s u i t a b l e for t h e d e v e l o p m e n t o f decay , 

This chapter not subject to U.S. copyright. 
Published 1984, American Chemical Society 
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w o o d c a n d e t e r i o r a t e r a p i d l y a n d t h e r e s u l t is far d i f f e rent t h a n that 
o b s e r v e d for n a t u r a l o u t d o o r w e a t h e r i n g . 

T h e d e g r a d a t i o n o f w o o d b y a n y b i o l o g i c a l o r p h y s i c a l agent 
m o d i f i e s s o m e o f i ts o r g a n i c c o m p o n e n t s . T h e o r g a n i c c o m p o n e n t s 
i n w o o d are p r i m a r i l y p o l y s a c c h a r i d e s a n d p o l y p h e n o l i c s : c e l l u l o s e , 
h e m i c e l l u l o s e s , a n d l i g n i n . E x t r a c t i v e s are also p r e s e n t i n r e l a t i v e l y 
s m a l l q u a n t i t i e s a n d t h e i r c o n c e n t r a t i o n d e t e r m i n e s co lor , odor , a n d 
o t h e r n o n m e c h a n i c a l p r o p e r t i e s o f a w o o d spec ies . A c h a n g e i n these 
c o m p o n e n t s m a y b e c a u s e d b y a n e n z y m e , a c h e m i c a l , o r e l e c t r o 
m a g n e t i c r a d i a t i o n , b u t i n v a r i a b l y , t h e n e t r e s u l t is a c h a n g e i n m o 
l e c u l a r s t r u c t u r e t h r o u g h s o m e c h e m i c a l r e a c t i o n . S t a l k e r (3) c o n 
v e n i e n t l y d i v i d e d t h e e n v i r o n m e n t a l agenc ies that b r i n g a b o u t w o o d 
d e g r a d a t i o n i n t o ca tegor i es . Physical f o r m s o f e n e r g y w e r e u s e d to 
d e s c r i b e a l l factors o t h e r t h a n f u n g i , insec t s , o r a n i m a l s . T h e i m p o r 
t a n c e o f t h e v a r i o u s p h y s i c a l d e s t r u c t i v e agents o n w o o d c a n b e c o n 
s i d e r e d b y c o m p a r i n g t w o s i t u a t i o n s , i n s i d e a n d o u t s i d e t h e w o o d 
s t r u c t u r e s (Table I). T h e m o s t s e r i o u s r i s k to w o o d i n d o o r s c o m e s 
f r o m f i r e . O u t d o o r s , t h e m o s t i m p o r t a n t factor is w e a t h e r i n g . 

T h i s c h a p t e r u p d a t e s a n d c o n s o l i d a t e s p a s t l i t e r a t u r e o n t h e 
w e a t h e r i n g a n d p r o t e c t i o n o f w o o d , a n d e m p h a s i z e s r e c e n t a n d n e w 
r e s e a r c h i n th i s a rea . 

T a b l e I . R e l a t i v e E f f e c t o f V a r i o u s E n e r g y F o r m s o n W o o d 

Indoor Outdoor 

Energy Form Result 

Degree 
of 

Effect Result 

Degree 
of 

Effect 

T h e r m a l 
Intense fire severe fire severe 
Slight darkening of darkening of 

color slight color slight 
L i g h t 

Visible and U V color change slight large color changes severe 
chemical degradation 

(especially lignin) severe 
Mechanical wear and tear slight wear and tear slight slight 

w i n d erosion slight 
surface roughening severe 
defiberization severe 

C h e m i c a l staining slight surface roughening severe 
discoloration slight defiberization severe 
color changes slight selective leaching severe 

color changes severe 
strength loss severe 
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Background 

P e r h a p s t h e e a r l i e s t r e c o r d o f t h e sun 's effect o n w o o d m a t e r i a l s c a n 
b e f o u n d i n E x o d u s 15:23 w h e n M o s e s l e d t h e I s rae l i t es i n t o t h e 
w i l d e r n e s s o f S h u r : 

A n d w h e n t h e y c a m e to M a r a h , t h e y c o u l d n o t d r i n k t h e 
w a t e r s o f M a r a h , for t h e y w e r e b i t t e r ; t h e r e f o r e i t was n a m e d 
M a r a h . S o t h e p e o p l e g r u m b l e d at M o s e s , s a y i n g " W h a t 
s h a l l w e d r i n k ? " T h e n h e c r i e d o u t to t h e L o r d , a n d t h e 
L o r d s h o w e d h i m a tree; a n d h e t h r e w it i n t o t h e w a t e r s , 
a n d t h e w a t e r s b e c a m e sweet . 

M a r a h is a n a r e a o f d e s e r t l o c a t e d n e a r t h e R e d S e a o n t h e S i n a i 
P e n i n s u l a . T h e d e s e r t w a t e r is b i t t e r d u e to h i g h a l k a l i n i t y . W e a t h 
e r i n g o f w o o d o n t h e d e s e r t b y t h e s u n causes t h e a l c o h o l g r o u p s o f 
c e l l u l o s e a n d h e m i c e l l u l o s e to b e o x i d i z e d to c a r b o x y l g r o u p s . B y 
t h r o w i n g a p i e c e o f w e a t h e r e d w o o d i n t o t h e a l k a l i n e w a t e r , a n a c i d -
base r e a c t i o n takes p l a c e i n w h i c h t h e a l k a l i n i t y o f t h e w a t e r is r e 
d u c e d . T h e r e b y , t h e w a t e r b e c o m e s sweet. 

I n a d d i t i o n to t h i s i n c i d e n t , m a n n o d o u b t was a w a r e o f t h e 
e n v i r o n m e n t ' s d e g r a d a t i v e effect o n w o o d s i n c e h e first b e g a n u s i n g 
s u c h m a t e r i a l s . H o w e v e r , i t was not u n t i l 1827 that t h e c h e m i c a l 
p h e n o m e n o n o f w o o d w e a t h e r i n g was r e p o r t e d b y B e r z e l i u s (4), f o l 
l o w e d b y W i e s n e r (5) i n 1846, a n d S c h r a m m (6) i n 1906. H o w e v e r , 
s y s t e m a t i c s t u d i e s o n w e a t h e r i n g r eac t i ons i n w o o d d i d no t b e g i n 
u n t i l t h e 1950s (I). 

General Aspects of Wood Weathering 
I n o u t d o o r w e a t h e r i n g o f s m o o t h w o o d , o r i g i n a l surfaces b e c o m e 

r o u g h as t h e g r a i n ra i ses , t h e w o o d c h e c k s , a n d t h e c h e c k s g r o w i n t o 
l a rge c r a c k s ; g r a i n m a y l o o s e n , a n d b o a r d s c u p a n d w a r p a n d p u l l 
a w a y f r o m fas teners . T h e r o u g h e n e d sur face changes co lor , ga thers 
d i r t a n d m i l d e w , a n d m a y b e c o m e u n s i g h t l y ; t h e w o o d loses its s u r 
face c o h e r e n c e a n d b e c o m e s f r i a b l e — s p l i n t e r s a n d f r a g m e n t s c a n 
c o m e off. A l l t h e s e effects, b r o u g h t a b o u t b y a c o m b i n a t i o n o f l i g h t , 
w a t e r , a n d heat , a r e c o m p r e h e n d e d i n o n e w o r d : weathering. 

T h e d e l e t e r i o u s effect o f w o o d w e a t h e r i n g has b e e n a s c r i b e d to 
a c o m p l e x set o f r e a c t i o n s i n d u c e d b y a n u m b e r o f factors . T h e w e a t h 
e r i n g factors r e s p o n s i b l e for c h a n g e s i n w o o d surfaces are so lar r a 
d i a t i o n ( U V , v i s i b l e , a n d I R l i g h t ) , m o i s t u r e (dew, r a i n , s n o w , a n d 
h u m i d i t y ) , t e m p e r a t u r e , a n d o x y g e n . O f these factors , t h e p h o t o n 
e n e r g y i n so lar r a d i a t i o n is t h e m o s t d a m a g i n g c o m p o n e n t o f t h e 
o u t d o o r e n v i r o n m e n t a n d i n i t i a t e s a w i d e v a r i e t y o f c h e m i c a l changes 
at w o o d s u r f a c e s . M o r e o v e r , a n a d d i t i o n a l w e a t h e r i n g f a c t o r has 
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a r i s e n w i t h t h e p r e s e n c e o f a t m o s p h e r i c p o l l u t a n t s s u c h as s u l f u r 
d i o x i d e , n i t r o g e n d i o x i d e , a n d o z o n e i n the p r e s e n c e o r absence o f 
U V l i g h t . 

A n a t o m i c S t r u c t u r e o f W o o d a n d Its W e a t h e r a b i l i t y . T h e c e l l 
w a l l s o f w o o d are m u l t i l a y e r e d . T h e y cons is t o f t h e m i d d l e l a m e l l a , 
p r i m a r y w a l l (P) , a n d l a y e r s o f the o u t e r (S : ) , m i d d l e (S 2 ) , a n d i n n e r 
(S 3 ) s e c o n d a r y w a l l s . T h e s e layers d i f f e r f r o m o n e a n o t h e r w i t h r e 
spec t to t h e i r s t r u c t u r e s , o r i e n t a t i o n s a n d n u m b e r o f f i b r i l s o r fibers, 
as w e l l as t h e i r c h e m i c a l c o m p o s i t i o n . T h e d i s t r i b u t i o n o f c h e m i c a l 
c o n s t i t u e n t s i n t h e c e l l w a l l s at t h e surfaces has a great i n f l u e n c e o n 
t h e w e a t h e r i n g s t a b i l i t y o f w o o d . T h e c h e m i c a l c o m p o n e n t s across 
t h e c e l l w a l l a re d e p i c t e d i n F i g u r e 1. C e l l u l o s e , a l i n e a r , h i g h l y 
c r y s t a l l i n e p o l y m e r o f ( l , 4 ) ^ - o - g l u c o p y r a n o s e , is t h e m a j o r c o m p o 
n e n t o f t h e c e l l w a l l (—45% o f to ta l d r y w e i g h t ) , a n d is l o c a t e d m o s t l y 
i n t h e s e c o n d a r y w a l l . H e m i c e l l u l o s e (—20%) is a n a m o r p h o u s , p o l y 
m e r i c c a r b o h y d r a t e h a v i n g a s l i g h t l y b r a n c h e d s t r u c t u r e . L i g n i n , a 
t h r e e - d i m e n s i o n a l n e t w o r k o f p o l y p h e n o l s ( — 2 0 - 3 0 % ) , is d i s t r i b u t e d 
t h r o u g h o u t t h e c e l l w a l l b u t is h i g h l y d e p o s i t e d i n t h e m i d d l e l a m e l l a 
r e g i o n . T h e s e p o l y m e r i c m a t e r i a l s v a r y w i d e l y i n t h e i r v u l n e r a b i l i t y 
to w e a t h e r i n g . T h e v a r i a t i o n s i n s t a b i l i t y are c a u s e d p r i m a r i l y b y 
d i f f e rences i n c h e m i c a l s t r u c t u r e s , p a r t i c u l a r l y i n c h r o m o p h o r i c f u n c 
t i o n a l g r o u p s . M e t a l l i c i ons a n d o t h e r i m p u r i t i e s m a y also p r o m o t e 
d e t e r i o r a t i o n b y l i g h t ( I , 7, 8). 

W e a t h e r i n g F a c t o r s . M O I S T U R E . O n e o f t h e p r i n c i p a l causes 
o f w e a t h e r i n g is f r e q u e n t e x p o s u r e o f t h e w o o d s u r f a c e to r a p i d 
c h a n g e s i n m o i s t u r e c o n t e n t ( J ) . R a i n o r d e w f a l l i n g u p o n u n p r o t e c t e d 
w o o d is q u i c k l y a b s o r b e d b y c a p i l l a r y a c t i o n o n t h e surface l a y e r o f 

lumen 

middle lamella 
primary wall 

as cellulose 
b: lignin 
ci hemicellulose 

Figure 1. Chemical components across a wood cell wall. 
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t h e w o o d , f o l l o w e d b y a d s o r p t i o n w i t h i n w o o d c e l l w a l l s . W a t e r v a p o r 
is t a k e n u p d i r e c t l y b y a d s o r p t i o n u n d e r i n c r e a s e d r e l a t i v e h u m i d i 
t ies ; c o n s e q u e n t l y , t h e w o o d s w e l l s . Stresses are set u p i n the w o o d 
as i t s w e l l s a n d s h r i n k s d u e to m o i s t u r e g r a d i e n t s b e t w e e n the sur face 
a n d t h e i n t e r i o r . T h e s e i n d u c e d stresses are g r e a t e r the s t e e p e r t h e 
m o i s t u r e g r a d i e n t a n d are u s u a l l y largest n e a r the surface o f the 
w o o d . U n b a l a n c e d stresses m a y r e s u l t i n w a r p i n g a n d face c h e c k i n g 
(9-16). 

L I G H T . T h e p h o t o c h e m i c a l d e g r a d a t i o n o f w o o d d u e to s u n l i g h t 
o c c u r s f a i r l y r a p i d l y o n t h e e x p o s e d w o o d surface ( I , 8, 17). T h e i n i t i a l 
c o l o r c h a n g e o f w o o d e x p o s e d to s u n l i g h t is a y e l l o w i n g o r b r o w n i n g 
that p r o c e e d s to a n e v e n t u a l g r a y i n g . T h e s e c o l o r changes c a n b e 
r e l a t e d to t h e d e c o m p o s i t i o n o f l i g n i n i n t h e surface w o o d ce l l s a n d 
are s t r i c t l y a sur face p h e n o m e n o n (17-20). T h e s e changes o c c u r o n l y 
to a d e p t h o f 0 . 0 5 - 2 . 5 m m (see s e c t i o n e n t i t l e d " P e n e t r a t i o n o f L i g h t 
a n d W o o d S u r f a c e D e t e r i o r a t i o n , , ) a n d are a r e s u l t o f s u n l i g h t , p a r 
t i c u l a r l y U V l i g h t , w h i c h i n i t i a t e s p h o t o d e g r a d a t i o n . P h o t o d e g r a d a -
t i o n b y U V l i g h t i n d u c e s c h a n g e s i n c h e m i c a l c o m p o s i t i o n , p a r t i c u 
l a r l y i n t h e l i g n i n , a n d s u b s e q u e n t c o l o r changes (7, 8 , 21-26). 

T h e t w o m o s t i m p o r t a n t e l e m e n t s o f w e a t h e r i n g — s u n l i g h t a n d 
w a t e r — t e n d to o p e r a t e at d i f f e r e n t t i m e s . E x p o s e d w o o d c a n b e 
i r r a d i a t e d af ter h a v i n g b e e n w e t b y r a i n o r w h e n surface m o i s t u r e 
c o n t e n t is h i g h f r o m o v e r n i g h t h i g h h u m i d i t y o r d e w . T i m e o f w e t 
ness , t h e r e f o r e , is i m p o r t a n t i n r e l a t i n g c l i m a t i c c o n d i t i o n s to e x t e r i o r 
d e g r a d a t i o n . T h e a c t i o n o f t h e c o m b i n e d e l e m e n t s c a n f o l l o w d i f 
f e r e n t d e g r a d a t i o n p a t h s , w i t h i r r a d i a t i o n a c c e l e r a t i n g t h e effect o f 
w a t e r o r t h e c o n v e r s e . 

O T H E R F A C T O R S . H e a t m a y no t b e as c r i t i c a l a factor as U V l i g h t 
o r w a t e r , b u t as t h e t e m p e r a t u r e i n c r e a s e s , t h e rate o f p h o t o c h e m i c a l 
a n d o x i d a t i v e r e a c t i o n s in c reases (I). V i s i b l e l i g h t m a y also c o n t r i b u t e 
to t h e b r e a k d o w n o f w o o d d u r i n g w e a t h e r i n g ( 27 , 28). A l o s s i n 
s t r e n g t h was assoc ia ted w i t h l i g h t - i n d u c e d d e p o l y m e r i z a t i o n o f l i g n i n 
a n d c e l l w a l l c o n s t i t u e n t s a n d to t h e s u b s e q u e n t b r e a k d o w n o f w o o d 
m i c r o s t r u c t u r e . T h e d e c i s i v e f a c t o r i n w o o d w e a t h e r i n g i n t h e 
s u m m e r is t h e i n t e n s i t y o f so lar r a d i a t i o n , a n d i n t h e w i n t e r t h e 
i n c r e a s e d a m o u n t o f S 0 2 i n t h e s u r r o u n d i n g a i r is the m a i n w e a t h 
e r i n g factor ( c e n t r a l E u r o p e exposure ) (29). 

F r e e z i n g a n d t h a w i n g o f a b s o r b e d w a t e r c a n also c o n t r i b u t e to 
w o o d c h e c k i n g . A b r a s i o n o r m e c h a n i c a l a c t i o n , s u c h as w i n d , s a n d , 
a n d d i r t , c a n b e a n i m p o r t a n t factor i n t h e rate o f surface d e g r a d a t i o n 
a n d r e m o v a l o f w o o d . S m a l l p a r t i c l e s s u c h as s a n d c a n b e c o m e l o d g e d 
i n sur face c h e c k s a n d , t h r o u g h s w e l l i n g a n d s h r i n k i n g , w e a k e n f ibers 
i n c ontac t w i t h t h e p a r t i c l e s . S o l i d p a r t i c l e s i n c o m b i n a t i o n w i t h w i n d 
c a n h a v e a s a n d b l a s t i n g effect ( I , 8). 
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P e n e t r a t i o n o f L i g h t a n d W o o d S u r f a c e D e t e r i o r a t i o n . 
A l t h o u g h t h e w e a t h e r i n g o f w o o d m a t e r i a l s d e p e n d s o n m a n y e n v i 
r o n m e n t a l factors , t h e r e is m o u n t i n g e v i d e n c e that o n l y a r e l a t i v e l y 
n a r r o w b a n d o f t h e e l e c t r o m a g n e t i c s p e c t r u m , i . e . , t h e U V - l i g h t p o r 
t i o n o f s u n l i g h t , is r e s p o n s i b l e for t h e p r i m a r y p h o t o o x i d a t i v e d e g 
r a d a t i o n o f w o o d . 

T h e first l a w o f p h o t o c h e m i s t r y [ the G r o t t h u s - D r a p p e r p r i n 
c i p l e (30)] states that for a p h o t o c h e m i c a l r e a c t i o n to o c c u r , s o m e 
c o m p o n e n t o f t h e s y s t e m m u s t first a b s o r b l i g h t . T h e s e c o n d l a w o f 
p h o t o c h e m i s t r y [ the S t a r k - E i n s t e i n p r i n c i p l e (31)] states that a m o l 
e c u l e c a n o n l y a b s o r b o n e q u a n t u m o f r a d i a t i o n . T h e a b s o r b e d e n e r g y 
causes t h e d i s s o c i a t i o n o f b o n d s i n t h e m o l e c u l e s o f t h e w o o d c o n 
s t i t u e n t s . T h i s h o m o l y t i c p rocess p r o d u c e s free rad i ca l s as the p r i 
m a r y p h o t o c h e m i c a l p r o d u c t s . T h i s e v e n t , w i t h o r w i t h o u t t h e p a r 
t i c i p a t i o n o f o x y g e n a n d w a t e r , c a n l e a d to d e p o l y m e r i z a t i o n a n d to 
f o r m a t i o n o f c h r o m o p h o r i c g r o u p s s u c h as c a r b o n y l s , c a r b o x y l s , q u i -
n o n e s , p e r o x i d e s , h y d r o p e r o x i d e s , a n d c o n j u g a t e d d o u b l e b o n d s . 

B e c a u s e l i g h t m u s t b e a b s o r b e d be f o re a p h o t o c h e m i c a l r e a c t i o n 
c a n o c c u r , t h e c o n c e n t r a t i o n , l o c a t i o n , a n d n a t u r e o f c h r o m o p h o r e s 
are h i g h l y s i g n i f i c a n t i n d e t e r m i n i n g t h e rate o f p h o t o o x i d a t i o n o f 
w o o d . E s s e n t i a l l y , w o o d is a n e x c e l l e n t l i g h t absorber . A l t h o u g h c e l 
l u l o s e is n o t , i t does a b s o r b l i g h t s t r o n g l y b e l o w 2 0 0 n m w i t h i n d i 
ca t i ons o f s o m e a b s o r p t i o n b e t w e e n 2 0 0 a n d 3 0 0 n m , a n d a t a i l o f 
a b s o r p t i o n e x t e n d i n g to 4 0 0 n m (32, 33). B e c a u s e o f s t r u c t u r a l s i m 
i l a r i t y , t h e U V a b s o r p t i o n c h a r a c t e r i s t i c s o f h e m i c e l l u l o s e r e s e m b l e 
those o f c e l l u l o s e . L i g n i n a n d p o l y p h e n o l s a b s o r b l i g h t s t r o n g l y b e l o w 
200 n m a n d h a v e a s t r o n g p e a k at 2 8 0 n m w i t h a b s o r p t i o n d o w n 
t h r o u g h t h e v i s i b l e r e g i o n (33). E x t r a c t i v e s u s u a l l y h a v e t h e a b i l i t y 
to a b s o r b l i g h t b e t w e e n 3 0 0 a n d 4 0 0 n m (33, 34). A s a c o n s e q u e n c e , 
m o s t o f t h e c o m p o n e n t s i n w o o d are o b v i o u s l y c a p a b l e o f a b s o r b i n g 
e n o u g h v i s i b l e a n d U V l i g h t to u n d e r g o p h o t o c h e m i c a l r e a c t i o n s 
l e a d i n g u l t i m a t e l y to d i s c o l o r a t i o n a n d d e g r a d a t i o n . 

B e c a u s e o f t h e w i d e r a n g e o f c h r o m o p h o r i c g r o u p s assoc ia ted 
w i t h its sur face c o m p o n e n t s , w o o d c a n n o t eas i l y b e p e n e t r a t e d b y 
l i g h t . E s s e n t i a l l y , d i s c o l o r a t i o n o f w o o d b y l i g h t is a s u p e r f i c i a l surface 
p h e n o m e n o n . T h e d a r k b r o w n surface l a y e r o f p o n d e r o s a p i n e a n d 
r e d w o o d that is a f fec ted b y l i g h t e x t e n d s o n l y 0 . 5 - 2 . 5 m m i n t o the 
w o o d ( J , 17, 35). A s w e a t h e r i n g progresses , m o s t w o o d s c h a n g e to a 
g r a y i s h co l o r , b u t o n l y to a d e p t h o f a b o u t 0 . 1 0 - 0 . 2 5 m m . V i s i b l e 
( 4 0 0 - 7 5 0 n m ) l i g h t as m e a s u r e d s p e c t r o p h o t o m e t r i c a l l y c a n p e n e 
trate i n t o w o o d as far as 2 5 4 0 μιτι (35). T h e gray w o o d surface l a y e r 
was r e p o r t e d to b e 125 μιτι t h i c k ; b e n e a t h the gray l a y e r was a b r o w n 
l a y e r f r o m 508 to 2 5 4 0 μπι t h i c k . T h e s e c o l o r changes are a r e s u l t 
o f p h o t o c h e m i c a l r e a c t i o n s that a lways i n v o l v e free rad i ca l s . 
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T h e use o f U V l i g h t t r a n s m i s s i o n t e c h n i q u e s to m e a s u r e p e n e 
t r a t i o n o f l i g h t t h r o u g h r a d i a l a n d t a n g e n t i a l s u r f a c e s o f d i f f e r e n t 
w o o d s as a f u n c t i o n o f t h i c k n e s s has b e e n r e p o r t e d (36). E l e c t r o n 
s p i n r e s o n a n c e ( E S R ) t e c h n i q u e s w e r e u s e d to m o n i t o r free rad i ca l s 
g e n e r a t e d u n d e r n e a t h d i f f e r e n t l ayers o f w o o d . It was f o u n d that U V 
l i g h t c a n n o t p e n e t r a t e d e e p e r t h a n 75 μιτι; v i s i b l e l i g h t , o n the o t h e r 
h a n d , p e n e t r a t e s u p to 2 0 0 μιτι i n t o w o o d surfaces . V i s i b l e l i g h t o f 
4 0 0 - 7 0 0 n m is i n s u f f i c i e n t to c l e a v e c h e m i c a l b o n d s i n a n y o f t h e 
w o o d c o n s t i t u e n t s (36) b e c a u s e t h e e n e r g y is less t h a n 70 k c a l / m o l 
(33, 37). T h e b r o w n c o l o r f o r m e d b e n e a t h a d e p t h o f 5 0 8 - 2 5 4 0 μιτι 
c o u l d n o t b e c a u s e d b y l i g h t , as c l a i m e d b y B r o w n e a n d S i m o n s e n 
(35). T h e y s u g g e s t e d that t h e a r o m a t i c m o i e t i e s o f w o o d c o m p o n e n t s 
at w o o d surfaces i n i t i a l l y a b s o r b U V l i g h t , a n d that an e n e r g y t rans fer 
process f r o m m o l e c u l e to m o l e c u l e d i s s ipates the excess energy . 

T h e e n e r g y t r a n s f e r p r o c e s s e s b e t w e e n e l e c t r o n i c a l l y e x c i t e d 
g r o u p s at t h e o u t e r l a y e r o f t h e w o o d surface a n d a n o t h e r g r o u p 
u n d e r n e a t h t h e w o o d sur face a c c o u n t for t h e p h o t o i n d u c e d d i s c o l 
o r a t i o n o f w o o d u n d e r n e a t h t h e sur face , w h i c h absorbs p r a c t i c a l l y n o 
U V l i g h t . F u r t h e r m o r e , f ree rad i ca l s g e n e r a t e d b y l i g h t are h i g h i n 
e n e r g y a n d t e n d to u n d e r g o c h a i n reac t i ons to s t a b i l i z e p a r e n t r a d i 
cals . C o n s e q u e n t l y , n e w free rad i ca l s f o r m e d i n th i s w a y m a y m i g r a t e 
d e e p e r i n t o w o o d to cause d i s c o l o r a t i o n reac t i ons . 

Property Changes During Weathering 
C h e m i c a l C h a n g e s . O v e r a c e n t u r y ago, W i e s n e r (5) r e p o r t e d 

that t h e i n t e r c e l l u l a r s u b s t a n c e o f w o o d h a d b e e n lost b e c a u s e o f 
w e a t h e r i n g a n d c o n c l u d e d that t h e r e m a i n i n g gray l a y e r cons is ts o f 
" c e l l s that , l e a c h e d b y a t m o s p h e r i c p r e c i p i t a t i o n , h a v e b e e n r o b b e d 
e n t i r e l y o r i n l a r g e p a r t o f t h e i r i n f i l t r a t e d p r o d u c t s so m u c h that t h e 
r e m a i n i n g m e m b r a n e s cons i s t o f c h e m i c a l l y p u r e o r n e a r l y c h e m i c a l l y 
p u r e c e l l u l o s e . " S i m i l a r o b s e r v a t i o n s w e r e r e p o r t e d b y o thers (6, 
3 8 , 39). 

T h e i n c r e a s e i n c e l l u l o s e c o n t e n t o f t h e w e a t h e r e d w o o d surface 
was s h o w n (40) a n d r e p o r t e d (19). A n a l y t i c a l d a t a o n w h i t e p i n e w o o d 
that h a d b e e n w e a t h e r e d o u t d o o r s for 20 years was c o m p i l e d . T h e 
resu l t s s h o w e d that w e a t h e r i n g d e g r a d e d a n d s o l u b i l i z e d l i g n i n . C e l 
l u l o s e a p p e a r e d to b e a f fected c o n s i d e r a b l y less , e x c e p t for the t op 
sur face l a y e r o f t h e w o o d . S i m i l a r r e s u l t s w e r e o b t a i n e d w i t h v a r i o u s 
k i n d s o f w o o d e x p o s e d o n a test fence for 3 0 years . T h e top g r a y 
l a y e r c o n s i s t e n t l y e x h i b i t e d v e r y l o w l i g n i n c o n t e n t . T h e b r o w n l a y e r 
i m m e d i a t e l y u n d e r t h e o u t e r g ray l a y e r h a d a l i g n i n c o n t e n t v a r y i n g 
f r o m that n o r m a l l y f o u n d for f r e s h u n e x p o s e d w o o d b y 4 0 - 6 0 % . T h e 
i n t e r i o r w o o d l a y e r s o n l y a f e w m i l l i m e t e r s u n d e r t h e o u t e r gray 
sur face h a d a w o o d c o m p o s i t i o n s i m i l a r to that o f n o r m a l , u n w e a t h -
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e r e d w o o d . A n a l y s i s o f w o o d sugars f r o m h y d r o l y s i s o f a w a t e r extract 
o f t h e w e a t h e r e d w o o d s h o w e d that x y l a n a n d a r a b a n w e r e s o l u b i l i z e d 
m o r e r a p i d l y t h a n was g l u c o s a n . G l u c o s e d i d no t p r e d o m i n a t e i n the 
h y d r o l y z e d w a t e r ex trac t d u r i n g ana lys i s , a l t h o u g h g lucose u n i t s d o 
p r e d o m i n a t e i n u n a l t e r e d w o o d p o l y s a c c h a r i d e s . 

T h e U V - d e g r a d a t i o n process is i n i t i a t e d b y t h e f o r m a t i o n o f f ree 
rad i ca l s a n d p r e s u m a b l y b e g i n s w i t h o x i d a t i o n o f p h e n o l i c h y d r o x y l 
(7, 8, 19, 24, 41). T h i s d e g r a d a t i o n process r e su l t s i n a dec rease i n 
m e t h o x y l a n d l i g n i n c o n t e n t a n d a n i n c r e a s e i n a c i d i t y a n d c a r b o x y l 
c o n c e n t r a t i o n o f w o o d s u b s t a n c e (see also R e f e r e n c e s 24 a n d 25). 
T h e s e p h o t o c h e m i c a l c h a n g e s are e n h a n c e d m o r e b y m o i s t u r e t h a n 
b y h e a t (41). T h e p r o d u c t s o f d e c o m p o s i t i o n o f w e a t h e r e d w o o d , i n 
a d d i t i o n to gases a n d w a t e r , are m a i n l y o r g a n i c ac ids , v a n i l l i n , sy -
ringaldehyde, a n d h i g h e r m o l e c u l a r w e i g h t c o m p o u n d s , w h i c h are a l l 
l e a c h a b l e (19, 24). C h e m i c a l changes f o l l o w i n g a r t i f i c i a l l i g h t i r r a d i a 
t i o n o f w o o d h a v e also b e e n r e p o r t e d b y s e v e r a l au thors (19, 21-23, 
25, 26, 42-45). 

O u r c o n c l u s i o n is that a b s o r p t i o n o f U V l i g h t b y l i g n i n o n the 
w o o d sur face r e s u l t s i n p r e f e r e n t i a l l i g n i n d e g r a d a t i o n . M o s t o f the 
s o l u b i l i z e d l i g n i n d e g r a d a t i o n p r o d u c t s are w a s h e d o u t b y r a i n . F i 
b e r s h i g h i n c e l l u l o s e c o n t e n t a n d w h i t i s h to g r a y i n c o l o r r e m a i n o n 
t h e w o o d sur face a n d are res i s tant to U V d e g r a d a t i o n . 

I R s t u d i e s r e v e a l e d that , d u r i n g U V i r r a d i a t i o n o f w o o d , a b s o r p 
t i o n d u e to c a r b o n y l g r o u p s at 1720 c m " 1 a n d 1735 c m " 1 i n c r e a s e d , 
w h e r e a s t h e a b s o r p t i o n for l i g n i n at 1265 c m " 1 a n d 1510 c m " 1 g r a d 
u a l l y d e c r e a s e d ( F i g u r e 2). T h e i n c r e m e n t o f c a r b o n y l g r o u p s was 
t h e r e s u l t o f o x i d a t i o n o f c e l l u l o s e a n d l i g n i n . T h e r e d u c t i o n i n t h e 
a m o u n t o f l i g n i n was d u e to its d e g r a d a t i o n b y l i g h t . 

A c o n v e n i e n t m e a s u r e o f t h e c h a n g e i n c a r b o n y l g r o u p s a n d 
l i g n i n is g i v e n b y t h e r a t i o o f t h e I R a b s o r b a n c e b a n d s o f c a r b o n y l 
g r o u p s a n d l i g n i n to t h e a b s o r p t i o n b a n d at 895 c m " 1 — a n a b s o r p t i o n 
b a n d d u e to h y d r o g e n l o c a t e d at t h e C - l p o s i t i o n , w h i c h is n o r m a l l y 
u n c h a n g e d d u r i n g p h o t o i r r a d i a t i o n . R e s u l t s are s h o w n i n Tab le I I . 
T h e c h a n g e i n l i g n i n c o n t e n t c a n also b e d e t e r m i n e d b a s e d o n a 
c a l i b r a t i o n c u r v e o f l i g n i n vs . a b s o r p t i o n at 1510 c m - 1 . R e s u l t s o f the 
c h a n g e i n l i g n i n c o n t e n t at t h e p h o t o i r r a d i a t e d w o o d s u r f a c e are 
s h o w n i n T a b l e I I I . T h e s e r esu l t s s h o w that c a r b o n y l g r o u p s are g e n 
e r a t e d , w h e r e a s l i g n i n c o n t e n t is r e d u c e d , at t h e e x p o s e d w o o d s u r 
face. M o r e o v e r , sur face w a s h i n g s o f t h e p h o t o i r r a d i a t e d w o o d e x h i b 
i t e d i n c r e a s i n g c o n c e n t r a t i o n s o f w a t e r - s o l u b l e o x i d a t i o n p r o d u c t s , 
w h i c h c a n b e d e t e c t e d b y U V s p e c t r o s c o p y ( F i g u r e 3). 

W o o d e x p o s e d to t h e o u t d o o r s c o m p l e t e l y lost its a b s o r p t i o n at 
1265 c m " 1 a n d 1510 c m - 1 , d u e to t h e l e a c h i n g o f d e g r a d e d l i g n i n , 
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W a v e n u m b e r C M 
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Figure 2. Change in IR spectra of UV-irradiated wood. 

T a b l e I I . I R A b s o r b a n e e o f W o o d I r r a d i a t e d w i t h U V L i g h t 

Irradiation Ratio of Optical Densities 
Time 
(d) 1735:895 1720:895 1510:895 1265:895 

0 1.349 1.209 1.751 0 .733 
1 1.701 1.649 1.636 0 .636 
4 1.871 1.866 1.260 0 .524 

10 2 .164 2 .730 1.206 0 .448 
20 2 .581 2 .658 1.100 0 .420 
4 0 2 .954 3 .031 0 .969 0 .373 
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T a b l e ELI. C h a n g e o f I R A b s o r b a n e e a n d L i g n i n C o n t e n t o f W o o d 
I r r a d i a t e d w i t h U V L i g h t 

Irradiation 
Time 

(d) 
Absorbanee 

at 1510 cm-1 

Lignin 
Content 

(%) 

0 0 .138 2 8 . 0 
1 0 .131 2 6 . 6 
4 0 .114 23 .4 

10 0 .092 19.2 
20 0 .076 16 .5 
4 0 0 .065 14 .5 

after 3 0 d o f o u t d o o r w e a t h e r i n g ( F i g u r e 4). A b s o r p t i o n o f c a r b o n y l 
g r o u p s at 1720 c m " 1 a n d 1735 c m " 1 was also r e d u c e d . T h i s o b s e r 
v a t i o n shows that t h e o x i d i z e d c h e m i c a l c o n s t i t u e n t s at t h e w o o d 
sur face , p a r t i c u l a r l y l i g n i n c o m p o n e n t s , w e r e m o v e d away f r o m t h e 
e x p o s e d sur face b y w a t e r . A s t u d y o f a n i o n i z a t i o n d i f f e rence c u r v e 
o f l i g n i n i n a l k a l i n e c o n d i t i o n s r e v e a l e d that w a t e r - s o l u b l e f ract ions 
o f w e a t h e r e d w o o d e x h i b i t e d c h a r a c t e r i s t i c s o f p h e n o l i c a b s o r p t i o n . 
E l e c t r o n s p e c t r o s c o p y for c h e m i c a l ana lys i s ( E S C A ) s tud ies s u b s t a n 
t i a t e d that o x i d i z e d surfaces h a v e h i g h e r o x y g e n c o n t e n t t h a n c a r b o n 

1 . 0 

200 300 400 
W a v e l e n g t h (nm) 

Figure 3. UV absorption spectra of water-soluble fraction of UV-irradi
ated wood. 
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W a v e n u m b e r C M 
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Figure 4. Change in IR spectra of outdoor exposed wood. 

c o n t e n t , t h u s i n d i c a t i n g that w e a t h e r e d w o o d surfaces are rich i n 
c e l l u l o s e w i t h c a r b o n y l g r o u p s , w h e r e a s l i g n i n was d e g r a d e d a n d 
l e a c h e d a w a y b y w a t e r (46). 

C o l o r C h a n g e s . T h e c o l o r o f w o o d e x p o s e d to t h e o u t d o o r s is 
a f fected v e r y r a p i d l y . G e n e r a l l y , a l l w o o d s c h a n g e t o w a r d a y e l l o w to 
b r o w n d u e to t h e c h e m i c a l b r e a k d o w n (photoox idat i on ) o f l i g n i n a n d 
w o o d e x t r a c t i v e s ( J , 5 , 7, 1 7 , 47a). T h i s y e l l o w i n g o r b r o w n i n g o c c u r s 
a f t e r o n l y s e v e r a l m o n t h s o f e x p o s u r e i n s u n n y , w a r m c l i m a t e s 
( F i g u r e 5). W o o d s r i c h i n e x t r a c t i v e s m a y b e c o m e b l e a c h e d be f o re 
the b r o w n i n g b e c o m e s o b s e r v a b l e . 

W h e n w o o d is e x p o s e d to t h e o u t d o o r s o r i n a r t i f i c i a l U V l i g h t 
for a r e l a t i v e l y s h o r t p e r i o d , c h a n g e s i n b r i g h t n e s s a n d c o l o r are 
r ead i l y o b s e r v e d . T h e decreases i n br ightness a n d co lor d u r i n g 480 d 
o f o u t d o o r w e a t h e r i n g are s h o w n i n F i g u r e s 6 a n d 7, r e s p e c t i v e l y . 
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Figure 5. Artist's rendition of color changes and surface wood change 
during the outdoor weathering process of a typical softwood. 

T h e c h a n g e o f c o l o r , Δ Ε , is b a s e d o n C I E L A B u n i t (47b). S o m e w o o d 
spec i e s , s u c h as r e d w o o d , s o u t h e r n y e l l o w p i n e , a n d D o u g l a s - f i r , lost 
t h e i r b r i g h t n e s s s i g n i f i c a n t l y i n t h e f i rst m o n t h o f e x p o s u r e . T h e s e 
w o o d spec i es , h o w e v e r , r e g a i n e d t h e i r b r i g h t n e s s after 180 d o f o u t 
d o o r e x p o s u r e . B e y o n d t h i s w e a t h e r i n g p e r i o d , t h e b r i g h t n e s s d e 
c r e a s e d a g a i n . W e s t e r n r e d c e d a r g a i n e d i n b r i g h t n e s s for t h e f irst 
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100 

80 L 

60 120 180 240 3 0 0 3 6 0 420 4 8 0 
W e a t h e r i n g T i m e ( D a y s ) 

Figure 7. Change in color of outdoor weathered wood. Key: O , southern 
yellow pine; •, redwood; · , Douglas fir; and M, western redcedar. 

180 d o f o u t d o o r e x p o s u r e , f o l l o w e d b y a d e c r e a s e i n b r i g h t n e s s after 
180 d o f e x p o s u r e . 

I n a d d i t i o n to t h e c h a n g e i n b r i g h t n e s s , a l l w o o d spec ies e x p o s e d 
to t h e o u t d o o r s c h a n g e d i n c o l o r f r o m p a l e y e l l o w to b r o w n a n d to 
gray after 180 d o f e x p o s u r e . A s s h o w n i n F i g u r e 7, t h e s ign i f i cant 
d i s c o l o r a t i o n took p l a c e b e t w e e n 90 a n d 120 d o f e x p o s u r e . 

C h a n g e s i n w o o d c o l o r r e v e a l c h e m i c a l changes i n w o o d d u r i n g 
w e a t h e r i n g . O n l y those par ts o f t h e w o o d c lose to t h e e x p o s e d sur face 
are a f fected (see s e c t i o n e n t i t l e d " P e n e t r a t i o n o f L i g h t a n d W o o d 
S u r f a c e D e t e r i o r a t i o n " ) . A s r a i n l eaches t h e b r o w n d e c o m p o s i t i o n 
p r o d u c t s o f l i g n i n , a s i l v e r - g r a y l a y e r c o n s i s t i n g o f a d i s o r d e r l y a r 
r a n g e m e n t o f l o o s e l y m a t t e d fibers d e v e l o p s o v e r t h e b r o w n l a y e r 
(see C h a p t e r 5, F i g u r e 18). T h e g r a y l a y e r is c o m p o s e d c h i e f l y o f t h e 
m o r e l e a c h - r e s i s t a n t par ts o f t h e p a r t i a l l y d e g r a d e d w o o d c e l l u l o s e . 
T h i s sur face c o l o r c h a n g e to g r a y is o b s e r v e d w h e n t h e w o o d is ex 
p o s e d to t h e s u n i n c l i m a t e s w i t h l i t t l e p r e c i p i t a t i o n . H o w e v e r , a n 
o t h e r m e c h a n i s m o f sur face g r a y i n g o f w e a t h e r e d w o o d — f u n g a l ac 
t i o n — u s u a l l y p r e d o m i n a t e s , p a r t i c u l a r l y i n t h e p r e s e n c e o f m o i s t u r e . 

T h e d i s c o l o r a t i o n (graying) o f w o o d s i n t h e p r e s e n c e o f m o i s t u r e 
is p r a c t i c a l l y a l w a y s d u e to g r o w t h o f f u n g i o n t h e surface o f t h e w o o d 
( J , 41, 48-52). T h e m o s t f r e q u e n t l y o b s e r v e d fungus spec ies is Au-
reobasidium pullulans (Pullularia pullulans), w h i c h u n d e r favorab le 
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c o n d i t i o n s g r o w s no t o n l y o n w o o d surfaces , b u t also o n t h e surface 
o f coat ings a n d v a r i o u s o r g a n i c a n d i n o r g a n i c m a t e r i a l s (53). T h i s 
f u n g u s is c o m m o n l y r e f e r r e d to as m i l d e w . T h e e c o l o g i c a l r e q u i r e 
m e n t s o f th i s f u n g u s a n d r e l a t e d f u n g i are m o d e s t , t h e m o s t i m p o r t a n t 
c o n d i t i o n for its g r o w t h b e i n g t h e s p o r a d i c s u p p l y o f b u l k water . T h e 
fungus is o t h e r w i s e r e l a t i v e l y res i s tant a n d a d a p t a b l e . 

A. pullulans g r o w s o n f i n i s h e d as w e l l as u n f i n i s h e d or u n t r e a t e d 
s o f t w o o d a n d h a r d w o o d s u r f a c e s ( I I ) . D i s c o l o r a t i o n o f w o o d b y 
m i l d e w is m o r e g e n e r a l t h a n c o m m o n l y b e l i e v e d . F u n g a l i n f e c t i o n 
was t h e r e s u l t o f w e t t i n g t h e w o o d sur face w i t h w a t e r . T w e n t y E u 
r o p e a n a n d n o n - E u r o p e a n s o f t w o o d a n d h a r d w o o d spec ies o f w i d e l y 
d i f f e r e n t d e n s i t y a n d m e c h a n i c a l s t r e n g t h p r o p e r t i e s w e r e s u b j e c t e d 
to u n p r o t e c t e d o u t d o o r w e a t h e r i n g o f w o o d e x p o s e d i n S w i t z e r l a n d 
f a c i n g s o u t h a n d i n c l i n e d at 45° (41). A l t h o u g h b e h a v i o r a m o n g t h e 
d i f f e r e n t s p e c i e s w a s at f i r s t d i s t i n c t l y d i f f e r e n t , t h i s g r a d u a l l y 
c h a n g e d , a n d p h o t o c h e m i c a l a n d m e c h a n i c a l d e t e r i o r a t i o n as w e l l as 
i n t e n s i t y o f at tack b y t h e b l u e s ta in f u n g i e v e n e d out . A f t e r o n l y 1 
y e a r o f w e a t h e r i n g , a l l w o o d surfaces h a d a u n i f o r m l y w e a t h e r e d a n d 
gray a p p e a r a n c e . 

P h y s i c a l C h a n g e s . W e a t h e r i n g o f t h e w o o d surface d u e to t h e 
c o m b i n e d a c t i o n o f l i g h t a n d w a t e r causes sur face d a r k e n i n g a n d leads 
to f o r m a t i o n o f m a c r o s c o p i c to m i c r o s c o p i c i n t e r c e l l u l a r a n d i n t r a c e l 
l u l a r c racks o r c h e c k s . S t r e n g t h o f c e l l w a l l b o n d s is lost n e a r t h e 
w o o d sur face . A s w e a t h e r i n g c o n t i n u e s , r a i n w a t e r w a s h e s o u t d e 
g r a d e d p o r t i o n s a n d f u r t h e r e r o s i o n takes p l a c e ( F i g u r e 8). B e c a u s e 
o f t h e d i f f e r e n t t y p e s o f w o o d t i s sue o n the sur face , e r o s i o n a n d 
c h e c k i n g d i f f e r i n i n t e n s i t y , a n d t h e w o o d sur face b e c o m e s i n c r e a s 
i n g l y u n e v e n . H a r d w o o d s e r o d e m o r e s l o w l y t h a n d o so f twoods . 

B r o w n e (54) r e p o r t s that t h e w e a t h e r i n g process is so s l o w that 
" o n l y 1/4 i n c h (6.4 m m ) o f t h i c k n e s s is lost i n a c e n t u r y . " H o w e v e r , 
a v a l u e o f 1 m m / c e n t u r y has b e e n r e p o r t e d for w o o d e x p o s e d i n 
n o r t h e r n c l i m a t e s (51). A n e r o s i o n v a l u e o f 13 m m / c e n t u r y f o r 
w e s t e r n r e d c e d a r has b e e n r e p o r t e d (55). T h i s v a l u e was b a s e d o n 
e x p o s u r e d a t a o f 8 years o f o u t d o o r w e a t h e r i n g at 90° f a c i n g s o u t h . 
E r o s i o n d a t a o b t a i n e d o n c o n t r o l l e d a c c e l e r a t e d w e a t h e r i n g o f r e d 
w o o d , D o u g l a s - f i r , E n g e l m a n n s p r u c e , a n d p o n d e r o s a p i n e w e r e 
u s e d to e s t i m a t e o u t d o o r w e a t h e r i n g . T h e s e d a t a s h o w e d that these 
spec ies w o u l d e r o d e at a ra te o f a p p r o x i m a t e l y 6 m m / 1 0 0 years (a 
v a l u e s i m i l a r to B r o w n e ' s ) (54). B o r g i n (56) r e p o r t e d o n e r o s i o n o f 
w a l l c l a d d i n g o n stave c h u r c h e s i n N o r w a y a n d es t imates that 10-
m m - t h i c k c l a d d i n g h a d b e e n r e d u c e d b y 5 0 % o v e r a f e w h u n d r e d 
years o f w e a t h e r i n g . J e m i s o n (57) f o u n d that p o n d e r o s a p i n e d o w e l s 
o f 5 - m m d i a m e t e r lost 7 . 8 % o f t h e i r w e i g h t after 10 years o f e x p o s u r e 
i n f u l l s u n l i g h t ; d o w e l s o f 1 3 - m m d i a m e t e r lost 1 6 . 4 % . W e i g h t losses 
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Figure 8. Weathered surface of softwood after 15 years of exposure (in 
Madison, Wisconsin). 

u p to 1 0 % w e r e f o u n d (58) after h e a r t w o o d s a m p l e s o f w e s t e r n r e d -
cedar , r e d w o o d , i r o k o , a n d teak h a d b e e n w e a t h e r e d for 3 years . 
Sur face p r o f i l e was f o u n d to affect t h e e r o s i o n o f w o o d o n l y i n s i g n i f 
i c a n t l y (59). 

T h e e r o s i o n rate o f w o o d e x p o s e d to t h e o u t d o o r s has also b e e n 
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e s t i m a t e d f r o m d a t a o b t a i n e d b y c o n t r o l l e d a c c e l e r a t e d w e a t h e r i n g 
o f s e v e r a l w o o d s (Table I V ) (55). S p e c i m e n s w e r e e x p o s e d to a h i g h -
d e n s i t y x e n o n arc l i g h t i n a n a c c e l e r a t e d w e a t h e r i n g c h a m b e r . E x 
p o s u r e was c y c l e s o f 2 0 h o f l i g h t f o l l o w e d b y 4 h o f d i s t i l l e d w a t e r 
spray. E r o s i o n m e a s u r e m e n t s w e r e m a d e m i c r o s c o p i c a l l y ( I , 55). T h e 
resu l t s s h o w that t h e h a r d , d e n s e h a r d w o o d s e r o d e at a rate s i m i l a r 
to that o b s e r v e d for t h e l a t e w o o d o f s o f twood spec ies ( e s t i m a t e d at 
3 m m / c e n t u r y c o m p a r e d to 6 m m for e a r l y w o o d o f softwoods) . G e n 
e r a l l y , t h e h i g h e r t h e d e n s i t y , t h e less t h e e r o s i o n rate . L o w e r d e n s i t y 
w o o d s , s u c h as b a s s w o o d , e r o d e at a h i g h e r rate t h a n w o o d s s u c h as 
t h e oaks , b u t at a l o w e r ra te t h a n t h e e a r l y w o o d o f so f twoods . 

M i c r o s c o p i c C h a n g e s . M i c r o s c o p i c c h a n g e s a c c o m p a n y t h e 
gross p h y s i c a l c h a n g e o f w o o d d u r i n g w e a t h e r i n g . T h e first s i g n o f 
d e t e r i o r a t i o n i n s o f t w o o d surfaces is e n l a r g e m e n t o f a p e r t u r e s o f b o r 
d e r e d p i t s i n r a d i a l w a l l s o f e a r l y w o o d t r a c h e i d s (60-62). N e x t , m i -
c r o c h e c k s o c c u r w h i c h e n l a r g e p r i n c i p a l l y as a r e s u l t o f c o n t r a c t i o n 
i n c e l l w a l l s . D u r i n g w e a t h e r i n g , t h e l e a c h i n g a n d p l a s t i c i z i n g effects 
o f w a t e r a p p a r e n t l y f a c i l i t a t e e n l a r g e m e n t o f t h e m i c r o c h e c k s . 
C h a n g e s w e r e m o r e r a p i d for r e d w o o d t h a n for D o u g l a s - f i r . 

T h e s c a n n i n g e l e c t r o n m i c r o s c o p e was u s e d to s t u d y t h e b r e a k 
d o w n o f t h e s t r u c t u r e o f w o o d d u e to w e a t h e r i n g (56, 63- 65). O l d 
w o o d sur faces , b o t h p r o t e c t e d a n d e x p o s e d , w e r e i n v e s t i g a t e d . T h e s e 
s t u d i e s r e v e a l e d t h e s l o w d e t e r i o r a t i o n a n d u l t i m a t e d e s t r u c t i o n o f 
t h e m i d d l e l a m e l l a , t h e v a r i o u s l ayers o f t h e c e l l w a l l , a n d t h e co 
hes ive s t rength o f w o o d t issue. S i n g l e i n d i v i d u a l fibers w e r e r e m a r k 
a b l y s tab le a n d d u r a b l e . T h e m o s t s tab le p a r t o f t h e w h o l e fiber 
s e e m e d to b e t h e m i c r o f i b r i l . V a r i o u s l a y e r s o f the c e l l w a l l f a i l e d d u e 
to loss o f c o h e s i v e s t r u c t u r e b e t w e e n m i c r o f i b r i l s a n d loss o f a d h e s i o n 
b e t w e e n l a y e r s . A l l a p e r t u r e s o r v o i d s w e r e e n l a r g e d , c a u s i n g a w e a k 
e n i n g o f t h e w h o l e fiber s t r u c t u r e . T h e d e s t r u c t i v e w e a t h e r i n g p r o 
cess was l i m i t e d to a t h i n surface l a y e r o f 2 - 3 m m . I n v e r y o l d , 
p r o t e c t e d w o o d t h e r e was o n l y a s l i g h t b r e a k d o w n o f c e r t a i n e l e m e n t s 
at t h e u l t r a s t r u c t u r a l l e v e l , a n d s a m p l e s r e t a i n e d t h e i r n o r m a l m a c 
r o s c o p i c a p p e a r a n c e a n d p r o p e r t i e s (65). A s l o n g as t h e m a i n r e i n 
f o r c i n g s t r u c t u r a l e l e m e n t s , t h e m i c r o f i b r i l s , r e m a i n in tac t , t h e m a j o r 
p r o p e r t i e s o f w o o d d o n o t u n d e r g o d r a s t i c changes . 

S e v e r a l p u b l i c a t i o n s d e s c r i b e t h e c l o s e l y r e l a t e d o b s e r v a t i o n s o f 
m i c r o s c o p i c c h a n g e s o n a r t i f i c i a l w e a t h e r i n g ( U V i r r a d i a t i o n ) o f w o o d 
surfaces (45, 60, 62). C h a n g e s o n t h e w o o d surface after a c c e l e r a t e d 
a r t i f i c i a l w e a t h e r i n g w e r e o b s e r v e d (9) that w e r e v e r y s i m i l a r to those 
f o u n d for n a t u r a l o u t d o o r w e a t h e r i n g . T h e s e changes i n c l u d e t h e 
f o r m a t i o n o f l o n g i t u d i n a l c h e c k s b e t w e e n ad jacent w a l l s o f n e i g h 
b o r i n g e l e m e n t s that a p p a r e n t l y o c c u r i n o r c l ose to the m i d d l e l a -
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T a b l e I V . E r o s i o n o f W o o d S u r f a c e s A f t e r 
A c c e l e r a t e d W e a t h e r i n g 

Erosion After 
Exposure to Light 

Specific 
Gravity 600 1200 1800 2400 

Species (g/cm3) (h) (h) (h) (h) 

H a r d w o o d s 
W h i t e oak 0 . 6 4 1 6 5 105 135 180 
R e d oak 0 . 5 6 6 75 135 150 2 0 0 
M a p l e 

h a r d 0 . 5 7 2 9 5 175 200 240 
soft 0 . 4 5 0 85 160 195 250 

B a s s w o o d 0 . 3 7 0 130 195 3 2 0 385 
Y e l l o w p o p l a r 0 . 4 4 9 115 170 2 6 0 305 
B i r c h , y e l l o w 0 . 5 5 5 100 200 245 3 0 0 

So f twoods 
S o u t h e r n p i n e 

S a p w o o d 0 . 5 5 8 
E a r l y w o o d 0 . 3 0 2 9 5 190 3 2 5 4 1 0 
L a t e w o o d 0.701 20 2 5 55 75 

W e s t e r n r e d c e d a r 
H e a r t w o o d 0 . 2 9 1 

E a r l y w o o d — 145 380 515 615 
L a t e w o o d — 20 75 110 145 

S a p w o o d 0 . 2 7 2 
E a r l y w o o d — 2 0 0 3 9 5 4 9 5 6 5 5 
L a t e w o o d — 105 175 255 3 3 5 

R e d w o o d 
H e a r t w o o d 0 .302 

E a r l y w o o d — 100 225 3 7 5 5 1 0 
L a t e w o o d — 60 75 120 155 

S a p w o o d 0 .324 
E a r l y w o o d — 160 375 520 6 5 0 
L a t e w o o d — 6 5 100 125 150 

D o u g l a s - f i r 
H e a r t w o o d 0 .437 

E a r l y w o o d — 85 240 3 4 0 4 5 5 
L a t e w o o d — 50 100 130 155 

S a p w o o d 0 . 3 9 2 
E a r l y w o o d — 115 215 3 0 5 4 6 0 
L a t e w o o d — 6 5 100 105 135 

N O T E : Values are for hardwoods and represent heartwood latewood erosion; earl y-
wood erosion was only slightly greater. 

1 Est imated values 
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m e l l a , l o n g i t u d i n a l c h e c k s i n e l e m e n t w a l l s , a n d d i a g o n a l c h e c k s 
t h r o u g h p i t s that p r o b a b l y f o l l o w t h e fibril a n g l e o f t h e S 2 l ayer . 

T h e p a t t e r n o f b r e a k d o w n o f sur face w o o d ce l l s a n d ce l l s ad jacent 
to t h e sur face was s t u d i e d (66, 67) i n r a d i a t a p i n e s a p w o o d e x p o s e d 
o u t d o o r s to t h e w e a t h e r for 4 . 5 years . T h e p a t t e r n o f b r e a k d o w n was 
c h a r a c t e r i z e d b y a p r o g r e s s i v e d e t e r i o r a t i o n o f c e l l s t o w a r d t h e s u r 
face. E v i d e n c e o f d e t e r i o r a t i o n was f o u n d 1 0 - 1 2 ce l l s f r o m t h e s u r 
face. T h e n a t u r e o f t h e d e t e r i o r a t i o n was t w o f o l d ; i n i t i a l loss o f h i s -
t o c h e m i c a l s t a i n i n g p r o p e r t i e s o f l i g n i n f o l l o w e d b y p r o g r e s s i v e t h i n 
n i n g o f t h e c e l l w a l l s . T h e t h i n n i n g o f t h e t r a c h e i d w a l l s o c c u r r e d 
c e n t r i f u g a l l y , t h e i n n e r s e c o n d a r y w a l l a p p e a r i n g to b e lost first. 

D e t e r i o r a t i o n o f w o o d surfaces after e x p o s u r e to a r t i f i c i a l U V 
l i g h t w a s o b s e r v e d after w o o d was e x p o s e d for o n l y 5 0 0 h (68). P h o -
t o d e g r a d a t i v e effects o n t r a n s v e r s e , r a d i a l , a n d t a n g e n t i a l surfaces o f 
a t y p i c a l s o u t h e r n y e l l o w p i n e s p e c i m e n are d e s c r i b e d i n t h e f o l 
l o w i n g sec t i ons . 

T R A N S V E R S E S E C T I O N . T h e t r a n s v e r s e s e c t i o n o f s o u t h e r n y e l l o w 
p i n e is n o r m a l l y q u i t e s i m p l e a n d h o m o g e n e o u s . Its ax ia l s y s t e m is 
e s s e n t i a l l y c o m p o s e d o f w o o d t r a c h e i d s w i t h o n l y a r e l a t i v e l y s m a l l 
n u m b e r o f p a r e n c h y m a c e l l s . A n S E M m i c r o g r a p h o f a t r a n s v e r s e 
s o u t h e r n p i n e sur face b e f o r e e x p o s u r e is s h o w n i n F i g u r e 9. 

A m i c r o t o m e d t r a n s v e r s e w o o d face was e x p o s e d to U V l i g h t for 
5 0 0 h . S u r f a c e d e t e r i o r a t i o n o f t h e e x p o s e d w o o d surface was o b 
s e r v e d r e a d i l y f r o m t h e S E M m i c r o g r a p h ( F i g u r e 10). T h e c e l l w a l l s 
w e r e s e p a r a t e d at t h e m i d d l e l a m e l l a z o n e . I n t h e e x t r e m e case , t h e 
s e c o n d a r y w a l l a l m o s t c o l l a p s e d . R o u g h e n i n g o f t h e surfaces c o u l d 

Figure 9. Cross section of southern yellow pine (700 x ). 
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Figure 10. Cross section of southern yellow pine exposed to UV light for 
500 h (700 x ). 

b e o b s e r v e d v i s u a l l y . S u r f a c e d e t e r i o r a t i o n f u r t h e r d e v e l o p e d w h e n 
s p e c i m e n s w e r e e x p o s e d for a t o ta l o f 1000 h ( F i g u r e 11). B o r d e r e d 
p i t s l o c a t e d at t h e t r a c h e i d w a l l s w e r e t o t a l l y d e s t r o y e d . T h e c o l o r 
o f t h e e x p o s e d w o o d c h a n g e d f r o m p a l e y e l l o w to l i g h t b r o w n a n d 
t h e n d a r k b r o w n after 5 0 0 a n d 1000 h o f U V l i g h t e x p o s u r e , r e s p e c 
t i ve ly . 

R A D I A L S E C T I O N . B o r d e r e d p i t s i n s o u t h e r n y e l l o w p i n e c o u l d 

Figure 11. Cross section of southern yellow pine exposed to UV light for 
1000 h (700 x). 
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be observed at radial walls i n both earlywood and latewood. G e n 
erally, bordered pits located i n the earlywood were larger and more 
numerous than those i n the latewood. Typical S E M micrographs for 
half-bordered pits and bordered pits at radial walls before U V ex
posure are shown in Figures 12 and 13. 

The first perceptible change i n the anatomical structure of the 
radial section of southern yel low pine upon exposure appears to take 
place at the pits. After 500 h of U V exposure, half-bordered pits were 
damaged. Bordered pits also interacted wi th light, but to a lesser 
extent (Figure 14). The bordered pits could st i l l be recognized. In 
addition, checking and vo id formation i n radial walls occasionally 
could be seen from the exposed specimen. After 1000 h of exposure, 
however, severe deterioration of the bordered pits was observed. 
The S E M micrograph (Figure 15) shows that the apertures of bor
dered pits were enlarged to the l imit of the pit chambers. The pit 
domes were destroyed completely. A t the extreme, the deterioration 
also spread over the radial surface of the tracheid wal l . Complete 
degradation of these ce l l walls wou ld probably take place at a longer 
exposure t ime. Disappearance of bordered pits has also been ob
served for redwood exposed to U V light (60, 62). 

TANGENTIAL SECTION. Bordered pits were rarely found i n the 
tangential surfaces observed. S E M studies revealed that diagonal m i -
crochecks passing through bordered pits i n tracheid cel l walls were 
the most conspicuous anatomical change at the tangential section 
upon U V exposure. The narrow microchecks were oriented diago-

Figure 12. Half-bordered pit structures of southern yellow pine on radial 
section (700 x ). 
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Figure 13. Bordered pit structures of southern yellow pine on radial sec
tion (700 x ). 

n a l l y to t h e axis o f t h e c e l l w a l l , t h u s i n d i c a t i n g that m i c r o c h e c k s 
o c c u r at t h e fibril ang les o f t h e S 2 c e l l w a l l ( F i g u r e s 16 a n d 17). S i m i l a r 
o b s e r v a t i o n s h a v e b e e n r e p o r t e d (60). T h e c o m m o n a p p e a r a n c e o f 
t h e d i a g o n a l m i c r o c h e c k s d u r i n g U V e x p o s u r e was s u g g e s t e d to b e 
t h e r e s u l t o f l o c a l c o n c e n t r a t i o n s o f t e n s i l e stress at r i g h t ang les to 
t h e fibril d i r e c t i o n o f t h e S 2 l ayer . R e l a t i v e l y w i d e r d i a g o n a l c h e c k s 

Ft sure 14. Deterioration of half-bordered pits and cell wall of southern 
yellow pine at radial section after exposure to UV light for 500 h (700 x ). 
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Figure 15. Deterioration of bordered pits and cell wall of southern yellow 
pine at radial section after exposure to UV light for 1000 h (700 x ). 

w e r e o b s e r v e d i n t h e t a n g e n t i a l s e c t i o n o f t r a c h e i d w a l l s o f l a t e w o o d 
( F i g u r e 17). 

Weathering of Wood-Based Materials 
T h e w e a t h e r i n g process d e s c r i b e d thus far has b e e n for s o l i d 

w o o d . T h e i n t r o d u c t i o n o f a n o t h e r v a r i a b l e , t h e a d h e s i v e , i n the 
w e a t h e r i n g o f w o o d - b a s e d m a t e r i a l s s u c h as p l y w o o d a n d p a r t i c l e 
b o a r d creates a d d i t i o n a l c o m p l i c a t i o n s . W o o d s u b s t a n c e is s t i l l ex-

Figure 16. Microchecks of cell wall of southern yellow pine at tangential 
section (earlywood) after exposure to UV light for 500 h (700 x ). 
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Figure 17. Microchecks of cell wall of southern yellow pine at tangential 
section (latewood) after exposure to UV light for 500 h (550 x ). 

p o s e d to t h e e l e m e n t s i n these r e c o n s t i t u t e d p r o d u c t s a n d d e t e r i o 
rates i n a m a n n e r s i m i l a r to that for s o l i d w o o d . T h e w o o d - a d h e s i v e 
b o n d is t h e n e w e l e m e n t i n e x p o s u r e ( I , 6 9 , 70). 

P l y w o o d . T h e w e a t h e r i n g o f p l y w o o d is r e l a t e d d i r e c t l y to t h e 
q u a l i t y o f t h e v e n e e r e x p o s e d a n d to t h e a d h e s i v e s u s e d . B e c a u s e o f 
its t e n d e n c y to c h e c k , m o s t e x t e r i o r p l y w o o d is p r o t e c t e d w i t h a finish 
o r w i t h o v e r l a y m a t e r i a l . S u c h p l y w o o d w e a t h e r s a n d p e r f o r m s s i m 
i l a r l y to s o l i d w o o d ( J , 2 , 71). 

T h e s w e l l i n g a n d s h r i n k i n g that r e su l t s f r o m p e r i o d i c w e t t i n g 
a n d d r y i n g p l a y s an i m p o r t a n t r o l e i n w e a t h e r i n g b y f o r m i n g c h e c k s 
that expose m o r e w o o d sur face a r e a to w e a t h e r i n g . I n p l y w o o d the 
c h e c k s m a y expose t h e g l u e l i n e to w e a t h e r i n g , p a r t i c u l a r l y as t h e y 
b e c o m e e n l a r g e d b y t h e w e a t h e r i n g process (72). 

P l y w o o d u n d e r g o e s m a n y v i s i b l e changes i n a p p e a r a n c e d u r i n g 
t h e w e a t h e r i n g process . T h e s e changes c a n b e d e s c r i b e d a c c o r d i n g 
to t h e f o l l o w i n g s e q u e n c e (72): 

1. L a r g e c h e c k s that n o r m a l l y o r i g i n a t e w i t h l a t h e c h e c k s 
are first f o r m e d . T h e s e b e c o m e w i d e r as w e a t h e r i n g 
a l o n g t h e i r b o r d e r s progresses . 

2. M i c r o c h e c k s are f o r m e d o n t h e sur face d u r i n g t h e e a r l y 
stages o f w e a t h e r i n g . 

3. T h e m i c r o c h e c k s b e c o m e d e e p e r , w i d e r , a n d m o r e a n d 
m o r e n u m e r o u s u n t i l t h e y a c t u a l l y separate i n d i v i d u a l 
c e l l s a n d b u n d l e s o f c e l l s . 
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4. P a r t i c l e s o f d e g r a d e d w o o d — c e l l s , c e l l b u n d l e s , a n d 
d e g r a d e d m a t e r i a l s — a r e r e m o v e d t h r o u g h l e a c h i n g , 
v o l a t i l i z a t i o n , a n d m e c h a n i c a l ac t i ons ; t h e surface b e 
c o m e s r o u g h e n e d a n d c r a t e r e d w i t h a p i t t e d a p p e a r 
ance . 

5. L o w e r d e n s i t y areas ( ear lywood ) g e n e r a l l y e r o d e m o r e 
q u i c k l y t h a n h i g h e r d e n s i t y a r e a s ( l a t e w o o d ) , t h u s 
g i v i n g a r a i s e d - g r a i n a p p e a r a n c e w h i c h b e c o m e s m o r e 
a n d m o r e p r o n o u n c e d as w e a t h e r i n g progresses ( s i m i l a r 
to s o l i d w o o d ) . 

B e c a u s e t h e e a r l y w o o d o f a g i v e n s o f t w o o d s p e c i e s u s u a l l y 
w e a t h e r s a w a y m u c h m o r e q u i c k l y t h a n the l a t e w o o d o f that spec ies , 
t h e g r a i n p a t t e r n o f t h e face p l y b e c o m e s i m p o r t a n t i n d e t e r m i n i n g 
t h e rate at w h i c h w e a t h e r i n g p r o c e e d s to t h e g l u e l i n e . F i g u r e 18 
i l l u s t r a t e s c r o s s - s e c t i o n a l v i e w s o f w e a t h e r e d p l y w o o d at t h e stage 
w h e r e t h e e x p o s e d , e a s i l y w e a t h e r e d e a r l y w o o d o n t h e face v e n e e r 
has b e e n e r o d e d a w a y to l e a v e t h e d e n s e r l a t e w o o d b a n d s e x p o s e d . 
F o u r d i f f e r e n t g r a i n p a t t e r n s h a v e b e e n s e l e c t e d to i l l u s t r a t e t h e i r 
effect o n e r o s i o n ra te . A p p a r e n t l y t h e g l u e l i n e c a n b e e x p o s e d r a p i d l y 
w h e n face v e n e e r s are t a k e n f r o m e i t h e r f a s t - g r o w t h trees ( F i g u r e 
1 8 C ) o r w h e n t h e y possess a v e r t i c a l - g r a i n p a t t e r n ( F i g u r e 1 8 D ) . 
W h e n t h e s e c o n d i t i o n s o c c u r , w e a t h e r i n g c a n p r o c e e d d i r e c t l y to the 

Figure 18. Cross-sectional views of plywood illustrating the effects of 
weathering on face veneers with selected grain patterns. 
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g l u e l i n e t h r o u g h a p a t h o f e a s i l y e r o d e d e a r l y w o o d . T h e t h i n n e r t h e 
face v e n e e r , t h e m o r e p r o b a b l e that a s i t u a t i o n s u c h as that d e p i c t e d 
i n F i g u r e 1 8 C w i l l o c cur . 

L a t e w o o d also e r o d e s a w a y t h r o u g h w e a t h e r i n g . Its e r o s i o n rate 
for m o s t s o f t w o o d spec i es is s l o w (Table I V ) . E v e n t u a l l y , h o w e v e r , 
t h e face v e n e e r o f u n p r o t e c t e d p l y w o o d w i l l e r o d e away, r egard l e ss 
o f t h e g r a i n p a t t e r n o r w o o d spec i es . 

R e c o n s t i t u t e d P a n e l P r o d u c t s . A s i n t h e case o f p l y w o o d , d u 
r a b i l i t y o f r e c o n s t i t u t e d p a n e l p r o d u c t s s u c h as h a r d b o a r d a n d p a r 
t i c l e b o a r d ( w a f e r b o a r d , f l a k e b o a r d , c h i p b o a r d , o r i e n t e d s t r a n d 
board ) i n o u t d o o r w e a t h e r i n g d e p e n d s v e r y m u c h o n w o o d spec ies 
a n d o n t h e a m o u n t a n d n a t u r e o f r e s i n ( b i n d e r , adhes ive ) u s e d i n 
p r e p a r i n g t h e b o a r d ( I , 73). H a r d b o a r d is g e n e r a l l y n e v e r e x p o s e d 
d i r e c t l y to t h e w e a t h e r . H o w e v e r , i t is n o t u n u s u a l for p a r t i c l e b o a r d s 
to b e e x p o s e d to t h e o u t d o o r s w h e r e t h e i r o u t e r l ayers are s u b j e c t e d 
to g r e a t e r d e g r a d a t i o n t h a n t h e i n n e r l a y e r s . A s l o n g as the o u t e r 
c o v e r l a y e r s are i n t a c t , i n n e r l a y e r s are p r o t e c t e d f r o m t h e e l e m e n t s 
o f w e a t h e r i n g . W h e n o u t e r l a y e r s o f e x p o s e d b o a r d s d e t e r i o r a t e a n d 
l o o s e n , a n d s h r i n k i n g a n d s w e l l i n g o f t h e i n n e r layers r e s u l t f r o m 
c h a n g e s i n m o i s t u r e c o n t e n t . A c c e l e r a t e d d e t e r i o r a t i o n o f i n n e r 
l ayers g e n e r a l l y r e s u l t s , c o h e s i o n is lost , a n d b o a r d s m a y fa i l u n d e r 
m e c h a n i c a l loads (J). O n l y 1 o r 2 years o f w e a t h e r i n g c a n cause s i g 
n i f i c a n t s t r e n g t h loss a n d i n c r e a s e d s w e l l i n g (74). D e t e r i o r a t i o n o f 
p a r t i c l e b o a r d d u r i n g o u t d o o r w e a t h e r i n g takes p l a c e b e c a u s e o f t h e 
c o m b i n e d effects o f s p r i n g b a c k f r o m c o m p r e s s i o n set, d e t e r i o r a t i o n 
o f r e s i n , a n d d i f f e r e n t i a l s h r i n k a g e o f ad jacent w o o d p a r t i c l e s d u r i n g 
m o i s t u r e c o n t e n t c h a n g e . P h e n o l i c res ins a p p e a r to g i v e t h e bes t 
o v e r a l l p e r f o r m a n c e . A d d i t i o n a l r e l a t e d s t u d i e s h a v e r e p o r t e d o n t h e 
effect o f n a t u r a l o u t d o o r a n d a r t i f i c i a l a c c e l e r a t e d w e a t h e r i n g o n d u 
r a b i l i t y a n d s t r e n g t h p r o p e r t i e s o f p a r t i c l e b o a r d a n d r e l a t e d m a t e r i 
als (J). 

Weathering of Chemically Modified Woods 
T h e c h e m i c a l m o d i f i c a t i o n o f w o o d c a n p l a y a v e r y i m p o r t a n t 

r o l e i n c o n t r o l l i n g t h e n a t u r a l w e a t h e r i n g process . R e s e a r c h i n g t h e 
effects o f c h e m i c a l m o d i f i c a t i o n o f w o o d o n w e a t h e r a b i l i t y a n d e l u 
c i d a t i n g t h e m e c h a n i s m ( s ) o f U V d e g r a d a t i o n o f m o d i f i e d w o o d s h a v e 
b e e n u n d e r t a k e n (75, 76). C h e m i c a l m o d i f i c a t i o n o f w o o d c e l l w a l l s 
w i t h b u t y l i s o cyanate o r b u t y l è n e o x i d e , l u m e n - f i l l i n g m o d i f i c a t i o n 
w i t h m e t h y l m e t h a c r y l a t e , a n d c o m b i n e d c e l l w a l l m o d i f i c a t i o n a n d 
l u m e n - f i l l i n g m o d i f i c a t i o n s w e r e c o m p a r e d to u n m o d i f i e d s o u t h e r n 
p i n e . P h y s i c a l , m i c r o s c o p i c , a n d c h e m i c a l changes o c c u r r i n g o n t h e 
w o o d surfaces after U V i r r a d i a t i o n i n c o n t r o l l e d a c c e l e r a t e d w e a t h -
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e r i n g e n v i r o n m e n t s w e r e e v a l u a t e d for e a r l y w o o d a n d l a t e w o o d . B o t h 
U V l i g h t a n d U V l i g h t - w a t e r c o m b i n a t i o n s o f e x p o s u r e w e r e i n 
c l u d e d i n t h e s t u d i e s . 

T h e e a r l y w o o d a n d l a t e w o o d o f s o u t h e r n p i n e c h e m i c a l l y m o d 
i f i e d w i t h b u t y l i s o cyanate o r b u t y l è n e o x i d e w e r e not r es i s tant to 
t h e d e g r a d a t i v e e f f e c t s o f U V l i g h t . S u r f a c e d e t e r i o r a t i o n , c o l o r 
c h a n g e s , a n d s m a l l w e i g h t losses o c c u r r e d d u r i n g a c c e l e r a t e d w e a t h 
e r i n g ( U V l i g h t a n d w a t e r spray) . A c c e l e r a t e d w e a t h e r i n g p r o d u c e d 
l i t t l e sur face e r o s i o n u n t i l w a t e r w a s h e d a w a y d e g r a d e d w o o d e l e 
m e n t s . D e g r a d a t i o n a n d loss o f l a t e w o o d d u r i n g a c c e l e r a t e d w e a t h 
e r i n g was m u c h less t h a n that f o u n d for e a r l y w o o d . T h i s was c h a r 
a c t e r i s t i c o f u n m o d i f i e d w o o d as w e l l . L a t e w o o d e r o s i o n was g r e a t e r 
for b u t y l è n e o x i d e - m o d i f i e d w o o d t h a n a l l o t h e r s . W e i g h t loss i n 
c r e a s e d m a r k e d l y as l i g n i n d e g r a d a t i o n p r o d u c t s w e r e w a s h e d away 
b y w a t e r , a n d c h e m i c a l m o d i f i c a t i o n d i d no t r e d u c e th is w e i g h t loss. 
I n c r e a s i n g t h e d i m e n s i o n a l s t a b i l i t y o f t h e w o o d a n d b l o c k i n g l i g n i n 
p h e n o l i c h y d r o x y l g r o u p s a p p a r e n t l y was n o t e n o u g h to s top the ex 
t r e m e d e g r a d a t i v e effects o f U V l i g h t i n t h e w e a t h e r i n g process . U V 
a b s o r b e r s o r s c reens c h e m i c a l l y b o u n d m a y b e necessary to p r o t e c t 
t h e e x p o s e d w o o d sur faces . 

L u m e n - f i l l i n g m o d i f i c a t i o n w i t h m e t h y l m e t h a c r y l a t e p o l y m e r 
r e d u c e d t h e e x t e n t o f e r o s i o n . T h e e r o s i o n rate o f e a r l y w o o d a n d 
l a t e w o o d a n d w o o d s u b s t a n c e loss d u r i n g a c c e l e r a t e d w e a t h e r i n g was 
r e d u c e d s i g n i f i c a n t l y w h e n c o m p a r e d to c h e m i c a l l y m o d i f i e d o r u n 
m o d i f i e d w o o d . I n U V - l i g h t e x p o s u r e , e v e n w i t h w a t e r spray a c t i o n , 
d e g r a d a t i o n was m i n i m a l . T h e m e t h y l m e t h a c r y l a t e p o l y m e r , p o l y 
m e r i z e d in situ w i t h i n t h e w o o d s t r u c t u r e , p r o b a b l y r e d u c e d w a t e r 
u p t a k e a n d r e t a r d e d s u b s e q u e n t l e a c h i n g o f w o o d d e g r a d a t i o n p r o d 
uc ts . T h e p o l y m e r c a n b e r e g a r d e d as a g l u e l i k e m a t e r i a l h o l d i n g the 
sur face w o o d fibers i n p l a c e e v e n t h o u g h t h e n a t u r a l g l u e (nat ive 
l i g n i n ) h a d b e e n d e g r a d e d o n t h e w o o d surface b y the a c t i o n o f the 
U V l i g h t . A s t h e m e t h a c r y l a t e p o l y m e r h o l d s t h e c e l l u l o s e - r i c h fibers 
o n t h e w o o d sur face , t h e fibers m a y act as p a r t i a l s c reens to p r o t e c t 
t h e u n d e r l y i n g w o o d s u b s t a n c e . 

A l t h o u g h c h e m i c a l m o d i f i c a t i o n w i t h b u t y l i socyanate o r b u t y l 
è n e o x i d e was n o t success fu l i n c o n t r o l l i n g U V l i g h t d e g r a d a t i o n o f 
w o o d , a c o m b i n a t i o n o f e i t h e r o f these c h e m i c a l m o d i f i c a t i o n s w i t h 
m e t h y l m e t h a c r y l a t e l u m e n - f i l l t r e a t m e n t r e s u l t e d i n a m o d i f i e d 
w o o d that h a d g o o d r e s i s t a n c e to a c c e l e r a t e d w e a t h e r i n g . T h e c o m 
b i n a t i o n o f t h e l u m e n - f i l l i n g p o l y m e r a n d t h e c e l l w a l l - m o d i f y i n g 
c h e m i c a l t r e a t m e n t s p r o v i d e d a d i m e n s i o n a l s t a b i l i z a t i o n that s ign i f 
i c a n t l y i n c r e a s e d w e a t h e r a b i l i t y . W e i g h t losses for these c o m b i n e d 
c h e m i c a l t r e a t m e n t s w e r e at least 5 0 % less t h a n those o f t h e c h e m 
i c a l l y m o d i f i e d s p e c i m e n s , a n d w o o d e r o s i o n a n d e r o s i o n rates w e r e 
l o w . 
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Chemical Aspects of Weathering Reactions 
S u n l i g h t , e s p e c i a l l y a s m a l l p o r t i o n o f U V l i g h t , is t h e p r i n c i p a l 

i n s t i g a t o r o f w e a t h e r i n g reac t i ons . T h e i m m e d i a t e c o n s e q u e n c e o f 
the i n t e r a c t i o n o f w o o d w i t h l i g h t is the g e n e r a t i o n o f f ree rad i ca l s 
at t h e e x p o s e d sur face (7, 19). A s these l a b i l e f ree rad i ca l s t e r m i n a t e 
a n d s t a b i l i z e , c h r o m o p h o r i c a n d a u x o c h r o m i c g r o u p s are f o r m e d a n d 
d i s c o l o r a t i o n a n d d e t e r i o r a t i o n o c cur . 

W o o d does n o t c o n t a i n a n y i n t r i n s i c f ree rad i ca l s (77). H o w e v e r , 
w o o d is a g o o d l i g h t a b s o r b e r . I t i n t e r a c t s r e a d i l y w i t h e l e c t r o m a g 
n e t i c r a d i a t i o n w i t h w a v e l e n g t h s e q u a l to o r s h o r t e r t h a n v i s i b l e l i g h t 
a n d v a r i o u s t y p e s o f f ree rad i ca l s are g e n e r a t e d . T h e y can b e d e t e c t e d 
b y e l e c t r o n s p i n r e s o n a n c e ( E S R ) s p e c t r o s c o p y (77b). T y p i c a l E S R 
s ignals o f f ree r a d i c a l s o r i g i n a t i n g f r o m w o o d i r r a d i a t e d w i t h d i f f e r e n t 
l i g h t s o u r c e s , i . e . , f l u o r e s c e n t l i g h t , s u n l i g h t , a n d U V l i g h t , a r e 
s h o w n i n F i g u r e 19. T h e s h o r t e r w a v e l e n g t h a n d g r e a t e r l i g h t e n e r g y 
o f U V l i g h t g e n e r a t e t h e h i g h e s t a m o u n t o f f ree r a d i c a l c o n c e n t r a t i o n 
o n t h e w o o d sur face . T h i s is f o l l o w e d b y s u n l i g h t a n d f l u o r e s c e n t 
l i g h t w h e n w o o d is i r r a d i a t e d u n d e r i d e n t i c a l c o n d i t i o n s . R e g a r d l e s s 
o f t h e l i g h t s o u r c e , t h e f ree rad i ca l s f o r m e d r a p i d l y i n t e r a c t w i t h 
o x y g e n m o l e c u l e s to g e n e r a t e t h e r m a l a n d l i g h t s e n s i t i v e h y d r o p e r 
o x i d e v i a a h y d r o p e r o x i d e r a d i c a l i n t e r m e d i a t e . T h i s has an a d v e r s e 
effect o n w o o d s t a b i l i z a t i o n against w e a t h e r i n g (78). T h e h y d r o p e r 
o x i d e i m p u r i t i e s g e n e r a t e d at w o o d surfaces c a n b e d e t e r m i n e d b y 
s p e c t r o p h o t o m e t r i c t e c h n i q u e s u s i n g i o d o m e t r i c a n d t r i p h e n y l p h o s -
p h i n e m e t h o d s (79, 80). 

F r e e R a d i c a l R e a c t i o n s i n C e l l u l o s e a n d H e m i c e l l u l o s e . 
T h e l i g h t s e n s i t i v i t y o f c e l l u l o s e has b e e n r e c o g n i z e d for n e a r l y a 
c e n t u r y . I n 1883 , W i t z s h o w e d that t h e p h o t o d e g r a d a t i o n o f c e l l u l o s e 
is c h e m i c a l i n n a t u r e (81). F r e e r a d i c a l i n t e r m e d i a t e s are p r o d u c e d 
i n c e l l u l o s e d u r i n g p h o t o d e g r a d a t i o n r e a c t i o n s , a n d m o s t o f t h e m 
h a v e b e e n i d e n t i f i e d (7). T h e p h o t o d e g r a d a t i o n rate o f c e l l u l o s e a n d 
h e m i c e l l u l o s e d e p e n d s m a r k e d l y o n t h e i n t e n s i t y a n d e n e r g y d i s t r i 
b u t i o n o f t h e l i g h t . T h e f o r m a t i o n o f f ree rad i ca l s is a s i gn o f i n i t i a t i v e 
d e g r a d a t i o n o f t h e p o l y m e r . 

P u r e c e l l u l o s e is n o t i n f l u e n c e d i n v a c u o b y t h e i r r a d i a t i o n o f 
l i g h t l o n g e r t h a n 3 4 0 n m , a n d c e l l u l o s e d e g r a d a t i o n b y l i g h t is c o n 
fined to a n a r r o w b a n d o f t h e e l e c t r o m a g n e t i c s p e c t r u m . H o w e v e r , 
i n t h e p r e s e n c e o f a i r ( m a i n l y oxygen) , c e l l u l o s e d e g r a d a t i o n m a y 
take p l a c e at a s l o w rate w h e n e x p o s e d to l i g h t o f w a v e l e n g t h l o n g e r 
t h a n 3 4 0 n m . W h e n c e l l u l o s e is s u b j e c t e d to s u n l i g h t , t h e g l y c o s i d i c 
l i n k a g e s are c l e a v e d w h i c h causes a loss o f s t r e n g t h a n d o f d e g r e e o f 
p o l y m e r i z a t i o n . T h e f o r m a t i o n o f f ree rad i ca l s l o c a t e d d u e to t h e 
c h a i n s c i s s i o n at t h e C - l a n d C - 4 p o s i t i o n s c a n b e d e t e c t e d b y 
E S R s p e c t r o p h o t o m e t r y . D i s c o l o r a t i o n a n d f o r m a t i o n o f h y d r o p e r 
o x i d e o n e x p o s e d surfaces c a n b e r e c o g n i z e d easi ly . 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
01

1

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



428 T H E C H E M I S T R Y O F SOLID W O O D 

Figure 19. Electron spin resonance (ESR) signals of wood free radicals 
originating from wood irradiated with different light sources at 77 Κ for 

60 min. Key: a, fluorescent light; h, sunlight; and c, UV light. 

W h e n c e l l u l o s e is e x p o s e d to l i g h t o f w a v e l e n g t h l o n g e r t h a n 
2 8 0 n m , i n a d d i t i o n to c h a i n s c i s s i o n , d e h y d r o g e n a t i o n takes p l a c e , 
p r e f e r e n t i a l l y at t h e C - l a n d C - 5 p o s i t i o n s . D e h y d r o x y m e t h y l a t i o n 
d u e to t h e c l e a v a g e o f t h e C - 5 - C - 6 s i d e c h a i n s o f c e l l u l o s e is o b 
s e r v e d w h e n c e l l u l o s e is e x p o s e d to l i g h t l o n g e r t h a n 254 n m (82). 
T h e f o r m a t i o n o f c a r b o n r a d i c a l s , a l k o x y r a d i c a l s , f o r m y l r a d i c a l s , a n d 
h y d r o g e n a t o m s i n c e l l u l o s e i r r a d i a t e d w i t h v a r i o u s l i g h t sources can 
b e d e t e c t e d b y E S R . T h e d e g r e e o f d e g r a d a t i o n w i t h d i f f e rent l i g h t 
sources c a n b e e v a l u a t e d b y t h e c h a n g e o f v i scos i ty , t h e loss o f d e g r e e 
o f p o l y m e r i z a t i o n , a n d w e i g h t loss. 
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I n g e n e r a l , a l k o x y rad i ca l s g e n e r a t e d i n c e l l u l o s e are s tab le as 
c o m p a r e d to c a r b o n r a d i c a l s . T h e c a r b o n rad i ca l s r e a d i l y u n d e r g o 
s e c o n d a r y t e r m i n a t i o n r e a c t i o n s . C a r b o n rad i ca l s i n v a c u o h a v e an 
af f in i ty for r e c o m b i n a t i o n a n d h y d r o g e n a b s t r a c t i o n to s t a b i l i z e t h e m 
se lves i n t h e p r e s e n c e o f o x y g e n , a n d t h e y are t r a n s f o r m e d r a p i d l y 
i n t o h y d r o p e r o x i d e rad i ca l s to b u i l d u p h y d r o p e r o x i d e . T h i s r a p i d 
o x y g e n a t i o n r e a c t i o n is f u r t h e r a c c e l e r a t e d w h e n e x c i t e d o x y g e n is 
p r e s e n t e d (83). 

A l t h o u g h c e l l u l o s e is n o t s e n s i t i v e to U V l i g h t o f w a v e l e n g t h s 
l o n g e r t h a n 3 4 0 n m , t h e p r e s e n c e o f m e t a l i o n s , p a r t i c u l a r l y f e r r i c 
i o n s , d y e s , a n d m a n y s e n s i t i z e r s , p r o m o t e s free r a d i c a l f o r m a t i o n 
e v e n w h e n c e l l u l o s e is e x p o s e d to l i g h t l o n g e r t h a n 340 n m (84). I n 
a d d i t i o n to w a v e l e n g t h s , o t h e r factors that h a v e s ign i f i cant effect o n 
f ree r a d i c a l f o r m a t i o n a n d d e g r a d a t i o n rate are o x y g e n a n d s e n s i 
t i z e r s , h u m i d i t y a n d w e t n e s s (85), a n d m o r p h o l o g y (86a). 

F r e e R a d i c a l R e a c t i o n s i n L i g n i n . T h e c o n v e n t i o n a l l i g n i n 
m o d e l g ives a b r o a d p i c t u r e o f t h e r e a c t i v e g r o u p s a v a i l a b l e i n n a t i v e 
l i g n i n that m a k e i t an e x c e l l e n t l i g h t absorber . L i g n i n has an a b s o r p 
t i o n p e a k at 2 8 0 n m w i t h its t a i l e x t e n d i n g to o v e r 4 0 0 n m ( F i g u r e 
20). T h e r e a c t i v e g r o u p s a v a i l a b l e i n l i g n i n cons is t o f e t h e r s o f v a r i o u s 
t y p e s , p r i m a r y a n d s e c o n d a r y h y d r o x y l g r o u p s , c a r b o n y l g r o u p s , a n d 
c a r b o x y l g r o u p s . T h e r e also ex is t a n u m b e r o f a r o m a t i c a n d p h e n o l i c 
sites a n d a c t i v a t e d l o ca t i ons c a p a b l e o f i n t e r a c t i n g w i t h l i g h t to i n i 
t ia te f ree r a d i c a l c h a i n r e a c t i o n s . B e c a u s e o f the c o m p l e x i t y o f t h e 
l i g n i n s t r u c t u r e , i d e n t i f y i n g t h e f ree r a d i c a l s ites f o r m e d is e x t r e m e l y 

0 I I • I ι ι ι ι ι t I I I I I I I I 
250 300 350 400 

W a v e l e n g t h (mp) 

Figure 20. UV absorption curve for lignin. 
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d i f f i cu l t . H o w e v e r , w i t h c a r e f u l s e l e c t i o n o f m o d e l c o m p o u n d s , d e 
t a i l e d s t u d y o f p h o t o i n d u c e d free rad i ca l s has b e e n p o s s i b l e (7). 

S e v e r a l facts o n p h o t o c h e m i c a l r e a c t i o n s h a v e b e e n e l i c i t e d . 
T h e y are s u m m a r i z e d as f o l l o w s : 

1. L i g n i n is d e g r a d e d e a s i l y b y l i g h t o f w a v e l e n g t h s h o r t e r 
t h a n 3 5 0 n m . S i g n i f i c a n t c o l o r b u i l d u p o r f o r m a t i o n o f 
c h r o m o p h o r i c g r o u p s is r e c o g n i z e d . 

2. L i g n i n is no t d e g r a d e d b y l i g h t l o n g e r t h a n 3 5 0 n m , b u t 
p h o t o b l e a c h i n g o r w h i t e n i n g o f l i g n i n c a n b e o b s e r v e d 
w h e n i t is e x p o s e d to l i g h t l o n g e r t h a n 4 0 0 n m . 

3. R e d u c t i o n o f m e t h o x y c o n t e n t o f l i g n i n o c c u r s . 
4. P h e n o x y rad i ca l s a re p r o d u c e d r e a d i l y f r o m p h e n o l i c 

h y d r o x y g r o u p s . 
5. C a r b o n - c a r b o n b o n d s a d j a c e n t to α - c a r b o n y l g r o u p s 

are p h o t o d i s s o c i a t e d v i a t h e N o r r i s h T y p e I r e a c t i o n 
(86b). 

6. T h e N o r r i s h T y p e I r e a c t i o n does not o c c u r e f f i c i en t ly 
i n those c o m p o u n d s w i t h e t h e r b o n d s ad jacent to t h e 
α - carbony l g r o u p . P h o t o d i s s o c i a t i o n takes p l a c e at t h e 
e t h e r b o n d . 

7. C o m p o u n d s b e a r i n g b e n z o y l a l c o h o l g r o u p s are no t sus 
c e p t i b l e to p h o t o d i s s o c i a t i o n e x ce p t w h e n p h o t o s e n s i -
t i z e r s are p r e s e n t . 

8. α - C a r b o n y l g r o u p s f u n c t i o n as p h o t o s e n s i t i z e r s i n t h e 
p h o t o d e g r a d a t i o n o f l i g n i n (7). 

B e c a u s e o f t h e p h e n o l i c h y d r o x y g r o u p s a n d e t h e r b o n d s i n 
l i g n i n , the p h e n o x y rad i ca l s are t h e m a j o r i n t e r m e d i a t e f o r m e d i n 
p h o t o i r r a d i a t e d l i g n i n . A l t h o u g h p h e n o x y rad i ca l s are r a t h e r s tab le 
i n t e r m e d i a t e s , t h e y are c a p a b l e o f b e i n g e x c i t e d b y l i g h t , o r r e a c t i n g 
w i t h o x y g e n to i n d u c e d e m e t h y l a t i o n o f t h e g u a i a c y l u n i t o f l i g n i n to 
p r o d u c e o - q u i n o n o i d s t r u c t u r e s . L e a r y s u g g e s t e d that o - q u i n o n e is 
t h e e n d p r o d u c t o f t h e r e a c t i o n (87). C o n s e q u e n t l y , q u i n o n o i d m o i 
eties f o r m e d i n l i g n i n are apparent ly the major c h r o m o p h o r i c groups 
c o n t r i b u t i n g to t h e d i s c o l o r a t i o n o f l i g n i n a n d w o o d m a t e r i a l s . 

F r e e R a d i c a l C h a r a c t e r i s t i c s a n d R e a c t i o n s i n W e a t h e r e d 
W o o d . W o o d , w o o d fiber c o m p o n e n t s , a n d i s o l a t e d l i g n i n c o n t a i n 
c e r t a i n a m o u n t s o f f ree rad i ca l s that are d e t e c t a b l e b y E S R spec t ros 
c o p y (88, 89). U n e x p o s e d g r e e n w o o d w i t h 6 9 % m o i s t u r e c o n t e n t ( in 
d a r k a n d i n vacuo) was f o u n d (77a) to c o n t a i n n o f ree r a d i c a l s . A t race 
a m o u n t o f f ree r a d i c a l s m a y b e p r o d u c e d i n t h e p r e s e n c e o f o x y g e n , 
a n d m o s t o f t h e s e f ree r a d i c a l s are g e n e r a t e d i n w o o d d u r i n g m e 
c h a n i c a l p r e p a r a t i o n (90) as w e l l as i n w o o d e x p o s e d to e l e c t r o m a g 
n e t i c i r r a d i a t i o n . E S R s t u d i e s r e v e a l e d that w o o d in terac t s r e a d i l y 
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w i t h s u n l i g h t , f l u o r e s c e n t l i g h t , a n d a r t i f i c i a l U V l i g h t to p r o d u c e 
free r a d i c a l s , e i t h e r i n t h e p r e s e n c e o f a i r o r i n v a c u o ( F i g u r e s 21 
a n d 22). H i g h e r a m o u n t s o f f ree rad i ca l s w e r e g e n e r a t e d i n v a c u o 
t h a n i n a i r for a l l l i g h t sources at 77 K . O x y g e n is a m a n d a t o r y e l e 
m e n t to a c t i va te w o o d surfaces for p r o m o t i n g free r a d i c a l f o r m a t i o n 
w h e n f l u o r e s c e n t l i g h t is u s e d at a m b i e n t t e m p e r a t u r e . F o r a l l sys 
t e m s , f ree rad i ca l s g e n e r a t e d i n v a c u o h a v e a r e l a t i v e l y l o n g l i f e t i m e 
c o m p a r e d to those g e n e r a t e d i n t h e p r e s e n c e o f a ir . A d d i t i o n o f ox 
y g e n to w o o d t r e a t e d i n v a c u o p r o m o t e s f ree r a d i c a l f o r m a t i o n ; p e r -
o x y r a d i c a l s a r e f o r m e d r e a d i l y at t h e w o o d s u r f a c e . T h e p e r o x y 
r a d i c a l also seeks to c o m p l e t e its u n s a t i s f i e d v a l e n c e , w h i c h i t m a y 
do b y a b s t r a c t i n g a p r o t o n f r o m a n e a r b y m o l e c u l e to f o r m a h y d r o 
p e r o x i d e . T h e h y d r o p e r o x i d e is r e l a t i v e l y u n s t a b l e t o w a r d heat a n d 
l i g h t , a n d is u s u a l l y t r a n s f o r m e d i n t o a n e w c h r o m o p h o r i c g r o u p , 
s u c h as a c a r b o n y l o r c a r b o x y l i c g r o u p . 

E f f e c t o f W a t e r a n d M o i s t u r e o n t h e F o r m a t i o n a n d S t a b i l i t y 
o f F r e e R a d i c a l s . W a t e r is c o n s i d e r e d to b e a c r i t i c a l e l e m e n t i n 
w o o d ' s w e a t h e r a b i l i t y . B e c a u s e w a t e r is a p o l a r l i q u i d i t r e a d i l y p e n 
etrates a n d s w e l l s t h e w o o d c e l l w a l l s . W a t e r m o l e c u l e s m a y i n t e r a c t 
w i t h f ree r a d i c a l s g e n e r a t e d b y l i g h t . I n o r d e r to s t u d y t h e i n f l u e n c e 

330 

1 2 7 0 
c 
3 

m i— 

f 210 

1150 
c 

JEP 

I 90 

m 
at 

30 

Storage Time (hours) 
24 48 72 96 

Light on ; ! 1 1 -1 1 » 
Light off I.Vac, control 

2. Vac, fluorescent lamp 
3. A ir , control 
4. Air , fluorescent lamp 

, 5. VaQ sunlight 

V 6. Air , sunlight 
^ —ν 

- <A 6 t < 

J , 4 § 

; ! 1 1 -1 1 » 
Light off I.Vac, control 

2. Vac, fluorescent lamp 
3. A ir , control 
4. Air , fluorescent lamp 

, 5. VaQ sunlight 

V 6. Air , sunlight 

r\* t 3 · 

; ! 1 1 -1 1 » 
Light off I.Vac, control 

2. Vac, fluorescent lamp 
3. A ir , control 
4. Air , fluorescent lamp 

, 5. VaQ sunlight 

V 6. Air , sunlight 

r\* t 3 · 1 · t 31 9 9 ι 2 Ν ' 1 2 

- i 1 ι 

60 120 180 
Irradiation Time (mins) 

240 

Figure 21. ESR signal intensity (recorded at 77 K) of wood as a function 
of irradiation time and storage time at ambient temperature. Key: 1, vac, 
control; 2, vac, fluorescent lamp; 3, air, control; 4, air, fluorescent hmp; 

5, vac, sunlight; and 6, air, sunlight. 
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Storage Time (hours) 
0 24 « 72 % 120 

Irradiation Time (mlns) 

Figure 22. ESR signal intensity (recorded at 77 K) of wood as a function 
of UV irradiation time and storage time at ambient temperature. Key: 1, 
vac, UV, 77 K; 2, air, UV, 77 K; 3, air, UV, room temperature; and 4, 

vac, UV, room temperature. 

o f w a t e r m o l e c u l e s u p o n t h e r e a c t i v i t y o f f ree r a d i c a l s , w o o d w i t h 
d i f f e r e n t m o i s t u r e c o n t e n t s w a s p r e p a r e d a n d e x p o s e d to f l u o r e s c e n t 
l i g h t . D i f f e r e n t l e v e l s o f E S R i n t e n s i t y (91), w h i c h are d i r e c t l y p r o 
p o r t i o n a l to f ree r a d i c a l c o n c e n t r a t i o n , w e r e o b t a i n e d f r o m t h e w o o d . 
T h e E S R i n t e n s i t y ( e i t h e r i n v a c u o o r air) i n i t i a l l y i n c r e a s e d as the 
m o i s t u r e c o n t e n t i n c r e a s e d f r o m 0 to 3 . 2 % , a n d r e a c h e d a p e a k at 
6 . 3 % . A t 1 5 . 9 % m o i s t u r e c o n t e n t , a s i gn i f i cant de c r e as e i n i n t e n s i t y 
was o b s e r v e d . A t 3 1 . 4 % m o i s t u r e c o n t e n t , o n l y a w e a k s i g n a l was 
d e t e c t e d ( F i g u r e 23). F r o m t h e s t e r e o t o p o c h e m i s t r y p o i n t o f v i e w , 
t h e p r i n c i p a l r o l e o f w a t e r is to fac i l i ta te l i g h t p e n e t r a t i o n i n t o t h e 
ac cess ib l e r e g i o n s a n d to o p e n u p t h e n o n a c c e s s i b l e r e g i o n s for l i g h t 
p e n e t r a t i o n . T h u s , m o r e f ree rad i ca l s are g e n e r a t e d i n these r e g i o n s . 
T h e excess w a t e r m o l e c u l e s p r e s e n t p r o b a b l y t r a p free rad i ca l s to 
f o r m w o o d f ree r a d i c a l - w a t e r c o m p l e x e s (91). 

P a r t i c i p a t i o n o f S i n g l e t O x y g e n i n t h e W e a t h e r i n g P r o c e s s . I n 
a d d i t i o n to s u n l i g h t a n d w a t e r , o x y g e n m o l e c u l e s are a m o n g t h e mos t 
u b i q u i t o u s i n n a t u r e . T h e y p l a y a u n i q u e ro l e i n m a n y p h o t o p h y s i c a l 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
01

1

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



11. FEIST A N D H O N Chemistry of Weathering and Protection 433 

a n d p h o t o c h e m i c a l p rocesses . W e h a v e e x p l a i n e d that o x y g e n is a n 
i m p o r t a n t e l e m e n t to p r o m o t e free r a d i c a l f o r m a t i o n , a n d p o s s i b l y 
that p e r o x i d e i m p u r i t y is f o r m e d d u e to t h e i n t e r a c t i o n o f f ree rad i ca l s 
a n d o x y g e n m o l e c u l e s . H o w e v e r , t h e rate o f o x i d a t i o n o f m o s t p o l y 
m e r s is u s u a l l y v e r y s m a l l w i t h o u t r a d i a t i o n at a m b i e n t t e m p e r a t u r e . 
T h e a c c e l e r a t i o n o f t h e r e a c t i o n rate b y e l e c t r o m a g n e t i c e n e r g y m a y 
b e d u e to t h e g e n e r a t i o n o f e x c i t e d o x y g e n spec ies . C o n s i d e r a b l e 

3 . 0 

2 . 0 h 

> ι .ο μ 

0^ m.c. 3.2<é m.c. 6 . 3 * 1 0 . 5 * m.c . I 1 5 . 9 * m.c. 1 3 1 · ^ * m.c. 

— I 5 5 

Q- I \ oc 
«/> Q —— 

Ear 1ywood 

Figure 23. Comparison of ESR relative signal intensities (earned out in 
a vacuum) of free radicals in earlywood with different moisture contents. 
Key: SYP, southern yellow pine; WRC, western redcedar; D F , Douglas-

fir; and RW, redwood. 
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e v i d e n c e exists that m a n y p h o t o o x i d a t i o n reac t i ons i n v o l v e t h e l o w -
l y i n g s i n g l e t state o f o x y g e n (làg a n d * Σ β + ) as i n t e r m e d i a t e s (92). 

W o o d is a p o l y m e r b l e n d c o n t a i n i n g c e l l u l o s e , h e m i c e l l u l o s e , 
l i g n i n , a n d e x t r a c t i v e s . T h e s e w o o d c o m p o n e n t s c o n t a i n i n t e r n a l 
c h e m i c a l e n t i t i e s s u c h as c a r b o n y l , c a r b o x y l , a l d e h y d e , p h e n o l i c h y 
d r o x y l , a n d u n s a t u r a t e d d o u b l e b o n d s , a n d e x t e r n a l en t i t i e s s u c h as 
w a x , fat, a n d m e t a l i ons . T h e a b s o r p t i o n o f l i g h t e n e r g y b y these 
c o m p o n e n t s m a y b r i n g t h e m to an e x c i t e d t r i p l e t state that transfers 
t h e e n e r g y to t r i p l e t g r o u n d state o x y g e n m o l e c u l e s to c reate s i n g l e t 
o x y g e n (7, 8, 78 , 83). T h e p a r t i c i p a t i o n o f s i n g l e t o x y g e n i n t h e p h o 
t o o x i d a t i o n o f w o o d was e v i d e n c e d b y u s i n g s i n g l e t o x y g e n genera tors 
a n d s i n g l e t o x y g e n q u e n c h e r s d u r i n g i r r a d i a t i o n . I o d o m e t r y s t u d i e s 
r e v e a l e d that h y d r o p e r o x i d e was f o r m e d i n w o o d p h o t o i r r a d i a t e d i n 
t h e p r e s e n c e o f o x y g e n . T h e f o r m a t i o n rate o f h y d r o p e r o x i d e at the 
w o o d surface i n c r e a s e d w h e n m e t h y l e n e b l u e a n d rose b e n g a l s o l u 
t i ons w e r e a d d e d to t h e w o o d p r i o r to i r r a d i a t i o n ( F i g u r e 24). P e r 
o x i d e rad i ca l s i n v o l v e d i n t h e i n t e r i m w e r e d e t e c t e d b y a n E S R s p e c 
t r o p h o t o m e t e r , i . e . , a n a s y m m e t r i c s i n g l e t s i g n a l o f p e r o x y rad i ca l s 
w i t h t h e a v e r a g e g - v a l u e o f 2 .021 (gj_ = 2 .034 ; g,( = 2.007) was 
d e t e c t e d . O n t h e o t h e r h a n d , w h e n s i n g l e t q u e n c h e r s , s u c h as t r i -
e t h y l a m i n e a n d l ,4 -d iazab icyc lo [2 .2 .2 ]oc tane ( D A B C O ) w e r e u s e d i n 
t h e i d e n t i c a l e x p e r i m e n t c o n d i t i o n s , t h e h y d r o p e r o x i d e c o n t e n t was 
r e d u c e d i n s o m e cases, e v e n i n t h e p r e s e n c e o f rose b e n g a l ( F i g u r e 

— ι . 1 i 1 • r 
Wood (control) 

Wood irradiated in H2 

Wood irradiated in air 

Wood irradiated in oxygen 

Wood with Rose Bengal 

Wood with Rose Bengal irradiated in M 

Wood with Rose Bengal irradiated in air 

Wood with Rose Bengal irradiated in oxygen 
. ι ι i _ . ι . 1 · Li 1 

0 0.2 OA 0.6 0.8 1.0 1.2 
Optical Density at 360 nm 

Figure 24. Effect of oxygen and rose bengal on the rate of peroxide for
mation in wood photoirradiated for 24 h. 
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. , , , , 1 . | . , • 
Wood (control) 

Wood irradiated in air 

Wood with DABCO irradiated in air 

Wood with Rose Bengal 

Wood with Rose Bengal irradiated in air 

Wood with Rose Bengal and TEM irradiated in air 

Wood with Rose Bengal and DABCO Irradiated in air 
J I i . i . i . I , 

0 0.2 0.4 0.6 0.8 1.0 1.2 
Optical Density at 360 nm 

Figure 25. Inhibiting effect of DABCO and triethylamine on peroxide 
formation in wood photoirradiated for 24 h. 

25). T h i s e v i d e n c e s u p p o r t s t h e t h e o r y that a s i n g l e t o x y g e n is f o r m e d 
d u r i n g p h o t o i r r a d i a t i o n a n d that i t in te rac t s r a p i d l y w i t h f ree rad i ca l s 
o f w o o d to p r o d u c e h y d r o p e r o x i d e s . D u e to t h e i n s t a b i l i t y against 
heat a n d l i g h t , t h e h y d r o p e r o x i d e s d e c o m p o s e r a p i d l y u n d e r a m b i e n t 
c o n d i t i o n s to c r e a t e c h r o m o p h o r i c g r o u p s , s u c h as c a r b o n y l a n d c a r -
b o x y l g r o u p s . T h e s e g r o u p s c o n t r i b u t e to t h e d i s c o l o r a t i o n o f w o o d 
surfaces . 

S u m m a r y o f t h e C h e m i c a l A s p e c t s o f W e a t h e r i n g . T h e d e t e 
rioration o f w o o d m a t e r i a l s u p o n w e a t h e r i n g i n v o l v e s a v e r y c o m p l e x 
r e a c t i o n s e q u e n c e . P e n e t r a t i o n o f U V l i g h t i n t o w o o d does no t t r a 
v e r s e d e e p e r t h a n 75 μιτι. N o n e t h e l e s s , w o o d surface reac t i ons i n i 
t i a t e d o r a c c e l e r a t e d b y l i g h t c a n b e o b s e r v e d b y d i s c o l o r a t i o n , loss 
o f b r i g h t n e s s , a n d c h a n g e i n surface t e x t u r e after a r t i f i c i a l U V l i g h t 
i r r a d i a t i o n o r l o n g - t e r m so lar i r r a d i a t i o n . 

F r e e r a d i c a l s p e c i e s a r e g e n e r a t e d i n w o o d r e a d i l y b y l i g h t . 
T h e s e rad i ca l s r a p i d l y i n t e r a c t w i t h o x y g e n to p r o d u c e h y d r o p e r o x i d e 
i m p u r i t i e s t h a t a r e d e c o m p o s e d e a s i l y to p r o d u c e c h r o m o p h o r i c 
g r o u p s s u c h as c a r b o n y l a n d c a r b o x y l g r o u p s . T h e use o f s i n g l e t ox 
y g e n g e n e r a t o r s , s u c h as rose b e n g a l a n d m e t h y l e n e b l u e , as w e l l as 
s i n g l e t o x y g e n q u e n c h e r s , s u c h as l , 4 - d i a z a b i c y c l o [ 2 . 2 . 2 ] o c t a n e a n d 
t r i e t h y l a m i n e , suggests t h e p a r t i c i p a t i o n o f s ing l e t o x y g e n as an ef
f e c t i ve i n t e r m e d i a t e i n p h o t o o x i d a t i o n r e a c t i o n s at t h e w o o d sur face . 
T h e p r e s e n c e o f w a t e r i n w o o d also i n f l u e n c e s the rate o f free r a d i c a l 
f o r m a t i o n . W h e n m o i s t u r e c o n t e n t i n w o o d is i n c r e a s e d f r o m 0 to 
6 . 3 % , m o r e f ree rad i ca l s are f o r m e d ; b e y o n d th is stage, t h e rate o f 
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r a d i c a l d e c a y i n c r e a s e s . I R s t u d i e s r e v e a l that c a r b o n y l g r o u p s are 
g e n e r a t e d i n c e l l u l o s e a n d l i g n i n . W a t e r - s o l u b l e f ract ions o f d e g r a d e d 
w o o d e x h i b i t c h a r a c t e r i s t i c s o f p h e n o l i c a b s o r p t i o n s d u e to t h e loss 
o f l i g n i n . E S C A s t u d i e s s h o w that o x i d i z e d w o o d surfaces c o n t a i n 
h i g h e r o x y g e n c o n t e n t s t h a n u n e x p o s e d w o o d surfaces . A g e n e r a l 
m e c h a n i s t i c s c h e m e , a b l e to a c c o u n t for t h e w e a t h e r i n g , o r m o r e 
c o m m o n l y p h o t o o x i d a t i o n , o f w o o d surfaces , is i l l u s t r a t e d i n F i g u r e 
26 . F r e e r a d i c a l c h a i n r e a c t i o n s i n t h e p r e s e n c e o f o x y g e n a n d l i g h t 
are r e s p o n s i b l e for t h e d i s c o l o r a t i o n a n d d e t e r i o r a t i o n o f w o o d s u r 
faces. 

Figure 26. Mechanisms of photodegradation of wood. 

Protection Against Weathering 

P a i n t a n d o t h e r coa t ings o n w o o d (f inishes) u s e d i n d o o r s c a n 
p r o t e c t a n d last for m a n y d e c a d e s w i t h o u t r e f i n i s h i n g (93, 94). I n d o o r 
finishes are r e l a t i v e l y u n a f f e c t e d b y w o o d p r o p e r t i e s . T h e d u r a b i l i t y 
o f finishes o n w o o d e x p o s e d o u t d o o r s to t h e n a t u r a l w e a t h e r i n g p r o 
cess , h o w e v e r , d e p e n d s first o n t h e w o o d itsel f . W o o d p r o p e r t i e s that 
are i m p o r t a n t i n finishing are m o i s t u r e c o n t e n t ; d e n s i t y a n d t e x t u r e ; 
r e s i n a n d o i l c o n t e n t ; w i d t h a n d o r i e n t a t i o n o f g r o w t h r i n g s ; a n d 
de fects s u c h as k n o t s , r e a c t i o n w o o d , a n d f u n g i - i n f e c t e d (diseased) 
w o o d (95). O t h e r c o n t r i b u t i n g factors are the n a t u r e a n d q u a l i t y o f 
t h e finish u s e d , a p p l i c a t i o n t e c h n i q u e s , p r e t r e a t m e n t s , t h e t i m e b e 
t w e e n r e f i n i s h i n g s , t h e e x t e n t to w h i c h t h e surfaces are s h e l t e r e d 
f r o m the w e a t h e r , a n d c l i m a t i c a n d l o c a l w e a t h e r c o n d i t i o n s ( 9 6 - 9 9 ) . 

T h e p r i m a r y f u n c t i o n o f a n y w o o d finish is to p r o t e c t t h e w o o d 
sur face f r o m t h e n a t u r a l w e a t h e r i n g e l e m e n t s ( sun l ight a n d water ) 
a n d h e l p m a i n t a i n a p p e a r a n c e (2). W h e r e a p p e a r a n c e d o e s n o t 
m a t t e r , w o o d c a n b e left u n f i n i s h e d to w e a t h e r n a t u r a l l y , a n d s u c h 
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w o o d w i l l o f t en p r o t e c t t h e s t r u c t u r e for a n e x t e n d e d t i m e ( I , 2, 54). 
D i f f e r e n t f i n i s h e s g i v e v a r y i n g d e g r e e s o f p r o t e c t i o n to t h e w e a t h e r 
(96, 97). 

S u r f a c e t r e a t m e n t p r o v i d e s p r o t e c t i o n against l i g h t a n d w a t e r 
a n d w i l l b e a f fected b y t h e w e a t h e r r e s i s t a n c e o f t h e b o n d i n g agents 
o f t h e f i n i s h ( d r y i n g o i l s , s y n t h e t i c r e s i n s , l a t e x e s , e t c . ) . T h e s e 
b o n d i n g agents are s u b j e c t to p h o t o d e g r a d a t i o n to s o m e d e g r e e . T h e 
m e c h a n i s m o f f a i l u r e o f p a i n t s a n d o t h e r f in i shes has b e e n d e s c r i b e d 
(93, 100), a n d w i l l n o t b e d i s c u s s e d f u r t h e r h e r e . W o o d e x p o s e d to 
t h e o u t d o o r s is p r o t e c t e d f r o m t h e effects o f w e a t h e r b y v a r i o u s f i n 
i s h e s , b y c o n s t r u c t i o n p r a c t i c e s , a n d b y d e s i g n factors (2, 11, 96, 97, 
101, 102). 

T w o b a s i c t y p e s o f f in i shes (or t r e a t m e n t s ) are u s e d to p r o t e c t 
w o o d surfaces d u r i n g o u t d o o r w e a t h e r i n g : those that f o r m a f i l m , 
l a y e r , o r c o a t i n g o n t h e w o o d sur face , a n d those that p e n e t r a t e t h e 
w o o d sur face to l e a v e n o d i s t i n c t l a y e r o r c o a t i n g . F i l m - f o r m i n g m a 
ter ia l s i n c l u d e p a i n t s o f a l l d e s c r i p t i o n , v a r n i s h e s , l a c q u e r s , a n d also 
o v e r l a y s b o n d e d to t h e w o o d sur face . P e n e t r a t i n g f in i shes i n c l u d e 
p r e s e r v a t i v e s , w a t e r r e p e l l e n t s , p i g m e n t e d s e m i t r a n s p a r e n t s ta ins , 
a n d c h e m i c a l t r e a t m e n t s . 

F i l m - F o r m i n g F i n i s h e s . P A I N T S . O f a l l t h e f i n i s h e s , p a i n t s 
m o s t p r o t e c t w o o d aga inst e r o s i o n b y w e a t h e r i n g a n d offer t h e w i d e s t 
s e l e c t i o n o f c o l o r s . A n o n p o r o u s p a i n t f i l m w i l l r e t a r d p e n e t r a t i o n o f 
m o i s t u r e , t h e r e b y r e d u c i n g p r o b l e m s o f p a i n t d i s c o l o r a t i o n b y w o o d 
e x t r a c t i v e s , p a i n t p e e l i n g a n d c h e c k i n g , a n d w a r p i n g o f t h e w o o d (98, 
99). P r o p e r p i g m e n t s w i l l e s s e n t i a l l y e l i m i n a t e p h o t o d e g r a d a t i o n o f 
t h e w o o d sur face . P a i n t , h o w e v e r , is n o t a p r e s e r v a t i v e ; i t w i l l n o t 
p r e v e n t d e c a y i f c o n d i t i o n s are f a v o r a b l e for f u n g a l g r o w t h . T h e d u 
r a b i l i t y o f p a i n t coat ings o n e x t e r i o r w o o d is a f fected b y v a r i a b l e s i n 
t h e w o o d sur face , b y m o i s t u r e , a n d b y t y p e o f p a i n t . 

P a i n t s are c o m m o n l y d i v i d e d i n t o t h e o i l - base o r s o l v e n t - b o r n e 
s y s t e m s , a n d l a t e x o r w a t e r b o r n e s y s t e m s (93 , 103). O i l - b a s e (or 
a lkyd ) p a i n t s are e s s e n t i a l l y a s u s p e n s i o n o f i n o r g a n i c p i g m e n t s i n a n 
o l e o r e s i n o u s v e h i c l e that b i n d s t h e p i g m e n t p a r t i c l e s a n d t h e b o n d i n g 
agent to t h e w o o d sur face . L a t e x p a i n t s are s u s p e n s i o n s o f i n o r g a n i c 
p i g m e n t s a n d v a r i o u s la tex r e s i n s i n w a t e r . A c r y l i c la tex r e s ins are 
p a r t i c u l a r l y d u r a b l e , v e r s a t i l e m a t e r i a l s for f i n i s h i n g w o o d a n d w o o d -
r e l a t e d m a t e r i a l s . 

V A R N I S H E S . T h e m o s t n a t u r a l a p p e a r a n c e for w o o d is o b t a i n e d 
b y u s e o f c l e a r v a r n i s h e s o r l a c q u e r s . O t h e r t r e a t m e n t s e i t h e r c h a n g e 
w o o d c o l o r o r c o v e r i t u p c o m p l e t e l y . U n f o r t u n a t e l y , c l e a r v a r n i s h 
f in i shes u s e d o n w o o d e x p o s e d to s u n a n d r a i n r e q u i r e f r e q u e n t m a i n 
t e n a n c e to r e t a i n a sat is factory a p p e a r a n c e . D u r a b i l i t y o f v a r n i s h o n 
e x p o s e d w o o d is l i m i t e d a n d m a n y i n i t i a l coats are n e c e s s a r y for 
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r e a s o n a b l e p e r f o r m a n c e . M a i n t e n a n c e o f the v a r n i s h surface m u s t be 
c a r r i e d o u t as soon as s igns o f b r e a k d o w n occur . T h i s m a y b e as l i t t l e 
as 1 y e a r i n s e v e r e e x p o s u r e s . L a c q u e r s a n d she l lacs are u s u a l l y not 
s u i t a b l e as e x t e r i o r c l e a r finishes for w o o d because o f w a t e r s e n s i t i v i t y 
a n d ease o f c r a c k i n g o r c h e c k i n g o f t h e i r r a t h e r b r i t t l e films. 

T h e a d d i t i o n o f c o l o r l e s s U V l i g h t a b s o r b e r s to c l e a r finishes has 
f o u n d o n l y m o d e r a t e success to h e l p r e t a i n t h e n a t u r a l c o l o r a n d 
o r i g i n a l sur face s t r u c t u r e o f w o o d (1, 18, 104-108). O p a q u e p i g m e n t s 
f o u n d i n p a i n t s a n d sta ins g e n e r a l l y p r o v i d e the m o s t e f fect ive a n d 
l o n g - l a s t i n g p r o t e c t i o n against l i g h t (1, 42, 109-111). E v e n w h e n 
u s i n g r e l a t i v e l y d u r a b l e , c l ear , s y n t h e t i c r e s i n v a r n i s h e s , t h e w e a t h 
e r p r o o f q u a l i t i e s o f t h e w o o d - v a r n i s h s y s t e m are s t i l l l i m i t e d b e c a u s e 
U V l i g h t p e n e t r a t e s t h e t r a n s p a r e n t v a r n i s h film a n d g r a d u a l l y d e 
grades t h e w o o d u n d e r i t (21, 112, 113). E v e n t u a l l y , the v a r n i s h 
b e g i n s to f l a k e a n d c r a c k off, t a k i n g w i t h i t fibers o f the w o o d that 
h a v e b e e n d e g r a d e d p h o t o c h e m i c a l l y (51, 60, 114). 

S t u d i e s for p r e d i c t i n g t h e d u r a b i l i t y o f c l e a r finishes for w o o d 
f r o m bas i c p r o p e r t i e s h a v e b e e n r e p o r t e d (115, 116) a n d t h e r e l a t i o n s 
b e t w e e n c o m p o s i t i o n , w a t e r a b s o r p t i o n , w a t e r v a p o r p e r m e a b i l i t y , 
t e n s i l e s t r e n g t h , a n d e l o n g a t i o n r e v i e w e d . S i n g l e a n d m u l t i p l e 
r egress i ons w e r e u s e d to e s t a b l i s h t h e r e l a t i v e i m p o r t a n c e o f t h e 
d i f f e r e n t p r o p e r t i e s i n d e t e r m i n i n g d u r a b i l i t y ra t ings o n o u t d o o r ex 
p o s u r e . T h e d u r a b i l i t y o f c l e a r p h e n o l i c s a n d a l k y d s c a n b e p r e d i c t e d 
f r o m w a t e r a b s o r p t i o n a n d p e r m e a b i l i t y p r o p e r t i e s . T e n s i l e s t r e n g t h 
a n d m e c h a n i c a l p r o p e r t i e s are o f less i m p o r t a n c e . 

P e n e t r a t i n g F i n i s h e s . W A T E R R E P E L L E N T S . A la rge p r o p o r t i o n 
o f t h e d a m a g e d o n e to e x t e r i o r w o o d w o r k (paint de fects , d e f o r m a 
t i o n s , decay , l e a k a g e , etc . ) is a d i r e c t r e s u l t o f m o i s t u r e changes i n 
t h e w o o d a n d s u b s e q u e n t d i m e n s i o n a l i n s t a b i l i t y ( J , 11, 117-123). 
T h i s is d i s c u s s e d i n d e t a i l i n t h e s e c t i o n o n t h e effect o f w a t e r . W a t e r 
g e n e r a l l y e n t e r s w o o d t h r o u g h o p e n c r a c k s , u n p r o t e c t e d e n d - g r a i n 
sur faces , a n d de fec ts i n sur face t r e a t m e n t s . A l t h o u g h t h e n e g a t i v e 
effects o f s u c h p r o b l e m s c a n b e a v o i d e d , o r at least r e d u c e d , b y 
p r o p e r d e s i g n o r c o r r e c t c h o i c e o f m a t e r i a l s , i t is e x t r e m e l y d i f f i cu l t 
to s top c h e c k s o r c racks f r o m a p p e a r i n g w h e r e w o o d w o r k is s u b j e c t e d 
to h a r s h l o n g - t e r m e x p o s u r e . E v e n a q u a l i t y c o a t i n g o f ten loses its 
p r o t e c t i v e q u a l i t i e s b e c a u s e i t c a n n o t t o l e ra te the stresses a n d s tra ins 
o f s h r i n k a g e a n d s w e l l i n g , e s p e c i a l l y a r o u n d j o i n t s . E v e n t u a l l y , the 
c o a t i n g g ives way . 

R e c a u s e o f t h e s e p r o b l e m s , w o o d w o r k e x p o s e d to t h e o u t d o o r s 
s h o u l d b e g i v e n a p r o t e c t i v e t r e a t m e n t that is b o t h w a t e r - r e p e l l e n t 
a n d w a t e r - r e s i s t a n t to d e c a y f u n g i . S u c h t r e a t m e n t c o u l d b e u s e d 
e i t h e r as t h e finish i t s e l f o r p r i o r to t h e f i n a l f i n i s h . M a t e r i a l s d e v e l 
o p e d f o r s u c h p u r p o s e s a r e t e r m e d water-repellent preservatives 
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( W R P ) . G e n e r a l l y , t h e y are c o m p r i s e d o f a r e s i n ( 1 0 - 2 0 % ) , a s o l v e n t , 
a w a x (as t h e w a t e r r e p e l l e n t ) , a n d a p r e s e r v a t i v e [ g e n e r a l l y p e n 
t a c h l o r o p h e n o l , b u t o t h e r s s u c h as b i s ( t r i - n - b u t y l t i n ) o x i d e , c o p p e r 
n a p h t h e n a t e , z i n c n a p h t h e n a t e , a n d c o p p e r 8 - q u i n o l i n o l a t e are used ] 
( J , 11, 118-120). 

A great s tore o f i n f o r m a t i o n has b e e n a c c u m u l a t e d o n t h e effec
t i v e n e s s o f W R P s i n p r o t e c t i n g e x t e r i o r w o o d (1, 117-119, 121, 122, 
124-129). T h e t r e a t m e n t s c a n b e a p p l i e d b y v a c u u m i m p r e g n a t i o n , 
b y i m m e r s i o n ( w h i c h is p r e f e r r e d ) , b y b r u s h , o r b y spray a p p l i c a t i o n . 
T h e y i m p r o v e t h e p e r f o r m a n c e o f m a n y finishes a p p l i e d o v e r t h e m 
a n d a d d g r e a t l y to t h e d u r a b i l i t y o f e x p o s e d w o o d . E v e n c h i p b o a r d 
o r p a r t i c l e b o a r d , w h i c h is v e r y s u s c e p t i b l e to m o i s t u r e , c a n b e p r o 
t e c t e d q u i t e e f f e c t i v e l y against t h e effects o f o u t d o o r e x p o s u r e b y 
u s i n g a W R P p r e t r e a t m e n t f o l l o w e d b y a d i f f us i on - r es i s ta nt c o a t i n g 
(126, 130-133). 

T h e W R P t r e a t m e n t s g i v e w o o d t h e a b i l i t y to r e p e l w a t e r , t h u s 
d e n y i n g s ta in a n d d e c a y f u n g i t h e m o i s t u r e t h e y n e e d to l i v e . W o o d 
surfaces that r e m a i n free o f m i l d e w f u n g i r e t a i n a n a t t r a c t i v e " n a t u r a l " 
a p p e a r a n c e . A W R P r e d u c e s w a t e r d a m a g e to the w o o d a n d h e l p s 
p r o t e c t a p p l i e d p a i n t f r o m b l i s t e r i n g , p e e l i n g , a n d c r a c k i n g , w h i c h 
o f ten o c c u r s w h e n excess ive w a t e r p e n e t r a t e s w o o d . 

A W R P u s u a l l y c o n t a i n s a f u n g i c i d e as p r e s e r v a t i v e that k i l l s a n y 
surface m i l d e w l i v i n g o n t h e w o o d . I n m a n y m e d i u m - to l o w - h a z a r d 
d e c a y s i t u a t i o n s , p r e s e r v a t i v e m a y no t b e n e e d e d for success fu l p e r 
f o r m a n c e o f t h e w a t e r r e p e l l e n t (122). T h e r e f o r e , r e s t r i c t i o n o f w a t e r 
f r o m w o o d is o f p r i m e i m p o r t a n c e i n i m p r o v i n g t h e d u r a b i l i t y o f 
e x p o s e d w o o d (117). 

S T A I N S . W h e n p i g m e n t s are a d d e d to w a t e r r e p e l l e n t o r W R P 
s o l u t i o n s o r to s i m i l a r p e n e t r a t i n g t r a n s p a r e n t w o o d finishes, t h e m i x 
t u r e is c l a s s i f i e d as a pigmented penetrating stain (1, 2, 124, 134). 
A d d i t i o n o f p i g m e n t p r o v i d e s c o l o r a n d g r e a t l y increases t h e d u r a 
b i l i t y o f t h e f i n i s h b e c a u s e U V l i g h t is b l o c k e d . T h e s e s e m i t r a n s -
p a r e n t stains p e r m i t m u c h o f t h e w o o d g r a i n to s h o w t h r o u g h ; t h e y 
p e n e t r a t e t h e w o o d to a d e g r e e w i t h o u t f o r m i n g a d i s c r e t e , c o n t i n 
u o u s l ayer . T h e r e f o r e , t h e y w i l l no t b l i s t e r o r p e e l e v e n i f excess ive 
m o i s t u r e e n t e r s t h e w o o d . T h e d u r a b i l i t y o f a n y s t a i n s y s t e m is a 
f u n c t i o n o f p i g m e n t c o n t e n t , r e s i n c o n t e n t , p r e s e r v a t i v e , w a t e r r e 
p e l l e n t , a n d q u a n t i t y o f m a t e r i a l a p p l i e d to t h e w o o d sur face . T h e i r 
p e r f o r m a n c e d u r i n g o u t d o o r e x p o s u r e has r e c e i v e d a great d e a l o f 
a t t e n t i o n (1, 69, 71, 124, 134-137). 

P e n e t r a t i n g stains are s u i t a b l e for b o t h s m o o t h - a n d r o u g h - t e x 
t u r e d sur faces ; h o w e v e r , t h e i r p e r f o r m a n c e i m p r o v e s m a r k e d l y i f a p 
p l i e d to r o u g h s a w n , w e a t h e r e d , o r r o u g h - t e x t u r e d w o o d (1, 69, 99, 
124, 134, 137, 138) b e c a u s e m o r e m a t e r i a l c a n b e a p p l i e d to s u c h 
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surfaces . T h e y are e s p e c i a l l y e f fec t ive o n l u m b e r a n d p l y w o o d that 
does n o t h o l d p a i n t w e l l , s u c h as f l a t - g r a i n e d a n d w e a t h e r e d sur faces , 
o r d e n s e spec i e s . P e n e t r a t i n g stains c a n b e u s e d e f f e c t ive ly to finish 
s u c h e x t e r i o r surfaces as s i d i n g , t r i m , e x p o s e d d e c k i n g , a n d fences . 
S ta ins c a n b e p r e p a r e d f r o m b o t h s o l v e n t - b a s e r e s i n sys tems a n d latex 
s y s t e m s ; h o w e v e r , la tex s y s t e m s d o no t p e n e t r a t e t h e w o o d sur face . 
C o m m e r c i a l finishes k n o w n as h e a v y - b o d i e d , s o l i d - c o l o r , o r o p a q u e 
stains are also a v a i l a b l e , b u t t h e s e p r o d u c t s are e s s e n t i a l l y s i m i l a r to 
p a i n t b e c a u s e o f t h e i r film-forming c h a r a c t e r i s t i c s . S u c h stains d o find 
w i d e success w h e n a p p l i e d o n t e x t u r e d surfaces a n d p a n e l p r o d u c t s 
s u c h as h a r d b o a r d . T h e y c a n b e o i l - b a s e d o r l a t e x - b a s e d (see also 
" N a t u r a l W o o d F i n i s h e s " ) . 

P R E S E R V A T I V E S . A l t h o u g h no t c lass i f i ed g e n e r a l l y as w o o d f i n 
i s h e s , p r e s e r v a t i v e s i n w o o d d o p r o t e c t against w e a t h e r i n g a n d decay , 
a n d a great q u a n t i t y o f p r e s e r v a t i v e - t r e a t e d w o o d is e x p o s e d w i t h o u t 
a n y a d d i t i o n a l finish (2). T h e r e are t h r e e m a i n t y p e s o f p r e s e r v a t i v e : 
(1) t h e p r e s e r v a t i v e o i l s (e .g . , c oa l - ta r creosote ) , (2) t h e o r g a n i c s o l 
v e n t s o l u t i o n s ( e . g . , p e n t a c h l o r o p h e n o l ) , a n d (3) w a t e r b o r n e salts 
(e .g . , c h r o m a t e d c o p p e r arsenate) (2). T h e s e p r e s e r v a t i v e s c a n b e 
a p p l i e d i n s e v e r a l w a y s , b u t p r e s s u r e t r e a t m e n t g ives t h e greatest 
p r o t e c t i o n aga inst decay . G r e a t e r p r e s e r v a t i v e c o n t e n t o f p r e s s u r e -
t r e a t e d w o o d g e n e r a l l y r e s u l t s i n g r e a t e r res i s tance to w e a t h e r i n g 
a n d i m p r o v e d sur face d u r a b i l i t y . T h e c h r o m i u m - c o n t a i n i n g p r e s e r 
v a t i v e s also p r o t e c t against U V d e g r a d a t i o n (1, 138, 139). 

S U R F A C E T R E A T M E N T S . C e r t a i n i n o r g a n i c c h e m i c a l s ( e s p e c i a l l y 
h e x a v a l e n t c h r o m i u m c o m p o u n d s ) , w h e n a p p l i e d as d i l u t e a q u e o u s 
s o l u t i o n s to w o o d sur faces , p r o v i d e t h e f o l l o w i n g bene f i t s (70, 135, 
139-141): (1) r e t a r d i n g d e g r a d a t i o n o f w o o d surfaces b y U V r a d i a t i o n ; 
(2) i m p r o v i n g d u r a b i l i t y o f U V - t r a n s p a r e n t p o l y m e r coat ings ; (3) i m 
p r o v i n g d u r a b i l i t y o f p a i n t s a n d s ta ins ; (4) p r o v i d i n g a d e g r e e o f d i 
m e n s i o n a l s t a b i l i z a t i o n to w o o d sur faces ; (5) p r o v i d i n g f u n g a l r e s i s 
tance to w o o d sur face a n d to coat ings o n t h e sur face ; (6) s e r v i n g 
w i t h o u t f u r t h e r t r e a t m e n t as n a t u r a l finishes for w o o d ; a n d (7) fixing 
w a t e r - s o l u b l e e x t r a c t i v e s i n w o o d s s u c h as r e d w o o d a n d c e d a r , 
t h e r e b y m i n i m i z i n g s u b s e q u e n t s t a i n i n g o f a p p l i e d latex p a i n t s . 

T h e m o s t s u c c e s s f u l t r e a t m e n t s i n v e s t i g a t e d w e r e t h o s e c o n 
t a i n i n g c h r o m i u m t r i o x i d e ( c h r o m i c a c i d , c h r o m i c a n h y d r i d e ) , c o p p e r 
c h r o m a t e ( m i x t u r e s o f s o l u b l e c o p p e r salts a n d s o l u b l e chromâtes ) , 
o r a m m o n i a c a l s o l u t i o n s o f these c h e m i c a l s . S u c c e s s f u l r e su l t s h a v e 
b e e n o b t a i n e d b y u s i n g z i n c - c o n t a i n i n g c o m p o u n d s (142). S e l l et a l . 
(143) d e s c r i b e d sur face t r e a t m e n t s w i t h c h r o m i u m - c o p p e r - b o r o n 
salts . F i e l d w e a t h e r i n g tests , l e a c h i n g tests , a n d e l e c t r o n - p r o b e m i 
c r o a n a l y s i s s h o w e d that th i s t r e a t m e n t was res i s tant to l e a c h i n g a n d 
w e a t h e r i n g . 
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T h e c o a t i n g d u r a b i l i t y o f o r g a n o l e a d - t r e a t e d s o u t h e r n p i n e i n 
e x t e r i o r e x p o s u r e was r e p o r t e d (144). S i g n i f i c a n t i m p r o v e m e n t i n t h e 
d u r a b i l i t y o f a v i n y l - a c r y l i c la tex a n d a n a l k y d p a i n t o n t r e a t e d w o o d 
was d e m o n s t r a t e d . I m p r o v e d d u r a b i l i t y a p p e a r e d to b e i n d e p e n d e n t 
o f t h e t y p e o r c o n c e n t r a t i o n o f t h e o r g a n o l e a d - t r e a t e d c o m p o u n d s . 

T h e r o l e o f c h r o m i u m i n t h e t r e a t m e n t o f w o o d has b e e n d e 
s c r i b e d i n d e t a i l (145-148). W o o d w a t e r p r o o f i n g , l i g n i n c r o s s - l i n k i n g , 
k i n e t i c s o f r e a c t i o n , a n d k i n e t i c b e h a v i o r h a v e b e e n s t u d i e d . 

W i l l i a m s a n d F e i s t (149) d e s c r i b e d the a p p l i c a t i o n o f e l e c t r o n 
E S C A t e c h n i q u e s to e v a l u a t e w o o d a n d c e l l u l o s e surfaces that h a d 
b e e n m o d i f i e d b y a q u e o u s c h r o m i u m t r i o x i d e t r e a t m e n t . E S C A d a t a 
s h o w e d at least 8 0 % C r ( V I ) to C r ( I I I ) r e d u c t i o n o n a l l substrates . 
L e a c h i n g e x p e r i m e n t s c o n f i r m e d th is r e d u c t i o n to a h i g h l y w a t e r -
i n s o l u b l e o r " f i x e d " c h r o m i u m c o m p l e x o n b o t h w o o d a n d o n filter 
p a p e r ( c e l l u l o s e ) . S i m i l a r o x i d a t i o n p r o d u c t s w e r e o b s e r v e d w i t h 
w o o d a n d filter p a p e r . T h e s e e x p e r i m e n t s i n d i c a t e that c h r o m i u m -
c e l l u l o s e a n d c h r o m i u m — l i g n i n i n t e r a c t i o n s a r e i n v o l v e d i n t h e 
m e c h a n i s m o f c h r o m i u m ( V I ) s t a b i l i z a t i o n o f w o o d surfaces . 

W h e n w o o d was t r e a t e d w i t h 0 . 1 % c h r o m i c a c i d s o l u t i o n , p r o 
t e c t i v e effects c o u l d b e r e c o g n i z e d o n t r a n s v e r s e surfaces after 500 h 
o f U V l i g h t i r r a d i a t i o n ( F i g u r e 27) (68). A l t h o u g h s o m e l o n g i t u d i n a l 
m i c r o d i t c h e s i n t h e m i d d l e l a m e l l a z o n e w e r e o b s e r v e d w i t h t h e 
c h r o m i c a c i d - t r e a t e d w o o d , t h e d e t e r i o r a t i o n o f c e l l w a l l s was less , 
a n d t h e m i c r o d i t c h e s w e r e n a r r o w e r t h a n t h o s e o f t h e u n t r e a t e d 
w o o d . T h e d e g r e e o f p r o t e c t i o n was d i r e c t l y p r o p o r t i o n a l to t h e c o n -

Figure 27. Cross section of southern yellow pine treated with 0.1% 
chromic acid solution after exposure to UV light for 500 h (700 x). 
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c e n t r a t i o n o f c h r o m i c a c i d u s e d i n t h e t r e a t m e n t . W h e n w o o d s w e r e 
t r e a t e d w i t h 5 a n d 1 0 % c h r o m i c a c i d s o l u t i o n , m o s t o f the c e l l w a l l s 
w e r e p r o t e c t e d ( F i g u r e 28 a n d 29). T h e c e l l w a l l s a p p e a r e d to b e 
v e r y r e s i s t a n t to p h o t o d e t e r i o r a t i o n ; o n l y s m a l l v o i d s c r e a t e d at the 
c e l l c o r n e r s w e r e o b s e r v e d after 1000 h o f e x p o s u r e . F o r t h e m o s t 
p a r t , t h e m i d d l e l a m e l l a r e g i o n was p r e s e r v e d . 

N o r m a l l y f e r r i c c h l o r i d e is a s t r o n g o x i d a t i v e agent for c e l l u l o s i c 
t ex t i l e s (150); h o w e v e r , a p h o t o p r o t e c t i v e effect was o b s e r v e d w i t h 
w o o d t r e a t e d w i t h f e r r i c c h l o r i d e s o l u t i o n s i m i l a r to those t r e a t e d 
w i t h c h r o m i c a c i d . S i m i l a r p h o t o p r o t e c t i v e effects o f f e r r i c c h l o r i d e 
w e r e o b s e r v e d w i t h t h e r m o m e c h a n i c a l p u l p f ibers (151). 

P r o t e c t i v e effects o f c h r o m i c a c i d a n d f e r r i c c h l o r i d e t r e a t m e n t s 
o n sur face d e g r a d a t i o n also w e r e o b s e r v e d o n r a d i a l surfaces . T h e 
p r e s e r v a t i o n o f b o t h s i m p l e a n d b o r d e r e d p i t s i n w o o d s t r e a t e d b y 
t h e s e i n o r g a n i c salts was o b s e r v e d . A t a 1 0 % c h r o m i c a c i d t r e a t m e n t 
c o n c e n t r a t i o n , t h e s t r u c t u r e o f the p i t s r e t a i n e d m o s t o f t h e o r i g i n a l 
s h a p e a f t e r 1 0 0 0 h o f U V i r r a d i a t i o n . T h e d i a g o n a l m i c r o c h e c k s 
p a s s i n g t h r o u g h t h e b o r d e r e d p i t s i n r a d i a l w a l l s o f t r a c h e i d s , h o w 
ever , c a n s t i l l b e o b s e r v e d ( F i g u r e 30). 

B o t h t r e a t e d a n d u n t r e a t e d t a n g e n t i a l w o o d surfaces w e r e q u i t e 
r e s i s t a n t to p h o t o d e g r a d a t i o n . F r e q u e n t l y o b s e r v e d d i a g o n a l m i c r o -
c h e c k s i n u n t r e a t e d w o o d s w e r e m i n i m a l i n t h e c h r o m i c a c i d - a n d 
f e r r i c c h l o r i d e - t r e a t e d s p e c i m e n s . 

T h e s e f i n d i n g s s h o w c h a n g e s i n w o o d m i c r o s t r u c t u r e d u r i n g 
p h o t o d e g r a d a t i o n that l e a d to c e l l w a l l s e p a r a t i o n at t h e m i d d l e l a -

Figure 28. Cross section of southern yellow pine treated with 5% chromic 
acid solution after exposure to UV light for 500 h (700 x ). 
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Figure 29. Cross section of southern yellow pine treated with 10% 
chromic acid solution after exposure to UV light for 500 h (700 x ). 

m e l l a r e g i o n a n d to d a m a g e o f h a l f - b o r d e r e d a n d b o r d e r e d p i t s o n 
r a d i a l sur faces . T h e d e g r a d a t i v e effect o f U V l i g h t c a n b e m i n i m i z e d 
b y t r e a t i n g w o o d surfaces w i t h a q u e o u s s o l u t i o n s o f c h r o m i c a c i d a n d 
f e r r i c c h l o r i d e . 

Natural Wood Finishes 

S o m e w o o d f in i shes are o f ten a p p l i e d as s o - c a l l e d n a t u r a l finishes 
for w o o d . E a c h f i n i s h s y s t e m offers v a r i o u s advantages a n d d i s a d v a n -

Figure 30. Microchecks of cell wall of southern yellow pine treated with 
10% chromic acid solution after exposure to UV light for 1000 h (700 x ). 
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tages for th i s use . T h e s e s y s t e m s c a n b e c lass i f i ed as film-forming o r 
p e n e t r a t i n g finishes. T h e p e n e t r a t i n g finishes can b e s u b d i v i d e d f u r 
t h e r i n t o t r a n s p a r e n t , s e m i t r a n s p a r e n t , a n d w a t e r b o r n e salts as d e 
s c r i b e d e a r l i e r . T h e s i m p l e s t n a t u r a l finish, as s u p p l i e d b y n a t u r e , is 
t h e w e a t h e r i n g p r o c e s s . 

F i l m - F o r m i n g . V a r n i s h e s a r e t h e p r i m a r y t r a n s p a r e n t f i l m -
f o r m i n g m a t e r i a l s u s e d for n a t u r a l w o o d f i n i s h e s , a n d t h e y g r e a t l y 
e n h a n c e t h e n a t u r a l b e a u t y o f w o o d . V a r n i s h e s l a ck e x t e r i o r p e r m a 
n e n c e u n l e s s p r o t e c t e d f r o m d i r e c t e x p o s u r e to s u n l i g h t . V a r n i s h fin
i shes o n w o o d e x p o s e d to t h e o u t d o o r s w i t h o u t p r o t e c t i o n w i l l g e n 
e r a l l y r e q u i r e r e f i n i s h i n g e v e r y 1 - 2 years . 

P e n e t r a t i n g . T h e p e n e t r a t i n g f i n i s h e s a r e t h e s e c o n d b r o a d 
c lass i f i ca t i on o f n a t u r a l w o o d finishes. T h e s e f in i shes do not f o r m a 
film o n t h e w o o d sur face . 

T R A N S P A R E N T . W a t e r - r e p e l l e n t p r e s e r v a t i v e s ( W R P ) a r e t h e 
m o s t i m p o r t a n t o f t h e t r a n s p a r e n t p e n e t r a t i n g n a t u r a l f i n i s h s y s t e m s . 
T r e a t i n g w o o d surfaces w i t h W R P w i l l p r o t e c t w o o d e x p o s e d to t h e 
o u t d o o r s w i t h l i t t l e c h a n g e i n a p p e a r a n c e . A c l e a n , g o l d e n - t a n c o l o r 
c a n b e a c h i e v e d w i t h m o s t w o o d spec ies . T h e t r e a t m e n t r e d u c e s 
w a r p i n g a n d c r a c k i n g , p r e v e n t s w a t e r s t a i n i n g at edges a n d e n d s o f 
w o o d s i d i n g , a n d h e l p s c o n t r o l m i l d e w g r o w t h . T h e f irst a p p l i c a t i o n 
o f W R P m a y p r o t e c t e x p o s e d w o o d surfaces for o n l y 1 - 2 y e a r s , b u t 
s u b s e q u e n t r e a p p l i c a t i o n s m a y last 2 — 4 years b e c a u s e t h e w e a t h e r e d 
b o a r d s a b s o r b m o r e o f t h e finish. 

S E M I T R A N S P A R E N T . T h e s e m i t r a n s p a r e n t o i l - b a s e d stains are the 
s e c o n d o f t h e p e n e t r a t i n g n a t u r a l w o o d finishes. T h e s e s ta in finishes 
p r o v i d e a less n a t u r a l a p p e a r a n c e b e c a u s e t h e y c o n t a i n p i g m e n t that 
p a r t i a l l y h i d e s t h e o r i g i n a l g r a i n a n d c o l o r o f t h e w o o d . T h e y are 
g e n e r a l l y m u c h m o r e d u r a b l e t h a n are v a r n i s h e s o r W R P s , a n d t h e y 
p r o v i d e m o r e p r o t e c t i o n aga inst w e a t h e r i n g . W i t h these s t a i n sys 
t e m s , w e a t h e r i n g is s l o w e d b y r e t a r d i n g the a l t e r n a t e w e t t i n g a n d 
d r y i n g o f w o o d a n d t h e p r e s e n c e o f p i g m e n t s o n t h e w o o d surface 
m i n i m i z e s t h e d e g r a d i n g effects o f s u n l i g h t . T h e a m o u n t o f p i g m e n t 
i n t h e s e m i t r a n s p a r e n t stains var i e s c o n s i d e r a b l y , a n d d i f f e rent d e 
grees o f p r o t e c t i o n against U V d e g r a d a t i o n a n d m a s k i n g o f t h e a p 
p e a r a n c e o f t h e o r i g i n a l w o o d surface c a n b e a c h i e v e d . 

L a t e x sta ins are also d e s c r i b e d as s e m i t r a n s p a r e n t . T h e s e p i g 
m e n t e d finishes are g e n e r a l l y n o n p e n e t r a t i n g a n d r e t a i n t h e sur face 
t e x t u r e o f t h e w o o d b u t o f ten o b l i t e r a t e t h e n a t u r a l w o o d co lor . 

W A T E R B O R N E S A L T S . W a t e r b o r n e i n o r g a n i c sal ts a r e a s p e c i a l 
g r o u p o f p e n e t r a t i n g finishes. T h e s e sur face t r e a t m e n t s r e s u l t i n a 
f i n i s h s i m i l a r to t h e s e m i t r a n s p a r e n t p e n e t r a t i n g f i n i s h e s b e c a u s e 
t h e y c h a n g e t h e c o l o r o f t h e w o o d a n d l eave a surface d e p o s i t o f 
m a t e r i a l s i m i l a r to t h e p i g m e n t f o u n d i n t h e s e m i t r a n s p a r e n t s ta ins . 
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O p a q u e S t a i n s . S o l i d c o l o r o r o p a q u e stains are a n o t h e r c las 
s i f i c a t i o n o f f i n i s h e s s o m e t i m e s i n a c c u r a t e l y d e s c r i b e d as n a t u r a l 
w o o d finishes. T h e s e finishes are h i g h i n p i g m e n t c o n t e n t a n d c o m 
p l e t e l y m a s k t h e c o l o r a n d figure o f t h e w o o d . Sur face t e x t u r e is 
r e t a i n e d a n d t h e s e finishes y i e l d a f la t a p p e a r a n c e . T h e y d o p r o t e c t 
w o o d aga inst U V d e g r a d a t i o n , b u t t e n d to p e r f o r m m o r e l i k e p a i n t s 
i n that t h e y d o n o t p e n e t r a t e t h e w o o d sur face to a n y d e g r e e . 

Protection of Wood-Based Materials 

W o o d - b a s e d p a n e l p r o d u c t s for e x t e r i o r a p p l i c a t i o n s o f ten r e 
q u i r e s p e c i a l finishes a n d s p e c i a l f i n i s h i n g p r a c t i c e s ( I , 69, 71, 74, 
96). P r e t r e a t m e n t s a n d e d g e t r e a t m e n t s are o f ten r e q u i r e d . 

P r o t e c t i o n o f e x t e r i o r r e c o n s t i t u t e d p a n e l p r o d u c t s ( in p a r t i c u l a r 
p a r t i c l e board ) b y sur face c oa t ings , t r e a t m e n t s a n d o v e r l a y s , a n d s u b 
s e q u e n t w e a t h e r i n g p e r f o r m a n c e , has r e c e i v e d c o n s i d e r a b l e a t t e n 
t i o n (1, 11, 74, 133, 153-155, 157-159). P a i n t e d a n d o v e r l a i d b o a r d s 
are m u c h m o r e d u r a b l e t h a n u n f i n i s h e d b o a r d s . A d d i t i o n o f w a x as 
a w a t e r r e p e l l e n t b e n e f i t s p e r f o r m a n c e o f t h e b o a r d s , b u t does n o t 
p r o t e c t aga inst w a t e r v a p o r ( J , 11, 74). 

O u t d o o r w e a t h e r i n g e x p e r i m e n t s w i t h d i f f e r e n t surface t r e a t 
m e n t s s h o w that t h e m o s t i m p o r t a n t p r e r e q u i s i t e s for l o n g - t e r m p r o 
t e c t i o n are t h e q u a l i t y o f t h e finish a n d t h e p r o t e c t i o n o f b o a r d edges 
against m o i s t u r e (1, 11). C o m p l e m e n t a r y c o n s t r u c t i o n m e a s u r e s are 
n e c e s s a r y for g o o d p e r f o r m a n c e , a n d g e n e r a l l y , w a t e r p r o o f i n g a n d 
s e a l i n g o f t h e w o o d sur face is i m p e r a t i v e . A b o v e a m i n i m u m v a l u e , 
the g r a d i e n t o f w a t e r v a p o r d i f f u s i o n o f the c o a t i n g is o n l y o f sec 
o n d a r y i m p o r t a n c e . T h e v i s u a l s t a t e o f t h e b o a r d a n d t h i c k n e s s 
s w e l l i n g are c o n s i d e r e d t h e bes t c r i t e r i a for e v a l u a t i n g t h e p r o t e c t i v e 
effect o f sur face t r e a t m e n t s . Sur face s t a b i l i t y is o n e o f t h e m o s t i m 
p o r t a n t c r i t e r i a i n r e t a i n i n g finish a n d m a i n t a i n i n g sat is factory p r o 
t e c t i o n a n d a p p e a r a n c e . 

S t u d i e s o n e x t e r i o r finishes o n p l y w o o d a n d p l y w o o d c o m p o s i t e 
p a n e l s i n c l u d e c o a t i n g f o r m u l a t i o n s a n d a c c e l e r a t e d t e s t i n g (1, 69, 
71, 136, 158-162). 

Wood—Coating Interactions 

M a n y s t u d i e s c o n t r i b u t e to a n o v e r a l l u n d e r s t a n d i n g o f w o o d -
c o a t i n g i n t e r a c t i o n s ( I , 13-15, 19, 60, 106). S o m e s t u d i e s i n v o l v e 
a d h e s i v e s that i n t e r a c t s i m i l a r l y to coat ings . S c h n e i d e r (163) r e v i e w e d 
m u c h o f t h e e a r l y w o r k (before 1970) r e l a t i n g to w o o d - c o a t i n g i n 
t e r a c t i o n s . H e c o n c l u d e d that e v e n t h o u g h t h e r e was s o m e c l e a r 
e v i d e n c e a b o u t t h e n a t u r e o f w o o d — c o a t i n g i n t e r a c t i o n s , m u c h r e 
m a i n e d i n t h e r e a l m o f s p e c u l a t i o n a n d u n t r i e d theory . S u b s e q u e n t 
s t u d i e s b y S c h n e i d e r (164-168) u s i n g e l e c t r o n m i c r o s c o p y , f luorés -
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c e n c e m i c r o s c o p y , a n d p y r o l y s i s g a s - l i q u i d c h r o m a t o g r a p h y t e c h 
n i q u e s h a v e d e a l t w i t h c o a t i n g p e n e t r a t i o n i n w o o d . 

S c a n n i n g e l e c t r o n m i c r o s c o p e s a n d e n e r g y d i s p e r s i o n X - r a y a n a l 
ys is t e c h n i q u e s h a v e b e e n u s e d (J69) to e x a m i n e t h e d i s t r i b u t i o n a n d 
l o c a t i o n o f t h e c o m p o n e n t s o f w a t e r - b a s e d p r e s e r v a t i v e s a p p l i e d to 
w o o d . S u b s e q u e n t l y , t h e s e l e c t i v e p e n e t r a t i o n o f an ions i n t o t h e c e l l 
w a l l w i t h t h e ca t i ons r e m a i n i n g i n t h e c e l l l u m e n has b e e n s h o w n ; 
i r o n o x i d e p i g m e n t s w e r e c o m p l e t e l y d e p o s i t e d at t h e w o o d sur face . 

Summary and Future Considerations 

A l l w o o d m a t e r i a l s are s e n s i t i v e to o u t d o o r w e a t h e r i n g . W o o d 
e x p o s e d to t h e o u t d o o r s w i t h o u t p r o t e c t i o n u n d e r g o e s : p h o t o d e g r a 
d a t i o n b y U V l i g h t ; l e a c h i n g , h y d r o l y s i s , a n d s w e l l i n g b y w a t e r ; a n d 
d i s c o l o r a t i o n a n d d e g r a d a t i o n b y s t a i n i n g a n d d e c a y m i c r o o r g a n i s m s . 
U n f i n i s h e d w o o d s u r f a c e s e x p o s e d to w e a t h e r c h a n g e c o l o r , a r e 
r o u g h e n e d b y p h o t o d e g r a d a t i o n a n d s u r f a c e c h e c k i n g , a n d t h e y 
e r o d e . A l t h o u g h p h y s i c a l as w e l l as c h e m i c a l changes o c c u r b e c a u s e 
o f w e a t h e r i n g , these c h a n g e s affect o n l y the sur face o f t h e e x p o s e d 
w o o d . 

U V l i g h t c a n n o t p e n e t r a t e d e e p e r t h a n 75 μιτι, a n d v i s i b l e l i g h t 
n o d e e p e r t h a n 2 0 0 μιτι i n t o w o o d surfaces . T h e r e is a r a p i d loss o f 
b r i g h t n e s s a n d c o l o r c h a n g e w h e n w o o d is e x p o s e d to U V l i g h t o r to 
s u n l i g h t o u t d o o r s . S E M s t u d i e s s h o w that m o s t o f t h e c e l l w a l l s o n 
e x p o s e d t r a n s v e r s e surfaces are s e p a r a t e d at t h e m i d d l e l a m e l l a r e 
g i o n . H a l f - b o r d e r e d a n d b o r d e r e d p i t s o n e x p o s e d r a d i a l surfaces are 
d e g r a d e d b y U V l i g h t s e v e r e l y . 

F r e e r a d i c a l s are g e n e r a t e d at t h e w o o d surface d u r i n g i r r a d i a 
t i o n . T h e rate o f f ree r a d i c a l f o r m a t i o n is e n h a n c e d w h e n m o i s t u r e 
c o n t e n t inc reases f r o m 0 to 6 . 3 % . E l e c t r o n s p i n r e s o n a n c e a n d U V 
s t u d i e s o n t h e b e h a v i o r o f f ree rad i ca l s g e n e r a t e d a n d t h e i r i n t e r a c 
t i ons w i t h o x y g e n m o l e c u l e s to f o r m h y d r o p e r o x i d e s r e v e a l e d that 
f ree r a d i c a l s a n d s i n g l e t o x y g e n p l a y i m p o r t a n t ro les i n d i s c o l o r a t i o n 
a n d d e t e r i o r a t i o n r e a c t i o n s o f w o o d surfaces . 

W o o d e x p o s e d to t h e w e a t h e r c a n b e p r o t e c t e d b y p a i n t s , s ta ins , 
a n d s i m i l a r m a t e r i a l s . P a i n t s p r o v i d e t h e m o s t p r o t e c t i o n to e x p o s e d 
w o o d surfaces b e c a u s e t h e y are g e n e r a l l y o p a q u e to t h e d e g r a d a t i v e 
effects o f U V l i g h t a n d p r o t e c t w o o d to v a r y i n g d e g r e e s against w a t e r . 
P a i n t p e r f o r m a n c e m a y v a r y g r e a t l y o n d i f f e rent w o o d s . P i g m e n t e d 
stains also p r o v i d e d u r a b l e f in i shes for w o o d e x p o s e d to the o u t d o o r s . 
P r e t r e a t m e n t s s u c h as w a t e r - r e p e l l e n t p r e s e r v a t i v e s o r c e r t a i n i n o r 
g a n i c c h e m i c a l s ( c h r o m i u m c o m p o u n d s ) c a n i m p r o v e t h e p e r f o r 
m a n c e o f f i n i s h e s s i g n i f i c a n t l y w h e n a p p l i e d o v e r t r e a t e d w o o d s . 

M a n y a s p e c t s o f w o o d w e a t h e r i n g a r e n o t u n d e r s t o o d c o m 
p l e t e l y . A c o m p l e t e u n d e r s t a n d i n g o f the m e c h a n i s m s i n v o l v e d i n 
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o u t d o o r w e a t h e r i n g w o u l d a l l o w t h e d e v e l o p m e n t o f n e w p r e t r e a t -
m e n t s a n d f in i shes that w o u l d g r e a t l y e n h a n c e d u r a b i l i t y . T h e e v e r -
c h a n g i n g w o o d s u b s t r a t e , w i t h p r e v i o u s l y u n u s e d spec ies a n d n e w 
a d h e s i v e - w o o d c o m b i n a t i o n s i n t r o d u c e d at i n c r e a s i n g f r e q u e n c y , 
poses p a r t i c u l a r c h a l l e n g e s to m o d e r n w o o d f in i shes . A d e t a i l e d s t u d y 
o f t h e v a r i o u s i n t e r a c t i o n s that affect t h e p e r f o r m a n c e o f w o o d - d e 
r i v e d m a t e r i a l s is n e e d e d to p r o v i d e s u i t a b l e p r o t e c t i o n for these 
p r o d u c t s w h e n t h e y are u s e d o u t d o o r s . 

N e w e r t e c h n i q u e s a n d tools for t h e s t u d y o f w o o d surfaces s u c h 
as F o u r i e r t r a n s f o r m I R s p e c t r o s c o p y , e l e c t r o n s p e c t r o s c o p y f o r 
c h e m i c a l a n a l y s i s , a n d e l e c t r o n s p i n r e s o n a n c e s p e c t r o s c o p y w i l l b e 
ab le to p r o v i d e a great d e a l o f i n s i g h t i n t o t h e w e a t h e r i n g process for 
b o t h finished o r u n f i n i s h e d w o o d substrates . U s e o f these t e c h n i q u e s 
w i l l a l l o w i n - d e p t h s t u d y o f t r e a t m e n t o f w o o d surface i n t e r a c t i o n s 
a n d t h e i m p o r t a n c e o f these i n t e r a c t i o n s i n u l t i m a t e p e r f o r m a n c e . 

U n d e r s t a n d i n g t h e r o l e o f c h e m i c a l m o d i f i c a t i o n o f w o o d a n d 
w o o d surface i n c o n t r o l l i n g t h e o u t d o o r w e a t h e r i n g process is s ign i f 
i cant to t h e f u t u r e use o f w o o d e x p o s e d to t h e o u t d o o r s . T h e r o l e o f 
m o d i f i c a t i o n w i l l b e c o m e l a r g e r as g r e a t e r d e m a n d s are p l a c e d o n 
the n e w e r w o o d - b a s e d p r o d u c t s . T h e f u t u r e o f s u c h m o d i f i c a t i o n l i es 
i n e n d - p r o d u c t p r o p e r t y e n h a n c e m e n t . P e r m a n e n t l y b o n d e d c h e m 
icals that p r o v i d e U V s t a b i l i z a t i o n , c o l o r c o n t r o l , w a t e r r e s i s tance , 
a n d d i m e n s i o n a l s t a b i l i t y c o u l d e n h a n c e o u t d o o r p e r f o r m a n c e 
great ly . 
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12 
Biological Decomposition of Solid Wood 

T. K E N T KIRK 

U.S. Department of Agriculture, Forest Service, Forest Products Laboratory, 
Madison, WI 53705 

ELLIS B. C O W L I N G 
School of Forest Resources, North Carolina State University, 
Raleigh, NC 27605 

Decomposition of wood is an important part of the 
carbon cycle of nature. Decomposition is caused by 
fungi, insects, and marine borers that use the wood as 
food or shelter, or both. Lignin in wood provides a phys
ical barrier to enzymatic decomposition of cellulose and 
hemicelluloses. This barrier is breached mechanically by 
insects and marine borers, biochemically by white- and 
soft-rot fungi, and possibly by small nonenzyme cata
lysts in the case of brown-rot fungi. Cellulose 
is degraded by e n d o - and exo-glucanases and β - g l u c o 
sidases, hemicelluloses by endo-glycanases and glycosi
dases, lignin by nonspecific enzymes, and perhaps by 
nonenzymatic, oxidative agents. Rapid strength loss oc
curs with all decay fungi, but especially with brown-rot 
fungi. Strength loss due to insect attack is roughly pro
portional to the amount of wood removed. Fungal de
composition of wood can be prevented by keeping it 
below its fiber-saturation moisture content (approxi
mately 27% of its dry weight) and by using the heart
-wood of naturally durable woods (species) or preser
vative-treated wood. Useful application of wood-decom
posing fungi is limited currently to production of edible 
mushrooms. Potential applications include biological 
pulping, pretreatment for enzymatic conversion of wood 
to sugars, and waste treatment. Many aspects of wood 
biodecomposition have not been researched adequately. 

Millions of tons of wood are produced every year in the 
forests of the world. Observation, however, tells us that 
the sum-total of wood upon the surface of the earth re
mains fairly constant from year to year and from century 

This chapter not subject to U.S. copyright. 
Published 1984, American Chemical Society 
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456 T H E C H E M I S T R Y O F SOLID W O O D 

to century. We must, therefore, conclude that there are 
destructive agencies at work by which millions of tons of 
wood are destroyed annually. Regarded in this light the 
problem of what these destructive agencies are, and how 
they act, becomes of general scientific and economic in
terest. 

A. H . R . B u l l e r , 
p r e e m i n e n t m y c o l o g i s t , 
1906 (J) 

13ULLER R E C O G N I Z E D THAT W O O D IS T H E MOST A B U N D A N T ORGANIC M A T E 
RIAL o n e a r t h . H e also r e c o g n i z e d that the trees that f o r m w o o d 
t h r o u g h p h o t o s y n t h e t i c p r o c e s s e s , a n d t h e f u n g i a n d o t h e r " d e s t r u c 
t i v e a g e n c i e s " that d e s t r o y w o o d t h r o u g h r e s p i r a t o r y processes are 
e n g a g e d i n a n e v e r - e n d i n g c y c l e o f b i o s y n t h e t i c a n d b i o d e c o m p o s i -
t i o n a l forces . T h e s e r e l a t i o n s h i p s are s h o w n b y t h e f o l l o w i n g s i m p l i 
fied r e a c t i o n for t h e p r e d o m i n a n t p a r t o f the c a r b o n c y c l e o f t h e e a r t h : 

P h o t o s y n t h e s i s b y t rees a n d 
o t h e r p l a n t s 

6 n C 0 2 + 5 n H 2 0 + 677 ,000η ca l o r i e s <=t ( C 6 H 1 0 O 5 ) n + 6 n 0 2 (1) 

R e s p i r a t i o n b y f u n g i a n d 
o t h e r d e s t r u c t i v e o r g a n i s m s 

L i f e as w e k n o w i t w o u l d s tagnate for lack o f a t m o s p h e r i c c a r b o n 
d i o x i d e i n a b o u t 20 years i f w o o d d e s t r u c t i o n w e r e to cease w h i l e 
p h o t o s y n t h e s i s c o n t i n u e d u n a b a t e d (2). T h u s , t h e b i o l o g i c a l d e c o m 
p o s i t i o n o f w o o d is b o t h a great b l e s s i n g a n d a ser i ous l i m i t a t i o n to 
t h e use fu lness o f w o o d . 

M a n has p r o b a b l y a lways r e c o g n i z e d that w o o d d i s i n t e g r a t e s o n 
t h e forest f l o o r a n d i n o t h e r m o i s t e n v i r o n m e n t s . B u t i t was o n l y a 
c e n t u r y ago , i n 1878, that w o o d d e c a y was r e c o g n i z e d as a b i o l o g i c a l 
p rocess . T h e p i o n e e r i n g G e r m a n forest p a t h o l o g i s t R o b e r t H a r t i g was 
t h e first to p r o v e that f u n g i a re t h e cause r a t h e r t h a n the p r o d u c t o f 
w o o d d e c a y (3). F o r t y years l a t e r O s h i m a (4) d e m o n s t r a t e d that s o m e 
insec ts d iges t t h e s t r u c t u r a l p o l y m e r s o f w o o d . 

T h i s c h a p t e r p r e s e n t s an o v e r v i e w o f the b i o l o g i c a l d e c o m p o s i 
t i o n o f w o o d . I t b e g i n s w i t h a b r i e f d e s c r i p t i o n o f t h e m a j o r t y p e s o f 
w o o d d e s t r u c t i o n a n d t h e i r c a u s a l agents , a n d i t c o n t i n u e s w i t h a 
d e s c r i p t i o n o f t h e p r o g r e s s i v e changes that take p l a c e i n w o o d as i t 
is d e c o m p o s e d . S p e c i a l e m p h a s i s is g i v e n to the c h e m i s t r y a n d b i o -
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12. KIRK A N D COWLING Biological Decomposition 457 

c h e m i s t r y i n v o l v e d . T h e c h a p t e r e n d s w i t h a b r i e f t r e a t m e n t o f h o w 
w o o d i n u s e c a n b e p r o t e c t e d f r o m d e c o m p o s i t i o n a n d s o m e b e n e 
ficial uses o f w o o d - d e c o m p o s i n g o r g a n i s m s . 

W e h a v e u s e d t h e t e r m s decomposition a n d degradation to r e f e r 
to t h e c o n v e r s i o n o f o n e o r m o r e o f the s t r u c t u r a l p o l y m e r s o f w o o d 
to s i m p l e r m o l e c u l e s . Degradation c a n also b e u s e d to m e a n dete
rioration, i . e . , to d e c r e a s e t h e v a l u e o f w o o d for s o m e use ; w e h a v e 
u s e d o n l y deterioration i n th i s n a r r o w e r sense . Decay a n d rot r e f e r 
to the f u n g a l d e c o m p o s i t i o n o f w o o d . 

H u n d r e d s o f r e s e a r c h p a p e r s o n w o o d b i o d e c o m p o s i t i o n h a v e 
b e e n p u b l i s h e d s i n c e t h e p i o n e e r i n g w o r k s o f H a r t i g (3) a n d B u l l e r 
(I). W e a i m to i n t r o d u c e t h e r e a d e r to t h e p r i n c i p l e s that those i n 
ves t iga t i ons h a v e d e v e l o p e d . W i t h th i s i n m i n d w e h a v e c a t e g o r i z e d 
a n d g e n e r a l i z e d , b u t w e h o p e that w e h a v e n o t o v e r s i m p l i f i e d . T h e 
b i o d e c o m p o s i t i o n processes are q u i t e c o m p l e x b i o l o g i c a l l y , c h e m i 
cal ly , a n d b i o c h e m i c a l l y . W e h a v e p o i n t e d to s o m e o f t h e u n k n o w n s 
i n a field that r e t a i n s m a n y . I n Tab le I w e h a v e l i s t e d a n u m b e r o f 
r e v i e w s that c a n b e c o n s u l t e d for d e t a i l s . 

Susceptibility and Resistance 
W h e n w o o d is l a i d d o w n b y t h e c a m b i u m o f a l i v i n g t r e e , t w o 

m a j o r t y p e s o f w o o d ce l l s are f o r m e d — t h i c k - w a l l e d fiber ce l l s that 
m a k e w o o d s t r o n g a n d t h i n - w a l l e d p a r e n c h y m a ce l l s i n w h i c h r e s e r v e 
foods are s t o r e d . W o o d fiber ce l l s d i e a f e w days o r w e e k s after t h e y 
are f o r m e d a n d lose t h e i r c y t o p l a s m i c c o n t e n t s as soon as t h e y b e 
c o m e f u n c t i o n a l i n w a t e r t r a n s p o r t . T h u s , m a t u r e w o o d f i b e r ce l l s 
cons is t a l m o s t e n t i r e l y o f c e l l w a l l p o l y m e r s — c e l l u l o s e , h e m i c e l l u 
loses , a n d l i g n i n . F o r th i s r e a s o n , w o o d fiber c e l l s c a n b e d e g r a d e d 
o n l y b y o r g a n i s m s that h a v e t h e a b i l i t y to d e c o m p o s e these s t r u c t u r 
a l l y c o m p l e x h i g h - p o l y m e r i c m a t e r i a l s . 

T a b l e I . S o m e R e v i e w s o n t h e B i o l o g i c a l D e c o m p o s i t i o n o f W o o d 
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B y c o n t r a s t , w o o d - s t o r a g e c e l l s r e m a i n a l i v e for m a n y years a n d 
o n l y lose t h e i r c y t o p l a s m i c c o n t e n t s w h e n s a p w o o d is t r a n s f o r m e d 
i n t o h e a r t w o o d . T h e sugars , s t a r c h , a m i n o ac ids , a n d p r o t e i n s i n t h e 
w o o d - s t o r a g e c e l l s m a k e s a p w o o d h i g h l y s u s c e p t i b l e to i n v a s i o n b y a 
l a r g e n u m b e r o f f u n g i a n d b a c t e r i a that c a n use the r e s e r v e f ood 
m a t e r i a l s b u t c a n n o t at tack t h e m o r e c o m p l i c a t e d c e l l w a l l p o l y m e r s . 

T h e h e a r t w o o d o f c e r t a i n spec ies o f t rees is m o d e r a t e l y to h i g h l y 
res i s tant to d e c o m p o s i t i o n e v e n b y o r g a n i s m s that c a n d e g r a d e t h e 
c e l l w a l l p o l y m e r s . H i g h l y r es i s tant spec ies i n c l u d e t rees s u c h as 
c y p r e s s , v a r i o u s c e d a r s , a n d osage -orange ; m o d e r a t e l y res i s tant s p e 
c ies i n c l u d e w h i t e oak, D o u g l a s - f i r , a n d c e r t a i n p i n e s . R e s i s t a n c e is 
c a u s e d b y p h e n o l s , t e r p e n e s , a l k a l o i d s , a n d o t h e r substances that are 
d e p o s i t e d i n h e a r t w o o d a n d are t ox i c to w o o d - d e s t r o y i n g f u n g i , b a c 
t e r i a , i n s e c t s , a n d m a r i n e b o r e r s (43). B e c a u s e these tox ic substances 
d o n o t o c c u r i n s a p w o o d , t h e d e a d s a p w o o d o f a l l t r ee spec ies is 
h i g h l y s u s c e p t i b l e to b i o l o g i c a l d e c o m p o s i t i o n . It s h o u l d b e n o t e d 
that t h e l i v i n g s a p w o o d i n t rees is r es i s tant to d e c a y b y v i r t u e o f 
a c t i v e d e f e n s e m e c h a n i s m s ; t h e h e a r t w o o d is a c t u a l l y m o r e s u s c e p 
t i b l e t h a n t h e l i v i n g s a p w o o d . 

A l t h o u g h n u m e r o u s f u n g i a n d s o m e insec ts c a n cause d e c o m 
p o s i t i o n o f t h e d e a d h e a r t w o o d t i ssues i n s i d e l i v i n g t rees , these o r 
g a n i s m s r a r e l y c o n t i n u e to cause d e c o m p o s i t i o n o f t i m b e r p r o d u c t s 
after t h e t rees are h a r v e s t e d . D e s p i t e m u c h s p e c u l a t i o n a b o u t w h y 
th i s is so, n o s c i e n t i f i c e x p l a n a t i o n o f th i s p h e n o m e n o n has b e e n 
p r o v i d e d to da te (44). 

Types of Wood Deterioration 
T a b l e I I s u m m a r i z e s t h e m a j o r t y p e s o f w o o d d e t e r i o r a t i o n a n d 

t h e c a u s a l o r g a n i s m s . T h e f o l l o w i n g d i s c u s s i o n deals w i t h d e t e r i o r a 
t i o n w i t h o u t c e l l w a l l d e c o m p o s i t i o n ; t h e b u l k o f t h e c h a p t e r dea ls 
w i t h d e t e r i o r a t i o n w i t h d e c o m p o s i t i o n o f c e l l w a l l s . 

D e t e r i o r a t i o n W i t h o u t D e c o m p o s i t i o n . W h e n f r e s h - c u t 
l u m b e r o r v e n e e r is p r o p e r l y a i r - s e a s o n e d , t h e s t o r e d f o o d m a t e r i a l s 
i n t h e s a p w o o d are soon d e p l e t e d b y t h e r e s p i r a t o r y processes o f the 
w o o d p a r e n c h y m a c e l l s t h e m s e l v e s . I f d r y i n g is d e l a y e d , h o w e v e r , 
t h e f r e s h - c u t w o o d c a n b e i n v a d e d b y s o - c a l l e d sap - s ta in f u n g i a n d 
a lgae , o r b y b a c t e r i a a n d m o l d s that d e v e l o p o v e r the surface o r 
p e n e t r a t e d e e p i n t o t h e s a p w o o d b y g r o w i n g t h r o u g h t h e ray ce l l s 
f r o m o n e w o o d storage c e l l to a n o t h e r . T h e s e o r g a n i s m s use t h e c o n 
tents o f t h e w o o d s torage c e l l s as f ood a n d t h u s d o n o t affect t h e 
s t r e n g t h o f w o o d s e r i o u s l y ; t h e y p r i m a r i l y d i s c o l o r t h e w o o d o r a l t e r 
its p e r m e a b i l i t y . 

W h e n f r e s h - c u t w o o d is k i l n - d r i e d i m m e d i a t e l y , t h e l i v i n g ce l l s 
o f t h e s a p w o o d are k i l l e d b y t h e heat a n d t h e r e s e r v e foods are 
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T a b l e I I . T y p e s o f B i o l o g i c a l D e t e r i o r a t i o n o f W o o d a n d t h e 
O r g a n i s m s R e s p o n s i b l e 

Type of Deterioration Organism(s) 

D e t e r i o r a t i o n w i t h o u t d e c o m p o s i t i o n 
L o s s o f s t o r e d f ood r e s e r v e s L i v i n g w o o d ce l l s i n 

s a p w o o d 
M e c h a n i c a l b o r i n g , p e c k i n g , Insec ts , b i r d s , m a m m a l s 

c u t t i n g 
Sta ins F u n g i 
S u r f a c e d i s c o l o r a t i o n F u n g i , algae 
P i t m e m b r a n e d e s t r u c t i o n B a c t e r i a , f u n g i 

D e c o m p o s i t i o n o f s t r u c t u r a l p o l y m e r s 
B a c t e r i a , f u n g i 

M e c h a n o b i o c h e m i c a l Insec ts , m a r i n e b o r e r s 
B i o c h e m i c a l (decays) F u n g i 

r e t a i n e d i n t h e w o o d storage c e l l s . I f k i l n - d r i e d w o o d b e c o m e s w e t 
a g a i n , these s t o r e d foods c a n aga in b e c o m e substrates for g r o w t h o f 
d i s c o l o r i n g f u n g i a n d b a c t e r i a . 

W h e n f r e s h - c u t logs are c o n v e r t e d q u i c k l y i n t o l a rge p i l e s o f 
c h i p s , t h e l i v i n g c e l l s o f t h e s a p w o o d , t o g e t h e r w i t h t h e f u n g i a n d 
b a c t e r i a m e n t i o n e d a b o v e , r a p i d l y c o n v e r t t h e s t o r e d f ood rese rves 
i n t o c a r b o n d i o x i d e ( C 0 2 ) , w a t e r , a n d heat (see R e a c t i o n 1 for r e s 
p i r a t i o n ) (45). I f th i s m e t a b o l i c heat is no t d i s s i p a t e d , t h e p i l e b e 
c o m e s ho t , a n d u n d e r c o n d i t i o n s o f v e r y p o o r v e n t i l a t i o n c a n l e a d to 
s p o n t a n e o u s c o m b u s t i o n (46). F o r a l l o f these reasons , f r e s h - c u t sap -
w o o d m u s t b e c o n s i d e r e d to b e a l i v e a n d , t h e r e f o r e , m u s t b e h a n d l e d 
as a p e r i s h a b l e r a w m a t e r i a l . 

T h e m o s t c o m m o n d i s c o l o r i n g o r g a n i s m s a r e o f t w o g e n e r a l 
t y p e s — s u r f a c e m o l d s w i t h c o l o r e d spores , a n d algae that g r o w o n 
w o o d surfaces ; a n d f u n g i w i t h d a r k - c o l o r e d h y p h a e that d i s c o l o r t h e 
w o o d i n t e r i o r as t h e y p e n e t r a t e d e e p i n t o s a p w o o d . Aspergillus spp . 
a n d Pénicillium s p p . are a m o n g t h e m o s t c o m m o n surface m o l d s . 
D i s c o l o r a t i o n s c a u s e d b y t h e s e f u n g i u s u a l l y are so s u p e r f i c i a l that 
t h e y c a n b e r e m o v e d b y b r u s h i n g , p l a n i n g , o r s a n d i n g . Ceratocystis 
s p p . are a m o n g t h e m o s t c o m m o n d e e p - p e n e t r a t i n g sapsta in f u n g i 
(47) . T h e s e d i s c o l o r a t i o n s u s u a l l y c a n n o t b e r e m o v e d e v e n b y v i g 
o rous b l e a c h i n g c h e m i c a l s . 

Bacillus polymyxa ( P r a z m o w s k i ) M a c è a n d c e r t a i n o t h e r b a c t e r i a 
(48) , as w e l l as s t a i n f u n g i a n d s o m e m o l d s s u c h as Trichoderma viride 
P e r s . ex F r . (49,50), d e g r a d e t h e p e c t i n m e m b r a n e s i n t h e b o r d e r e d 
p i t s b e t w e e n w o o d c e l l s . T h i s d e g r a d a t i o n g r e a t l y increases the p e r 
m e a b i l i t y o f t h e w o o d to w a t e r a n d o r g a n i c so lvents . I n c r e a s e d p e r -
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m e a b i l i t y is a p r o b l e m i n w o o d f i n i s h i n g b u t can b e a h e l p i n the 
p e n e t r a t i o n o f p u l p i n g c h e m i c a l s a n d p r e s e r v a t i v e s i n t o s a p w o o d . 

M e c h a n i c a l d i s i n t e g r a t i o n o f w o o d is c a u s e d b y m a n y spec ies o f 
insec t s , b i r d s , a n d s o m e m a m m a l s . I n s o m e cases th is d i s i n t e g r a t i o n 
can b e q u i t e s e r i o u s . 

D e t e r i o r a t i o n w i t h D e c o m p o s i t i o n . T h e s u s c e p t i b i l i t y o f t h e 
w o o d c e l l w a l l p o l y m e r s to b i o l o g i c a l d e c o m p o s i t i o n is d e t e r m i n e d 
l a r g e l y b y t h e i r a c c e s s i b i l i t y to e n z y m e s a n d o t h e r m e t a b o l i t e s p r o 
d u c e d b y w o o d - d e s t r o y i n g f u n g i or , i n the case o f c e r t a i n insec ts a n d 
m a r i n e b o r e r s , b y m i c r o o r g a n i s m s that l i v e i n the d i g e s t i v e tracts o f 
these a n i m a l s . D i r e c t p h y s i c a l c ontac t b e t w e e n the e n z y m e s o r o t h e r 
m e t a b o l i t e s a n d t h e w o o d c e l l w a l l p o l y m e r s is p r e r e q u i s i t e to h y 
d r o l y t i c o r o x i d a t i v e d e g r a d a t i o n . B e c a u s e the c e l l u l o s e , h e m i c e l l u 
loses , a n d l i g n i n are a l l w a t e r - i n s o l u b l e p o l y m e r s a n d are d e p o s i t e d 
i n w o o d c e l l w a l l s i n i n t i m a t e p h y s i c a l a d m i x t u r e w i t h e a c h o ther , 
th is n e c e s s a r y p h y s i c a l c ontac t can b e a c h i e v e d o n l y b y d i f fus i on o f 
t h e e n z y m e s o r o t h e r m e t a b o l i t e s i n t o th i s c o m p l e x m a t r i x o r b y fine 
g r i n d i n g o f t h e w o o d p r i o r to d i g e s t i o n . 

T h e c r u c i a l s t r u c t u r a l c o m p o n e n t o f w o o d g o v e r n i n g w o o d ' s b i 
o l o g i c a l d e c o m p o s i b i l i t y is l i g n i n . I n w o o d , the c e l l u l o s e m i c r o f i b r i l s 
are c o a t e d o r o v e r l a y e r e d b y h e m i c e l l u l o s e s w h i c h i n t u r n are u n d e r 
a l i g n i n s h e a t h (51). T h e l i g n i n is c o v a l e n t l y b o n d e d to, a n d to s o m e 
e x t e n t p h y s i c a l l y i n t e r m i x e d w i t h , the h e m i c e l l u l o s e s ; t h e b o n d s b e 
t w e e n l i g n i n a n d h e m i c e l l u l o s e s are p r o b a b l y i n f r e q u e n t (52). W h a t 
e v e r t h e exact r e l a t i o n s h i p b e t w e e n the h e m i c e l l u l o s e s a n d l i g n i n , 
the l i g n i n p h y s i c a l l y p r e v e n t s e n z y m e access to b o t h the h e m i c e l l u 
loses a n d c e l l u l o s e . D i g e s t i b i l i t y o f s o l i d w o o d a n d o t h e r in tac t l i g -
n i f i e d t i ssues ( l i gnoce l lu l oses ) is l a r g e l y a f u n c t i o n o f l i g n i n c o n t e n t 
( F i g u r e 1). 

T h r e e b i o l o g i c a l m e c h a n i s m s h a v e e v o l v e d for o v e r c o m i n g t h e 
l i g n i n b a r r i e r : (1) insec t s a n d m a r i n e b o r e r s p h y s i c a l l y d i s r u p t t h e 
b a r r i e r b y g r i n d i n g t h e w o o d v e r y f i n e l y ; (2) s o m e m i c r o o r g a n i s m s , 
p r i m a r i l y h i g h e r f u n g i , d e c o m p o s e l i g n i n a n d thus expose t h e p o l y 
sacchar ides ; a n d (3) c e r t a i n o t h e r h i g h e r f u n g i a p p a r e n t l y secre te 
n o n e n z y m a t i c c e l l u l o s e - d e p o l y m e r i z i n g agents that are s m a l l e n o u g h 
to p e n e t r a t e t h e l i g n i n s h e a t h . M e c h a n i s m 1 p e r m i t s mechano-bio-
chemical decomposition o f s o l i d w o o d ; M e c h a n i s m s 2 a n d 3 p e r m i t 
biochemical decomposition. W e w i l l d i s cuss e a c h m e c h a n i s m i n t u r n . 

Mechanobiochemical Decomposition 

C i r c u m v e n t i n g t h e l i g n i n b a r r i e r to e n z y m a t i c d i g e s t i o n o f the 
p o l y s a c c h a r i d e s o c c u r s w h e n w o o d is finely g r o u n d . B e l o w a c e r t a i n 
w o o d p a r t i c l e s i z e , t h e p o l y s a c c h a r i d e s ( ce l lu loses a n d h e m i c e l l u -
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loses) s h o u l d b e c o m e m a x i m a l l y d i g e s t i b l e b y e n z y m e s . T h i s s i ze 
p r o b a b l y v a r i e s s o m e w h a t w i t h l i g n i n c o n t e n t a n d p e r h a p s d i s t r i b u 
t i o n , a n d h e n c e w o o d s p e c i e s . M a x i m u m d i g e s t i b i l i t y has b e e n 
a c h i e v e d w i t h s o m e w o o d s ( s w e e t g u m , r e d oak, aspen) b y v i b r a t o r y 
b a l l m i l l i n g , b u t w i t h o t h e r w o o d s ( red a lder , coni fers ) th is m i l l i n g 
t e c h n i q u e has o t h e r effects that a d v e r s e l y affect d i g e s t i b i l i t y (54). T h e 
effect o f p a r t i c l e s i ze r e d u c t i o n o n e n z y m e a c c e s s i b i l i t y d e s e r v e s f u r 
t h e r s t u d y w i t h o t h e r m i l l i n g p r o c e d u r e s . V i r t a n e n a n d c o w o r k e r s 
(55) f i rst d e m o n s t r a t e d the effect o f r e d u c i n g p a r t i c l e s ize o n d i g e s 
t i b i l i t y b y s h o w i n g that c e l l u l o l y t i c b a c t e r i a u n a b l e to d e g r a d e in tac t 
w o o d are a b l e to u t i l i z e f ine s a n d e r d u s t . P e w (56) l a t e r d e m o n s t r a t e d 
that f ine m i l l i n g m a k e s w o o d s u s c e p t i b l e to m i x t u r e s o f c e l lu lases a n d 
h e m i c e l l u l a s e s . 

T h e effect o f f ine g r i n d i n g h a d a l r e a d y b e e n d e m o n s t r a t e d b y 
m a n y insec ts a n d m a r i n e b o r e r s w h o s e m o u t h par t s , a u g m e n t e d i n 
s o m e cases b y i n t e r n a l g r i n d i n g o rgans , r e d u c e w o o d to a d i g e s t i b l e 
p a r t i c l e s i ze . C e l l u l a s e s a n d h e m i c e l l u l a s e s i n t h e guts d iges t the 
e x p o s e d p o l y s a c c h a r i d e s ; e x c r e t a are e n r i c h e d i n l i g n i n . D i g e s t i o n i n 
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m a n y insec ts is i n c o m p l e t e , r e f l e c t i n g f a i l u r e to g r i n d t h e w o o d f i n e l y 
e n o u g h , a b s e n c e o f a f u l l e n z y m e c o m p l e m e n t , i n s u f f i c i e n t r e s i d e n c e 
t i m e , o r o t h e r factors . C e r t a i n w o o d - b o r i n g insec t s , i n c l u d i n g a m 
b r o s i a b e e t l e s , l y c t u s b e e t l e s , c a r p e n t e r ants , a n d c a r p e n t e r b e e s d o 
n o t d iges t t h e s t r u c t u r a l p o l y m e r s o f w o o d . W o o d passes t h r o u g h t h e 
g u t o f t h e l y c t u s b e e t l e s , b u t o n l y t h e eas i l y d i g e s t e d n o n s t r u c t u r a l 
m a t e r i a l s — p r i m a r i l y s t a r c h i n p a r e n c h y m a c e l l s — a r e r e m o v e d (6, 
11, 12). T h e a m b r o s i a b e e t l e s , b e e s , a n d ants d o no t inges t w o o d . 

S o m e i n s e c t s , s u c h as t h e I n d i a n l o n g h o r n b e e t l e , Stromatium 
barbatum F a b r i c i u s (57), a n d t h e c o m m o n m a r i n e b o r e r s Limnoria 
tripunctata M e n z i e s (an i sopod) (58) a n d Bankia setacea T r y o n (a 
m o l l u s k ) (59), are t h o u g h t to h a v e e n d o g e n o u s c e l l u l a s e s (and p e r h a p s 
o t h e r p o l y s a c c h a r i d e h y d r o l a s e s ) . T e r m i t e s a n d m o s t o f t h e o t h e r 
w o o d - d i g e s t i n g insec t s r e l y o n p o l y s a c c h a r o l y t i c m i c r o b e s i n t h e i r 
guts . T h e b e e t l e Stromatium barbatum (57) a n d t h e m a r i n e b o r e r 
Bankia setacea (60) a re t h o u g h t to u t i l i z e b o t h t h e i r o w n ce l lu lases 
a n d those o f g u t m i c r o b e s . 

W o o d - d e c o m p o s i n g insec t s a n d t h e m a r i n e b o r e r s c o m m o n l y d i 
gest o n l y t h e c e l l u l o s e a n d h e m i c e l l u l o s e s . R e p o r t s o f e x t e n s i v e d e 
c o m p o s i t i o n o f l i g n i n (6, 60) d e s e r v e f u r t h e r s t u d y w i t h m o d e r n t e c h 
n i q u e s . L i m i t e d d e c o m p o s i t i o n o f l i g n i n , h o w e v e r , p r o b a b l y does 
o c c u r i n s o m e insec t s . O n e o f t h e m o s t c o n v i n c i n g r e p o r t s is that 
c o n v e r s i o n o f 1 4 C l i g n i n to 1 4 C 0 2 i n t h e gut o f the t e r m i t e Nasuti-
termes exitiosus ( H i l l ) was d e m o n s t r a t e d (61). B e c a u s e a n a e r o b i c d e 
c o m p o s i t i o n o f l i g n i n has n o t b e e n o b s e r v e d (62, 63) i t is p r o b a b l e 
that s o m e o x y g e n is p r e s e n t i n t h e guts o f Nasutitermes (61) a n d i n 
those o f c e r t a i n o t h e r insec t s that r e p o r t e d l y d i g e s t l i g n i n . 

Tab le I I I l i s ts r e p r e s e n t a t i v e w o o d - d e c o m p o s i n g insects a n d m a 
r i n e b o r e r s a n d s u m m a r i z e s s o m e features o f t h e i r a c t i o n o n w o o d . 
F i g u r e 2 s h o w s t h e e x t e n s i v e d a m a g e c a u s e d b y s o m e o f these w o o d -
d e c o m p o s i n g a n i m a l s . O n l y a f e w d e t a i l e d s tud ies o f the c h e m i s t r y 
a n d b i o c h e m i s t r y o f w o o d d e g r a d a t i o n b y t h e insec ts a n d m a r i n e 
b o r e r s h a v e b e e n m a d e . B e c a u s e t h e a n i m a l s d e r i v e n o u r i s h m e n t 
f r o m t h e s t r u c t u r a l p o l y m e r s o f w o o d , t h e s u b j e c t is o f p r a c t i c a l s i g 
n i f i cance a n d d e s e r v e s m o r e r e s e a r c h a t t e n t i o n . 

Biochemical Decomposition : The Wood Decays 
T y p e s o f D e c a y . A s s h o w n i n F i g u r e 3, w o o d d e c a y f u n g i c a n 

b e d i v i d e d i n t o t h r e e c lasses b a s e d o n t h e t y p e o f d e c a y t h e y cause : 
w h i t e , b r o w n , a n d soft ro t s . T h e w h i t e rots c a n b e f u r t h e r s e p a r a t e d 
i n t o p o c k e t rots a n d u n i f o r m rots ( F i g u r e 3). I n N o r t h A m e r i c a , the 
w h i t e a n d b r o w n rots are c a u s e d b y a b o u t 1700 spec ies o f w o o d -
d e c a y i n g f u n g i i n t h e class B a s i d i o m y c e t e s ; o v e r 9 0 % o f these cause 
t h e w h i t e ro t t y p e o f d e c a y (67). E a r l y r e p o r t s o f n o n - b a s i d i o m y c e t e 
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w h i t e rots (e .g . , d e c a y b y Xylaria spp . ) m a y b e i n c o r r e c t (26). W h i t e -
a n d b r o w n - r o t f u n g i a r e c l o s e l y r e l a t e d , w h i c h m a k e s t h e e v o l u 
t i o n a r y basis for t h e i r v e r y d i f f e r e n t effects o n w o o d m o s t i n t r i g u i n g . 

Soft rots a re c a u s e d b y f u n g i i n t h e classes A s c o m y c e t e s a n d 
F u n g i i m p e r f e c t i . M o s t are n o r m a l l y f o u n d i n t h e s o i l o r i n m a r i n e 
e n v i r o n m e n t s (68). T h e l i s t o f s o f t - r o t f u n g i is l o n g a n d g r o w i n g 
l onger . A s t r e p t o m y c e t e has b e e n s h o w n to cause at least l i m i t e d soft 
rot i n b e e c h (69); i t is l i k e l y that o t h e r s o i l b a c t e r i a w i l l b e s h o w n to 
cause soft rot . W e h a v e o b s e r v e d that c e r t a i n l i t t e r - d e c o m p o s i n g b a -
s i d i o m y c e t e s , s u c h as Collybia butyracea, cause a s l o w d e c o m p o s i 
t i o n that r e s e m b l e s soft ro t m a c r o s c o p i c a l l y . 

M a c r o s c o p i c a n d m i c r o s c o p i c c h a r a c t e r i s t i c s o f w h i t e , b r o w n , 
a n d soft rots are s u m m a r i z e d i n Tab le IV. 

P r o g r e s s i v e C h a n g e s i n C h e m i c a l C o m p o s i t i o n . T h e c h e m i c a l 
c o m p o s i t i o n o f w o o d b e g i n s to c h a n g e as soon as i t is c o l o n i z e d b y 
the h y p h a e o f w o o d - d e s t r o y i n g f u n g i . I n i t i a l i n v a s i o n o f t h e ray ce l l s 
a n d vesse l s (70) is p r i m a r i l y at t h e e x p e n s e o f s o l u b l e sugars , s t a r c h , 
a n d o t h e r c a r b o h y d r a t e s . T h e h y p h a e t h e n p e n e t r a t e a n d b e c o m e 
e s t a b l i s h e d i n v i r t u a l l y e v e r y c e l l o f t h e w o o d i n w h i c h e n v i r o n m e n t a l 
a n d o t h e r factors are f a v o r a b l e . T h i s attack resu l t s i n a p r o g r e s s i v e 
d e p l e t i o n o f a l l t h r e e s t r u c t u r a l p o l y m e r s d u r i n g w h i t e a n d soft ro ts , 
a n d i n t h e p o l y s a c c h a r i d e s d u r i n g b r o w n ro t ( F i g u r e 4). D e p l e t i o n o f 
l i g n i n r o u g h l y p a r a l l e l s loss o f p o l y s a c c h a r i d e s i n w h i t e ro t , lags b e 
h i n d p o l y s a c c h a r i d e d e p l e t i o n i n soft r o t , a n d is i n s i g n i f i c a n t i n b r o w n 
rot . A s l i g h t i n i t i a l i n c r e a s e i n l i g n i n is f r e q u e n t l y seen d u r i n g b r o w n 
rot (see F i g u r e 4). T h i s i n c r e a s e is p r o b a b l y d u e to p a r t i a l o x y g e n a t i o n 
o f t h e l i g n i n p o l y m e r (31, 72). 

S o m e v a r i a t i o n i n t h e r e l a t i v e rates o f c e l l u l o s e vs . h e m i c e l l u l o s e 
d e p l e t i o n is o b s e r v e d a m o n g v a r i o u s f u n g i a n d w o o d s . M a r k e d se 
l e c t i v i t y for t h e h e m i c e l l u l o s e s has b e e n a c h i e v e d t h r o u g h g e n e t i c 
m a n i p u l a t i o n o f s e v e r a l w h i t e - r o t f u n g i (73) a n d o c c u r s n a t u r a l l y i n 
s o m e spec i es , e . g . , Polyporus pargamenus F r . (74). S e l e c t i v e r e m o v a l 
o f c e l l u l o s e is n o t o b s e r v e d , a c o n s e q u e n c e o f its l o c a t i o n w i t h i n t h e 
l i g n i n - h e m i c e l l u l o s e s h e a t h . S e l e c t i v e r e m o v a l o f l i g n i n does no t 
o c cur , a p p a r e n t l y b e c a u s e p o l y s a c c h a r i d e s p r o v i d e e n e r g y n e c e s s a r y 
for l i g n i n d e c o m p o s i t i o n (28, 75-77). 

P r o g r e s s i v e C h a n g e s i n S t r e n g t h P r o p e r t i e s . D e c a y o f w o o d 
has p r o f o u n d effects o n s t r e n g t h p r o p e r t i e s . O f t h e v a r i o u s m e a s u r e s 
o f w o o d s t r e n g t h (78), t o u g h n e s s a n d t h e r e l a t e d p r o p e r t y o f w o r k to 
m a x i m u m l o a d are m o s t s e n s i t i v e to decay. T o u g h n e s s , w h i c h is also 
c a l l e d impact bending strength, is r e l a t i v e l y easy to m e a s u r e a n d has 
b e e n t h e m o s t w i d e l y s t u d i e d . 

A l l t h r e e t y p e s o f d e c a y cause losses i n t o u g h n e s s a n d r e l a t e d 
p r o p e r t i e s that far e x c e e d t h e i r losses i n w e i g h t . W o o d d e c a y e d to 
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w e i g h t losses o f less t h a n 3 % b y w h i t e - , soft-, o r b r o w n - r o t f u n g i 
f r e q u e n t l y has lost o v e r 5 0 % o f i ts s t r e n g t h m e a s u r e d as t oughness 
(18, 79-85). M i c r o s c o p i c o b s e r v a t i o n s r e v e a l that th i s loss is no t d u e 
to a l o c a l i z e d d e s t r u c t i o n o f p a r t o f t h e test p i e c e , b u t r a t h e r to a 
g e n e r a l d e c o m p o s i t i o n . 

It is n o t k n o w n w h y t o u g h n e s s is so s e n s i t i v e to d e c a y b y a l l 
t h r e e g r o u p s o f f u n g i . C a m p b e l l (5) c o n c l u d e d that t h e r e d u c t i o n is 
d u e to a " s h o r t e n i n g o f the c e l l u l o s e c h a i n m o l e c u l e s i n w o o d . " T h i s 
is r e a s o n a b l e for b r o w n ro t , b u t u n l i k e l y for w h i t e ro t o r soft rot . 
C o w l i n g (15) d e m o n s t r a t e d that t h e b r o w n - r o t fungus Porta monticola 
M u r r . [ n o w Porta placenta ( F r . ) C k e . ] causes a s h a r p r e d u c t i o n i n 
t h e d e g r e e o f p o l y m e r i z a t i o n ( D P ) o f c e l l u l o s e d u r i n g d e c a y o f 
s w e e t g u m w o o d ( F i g u r e 5). I n c ont ras t , t h e w h i t e - r o t fungus Poly-
porus versicolor L . ex F r . [ n o w Coriolus versicolor ( L . ex F r . ) Q u e l . ] 
o n l y g r a d u a l l y r e d u c e s c e l l u l o s e D P ( F i g u r e 5). L e v i a n d P r e s t o n (71) 
s h o w e d that t h e r e s i d u a l c e l l u l o s e i n b e e c h w o o d is also o n l y g r a d 
u a l l y d e c r e a s e d i n D P d u r i n g d e c a y b y t h e soft -rot fungus Chae-
tomium globosum K u n z e . T h u s t h e basis for t o u g h n e s s loss i n w h i t e 
a n d soft rots l i e s e l s e w h e r e a n d d e s e r v e s f u r t h e r r e s e a r c h . 

T h e effect o f b r o w n - r o t f u n g i o n o t h e r w o o d s t r e n g t h p r o p e r t i e s 
is m u c h m o r e p r o n o u n c e d t h a n that o f w h i t e - r o t f u n g i (see R e f e r e n c e 
18), a n d r e f l e c t s c e l l u l o s e d e p o l y m e r i z a t i o n . I n t e r e s t i n g l y , w o o d s p e 
c i e s v a r y s u b s t a n t i a l l y i n s t r e n g t h l o s s at a g i v e n w e i g h t l o s s b y 
b r o w n - r o t f u n g i (18). T h e bas is for th i s v a r i a t i o n is no t k n o w n a n d 
d e s e r v e s a d d i t i o n a l r e s e a r c h . 

M e c h a n i s m s o f W o o d D e c a y . M i c r o s c o p y i n d i c a t e s that t h e 
e n z y m e s o r o t h e r agents that d e g r a d e t h e w o o d c e l l w a l l p o l y m e r s 
d i f fuse a w a y f r o m t h e h y p h a e , a n d that t h e y are s e c r e t e d b y t h e 
la tera ls as w e l l as b y t h e g r o w i n g t ips (70, 86, 87). G e l a t i n o u s sheaths 
encase b o t h h y p h a e a n d s u b s t r a t e w h e n b r o w n - o r w h i t e - r o t f u n g i 
attack i s o l a t e d c e l l u l o s e (88). T h e n a t u r e a n d a c t u a l i m p o r t a n c e o f 
s u c h sheaths i n t h e d e c a y o f s o l i d w o o d n e e d f u r t h e r i n v e s t i g a t i o n . 
T h e sheaths m i g h t p r o v i d e a n o p t i m u m e n v i r o n m e n t for e n z y m e 
a c t i o n a n d m i g h t also h e l p p r e v e n t loss o f e n z y m e s w i t h t h e i r p r e 
c i ous n i t r o g e n . B e c a u s e t h e n i t r o g e n c o n t e n t o f w o o d is q u i t e l o w , 
th i s i m p o r t a n t e l e m e n t is l i m i t i n g i n t h e n u t r i t i o n o f w o o d - d e c o m 
p o s i n g o r g a n i s m s . Its i m p o r t a n c e i n w o o d d e c a y has b e e n d i s c u s s e d 
(89). 

S t u d i e s o f t h e b i o c h e m i c a l m e c h a n i s m o f w o o d d e c a y h a v e , w i t h 
v e r y f e w e x c e p t i o n s , b e e n c o n d u c t e d w i t h i s o l a t e d c e l l u l o s e , h e m i 
c e l l u l o s e s o r l i g n i n , o r w i t h a p p r o p r i a t e m o d e l c o m p o u n d s , r a t h e r 
t h a n w i t h s o l i d w o o d . T h e f e w s t u d i e s w i t h e n z y m e s p r o d u c e d d u r i n g 
g r o w t h o n o r i n w o o d h a v e r e v e a l e d n o p e c u l i a r i t i e s that w o u l d b r i n g 
i n t o q u e s t i o n t h e r e s u l t s o f s t u d i e s w i t h t h e i s o l a t e d c o m p o n e n t s . 
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AVERAGE WEIGHT LOSS (PERCENT) 
Figure 5. Cellulose in wood is depolymerized early during brown rot, but 
only gradually during white rot. The data are for sweetgum sapwood 
decayed by the brown-rot fungus Poria placenta (Fr.) Cke. (formerly P. 
monticola Murr.) and for the white-rot fungus Coriolus versicolor (L. ex 

Fr.) Quel, (formerly Polyporus versicolor L. ex Fr.) (15). 

I s o l a t e d c e l l u l o s e was n o t d e g r a d e d b y t h e b r o w n - r o t fungus Poria 
placenta u n l e s s t h e f u n g u s was i n contac t w i t h w h o l e w o o d (90). 
F u r t h e r s t u d y i n d i c a t e d , h o w e v e r , that t h e w o o d c o u l d b e r e p l a c e d 
w i t h s i m p l e sugars , i . e . , that n u t r i e n t s i n t h e w o o d w e r e s i m p l y 
s e r v i n g as s t a r t e r c a r b o n / e n e r g y sources (90). 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
01

2

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



12. KIRK A N D œ w L i N G Biological Decomposition 473 

I n the f o l l o w i n g d i s c u s s i o n , w e h a v e a s s u m e d that w o o d d e c a y 
is d u e to t h e c o n c e r t e d a c t i o n o f t h e i n d i v i d u a l e n z y m e sys tems r e 
s p o n s i b l e for c e l l u l o s e , h e m i c e l l u l o s e , a n d l i g n i n d e c o m p o s i t i o n . 

C E L L U L O S E D E C O M P O S I T I O N . D e c o m p o s i t i o n o f c r y s t a l l i n e c e l 
l u l o s e b y w h i t e - r o t f u n g i a n d v a r i o u s s o i l f u n g i ( i n c l u d i n g the soft -rot 
fungi ) , r e su l t s f r o m t h e s y n e r g i s t i c a c t i o n o f t h r e e t y p e s o f h y d r o l y t i c 
e n z y m e s : e n c f c - l , 4 ^ - g l u c a n a s e s , e x o - l , 4 - p - g l u c a n a s e s , a n d β - g luco -
s i d a s e s . P r e s u m a b l y , b a c t e r i a l a n d a n i m a l c e l l u l a s e s a r e s i m i l a r . 
B r o w n - r o t f u n g i a lso d e c o m p o s e c r y s t a l l i n e c e l l u l o s e , b u t m o s t p o s 
sess n o exo -g lucanase ; t h e i r u n i q u e m e c h a n i s m o f c e l l u l o s e d e g r a 
d a t i o n is d i s c u s s e d la ter . 

T h e m e c h a n i s m o f c e l l u l o s e d e g r a d a t i o n b y f u n g i has b e e n t h e 
s u b j e c t o f e x t e n s i v e r e s e a r c h (19-21, 23-25), p r i m a r i l y w i t h t h e 
m o l d Trichoderma viride a n d t h e w h i t e - r o t f u n g u s Sporotrichum 
pulverulentum N o v o , (now Phanerochaete chrysosporium B u r d s . ) . 
R e s u l t s i n d i c a t e that the e ra fo - l , 4 -3 -g lucanases ( C x e n z y m e s ) act r a n 
d o m l y o v e r t h e e x p o s e d surfaces o f c e l l u l o s e m i c r o f i b r i l s . N o n r e -
d u c i n g t e r m i n i g e n e r a t e d b y th i s a c t i o n are t h e n h y d r o l y z e d b y exo-
l , 4 -3 -g lucanases ( c e l l o b i o h y d r o l a s e s , C{ e n z y m e s ) , r e l e a s i n g c e l l o -
b i ose . C e l l o b i o s e m a y b e c l e a v e d b y a β -g lucos idase to y i e l d g l u c o s e , 
or i n w h i t e rot a n d p e r h a p s o t h e r f u n g i i t m a y b e o x i d i z e d to c e l l o -
b i o n i c a c i d a n d t h e n c l e a v e d . T h e endo- a n d exo -g lucanases act s y n -
erg i s t i ca l l y , p e r h a p s as a l oose c o m p l e x (91). G e n e r a l l y , the endo-
glucanases a n d p r o b a b l y t h e exo -g lucanases are r e p r e s s e d b y h i g h 
c o n c e n t r a t i o n s o f m o n o s a c c h a r i d e s (23). B o t h t y p e s o f g l u c a n a s e s 
h a v e m o l e c u l a r w e i g h t s r a n g i n g u p to a b o u t 7 5 , 0 0 0 (92, 93), w h e r e a s 
the β -g lucosidases are c o n s i d e r a b l y l a r g e r (94). 

I n a d d i t i o n , o x i d i z i n g e n z y m e s p r o b a b l y are i n v o l v e d i n c e l l u l o s e 
d e c o m p o s i t i o n b y c e r t a i n w h i t e - r o t f u n g i . Phanerochaete chryso
sporium possesses c e l l o b i o s e ox idase , w h i c h c o n v e r t s c e l l o b i o s e to 
c e l l o b i o n o - 8 - l a c t o n e , w i t h 0 2 s e r v i n g as e l e c t r o n a c c e p t o r (23). T h i s 
e n z y m e is r e s p o n s i b l e f o r t h e m o r e r a p i d h y d r o l y s i s o f c e l l u l o s e 
u n d e r a e r o b i c c o n d i t i o n s t h a n u n d e r a n a e r o b i c c o n d i t i o n s , p r e s u m 
a b l y b e c a u s e i t r e m o v e s c e l l o b i o s e a n d p r e v e n t s t h e trans g l y c o s y -
l a t i o n reac t i ons a n d t h e i n h i b i t i o n o f e n d o - g l u c a n a s e a c t i v i t y that oc 
curs w h e n c e l l o b i o s e a c c u m u l a t e s (23, 73). S i m i l a r o x i d i z i n g a c t i v i t y 
is n o t f o u n d i n t h e spec ies o f F u n g i I m p e r f e c t i e x a m i n e d (91). A n 
o t h e r e n z y m e , c e l l o b i o s e : q u i n o n e o x i d o r e d u c t a s e , has t h e s a m e ac 
t i o n , b u t r e q u i r e s q u i n o n e s as e l e c t r o n acceptors (23). A g lucose ox
idase also has b e e n i m p l i c a t e d i n t h e o v e r a l l p rocess (23); i t o x i d i z e s 
g lucose to g l u c o n o l a c t o n e w i t h 0 2 o r q u i n o n e s as e l e c t r o n acceptors . 
P r e s u m a b l y , these o x i d i z i n g a c t i v i t i e s r e g u l a t e t h e a m o u n t s o f g lucose 
a n d c e l l o b i o s e , u l t i m a t e l y c o o r d i n a t i n g t h e rates o f c e l l u l o s e h y d r o 
lys i s a n d t h e m e t a b o l i s m o f e n d p r o d u c t s . P h e n o l s , w h i c h are i n t e r -

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
01

2

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



474 T H E C H E M I S T R Y O F SOLID W O O D 

m e d i a t e s i n l i g n i n d e c o m p o s i t i o n , also affect t h e a m o u n t s o f endo-
g lucanase a c t i v i t y i n w h i t e - r o t f u n g i (23). F i g u r e 6 s u m m a r i z e s t h e 
i n t e r c o n v e r s i o n s a n d r e g u l a t o r y i n t e r a c t i o n s i n c e l l u l o s e h y d r o l y s i s 
b y w h i t e - r o t f u n g i (23). 

C e l l u l o s e d e c o m p o s i t i o n b y b r o w n - r o t f u n g i is a n u n u s u a l p r o 
cess. I n t h e e a r l y stages o f t h e i r d e c a y o f w o o d , a n d i n cont ras t to 
d e c a y b y w h i t e - r o t f u n g i , t h e c e l l u l o s e is s e v e r e l y d e p o l y m e r i z e d (see 
F i g u r e 5). T h i s d i s c o v e r y (15) e x p l a i n e d t h e h i g h l y d e s t r u c t i v e effects 
o f t h e s e f u n g i o n w o o d , as d e s c r i b e d i n t h e s e c t i o n e n t i t l e d " P r o 
gress ive C h a n g e s i n S t r e n g t h P r o p e r t i e s " (page 463) , b u t i t p r e s e n t e d 
an e n i g m a b e c a u s e o n l y a v e r y s m a l l p e r c e n t a g e o f the c e l l u l o s e i n 
w o o d is a c c e s s i b l e to c e l l u l o l y t i c e n z y m e s . Enzymatic d e g r a d a t i o n 
m u s t cause a g r a d u a l loss i n c e l l u l o s e i n t e g r i t y , as seen i n w h i t e 
ro t (15). 

B e c a u s e t h e d e p o l y m e r i z i n g agent o f t h e b r o w n - r o t f u n g i c o m 
p l e t e l y p e n e t r a t e s t h e c r y s t a l l i n e m i c r o f i b r i l s , o n l y v e r y s m a l l m o l 
e c u l e s c a n b e r e s p o n s i b l e (15). I n d i s c u s s i n g t h i s , C o w l i n g a n d B r o w n 
(92) n o t e d that G . H a l i i w e l l (95) h a d d e s c r i b e d e x p e r i m e n t s o n t h e 
d e p o l y m e r i z a t i o n o f c e l l u l o s e u n d e r p h y s i o l o g i c a l c o n d i t i o n s w i t h 
F e n t o n ' s r e a g e n t ( H 2 0 2 a n d f e r r o u s salts). S u b s e q u e n t s t u d i e s d e m 
o n s t r a t e d that b r o w n - r o t f u n g i s e c re te H 2 0 2 a n d that w o o d c o n t a i n s 
e n o u g h i r o n for a p o s s i b l e i n v o l v e m e n t o f a n F e - H 2 0 2 s y s t e m i n 
c e l l u l o s e d e p o l y m e r i z a t i o n (96). C e l l u l o s e is i n fact o x i d i z e d d u r i n g 
at tack b y t h e b r o w n - r o t f u n g u s Poria placenta (90). O x a l i c a c i d , w h i c h 
is s e c r e t e d b y b r o w n - r o t f u n g i , c a n r e d u c e t h e F e 3 + n o r m a l l y p r e s e n t 
i n w o o d to F e 2 + , t h e a c t i v e f o r m i n F e n t o n ' s r e a g e n t (97, 98). F i g u r e 
7 shows t h e p r o p o s e d m e c h a n i s m for t h e d e p o l y m e r i z a t i o n o f c e l l u 
lose . N i c h o l a s et a l . ( p e r s o n a l c o m m u n i c a t i o n ) d e m o n s t r a t e d d e g r a 
d a t i o n o f 1 4 C - c e l l u l o s e b y Gloeophyllum trabeum (Pers . ex F r . ) M u r r . 
t h r o u g h a m e m b r a n e w i t h a n o m i n a l m o l e c u l a r w e i g h t l i m i t o f 1000. 

T h i s i n i t i a l o x i d a t i v e d e p o l y m e r i z a t i o n o f c e l l u l o s e e v i d e n t l y 
o p e n s u p t h e w o o d c e l l w a l l s t r u c t u r e so that c e l l u l o l y t i c a n d h e m i -
c e l l u l o l y t i c e n z y m e s c a n r e a c h t h e i r substrates d e s p i t e t h e p r e s e n c e 
o f l i g n i n . S o l u b i l i t y o f w o o d i n 1% N a O H increases m a r k e d l y o n 
b r o w n - r o t a t tack (15) a n d r e f l e c t s c e l l u l o s e d e p o l y m e r i z a t i o n a n d the 
o p e n i n g u p o f t h e w o o d s t r u c t u r e . 

I n t e r e s t i n g l y , e n z y m e p r e p a r a t i o n s f r o m m o s t b r o w n - r o t f u n g i 
possess endo- b u t n o t exo-1,4^-glucanase a c t i v i t y (99-101). T h e s e 
f u n g i d i f f e r f r o m o t h e r c e l l u l o l y t i c o r g a n i s m s , too , i n that endo-glu-
canase p r o d u c t i o n is n o t r e p r e s s e d b y m o n o s a c c h a r i d e s (J02) . S t i l l 
a n o t h e r u n u s u a l f e a t u r e is a l a rge e n z y m e c o m p l e x that h y d r o l y z e s 
c a r b o x y m e t h y l c e l l u l o s e , x y l a n s, g l u c o m a n n a n s , a n d v a r i o u s g l y c o 
s ides (103). 
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CELLULOSE 

f FRAGMENTS 

Figure 7. Depolymerization of cellulose in wood by brown-rot fungi might 
involve Fe*+ and H202 (92, 96, 97). 

A l t h o u g h w h i t e - r o t f u n g i also s e c re te H 2 0 2 (104), t h e y h a v e no t 
b e e n f o u n d to d e p o l y m e r i z e c e l l u l o s e o x i d a t i v e l y . O n e reason m i g h t 
b e that t h e y possess oxa late d e c a r b o x y l a s e , w h i c h d e c o m p o s e s oxa 
la te , w h e r e a s b r o w n - r o t f u n g i a p p a r e n t l y d o no t (98). T h i s p r o b l e m 
d e s e r v e s f u r t h e r i n v e s t i g a t i o n . 

T h e c e l l u l o l y t i c s y s t e m o f soft -rot f u n g i has r e c e i v e d r e l a t i v e l y 
l i t t l e a t t e n t i o n . It is p r o b a b l y s i m i l a r to that o f t h e c l o se ly r e l a t e d 
A s c o m y c e t e s a n d F u n g i I m p e r f e c t i (19-25, 27), w h i c h a p p a r e n t l y 
di f fers l i t t l e f r o m that o f w h i t e - r o t f u n g i , e x c e p t p e r h a p s i n t h e a b 
sence o f o x i d i z i n g e n z y m e s . 

HEMICELLULOSE DECOMPOSITION. D e k k e r a n d R i c h a r d s h a v e r e 
v i e w e d t h e m i c r o b i a l h e m i c e l l u l a s e s (22). W o o d - r o t t i n g f u n g i p r o 
d u c e e n z y m e s c a p a b l e o f h y d r o l y z i n g a v a r i e t y o f β-(1 —> 4 ) - l i n k e d 
g l y c a n ( m a n n a n a n d xy lan) subs t ra tes , as w e l l as v a r i o u s g ly cos ides 
(94, 101, 105-8). J u d g i n g f r o m t h e r e l a t i v e l y l i t t l e r e s e a r c h d o n e , 
c o r r e s p o n d i n g e n z y m e s f r o m t h e t h r e e g r o u p s o f d e c a y o r g a n i s m s 
a p p e a r to b e s i m i l a r , a n d are also s i m i l a r to those f r o m o t h e r m i c r o b e s 
(22, 106). To o u r k n o w l e d g e , t h e e n z y m e s r e s p o n s i b l e for complete 
d e p o l y m e r i z a t i o n o f a w o o d h e m i c e l l u l o s e h a v e n o t b e e n d e s c r i b e d 
i n a n y m i c r o b e . T h i s is a n o t h e r s u b j e c t that n e e d s a d d i t i o n a l s tudy . 
e n d o - G l y c a n a s e s f r o m w h i t e - , b r o w n - , a n d soft -rot f u n g i a p p a r e n t l y 
a l l act r a n d o m l y a n d p r o d u c e d i m e r i c a n d h i g h e r o l i g o m e r i c p r o d u c t s 
(22, 108—11). U r o n i c a c i d - s u b s t i t u t e d o l i g o s a c c h a r i d e s are p r o d u c e d 
f r o m g l u c u r o n o x y l a n subs t ra tes (107-9, 111) b u t e n z y m e s c a t a l y z i n g 
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h y d r o l y s i s o f t h e x y l o s e - u r o n i c a c i d l i n k a g e h a v e not b e e n r e p o r t e d . 
A m a n n a n a s e p u r i f i e d f r o m a b r o w n - r o t f u n g u s h y d r o l y z e d b o t h m a n -
n o s e - ( l —» 4 ) -g lucose a n d g l u c o s e - ( l —> 4 ) - m a n n o s e l i n k a g e s (110). 
G l y c o s i d a s e s a c t i v e o n h e m i c e l l u l o s e - d e r i v e d d i s a c c h a r i d e s also are 
p r o d u c e d b y t h e w o o d - r o t t i n g f u n g i (94), b u t e x o - h y d r o l a s e s d e 
g r a d i n g h e m i c e l l u l o s e o l i g o s a c c h a r i d e s h a v e no t b e e n r e p o r t e d i n 
these o r g a n i s m s . 

T h e e n z y m e c o m p l e x w i t h m u l t i p l e g l y c a n a n d g l y c o s i d e h y d r o 
lase a c t i v i t y i n t h e b r o w n - r o t f u n g u s Poria placenta, m e n t i o n e d a b o v e 
(103), has a m o l e c u l a r w e i g h t o f 1.85 x 1 0 5 ; o t h e r h e m i c e l l u l a s e s 
(endo-g lycanases) o f w o o d - r o t t i n g f u n g i h a v e m o l e c u l a r w e i g h t s o f 3 
x 1 0 4 - 6 x 1 0 4 (94). 

I n f o r m a t i o n r e g a r d i n g r e g u l a t i o n o f t h e s y n t h e s i s o f t h e h e m i 
c e l l u l a s e s is s o m e w h a t c o n t r a d i c t o r y (22). R e g u l a t i o n i n w o o d - d e c o m 
p o s i n g f u n g i , h o w e v e r , has n o t b e e n t h e s u b j e c t o f t h e d e t a i l e d s t u d y 
that i t d e s e r v e s . M u l t i p l e h e m i c e l l u l a s e a c t i v i t y is f o u n d i n c u l t u r e 
f i l t rates o f b o t h w h i t e - a n d b r o w n - r o t f u n g i after g r o w t h o n a v a r i e t y 
o f subs t ra tes (107). H e m i c e l l u l a s e p r o d u c t i o n b y t h e t w o types o f 
f u n g i is d i f f e r e n t , h o w e v e r , i n that b r o w n - r o t f u n g i e x h i b i t g o o d h e m i 
c e l l u l a s e (as w e l l as c e l l u l a s e ) a c t i v i t i e s d u r i n g g r o w t h o n s i m p l e 
sugars , w h e r e a s w h i t e - r o t f u n g i d o n o t (107, 112). P r o d u c t i o n o f t h e 
e n z y m e s o n s i m p l e sugars m i g h t b e i n d u c e d i n r e s p o n s e to h y p h a l 
w a l l c o n s t i t u e n t s f o l l o w i n g s u b s t r a t e d e p l e t i o n , as is a n e n d o - x y l a n a s e 
i n the w h i t e - r o t f u n g u s Stereum sanguinolentum F r . (94). H e m i c e l 
lu lases i n t h e soft -rot f u n g u s Chaetomium globosum are i n d u c e d s p e 
c i f i ca l l y b y t h e i r subs t ra tes (108). 

LIGNIN DECOMPOSITION. R e s e a r c h o n t h e f u n g a l d e c o m p o s i t i o n 
o f l i g n i n has a c c e l e r a t e d g r e a t l y i n r e c e n t yea rs . S o m e o f t h e r eac t i ons 
c o m p r i s i n g d e g r a d a t i o n h a v e b e e n e l u c i d a t e d , a n d t h e u n u s u a l b i o 
c h e m i c a l a n d p h y s i o l o g i c a l f ea tures are b e i n g d e s c r i b e d . S e v e r a l r e 
v i e w s (28-33) p r o v i d e spec i f i c l i t e r a t u r e r e f e r e n c e s . 

R e s e a r c h w i t h t h e w h i t e - r o t f u n g i has s h o w n that t h e process is 
o x i d a t i v e , that t h e l i g n i n o l y t i c s y s t e m is n o n s p e c i f i c , that i ts r a t e -
l i m i t i n g c o m p o n e n t is n o t i n d u c e d b y l i g n i n , a n d that d e p o l y m e r i z a 
t i o n m a y no t b e a n o b l i g a t o r y f i rst s tep . L i g n i n d e g r a d a t i o n , t h e r e 
fore , is d i s t i n c t f r o m c e l l u l o s e a n d h e m i c e l l u l o s e d e g r a d a t i o n ; i n d e e d , 
i t d i f fers f r o m t h e b iodégradat ion o f a l l o t h e r b i o p o l y m e r s s t u d i e d . 
P r o m i n e n t r e a c t i o n s o f l i g n i n p o l y m e r d e g r a d a t i o n are o x i d a t i o n s a n d 
o x i d a t i v e c leavages i n t h e p r o p y l s ide c h a i n s , d e m e t h y l a t i o n s o f m e t h -
o x y l g r o u p s , a n d e v e n c leavages i n a r o m a t i c r i n g s . T h e c h e m i s t r y o f 
d e g r a d a t i o n is b e i n g i n v e s t i g a t e d b o t h b y c h a r a c t e r i z a t i o n o f t h e p a r 
t i a l l y d e g r a d e d p o l y m e r a n d o f l o w m o l e c u l a r w e i g h t d e g r a d a t i o n 
p r o d u c t s , a n d t h r o u g h s t u d i e s o f t h e m e t a b o l i s m o f l o w m o l e c u l a r 
w e i g h t d i m e r i c m o d e l c o m p o u n d s r e p r e s e n t i n g s u b s t r u c t u r e s i n t h e 
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p o l y m e r . W i t h t h e m o d e l c o m p o u n d s , t h e spec i f i c r eac t i ons that c o m 
p r i s e d e g r a d a t i o n are r a p i d l y b e i n g d e s c r i b e d ; for e x a m p l e , S c h e m e 
1 shows the fate of the n o n p h e n o l i c d i a r y l p r o p a n e - t y p e of substruc
ture m o d e l i n cultures o f the w h i t e - r o t fungus Phanerochaete chryso-
sporium (113-15). M o d e l s r e p r e s e n t i n g o t h e r i m p o r t a n t s u b s t r u c 
tures have been s tud ied s imi la r ly . 

M a n y past s t u d i e s o n t h e e n z y m e s o f l i g n i n d e c o m p o s i t i o n fo
c u s e d o n p h e n o l - o x i d i z i n g e n z y m e s , s u c h as laccase a n d p e r o x i d a s e , 
p r o d u c e d b y w h i t e - r o t f u n g i . It is u n l i k e l y , h o w e v e r , that th i s t y p e 
o f a c t i v i t y is i m p o r t a n t i n s t r u c t u r a l d e c o m p o s i t i o n (33), a l t h o u g h the 
e n z y m e s m a y h a v e s o m e o t h e r r o l e i n l i g n i n d e c o m p o s i t i o n (28). 

B e c a u s e t h e l i g n i n p o l y m e r is a t t a c k e d b y e x t r a c e l l u l a r n o n s p e 
c i f i c o x i d i z i n g agents , i t is p o s s i b l e that e n z y m e s m a y no t b e i n v o l v e d 
d i r e c t l y , j u s t as c e l l u l o s e a p p a r e n t l y is n o n e n z y m a t i c a l l y o x i d i z e d b y 
b r o w n - r o t f u n g i . H a l l (116) s u g g e s t e d that d i f f u s i b l e spec ies s u c h as 
s u p e r o x i d e ( 0 2

T ) , d e r i v e d f r o m m o l e c u l a r o x y g e n , m a y p a r t i c i p a t e i n 
l i g n i n d e c o m p o s i t i o n . R e s e a r c h has s i n c e i n d i c a t e d that a c t i v a t e d ox
y g e n spec i es a p p a r e n t l y are c o m m o n l y p r o d u c e d b y t h e l i g n i n - d e -
g r a d i n g f u n g i . S i n g l e t o x y g e n , a n e x c i t e d state o f 0 2 r e p o r t e d l y i n -

Scheme 1. Model compounds are being used to elucidate the specific reactions 
of lignin decomposition bu white-rot fungi. The fate of a nonphenolic diaryl
propane-type of model in ligninolytic cultures of Phanerochaete chrysosporium 

Burds is shown (113-15). 
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v o l v e d i n o t h e r b i o l o g i c a l r e a c t i o n s , was i m p l i c a t e d i n l i g n i n b i o -
d e g r a d a t i o n (117), b u t was l a t e r s h o w n not to b e i n v o l v e d (118). H y 
d r o x y l r a d i c a l ( - O H ) has n o w b e e n i m p l i c a t e d (119-21), b u t n o t 
p r o v e n to b e i n v o l v e d . W h e t h e r i t is o r n o t , g o o d e v i d e n c e has b e e n 
g a i n e d for p a r t i c i p a t i o n b y its i m m e d i a t e p r e c u r s o r , H 2 0 2 (119, 121, 
144). H y d r o x y l r a d i c a l is f o r m e d b y m e t a l r e d u c t i o n o f H 2 0 2 (see 
F i g u r e 7). 

F i n d i n g s i n t h i s v e r y a c t i v e r e s e a r c h a r e a i n d i c a t e that e n z y m e s 
are d i r e c t l y i n v o l v e d . A n e x t r a c e l l u l a r e n z y m e i n l i g n i n o l y t i c c u l 
tures o f P . chrysosporium has b e e n d i s c o v e r e d (122). I t r e q u i r e s H 2 0 2 

for a c t i v i t y a n d ca ta lyzes t h e c l eavage o f n o n p h e n o l i c m o d e l c o m 
p o u n d s o f b o t h t h e d i a r y l p r o p a n e a n d t h e a r y l g l y c e r o l ^ - a r y l e t h e r 
types . I n t h e f o r m e r t y p e o f m o d e l , t h e d e g r a d a t i v e r e a c t i o n is t h e 
i n i t i a l c l eavage s h o w n i n S c h e m e 1. T h e n e w e n z y m e cata lyzes t h e 
p a r t i a l d e p o l y m e r i z a t i o n o f l i g n i n . It is n o t t h e s a m e as e a r l i e r r e 
p o r t e d " l i g n i n - d e g r a d i n g e n z y m e s " (123-26). 

F u r t h e r m e t a b o l i s m o f l o w m o l e c u l a r w e i g h t p r o d u c t s o f t h e 
i n i t i a l d e g r a d a t i o n o f l i g n i n , h o w e v e r i t o c c u r s , is p r o b a b l y v i a c las 
s i ca l m o d e s . V a n i l l i c a c i d , a p r o m i n e n t p r o d u c t o f t h e f u n g a l d e g r a 
d a t i o n o f l i g n i n (127), is d e g r a d e d b y s u b s t r a t e - i n d u c i b l e e n z y m e s i n 
P. chrysosporium (128, 129). 

A l t h o u g h b r o w n - r o t f u n g i a r e p o o r d e g r a d e r s o f l i g n i n (see 
F i g u r e 4) t h e y d o a p p a r e n t l y possess t h e b a s i c m a c h i n e r y . T h e m a i n 
effect t h e y h a v e o n l i g n i n is d e m e t h y l a t i o n o f a r y l m e t h o x y l g r o u p s 
(130), a l t h o u g h o x i d a t i v e c h a n g e s o c cur , i n c l u d i n g s o m e c l eavage o f 
a r o m a t i c r i n g s (72). I n d e e d , l i m i t e d o x i d a t i o n o f a r o m a t i c a n d p r o p y l 
s ide c h a i n c a r b o n as w e l l as m e t h o x y l c a r b o n to C 0 2 has b e e n d e m 
o n s t r a t e d (131, 132). E x t e n s i v e d e p o l y m e r i z a t i o n a p p a r e n t l y does n o t 
o c c u r (133, 134), a n d i t s e e m s u n l i k e l y that t h e l i m i t e d d e g r a d a t i o n 
o f l i g n i n b y b r o w n - r o t f u n g i is su f f i c ient to o p e n u p t h e w o o d s t r u c 
t u r e to p o l y s a c c h a r i d a s e s . T h e n o n e n z y m a t i c o x i d a t i v e d e p o l y m e r i 
z a t i o n o f c e l l u l o s e , d i s c u s s e d i n t h e s e c t i o n e n t i t l e d " C e l l u l o s e D e 
c o m p o s i t i o n " (page 473) , is e v i d e n t l y w h a t opens u p t h e s t r u c t u r e . 

A n a l y s e s o f s o f t - r o t t ed w o o d h a v e r e v e a l e d l i m i t e d d e p l e t i o n o f 
l i g n i n (71, 135). T h a t these f u n g i c a n o x i d i z e l i g n i n to C 0 2 was s h o w n 
b y u s i n g 1 4 C - l i g n i n s (132). R a t e s d i d n o t a p p r o a c h those s e e n w i t h 
w h i t e - r o t f u n g i , b u t o p t i m i z a t i o n s t u d i e s h a v e n o t y e t b e e n c o n 
d u c t e d . C l e a r l y , t h e w o o d - d e c o m p o s i n g m a c h i n e r y o f t h e soft -rot 
f u n g i has r e c e i v e d too l i t t l e a t t e n t i o n . 

Control and Uses of Wood-Decomposing Organisms 

C o n t r o l . W h e n u s e d p r o p e r l y , w o o d w i l l r e t a i n its s t r e n g t h a n d 
o t h e r d e s i r a b l e p r o p e r t i e s for m a n y c e n t u r i e s . W h e n w o o d is u s e d 
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i m p r o p e r l y , h o w e v e r , i t c a n b e d e c o m p o s e d b y v a r i o u s o r g a n i s m s , 
as d i s c u s s e d i n th i s c h a p t e r . 

T h e c a r d i n a l r u l e s for p r o p e r u s e o f w o o d c a n b e s ta ted s i m p l y : 
k e e p w o o d d r y , a n d , i f y o u can ' t k e e p i t d r y , use n a t u r a l l y d u r a b l e 
o r p r e s e r v a t i v e - t r e a t e d w o o d . T h e f i rst r u l e is b a s e d o n a s i m p l e 
b i o l o g i c a l p r i n c i p l e : l i q u i d w a t e r is n e e d e d i n w o o d ce l l s to p r o v i d e 
a m e d i u m for d i f f u s i o n o f t h e e n z y m e s o r o t h e r m e t a b o l i t e s b y w h i c h 
w o o d - d e c o m p o s i n g o r g a n i s m s d iges t t h e w o o d s u b s t a n c e . I f t h e r e is 
n o l i q u i d w a t e r p r e s e n t i n s i d e the w o o d c e l l s , t h e r e w i l l b e n o m e 
d i u m for d i f f u s i o n , a n d t h e r e f o r e n o b i o l o g i c a l d e c o m p o s i t i o n e x c e p t 
for c e r t a i n insec t s o f r e l a t i v e l y m i n o r i m p o r t a n c e . T h u s , as l o n g as 
w o o d is k e p t b e l o w its f i b e r - s a t u r a t i o n p o i n t (about 2 7 % o f its d r y 
w e i g h t ) , i t w i l l n e v e r decay . 

A f e w b r o w n - r o t f u n g i , n o t a b l y Serpula incrassata ( B e r k , a n d 
C u r t . ) D a n k , a n d Merulius Frymans ( W u l f . ) F r . h a v e the u n u s u a l 
a b i l i t y to c o n d u c t l i q u i d w a t e r f r o m m o i s t s o i l o r o t h e r sources o f 
m o i s t u r e i n t o d r y w o o d (36). S i m i l a r l y , s u b t e r r a n e a n t e r m i t e s c a n 
attack v e r y d r y w o o d a n d , i f t h e y h a v e access to w a t e r , can t r a n s p o r t 
i t t h r o u g h t h e t u b e s t h e y c o n s t r u c t b e t w e e n m o i s t so i l a n d w o o d . 
B u t c h e m i c a l s o i l t r e a t m e n t s a r o u n d w o o d b u i l d i n g s can p r e v e n t at 
tack b y e v e n t h e s e o r g a n i s m s . C o n s t r u c t i o n p r a c t i c e s that t h w a r t b o t h 
f u n g a l d e c a y a n d i n s e c t at tack h a v e b e e n d e s c r i b e d (36, 38). 

T h e s e c o n d c a r d i n a l r u l e is b a s e d o n a n e q u a l l y s i m p l e b i o l o g i c a l 
p r i n c i p l e : s o m e c h e m i c a l s i n h i b i t l i v i n g o r g a n i s m s . W h e n w o o d m u s t 
b e u s e d i n m o i s t e n v i r o n m e n t s , use o f n a t u r a l l y d u r a b l e o r p r e s e r 
v a t i v e - t r e a t e d t i m b e r w i l l p r o v i d e l o n g - l a s t i n g p r o t e c t i o n against b i 
o l o g i c a l d e c o m p o s i t i o n . A l t h o u g h t h e h e a r t w o o d o f m a n y t ree spec ies 
is n a t u r a l l y d u r a b l e (36, 43, 136, 137), s a p w o o d o f a l l t r ee spec ies is 
h i g h l y s u s c e p t i b l e to d e c o m p o s i t i o n . M o s t c o n s t r u c t i o n t i m b e r s o f 
t e m p e r a t e r e g i o n s are s a p w o o d a n d r e q u i r e p r e s e r v a t i v e t r e a t m e n t 
for use i n m o i s t e n v i r o n m e n t s . 

T h e c h e m i c a l s that h a v e f o u n d w i d e use a n d a c c e p t a n c e as w o o d 
p r e s e r v a t i v e s , p r i m a r i l y c r e o s o t e , p e n t a c h l o r o p h e n o l , c h r o m a t e d 
c o p p e r a r s e n a t e , a n d a m m o n i a c a l c o p p e r arsenate , are b r o a d - s p e c 
t r u m p e s t i c i d e s . To a c h i e v e g r e a t e r spec i f i c i ty , advantage c o u l d b e 
t a k e n o f t h e u n i q u e p h y s i o l o g i c a l f ea tures o f t h e causa l o r g a n i s m s . 
O n e s u c h f e a t u r e is d i g e s t i o n o f w o o d . T r e a t m e n t s that m a k e w o o d 
a n o n s u b s t r a t e ( C h a p t e r 4), o r c h e m i c a l s that i n t e r f e r e w i t h t h e s y n 
thes i s , s e c r e t i o n , o r a c t i v i t y o f t h e w o o d - d e c o m p o s i n g e n z y m e s c a n 
b e e n v i s i o n e d . A c h e m i c a l that p r e v e n t s the s y n t h e s i s o f c h i t i n , w h i c h 
is a n e s s e n t i a l c o m p o n e n t o f b o t h insec t s a n d f u n g i , is a goal o f c u r r e n t 
r e s e a r c h (138). M a n y o t h e r p o s s i b i l i t i e s for m o r e spec i f i c i n t e r f e r e n c e 
w i t h t h e g r o w t h o r a c t i v i t y o f t h e w o o d - d e c o m p o s i n g o r g a n i s m s c o u l d 
r e s u l t f r o m a b e t t e r u n d e r s t a n d i n g o f t h e p h y s i o l o g y a n d b i o c h e m -
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i s t r y o f t h e d e c o m p o s i t i o n processes a n d o f the o r g a n i s m s r e s p o n 
s ib l e . 

U s e s a n d P o t e n t i a l U s e s (26, 139). A l t h o u g h w o o d p a r t l y d e 
g r a d e d b y f u n g i o r a t t a c k e d b y insec ts s o m e t i m e s has i n c r e a s e d aes
t h e t i c a p p e a l for use i n d e c o r a t i v e p a n e l i n g , w o o d e n b o w l s , o r o t h e r 
h o u s e h o l d i t e m s , a d e c r e a s e i n a t t rac t i veness a n d use fu lness is m o r e 
o f ten t h e case. T h u s b i o l o g i c a l d e c o m p o s i t i o n u s u a l l y l eads to a d e 
crease r a t h e r t h a n a n i n c r e a s e i n t h e v a l u e o f w o o d . 

H o w e v e r , d e l i b e r a t e c o n v e r s i o n o f s o l i d w o o d b y t h e agents o f 
b i o d e c o m p o s i t i o n is d o n e c o m m e r c i a l l y a n d has c o n s i d e r a b l e a d d i 
t i o n a l p o t e n t i a l . T h e w o r l d ' s s e c o n d m o s t i m p o r t a n t c o m m e r c i a l 
m u s h r o o m , c o m p r i s i n g 2 0 % o f w o r l d sales (140-42), is s h i i t a k e (Len-
tinus edodes) ( F i g u r e 8). C u l t i v a t e d i n A s i a , p r i m a r i l y o n oak logs , 
s h i i t a k e is a m a j o r f o o d i n J a p a n a n d that na t i on ' s largest a g r i c u l t u r a l 
e x p o r t . S e v e r a l o t h e r c o m m e r c i a l m u s h r o o m s are also g r o w n o n s o l i d 
w o o d (Table V ) . T h e s e m u s h r o o m s h a v e m u c h p o t e n t i a l i n t h e W e s t 
w h e r e t h e y are c u r r e n t l y o f m i n o r i m p o r t a n c e . 

M o s t , a n d p e r h a p s a l l , o f these e d i b l e m u s h r o o m - f o r m i n g f u n g i 
cause t h e w h i t e - r o t t y p e o f w o o d d e c o m p o s i t i o n . Lentinus edodes 
a n d s o m e o f t h e o t h e r s i n c r e a s e t h e r u m i n a n t d i g e s t i b i l i t y o f w o o d — 
s o m e t i m e s to o v e r 6 0 % ( 2 6 ) — b e c a u s e t h e y r e m o v e t h e l i g n i n a n d 
h e m i c e l l u l o s e s b e f o r e t h e c e l l u l o s e . T h u s , t h e y h a v e p o t e n t i a l for 
d i r e c t c o n v e r s i o n o f w a s t e w o o d i n t o f e e d for r u m i n a n t s . A l t h o u g h t h e 
r e s i d u e f r o m s h i i t a k e p r o d u c t i o n is s o m e t i m e s f e d to cat t le i n J a p a n , 
a process a i m e d at c o n v e r t i n g w o o d to cat t le f e e d b y th is fungus o r 
o t h e r f u n g i a p p a r e n t l y has n o t b e e n d e v e l o p e d . 

T h e p o s s i b i l i t y o f u s i n g b r o w n - r o t f u n g i to o p e n u p t h e w o o d 
s t r u c t u r e for r u m i n a n t s o r for c o n v e r s i o n v i a e n z y m a t i c h y d r o l y s i s o r 
d i r e c t f e r m e n t a t i o n has r e c e i v e d v i r t u a l l y n o r e s e a r c h a t t e n t i o n . 

A n o t h e r p o t e n t i a l u s e o f w h i t e - r o t f u n g i that has r e c e i v e d s o m e 
r e s e a r c h a t t e n t i o n is i n b i o m e c h a n i c a l p u l p i n g . T r e a t m e n t o f w o o d to 
a w e i g h t loss o f less t h a n 3 % c a n l o w e r t h e e n e r g y r e q u i r e m e n t s for 
s u b s e q u e n t m e c h a n i c a l p u l p i n g b y m o r e t h a n 2 0 % (139). M e c h a n i c a l 
p u l p s m a k e u p a g r o w i n g s h a r e — n o w a b o u t 1 0 % — o f U . S . p u l p p r o 
d u c t i o n . E n e r g y c o n s u m p t i o n is h i g h a n d m a k e s a n y t r e a t m e n t at 
t r a c t i v e that dec reases e n e r g y d e m a n d . W e are s t r u c k b y t h e s i m i 
l a r i t y i n t h e r a p i d loss i n t o u g h n e s s (see t h e " P r o g r e s s i v e C h a n g e s i n 
S t r e n g t h P r o p e r t i e s " sect ion) a n d t h e r a p i d d e c r e a s e i n e n e r g y r e 
q u i r e m e n t s for m e c h a n i c a l p u l p i n g d u r i n g w h i t e ro t . T h e p h y s i c a l -
c h e m i c a l bas is for th i s d e c r e a s e s h o u l d b e i n v e s t i g a t e d ; i t m i g h t ac 
t u a l l y h a v e l i t t l e t o d o w i t h l i g n i n d e g r a d a t i o n , w h i c h h a s b e e n 
a s s u m e d to b e t h e b a s i s (139). B i o m e c h a n i c a l p u l p i n g d e s e r v e s 
a d d i t i o n a l i n v e s t i g a t i o n . 

P r o d u c t i o n o f m i c r o b i a l c h e m i c a l p r o d u c t s d u r i n g g r o w t h o n 
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T a b l e V . S o m e C o m m e r c i a l M u s h r o o m s C u l t i v a t e d 
o n S o l i d W o o d (140, 143) 

Species Substrates 

Auricularia s p p . 
Flamulina velutipes ( F r . ) S i n g . 
Pholiota nameko (T. Ito) 

S. I t o et I m a i 
Pleurotus s p p . 
Tremella fuciformis B e r k . 
Lentinus edodes ( B e r k . ) S i n g . 

H a r d w o o d logs 
S a w d u s t 

H a r d w o o d logs 
H a r d w o o d logs , s a w d u s t 
H a r d w o o d logs 
H a r d w o o d logs , s a w d u s t 

N O T E : Adapted from References 1 4 0 and 1 4 3 . 

s o l i d w o o d , a l t h o u g h p o s s i b l e , s e e m s u n l i k e l y to b e c o m e i m p o r t a n t , 
b e c a u s e o f t h e a v a i l a b i l i t y o f m o r e p r a c t i c a l subs t rates . 

A l t e r i n g t h e p r o p e r t i e s o f w o o d c o m p o n e n t s for p a r t i c u l a r uses 
is a n o t h e r p o s s i b l e use o f w o o d - d e c o m p o s i n g m i c r o b e s . A s a n ex 
a m p l e , i n t h e i r at tack o n s o l i d w o o d , b r o w n - r o t f u n g i l eave a l i g n i n 
r e s i d u e that is e n r i c h e d i n p h e n o l i c h y d r o x y l g r o u p s (72, 130); s u c h 
l i g n i n m i g h t s e r v e w e l l i n p h e n o l i c a d h e s i v e s . 

O n e a d d i t i o n a l p o t e n t i a l a p p l i c a t i o n o f w o o d - d e c o m p o s i n g f u n g i 
is i n w a s t e t r e a t m e n t . A l t h o u g h no t d i r e c t e d at s o l i d w o o d , s u c h 
a p p l i c a t i o n s m a y b e p o s s i b l e s i m p l y b e c a u s e the f u n g i h a v e e v o l v e d 
t h e c a p a c i t y to d e g r a d e s u c h a c o m p l e x s o l i d s u b s t r a t e . T h e p o t e n t i a l 
use o f t h e l i g n i n - d e c o m p o s i n g s y s t e m o f w h i t e - r o t f u n g i to d e c o l o r i z e 
l i g n i n - d e r i v e d wastes f r o m p u l p b l e a c h i n g has b e e n i n v e s t i g a t e d w i t h 
p r o m i s i n g results (139). T h e lack o f spec i f i c i ty of the ox idat ive l i g -
n i n o l y t i c system suggests a b r o a d e r a p p l i c a b i l i t y than just to w o o d -
d e r i v e d wastes. 
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13 
The Chemistry of Pyrolysis 
and Combustion 

FRED SHAFIZADEH1 

Wood Chemistry Laboratory, University of Montana, Missoula, M T 59812 

Cellulosic materials decompose on heating or exposure 
to an ignition source by two alternative pathways. The 
first pathway, which dominates at temperatures below 
300 °C, involves reduction in the degree of polymer
ization by bond scission; elimination of water; formation 
of free radicals, carbonyl, carboxyl, and hydroperoxide 
groups; evolution of CO and CO2; and, finally, produc
tion of a highly reactive carbonaceous char. The second 
pathway, which takes over at temperatures above 300 
°C, involves cleavage of molecules by transglycosylation, 
fission, and disproportionation reactions to provide a 
mixture of tarry anhydro sugars and lower molecular 
weight volatile products. Oxidation of the reactive char 
gives smoldering or glowing combustion, and oxidation 
of the combustible volatiles gives flaming combustion. 
Flaming combustion could be retarded by inorganic ma
terials that suppress the formation of the combustible 
volatiles through dehydration and charring of the sub
strate. The smoldering combustion could be suppressed 
or enhanced by catalysts that affect the rates of oxida
tion of the char to CO ( Δ Η = 22.9 kcal/mol) and CO2 

(ΔΗ = -88.5 kcal/mol). The kinetics and mechanisms 
of the thermal decomposition, the rates of 
combustion and heat release, the composition of the py
rolysis products, and the formation and reactivity of char 
have been investigated extensively to provide a chemical 
description for combustion and fire prevention. 

ONE OF THE GREATEST ASSETS OF CELLULOSIC MATERIALS is t h e i r c o m 
p a t i b i l i t y w i t h n a t u r e , i n c l u d i n g t h e i r c o m b u s t i b i l i t y a n d d e g r a d a -
b i l i t y w h i c h a l l o w for c o n s t a n t t u r n o v e r a n d r e g e n e r a t i o n o f these 

1 Deceased 

0065-2393/84/0207-0489/$11.25/0 
© 1984 American Chemical Society 
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490 T H E C H E M I S T R Y O F SOLID W O O D 

n a t u r a l r e s o u r c e s . A f u n d a m e n t a l u n d e r s t a n d i n g o f these p r o p e r t i e s 
a n d p o s s i b l e m e t h o d s for c o n t r o l l i n g t h e m is e s s e n t i a l for p r o t e c t i o n 
a n d b e t t e r u t i l i z a t i o n o f t h e s e m a t e r i a l s . 

C o m b u s t i o n o f w o o d i n v o l v e s a c o m p l e x ser ies o f p h y s i c a l t r a n s 
f o r m a t i o n s a n d c h e m i c a l r e a c t i o n s that are f u r t h e r c o m p l i c a t e d b y 
t h e h e t e r o g e n e i t y o f t h e s u b s t r a t e . W o o d , a n d c e l l u l o s i c m a t e r i a l s i n 
g e n e r a l , d o n o t b u r n d i r e c t l y ; u n d e r t h e i n f l u e n c e o f su f f i c i ent ly 
s t r o n g h e a t sources t h e y d e c o m p o s e to a m i x t u r e o f v o l a t i l e s , t a r r y 
c o m p o s i t i o n s , a n d h i g h l y r e a c t i v e c a r b o n a c e o u s char . G a s - p h a s e ox
i d a t i o n o f t h e c o m b u s t i b l e v o l a t i l e s a n d t a r r y p r o d u c t s p r o d u c e s 
f l a m i n g c o m b u s t i o n . S o l i d - p h a s e o x i d a t i o n o f t h e r e m a i n i n g c h a r p r o 
d u c e s g l o w i n g o r s m o l d e r i n g c o m b u s t i o n , d e p e n d i n g o n t h e rate o f 
o x i d a t i o n (see F i g u r e 1). 

T h e f o l l o w i n g d i s c u s s i o n s h o w s h o w t h e c h e m i c a l c o m p o s i t i o n , 
ra te o f f o r m a t i o n , a n d heat o f c o m b u s t i o n o f the p y r o l y s i s p r o d u c t s 
are a f fected b y t h e v a r i a t i o n s i n t h e c o m p o s i t i o n o f t h e s u b s t r a t e , the 
t i m e a n d t e m p e r a t u r e p r o f i l e , a n d t h e p r e s e n c e o f i n o r g a n i c a d d i t i v e s 
o r cata lys ts . T h e l a t t e r aspec t , h o w e v e r , is d i s c u s s e d i n m o r e d e t a i l 
i n C h a p t e r 14. Combustion m a y b e d e f i n e d as c o m p l e x i n t e r a c t i o n s 
a m o n g f u e l , e n e r g y , a n d t h e e n v i r o n m e n t . C o n s e q u e n t l y , t h e c o m 
b u s t i o n process is c o n t r o l l e d n o t o n l y b y t h e a b o v e c h e m i c a l factors , 
b u t a lso b y t h e p h y s i c a l p r o p e r t i e s o f the s u b s t r a t e a n d o t h e r p r e 
v a i l i n g c o n d i t i o n s a f f e c t ing t h e p h e n o m e n a o f heat a n d mass t r a n s 
p o r t . D i s c u s s i o n o f t h i s p h e n o m e n o n is b e y o n d t h e s cope o f th is 
c h a p t e r . 

T h e g e n e r a l l i t e r a t u r e o n th i s sub jec t is r a t h e r c o n f u s i n g a n d 
c o n t r o v e r s i a l , m a i n l y b e c a u s e o f t h e v a r i a t i o n s i n t h e c o m p o s i t i o n o f 
s u b s t r a t e r a n g i n g f r o m d i f f e r e n t t y p e s o f w o o d to d i f f e rent types o f 
p u l p a n d n a t u r a l p l a n t fibers. S u p e r i m p o s e d o n these v a r i a t i o n s are 
t h e effects o f i n o r g a n i c s o r ash c o n t e n t , t h e t i m e a n d t e m p e r a t u r e 
p r o f i l e , t h e a m b i e n t a t m o s p h e r e , a n d t h e c o n d i t i o n s o f t h e heat a n d 
mass t r a n s p o r t , w h i c h are s e l d o m t h e same i n d i f f e rent e x p e r i m e n t s . 
T h e r e f o r e , for a f u n d a m e n t a l u n d e r s t a n d i n g o f t h e sub je c t , i t is es 
s e n t i a l to e x a m i n e t h e i n d i v i d u a l c o m p o n e n t s o f t h e subs t ra te r a t h e r 
t h a n a p o o r l y d e f i n e d a n d v a r i a b l e aggregate . T h e p r o p e r t i e s o f t h e 
aggregate , h o w e v e r ( d i s c u s s e d la ter ) , are e x p e c t e d to c o r r e s p o n d w i t h 
t h e c o l l e c t i v e p r o p e r t i e s o f its c o m p o n e n t s . I n th i s c h a p t e r , t h e p y 
r o l y s i s o r t h e r m a l d e g r a d a t i o n reac t i ons o f c e l l u l o s e are d e s c r i b e d i n 
d e t a i l . C e l l u l o s e is t h e m a j o r c o m p o n e n t o f w o o d a n d o t h e r c e l l u l o s i c 
m a t e r i a l s as w e l l as t h e m a j o r s o u r c e o f c o m b u s t i b l e v o l a t i l e s that 
f u e l t h e f l a m i n g c o m b u s t i o n . 

Formation of Volatile Products from Cellulose 
T h e g e n e r a l p a t h w a y s for p y r o l y s i s o f c e l l u l o s e , l e a d i n g to p r o 

d u c t i o n o f c h a r as w e l l as gaseous a n d v o l a t i l e p r o d u c t s , are s h o w n 
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HEAT 
FLUX 

FLAMING 

Figure 1. Graphic presentation of the flaming and smoldering combustion 
showing the respective roles of combustible volatiles and active char pro

duced by pyrolysis under heat flux at different conditions. 

i n S c h e m e 1. T h e g l o b a l k i n e t i c s f or i s o t h e r m a l e v o l u t i o n o f v o l a t i l e 
p y r o l y s i s p r o d u c t s f r o m p u r i f i e d c o t t o n l i n t e r c e l l u l o s e , i n t h e t e m 
p e r a t u r e r a n g e o f 2 5 7 - 3 1 0 ° C , h a v e b e e n s t u d i e d i n a i r a n d n i t r o g e n 
(12). T h e A r r h e n i u s p l o t o f t h e r e s u l t s b a s e d o n f i r s t - o r d e r k i n e t i c s 
( s h o w n i n F i g u r e 2) gave a n a c t i v a t i o n e n e r g y o f 17 k c a l / m o l for t h e 
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Glowing Ignition 

Polymers 

Flaming combustion 

Pyrolysis Combustion 

Scheme 1. The pyrolysis and combustion of cellulose. 

w e i g h t loss d u e to t h e o v e r a l l p y r o l y t i c r e a c t i o n o f c e l l u l o s e i n a ir , 
a n d 3 7 k c a l / m o l i n a n i t r o g e n a t m o s p h e r e . A t r a n s i t i o n a r o u n d 3 0 0 
°C ( F i g u r e 3) r e f l e c t s t h e e x i s t e n c e o f t w o d i f f e r e n t p a t h w a y s . T h e 
rate o f p y r o l y s i s d e t e r m i n e d b y t h e r m o g r a v i m e t r i c ana lys i s ( T G A ) 
u n d e r i s o t h e r m a l c o n d i t i o n s ( F i g u r e 4) shows a n i n i t i a l p e r i o d o f ac 
c e l e r a t i o n that p r o c e e d s faster i n a i r t h a n i n t h e i n e r t a t m o s p h e r e . 
A s t h e p y r o l y s i s t e m p e r a t u r e is i n c r e a s e d , t h e i n i t i a t i o n p e r i o d a n d 
t h e d i f f e r e n c e b e t w e e n p y r o l y s i s u n d e r n i t r o g e n a n d a i r g r a d u a l l y 
d i m i n i s h a n d d i s a p p e a r at 3 1 0 ° C w h e n p y r o l y s i s b y t h e s e c o n d 
p a t h w a y takes over . 

F i r s t P a t h w a y . T h e r e a c t i o n s i n t h e f i r s t p a t h w a y — w h i c h 
d o m i n a t e s at l o w e r t e m p e r a t u r e s — i n v o l v e r e d u c t i o n i n t h e d e g r e e 
o f p o l y m e r i z a t i o n b y b o n d s c i s s i o n ; a p p e a r a n c e o f f ree r a d i c a l s ; e l i m 
i n a t i o n o f w a t e r ; f o r m a t i o n o f c a r b o n y l , c a r b o x y l , a n d h y d r o p e r o x i d e 
g r o u p s ( e spec ia l l y i n a i r ) ; e v o l u t i o n o f C O a n d C 0 2 ; a n d f i n a l l y p r o 
d u c t i o n o f a c h a r r e d r e s i d u e . T h e s e r e a c t i o n s , w h i c h c o n t r i b u t e to 
t h e o v e r a l l rates o f p y r o l y s i s o f c e l l u l o s i c m a t e r i a l s , h a v e b e e n i n v e s 
t i g a t e d i n d i v i d u a l l y (2). R e d u c t i o n i n t h e d e g r e e o f p o l y m e r i z a t i o n o f 
c e l l u l o s e o n i s o t h e r m a l h e a t i n g i n a i r o r n i t r o g e n at a t e m p e r a t u r e 
w i t h i n t h e r a n g e o f 1 5 0 - 1 9 0 °C has b e e n m e a s u r e d b y t h e v i s c o s i t y 
m e t h o d ( F i g u r e 5). T h e r e s u l t i n g d a t a h a v e b e e n c o r r e l a t e d ; t h e rates 
o f b o n d s c i s s i o n are g i v e n i n Tab le I a n d are u s e d for c a l c u l a t i n g t h e 
A r r h e n i u s p l o t s h o w n i n F i g u r e 6. T h e s e c a l c u l a t i o n s g i v e a n a c t i 
v a t i o n e n e r g y o f 21 k c a l / m o l for b o n d s c i s s i on i n a i r a n d 2 7 k c a l / m o l 
i n n i t r o g e n . T h i s i n d i c a t e s that at l o w t e m p e r a t u r e s a l a r g e r n u m b e r 
o f b o n d s are b r o k e n i n a i r t h a n i n n i t r o g e n . 

T h e rates o f p r o d u c t i o n o f C O a n d C 0 2 at 170 °C i n a i r a n d 
n i t r o g e n ( F i g u r e 7) i n d i c a t e that t h e rates for e v o l u t i o n o f these gases 
are m u c h faster i n a i r t h a n i n n i t r o g e n a n d that these rates a c ce l e ra te 
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τ 1 1 1 1 » Γ 

ι ι ι - ι ι ι ι ι 1 1 1 
100 200 300 400 500 600 

Reference Temperature (°C) 

Figure 3. Differential thermal analysis of untreated wood, cellulose, and 
lignin run in an oxygen atmosphere. 

o n c o n t i n u e d h e a t i n g . C o m p a r i s o n o f t h e i n i t i a l l i n e a r rates for the 
e v o l u t i o n o f t h e s e gases w i t h t h e rates o f b o n d sc i ss ion o b t a i n e d for 
d e p o l y m e r i z a t i o n at 170 °C (Table II) shows that t h e rate o f b o n d 
s c i s s i on i n a i r a p p r o x i m a t e l y e q u a l s t h e rate o f p r o d u c t i o n o f C O z 

p l u s C O i n m o l e s p e r g l u c o s e u n i t . I n n i t r o g e n , h o w e v e r , t h e rate 
o f b o n d s c i s s i on is g r e a t e r t h a n t h e rates o f C O a n d C O £ e v o l u t i o n 
c o m b i n e d . 

It is a s s u m e d that C 0 2 a n d C O are f o r m e d b y d e c a r b o x y l a t i o n 
a n d d e c a r b o n y l a t i o n , r e s p e c t i v e l y . T h e s i g n i f i c a n c e o f t h e f o r m e r 
r e a c t i o n s was d e t e r m i n e d b y m e a s u r i n g t h e n e t rate o f a c c u m u l a t i o n 
o f c a r b o x y l a n d c a r b o n y l g r o u p s i n c e l l u l o s e u p o n h e a t i n g i n a i r at 
190 ° C . T h e r e s u l t s s h o w n i n F i g u r e 8 i n d i c a t e a n a l m o s t l i n e a r rate 
o f f o r m a t i o n o n h e a t i n g for 50 h . O n h e a t i n g for l o n g e r p e r i o d s , t h e 
rate o f a c c u m u l a t i o n o f c a r b o x y l g r o u p s falls off, a n d t h e rate o f ac
c u m u l a t i o n o f c a r b o n y l g r o u p s is i n c r e a s e d . T h e r e was also a v e r y 
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N 2 Air 
Δ 150eC A 

Δ 

I 1 ι ι ι » ι 
10 20 30 40 50 

T i m e (h) 

Figure 5. Viscosity average degree of polymerization ( P J of cellulose 
heated in air or nitrogen at 150, 170, and 190 °C. 

Table I. Rate Constants for the Depolymerization of Cellulose 
in A i r and Nitrogen 

Temperature 

CO Conditions 
ko χ 101 

(moll 162 g min)0 

150 N 2 1.1 
A i r 6 .0 

160 N 2 2.8 
A i r 8 .1 

170 N 2 4.4 
A i r 15 .0 

180 N 2 9.8 
A i r 2 9 . 8 

190 N 2 17 .0 
A i r 4 8 . 9 

a 162 g represents 1 mol of monomer unit. 
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-12 

-13 

Ink . ] 4 

-15 

- 1 6 

2.15 2.2 2.25 2.3 2.35 

Ι / Γ χ 1 0 3 

Figure 6. Arrhenius pfot for the rate of bond scission in air (Φ) and 
nitrogen (O). 

s m a l l i n c r e a s e i n t h e n u m b e r o f these f u n c t i o n s o n h e a t i n g i n n i 
t r o g e n , w h i c h c o u l d b e f o r m e d b y d e h y d r a t i o n a n d r e a r r a n g e m e n t , 
as s h o w n for m o d e l c o m p o u n d s (3, 4). T h e e x t e n t o f t h e d e c a r b o x 
y l a t i o n at t h e l o w e r p y r o l y s i s t e m p e r a t u r e s was d e t e r m i n e d w i t h s a m 
p l e s o f c a r b o x y l c e l l u l o s e h a v i n g a l o w d e g r e e o f s u b s t i t u t i o n , w i t h 
c a r b o x y l g r o u p s at C - l , C - 2 , C - 3 , a n d C - 6 . T h e r e s u l t s g e n e r a l l y w e r e 
no t c o n c l u s i v e , a l t h o u g h t h e s a m p l e o x i d i z e d at C - 2 a n d C - 3 s h o w e d 
a d e f i n i t e r e d u c t i o n i n c a r b o x y l - g r o u p c o n t e n t . 

T h e t h e r m a l d e g r a d a t i o n o f c e l l u l o s e m a y also i n v o l v e a f ree 
r a d i c a l m e c h a n i s m . It was d i f f i c u l t to o b s e r v e these r a d i c a l s , b u t i t 
was p o s s i b l e to m o n i t o r t h e f o r m a t i o n o f h y d r o p e r o x i d e g r o u p s o n 
h e a t i n g c e l l u l o s e i n a ir . T h e h y d r o p e r o x i d e f u n c t i o n s are f o r m e d a n d 
d e c o m p o s e d s i m u l t a n e o u s l y , a n d t h e i r c o n c e n t r a t i o n r a p i d l y c l i m b s 
u n t i l a s t eady state is r e a c h e d . T h e d e c o m p o s i t i o n o f t h e h y d r o p e r 
o x i d e f u n c t i o n a p p e a r e d to f o l l o w first-order k i n e t i c s w i t h a ra te c o n -
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m m o l / 
162 g m i n 

200 4 0 0 600 

Figure 7. Yields of CO and CO2 from heating cellulose at 170 °C. Key: 
O, C02 in N2 ; • , CO in N2 ; ·, C02 in air; and M, CO in air. 

stant o f 2 .5 x 1 0 " 2 m i n - 1 at 170 ° C . F r o m t h e s teady-s tate c o n c e n 
t r a t i o n o f 3 . 0 x 1 0 ~ 5 m o l / 1 6 4 g m i n , t h e r a t e o f h y d r o p e r o x i d e 
d e c o m p o s i t i o n i s , t h e r e f o r e , 7.5 x 1 0 " 7 m o l / 1 6 2 g m i n . W h e n c o m 
p a r e d w i t h t h e i n i t i a l ra te o f b o n d s c i s s i on i n a i r o f 1.5 X 10 " 6 m o l / 
162 g m i n at 170 °C (Table I), i t is a p p a r e n t that h y d r o p e r o x i d e for 
m a t i o n c o u l d m a k e a s i g n i f i c a n t c o n t r i b u t i o n to b o n d s c i s s i on . 

T h e s e c o n s i d e r a t i o n s r e v e a l that t h r e e stages are i n v o l v e d i n t h e 
l o w t e m p e r a t u r e p a t h w a y o f c e l l u l o s e : i n i t i a t i o n o f p y r o l y s i s , p r o p a 
g a t i o n , a n d p r o d u c t f o r m a t i o n . T h e i n i t i a t i o n p e r i o d a p p a r e n t l y i n -

Table II. Initial Rates of Glycosidic B o n d Scission and of C O 
and C 0 2 Formation 

Rate x 10s in N2 Rate x 10s in Air 
Reaction (moll 162 g h) (moll 162 g h) 

B o n d s c i s s i o n " 2 .7 9.0 
C O e v o l u t i o n ^ 0 .6 6.4 
C 0 2 evolution** 0 .4 2.1 

N O T E : Values are for reaction at 1 7 0 ° C . 
a Calculated from the rate constants in Table I. 
b Calculated from the initial linear portion of plots in F igure 8. 
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v o l v e s t h e f o r m a t i o n o f f ree rad i ca l s f a c i l i t a t e d b y the p r e s e n c e o f 
o x y g e n o r i n o r g a n i c i m p u r i t i e s . S u b s e q u e n t r eac t i ons o f t h e f ree r a d 
i ca ls c o u l d l e a d to b o n d s c i s s i o n , o x i d a t i o n , a n d d e c o m p o s i t i o n o f the 
m o l e c u l e , to p r o d u c e char , w a t e r , C O , a n d C 0 2 . S c h e m e 2 shows 
t h e i n i t i a t i o n , p r o p a g a t i o n , a n d d e c o m p o s i t i o n reac t i ons i n v o l v e d i n 
t h e t h e r m a l d e c o m p o s i t i o n o f c e l l u l o s e b y th is p a t h w a y i n a ir . I n an 
i n e r t a t m o s p h e r e , a l a c t o n e c o u l d b e f o r m e d b y r e a r r a n g e m e n t a n d 
d e c o m p o s e d b y d e h y d r a t i o n a n d d e c a r b o x y l a t i o n (3, 4). 

Second P a t h w a y . A t t e m p e r a t u r e s o f a p p r o x i m a t e l y 3 0 0 °C , 
t h e s e c o n d p a t h w a y g r a d u a l l y takes o v e r a n d d o m i n a t e s . T h e p r i m a r y 
r e a c t i o n i n t h i s p a t h w a y i n v o l v e s d e p o l y m e r i z a t i o n b y t r a n s g l y c o s y -
l a t i o n . T h i s r e a c t i o n takes p l a c e w h e n the m o l e c u l e has g a i n e d suf
ficient f l e x i b i l i t y (act ivat ion) a n d p r o d u c e s l e v o g l u c o s a n ( 1 , 6 - a n h y d r o -
β - D - g l u c o p y r a n o s e ) , i ts f u r a n o s e i s o m e r ( 1 , 6 - a n h y d r o ^ - D - g l u c o f u r a -
nose) a n d r a n d o m l y l i n k e d o l i g o s a c c h a r i d e s as s h o w n i n S c h e m e 3 
(5). T h e i n t e r m o l e c u l a r a n d i n t r a m o l e c u l a r t r a n s g l y c o s y l a t i o n s s h o w n 
i n this s cheme are a c c o m p a n i e d b y d e h y d r a t i o n , f o l l o w e d b y fission 
a n d d i s p r o p o r t i o n a t i o n reac t i ons i n the gas phase , a n d fur ther d e 
c o m p o s i t i o n a n d c o n d e n s a t i o n o f t h e s o l i d p h a s e to p r o d u c e a m i x t u r e 
o f gases a n d v o l a t i l e p r o d u c t s a n d a " s t a b l e " c a r b o n a c e o u s c h a r (3, 6). 

O n r a i s i n g t h e t e m p e r a t u r e , t h e t a r - f o r m i n g reac t i ons ac ce l e ra te 

Scheme 2. Possible mechanism of formation and decomposition of cellu
lose hydroperoxide formed thermally in air. 
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CH2OH 

CH2OH 

t3 a S 
< χ ο υ < 

Ι* 
ο 
Ζ < 
Ο 
ο 

1,4-ANHYDRIDE 1 ,6 -ANHYDRIDE 
( P Y R A N O S E ) 

1 ,6 -ANHYDRIDE 1 , 4 : 3 £ - D i ANHYDRIDE 
( F U R A N O S E ) 

Scheme 3. Pyrolysis of cellulose to anhydro sugars. 

r a p i d l y a n d o v e r s h a d o w t h e p r o d u c t i o n o f c h a r a n d gases. F i g u r e 9 
shows t h e p r o d u c t i o n o f d i m i n i s h i n g a m o u n t s o f c h a r a n d i n c r e a s i n g 
a m o u n t s o f tar ( c o n t a i n i n g a n h y d r o sugar d e r i v a t i v e s that c o u l d b e 
h y d r o l y z e d to r e d u c i n g sugar) as t h e o v e n t e m p e r a t u r e is r a i s e d f r o m 
3 0 0 to 5 0 0 °C (7). E v a p o r a t i o n o f l e v o g l u c o s a n a n d t h e v o l a t i l e p y 
r o l y s i s p r o d u c t s is h i g h l y e n d o t h e r m i c . T h u s , t h e i n c r e a s e d o v e n t e m 
p e r a t u r e c o u l d ra ise t h e rate o f heat t r a n s f e r b u t no t n e c e s s a r i l y t h e 
t e m p e r a t u r e o f t h e a b l a t i n g subs t ra te w h i c h is c o o l e d b y the heat o f 
e v a p o r a t i o n , e s p e c i a l l y u n d e r v a c u u m . A s s h o w n i n F i g u r e 10 (8), 
t h e o v e n t e m p e r a t u r e is r e a c h e d w h e n t h e r a p i d e v a p o r a t i o n is over . 
I n o t h e r w o r d s , at t h e h i g h e r t e m p e r a t u r e s , the p y r o l y s i s process 
m a y b e c o n t r o l l e d b y t h e rate o f heat t rans fe r r a t h e r t h a n the k i n e t i c s 
o f t h e c h e m i c a l r e a c t i o n . 

M a t e r i a l t r a n s p o r t p r e s e n t s a n o t h e r m a j o r obs tac l e to t h e i n v e s -
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1 2 3 4 5 

Time i n oven (min) 

Figure 10. Temperature of pyrolysis as measured by a thermocouple in 
cellulose sample. Final temperatures, T f , are indicated. The cooling curve 
follows removal of a sample from the oven at 335 °C. (Dotted line rep

resents the temperature measured in an empty boat.) 

t i g a t i o n o f c h e m i c a l k i n e t i c s b e c a u s e i f t h e p r o d u c t s o f p r i m a r y r e a c 
t i ons are n o t r e m o v e d , t h e y c a n u n d e r g o f u r t h e r d e c o m p o s i t i o n r e a c 
t i ons . T a b l e I I I s h o w s t h e d i f f e r e n c e b e t w e e n the y i e l d o f d i f f e rent 
p y r o l y s i s p r o d u c t s i n v a c u u m , w h i c h r e m o v e s t h e p r i m a r y v o l a t i l e 
p r o d u c t s , a n d i n n i t r o g e n at a t m o s p h e r i c p r e s s u r e , w h i c h a l l ows for 

T a b l e III. A n a l y s i s o f t h e P y r o l y s i s P r o d u c t s o f C e l l u l o s e 

Atmospheric 1.5 mm Hg, 
Product Pressure 1.5 mm H g 5% SbCl3 

C h a r 3 4 . 2 17 .8 2 5 . 8 
Tar 19 .1 5 5 . 8 3 2 . 5 

l e v o g l u c o s a n 3 .57 28 .1 6 .68 
1 , 6 - a n h y d r o - p - D -

g l u c o f u r a n o s e 0 .38 5.6 0 .91 
D - g l u c o s e trace trace 2 .68 
h y d r o l y z a b l e m a t e r i a l s 6 .08 2 0 . 9 11 .8 

N O T E : Values (in percent) are for pvrolysis at 3 0 0 ° C under N 2 and the percentages 
are based on the original amount of cellulose. 
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m o r e d e c o m p o s i t i o n o f t h e a n h y d r o sugars (5). Tab le I I I also shows 
t h e effect o f i n o r g a n i c cata lysts i n c h a n g i n g t h e n a t u r e o f t h e r eac t i ons 
a n d p r o d u c t s . I n v i e w o f t h e s e c o n s i d e r a t i o n s , t h e c h e m i c a l k i n e t i c s 
o f c e l l u l o s e p y r o l y s i s h a v e b e e n i n v e s t i g a t e d w i t h i n t h e l i m i t e d t e m 
p e r a t u r e r a n g e o f 2 6 0 - 3 4 0 °C a n d u n d e r v a c u u m i n o r d e r to o b t a i n 
c h e m i c a l l y m e a n i n g f u l d a t a . U n d e r these c o n d i t i o n s , t h e c h e m i c a l 
k i n e t i c s o f c e l l u l o s e p y r o l y s i s ( S c h e m e 4) c o u l d b e r e p r e s e n t e d b y 
t h e t h r e e k i n e t i c m o d e l s s h o w n i n E q u a t i o n s 1 - 3 (S). I n these m o d e l s 
i t is a s s u m e d that t h e i n i t i a t i o n r eac t i ons l e a d to t h e f o r m a t i o n o f a n 
a c t i v e c e l l u l o s e , w h i c h s u b s e q u e n t l y d e c o m p o s e s b y t w o c o m p e t i t i v e 
first-order r e a c t i o n s — o n e y i e l d i n g a n h y d r o sugars ( t r a n s g l y c o s y l a -
t i o n p r o d u c t s ) a n d t h e o t h e r c h a r a n d a gaseous f r a c t i o n . F i g u r e 11 
s h o w s a c o m p a r i s o n b e t w e e n p r e d i c t e d a n d e x p e r i m e n t a l r e s u l t s . 

D e h y d r a t i o n R e a c t i o n s . D e t a i l e d ana lys i s o f t h e p y r o l y s i s tar 
as d i s c u s s e d p r e v i o u s l y ( F i g u r e 12 a n d S c h e m e 3) shows t h e p r e s e n c e 
o f l e v o g l u c o s a n , i ts f u r a n o s e i s o m e r ( l , 6 - a n h y d r o - 3 - D - g l u c o f u r a n o s e ) 
a n d t h e i r t r a n s g l y c o s y l a t i o n p r o d u c t s as t h e m a i n c o m p o n e n t s . I n 
a d d i t i o n to t h e s e c o m p o u n d s , t h e p y r o l y z a t e c o n t a i n s m i n o r a m o u n t s 
o f a v a r i e t y o f p r o d u c t s f o r m e d f r o m d e h y d r a t i o n o f t h e g lucose u n i t s . 
T h e d e h y d r a t i o n p r o d u c t s d e t e c t e d i n c l u d e 3 - d e o x y - D - e r y t h r o h e x o -
s u l o s e , 5 - h y d r o x y m e t h y l - 2 - f u r a l d e h y d e , 2 - f u r a l d e h y d e ( f u r f u r a l ) , 
o t h e r f u r a n d e r i v a t i v e s , l e v o g l u c o s e n o n e ( 1 , 6 - a n h y d r o - 3 , 4 - d i d e o x y -
P - D - g l y c e r o h e x - 3 - e n o p y r a n o s - 2 - u l o s e ) , l , 5 - a n h y d r o - 4 - d e o x y - D - h e x - l -
e n e - 3 - u l o s e , a n d o t h e r p y r a n d e r i v a t i v e s . T h e d e h y d r a t i o n p r o d u c t s 
are i m p o r t a n t as i n t e r m e d i a t e c o m p o u n d s i n c h a r f o r m a t i o n . 

C e l l u l o s e — " A c t i v e C e l l u l o s e 
( W e * ) W A ) N& 

V o l a t i l e s 

-d(WceU) 

dt 

d(WA) 

dt 

d(Wc) 

w h e r e ^ 

C 
x C h a r + G a s e s 

(Wc) W 
Scheme 4. 

ki[WceU] (1) 

UWcell] - (kv + kc)[WA] (2) 

0 .35 f c c [W A ] (3) 

k{ = 1.7 x io2ie-(58,ooo/RD m i n - i ; kc = 1.9 x l O ^ e - ^ w ^ m i n - 1 , 
a n d kc = 7 .9 x Ι Ο 1 1 ^ 3 6 0 0 0 ^ m i n " 1 . 
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N o r m a l i z e d 
W e i g h t 

0.8 

0.2 

0.4 

0.6 

H 

J L 
10 20 30 40 50 60 70 

Time (min) 

Figure 11. Comparison of experimentally measured residual weight to 
that predicted from the reaction model at 312 °C. Key to predicted residual 
weights: —, predicted; -·-, W ^ ; — , W» ; and * · ·, W c . The experimental 

residual weight is shown by · . 

A s i n a q u e o u s r e a c t i o n s , t h e d e h y d r a t i o n r e a c t i o n s are s t r o n g l y 
c a t a l y z e d b y t h e p r e s e n c e o f a c i d i c r eagents . G a s l i q u i d c h r o m a t o g 
r a p h y ( G L C ) ana lys i s ( F i g u r e 13) has s h o w n that a c i d - c a t a l y z e d p y 
r o l y s i s o f c e l l u l o s e at a b o u t 3 5 0 °C p r o d u c e s a p y r o l y z a t e c o n t a i n i n g 
l e v o g l u c o s e n o n e ( ins tead o f l evog lucosan ) as t h e m a j o r c o m p o n e n t , 
a n d l , 4 : 3 , 6 - d i a n h y d r o - a - D - g l u c o p y r a n o s e , 2 - f u r a l d e h y d e , a n d 5 - h y -
d r o x y m e t h y l - 2 - f u r a l d e h y d e as m i n o r c o m p o n e n t s (9). L e v o g l u c o 
s e n o n e , f o r m e d b y d e h y d r a t i o n r e a c t i o n s s h o w n i n S c h e m e 5, c a n b e 
s e p a r a t e d b y f r a c t i o n a l d i s t i l l a t i o n , a n d is a h i g h l y r e a c t i v e c o m p o u n d 
that c a n b e o b t a i n e d b y p y r o l y s i s o f w a s t e p a p e r t r e a t e d w i t h m i n e r a l 
ac ids . I t c o u l d b e c o n v e r t e d r e a d i l y to a v a r i e t y o f v i n y l , s u b s t i t u t e d , 
a n d a d d i t i o n c o m p o u n d s . S o m e o f t h e s e r eac t i ons h a v e b e e n i n v e s 
t i g a t e d a l ready , b u t t h e i n d u s t r i a l a p p l i c a t i o n s o f th is c o m p o u n d s t i l l 
r e m a i n to b e e x p l o r e d . 

F i s s i o n a n d D i s p r o p o r t i o n a t i o n R e a c t i o n s . O n f u r t h e r 
h e a t i n g , f i s s i o n — o r f r a g m e n t a t i o n — o f t h e sugar u n i t s at h i g h e r t e m 
p e r a t u r e s a c c o m p a n i e d b y d e h y d r a t i o n , d i s p r o p o r t i o n a t i o n , d e c a r 
b o x y l a t i o n , a n d d e c a r b o n y l a t i o n p r o v i d e s a v a r i e t y o f c a r b o n y l , c a r -
b o x y l , a n d o l e f i n i c c o m p o u n d s , as w e l l as w a t e r , C 0 2 , C O , a n d c h a r 
(3, 10, 11). T h e a n a l y t i c a l r e s u l t s f r o m these p r o d u c t s are c l o s e l y 
s i m i l a r to those o b t a i n e d f r o m p y r o l y s i s o f l e v o g l u c o s a n a n d w o o d 
(Table I V ) . T h e s e c o m p o u n d s m a y b e d i v i d e d i n t o t h r e e ca tegor ies . 
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0 10 20 

Time (min) 

Figure 13. GLC analysis of the pyrolyzate from cellulose + 2% H4P04 at 
350 °C. Key: A , furfural; Β levoglucosenone; C , 1y4:3,6-dianhydro-a-O-

glucopyranose; ana D , 5-hydroxymethyl-2-furaldehyde. 

T h e f i rs t c a t e g o r y i n c l u d e s f u r a n c o m p o u n d s , w a t e r , a n d c h a r — a l l 
o f w h i c h are t h e e x p e c t e d p r o d u c t s o f t h e b e t t e r u n d e r s t o o d a c i d -
c a t a l y z e d d e h y d r a t i o n reac t i ons o f c a r b o h y d r a t e s u n d e r a q u e o u s a c i d 
c o n d i t i o n s (I). T h e s e c o n d c a t e g o r y i n c l u d e s g l y o x a l , a c e t a l d e h y d e , 
a n d o t h e r l o w m o l e c u l a r w e i g h t c a r b o x y l c o m p o u n d s , w h i c h are s i m -

Levoglucosan Levoglucosenone -D-glucopyranose 

Scheme 5. Formation of levoglucosenone by dehydration reactions. 
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T a b l e I V . P y r o l y s i s P r o d u c t s o f W o o d a n d T r e a t e d W o o d 

Product Neaf + 5 % ZnCl2
a 

A c e t a l d e h y d e 2 .3 4 .4 
F u r a n 1.6 7.9 
A c e t o n e 1.5 0 .9 
P r o p i o n a l d e h y d e 1.5 0 .9 

P r o p e n a l 3 .2 0 .9 
M e t h a n o l 2 .1 2 .7 
2 - M e t h y l f u r a n b h 
2 , 3 - B u t a n e d i o n e 2 .0 1.0 
l - H y d r o x y - 2 - p r o p a n o n e 2 .1 t race 
G l y o x a l 2 .2 t race 
A c e t i c a c i d 6 .7 5.4 
2 - F u r a l d e h y d e 1.1 5.2 
F o r m i c a c i d 0 .9 0 .5 
5 - M e t h y I - 2 - f u r a l d e h y d e 0 .7 0 .9 
2 - F u r f u r y l a l c o h o l 0 .5 t race 
C a r b o n d i o x i d e 12 6 
W a t e r 18 18 
C h a r 15 24 
B a l a n c e (tar) 28 22 

N O T E : Values (in percent) are for pyrolysis at 600 °C . 
a Y ie ld based on the weight of the sample 
b Not clearly identifiable for wood 

i l a r to t h e a l k a l i n e - c a t a l y z e d fission p r o d u c t s o f t h e sugar m o l e c u l e 
f o r m e d t h r o u g h t h e r e v e r s e a l d o l c o n d e n s a t i o n m e c h a n i s m . T h e 
p r o d u c t s f o r m e d t h r o u g h t h e s e p a t h w a y s are r a n d o m i z e d f u r t h e r b y 
d i s p r o p o r t i o n a t i o n , d e c a r b o x y l a t i o n , a n d d e c a r b o n y l a t i o n r e a c t i o n s to 
p r o v i d e a t h i r d c a t e g o r y c h a r a c t e r i z e d b y t h e i r p y r o l y t i c r e a c t i o n s , 
e s p e c i a l l y at t h e e l e v a t e d t e m p e r a t u r e s (3, 6, 11). 

Formation and Properties of Char 
C h a r F o r m a t i o n . T h e p r o d u c t i o n o f v o l a t i l e s l eaves a s o l i d r e s 

i d u e that is n e i t h e r i n t a c t s u b s t r a t e n o r p u r e c a r b o n , b u t a d i f f e r e n t 
m a t e r i a l at v a r i o u s stages o f c h a r r i n g a n d c a r b o n i z a t i o n . T h e i n t e r 
m e d i a t e chars are c h a r a c t e r i z e d b y t h e f u n c t i o n a l g r o u p s p r e s e n t 
( i n c l u d i n g a r o m a t i c a n d o l e f i n i c s t r u c t u r e s ) ; a h i g h c o n c e n t r a t i o n o f 
f ree s p i n s t r a p p e d i n a r i g i d s t r u c t u r e o r s t a b i l i z e d b y a r o m a t i c a n d 
o l e f i n i c s t r u c t u r e s ; a l a rge sur face a r e a ; a n d a h i g h d e g r e e o f r e a c 
t i v i t y . A l l o f t h e s e d e p e n d o n p r o g r e s s i o n o f t h e s e c o n d a r y r e a c t i o n 
i n t h e s o l i d p h a s e . D e v e l o p m e n t o f these s t r u c t u r e s a n d f u n c t i o n a l 
i t i es c a n b e i n v e s t i g a t e d b y s e v e r a l c h e m i c a l a n d p h y s i c a l m e t h o d s 
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a n d c a n b e r e l a t e d to t h e p y r o l y s i s c o n d i t i o n s , p a r t i c u l a r l y to t h e 
h e a t i n g a n d to t h e p r e s e n c e o f i n o r g a n i c cata lys ts , as w e l l as t h e 
r e a c t i v i t y o f t h e p r o d u c t s . 

D e v e l o p m e n t o f a r o m a t i c i t y c a n b e i n v e s t i g a t e d b y p e r m a n g a 
nate o x i d a t i o n o f t h e c h a r w h i c h g ives b e n z e n e p o l y c a r b o x y l i c ac ids 
d e r i v e d f r o m t h e a r o m a t i c n u c l e i p r e s e n t (see S c h e m e 6) (12). T h e s e 
c o m p o u n d s c a n b e m e t h y l a t e d b y d i a z o m e t h a n e a n d a n a l y z e d b y 
G L C . T h e s e p r o d u c t s , as s h o w n i n F i g u r e 14, are g r o u p e d b y t h e 
n u m b e r o f t h e c a r b o x y l i c a c i d s u b s t i t u e n t s a n d a b b r e v i a t e d as B 2 C -
B 6 C . A n a l y s i s o f t h e p r o d u c t s i n d i c a t e s t h e c o n c e n t r a t i o n a n d d e g r e e 
o f s u b s t i t u t i o n o r c o n d e n s a t i o n o f t h e a r o m a t i c u n i t s . H o w e v e r , b e 
cause t h e p e r m a n g a n a t e o x i d a t i o n l eaves o n l y t h e c e n t r a l a r o m a t i c 
rings, t h e r e s u l t i n g d a t a r e p r e s e n t o n l y a m i n i m u m a m o u n t o f t h e 
a r o m a t i c s t r u c t u r e s p r e s e n t i n t h e char . 

T h e y i e l d s , e l e m e n t a l c o m p o s i t i o n , a n d e m p i r i c a l f o r m u l a s o f 
chars o b t a i n e d b y i s o t h e r m a l h e a t i n g o f c e l l u l o s e s a m p l e s for 5 m i n 
w i t h i n t h e t e m p e r a t u r e r a n g e o f 3 0 0 - 5 0 0 °C are g i v e n i n Tab le V 
(12). T h e t o t a l a r o m a t i c c a r b o n c o n t e n t o f these chars a n d t h e a r o 
m a t i c c a r b o n c o n t e n t o f t h e c h a r are g i v e n i n F i g u r e 15. T h e s e d a t a 
s h o w that t h e r e d u c t i o n i n t h e c h a r y i e l d , o r t h e i n c r e a s e i n t h e 
w e i g h t loss o n i n c r e a s i n g t h e h e a t t r e a t m e n t t e m p e r a t u r e ( H T T ) , is 
a c c o m p a n i e d b y t h e i n c r e a s e d a r o m a t i z a t i o n o f t h e c h a r as m e a s u r e d 
b y t h e a r o m a t i c c a r b o n c o n t e n t o f t h e b e n z e n e p o l y c a r b o x y l i c ac ids 
( F i g u r e 16). F u r t h e r m o r e , t h e i n c r e a s e d a r o m a t i c i t y o f the c h a r is 

S t a r t i n g M a t e r i a l Product 

Scheme 6. Oxidation of aromatic compounds. 
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a b 

1 d 
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f J 
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j 
> ill V 1 w j 

4 8 12 16 ?4 
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Figure 14. Typical gas chromatogram of oxidation product. Key: ayby sol
vent; c, benzenedicarboxylic acid; dy benzenemonohydroxydicarboxylic 
acid; et benzenetricarboxylic acid; /, unknown; g, benzenetetracarboxylic 
acid; h, unknown; i, benzenepentacarboxylic acid; j, benzenehexacarbox-

ylic acid. 

T a b l e V . E l e m e n t a l C o m p o s i t i o n o f S t a r t i n g M a t e r i a l a n d Its 
C h a r P r e p a r e d b y t h e I s o t h e r m a l P y r o l y s i s f o r 5 M i n at 

t h e T e m p e r a t u r e s N o t e d 

Material 
Temperature 

CO 
Char 
Yield 

(wt%) 

Composition 

C Η O" 

Empirical 
Formula 

(reftoC6) 

C e l l u l o s e n o t r e a t m e n t 4 2 . 8 6 .5 5 0 . 7 ^ 6 ^ 1 1 ^ 5 . 3 
3 2 5 6 3 . 3 4 7 . 9 6.0 4 6 . 1 ^ β Η 9 0 4 3 

3 5 0 3 3 . 1 6 1 . 3 4 .8 3 3 . 9 C e H 5 6 0 2 5 
4 0 0 16 .7 7 3 . 5 4 .6 2 1 . 9 ^ β Η 4 5 0 1 3 
4 5 0 10 .5 7 8 . 8 4 .3 16 .9 
5 0 0 8 .7 8 0 . 4 3.6 16 .1 C6H3.2O0.9 

W o o d n o t r e a t m e n t 4 6 . 4 6.4 4 7 . 2 C ^ H g 9Ο4.6 
4 0 0 2 4 . 9 7 3 . 2 4 .6 2 2 . 2 C 6 H 4 5 0 1 4 

L i g n i n n o t r e a t m e n t 64 .4 5.6 2 4 . 8 f c ^ 6 Η 6 5 0 2 ο L i g n i n 
4 0 0 7 3 . 3 7 2 . 7 5 .0 2 2 . 3 C ^ 6 Η 5 θ Ο ] 3 

N O T E : C h a r prepared by isothermal pyrolysis for 5 min at the temperatures noted. 
a B y difference 
h Contains 1.2% sulfur 
c Contains 0.6% sulfur 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
01

3

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



13. SHAFIZADEH Pyrolysis and Combustion 
511 

350 400 4 50 

ΗΤΤ,·Ο 
Figure 15. Aromatic carbon content of the char from benzenedicarboxylic 
acid (O), benzenetricarboxylic acid (U), benzenetetracarboxylic acid (Δ), 
benzenepentacarboxylic acid (Φ), benzenehexacarboxylic acid (A), and 

the total yield of hydroxybenzenecarboxylic acid (V). 

a c c o m p a n i e d b y a r e d u c t i o n o f t h e h y d r o g e n - t o - c a r b o n ra t i o ( H / C ) 
( F i g u r e 17). T h e y i e l d s o f a r o m a t i c c a r b o n c o n t e n t s c a n b e c a l c u l a t e d 
o n t h e basis o f t h e c a r b o n c o n t e n t o f t h e o r i g i n a l c e l l u l o s e r a t h e r t h a n 
t h e c a r b o n c o n t e n t o f t h e c h a r ( F i g u r e 18), as a f u n c t i o n o f H T T . I n 
F i g u r e 18 t h e y i e l d o f a r o m a t i c c a r b o n s a p p r o a c h e s 2 .5 /100 c a r b o n s 
o f t h e o r i g i n a l c e l l u l o s e at 4 0 0 °C H T T a n d t h e n l e v e l s off. T h e 
a r o m a t i z a t i o n , as i n d i c a t e d b y d r a s t i c r e d u c t i o n o f t h e H / C r a t i o 
( F i g u r e 19) a n d t h e i n c r e a s e d f o r m a t i o n o f B 5 C a n d B 6 C ( F i g u r e 17), 
c o n t i n u e s at H T T s a b o v e 4 0 0 ° C . A b o v e 4 0 0 ° C , t h e n u m b e r o f a r 
o m a t i c c l u s t e r s that are o x i d i z e d to p o l y c a r b o x y l i c ac ids r e m a i n s c o n 
stant , b u t t h e a r o m a t i z a t i o n c o n t i n u e s t h r o u g h c o n d e n s a t i o n a n d t h e 
g r o w t h o f t h e i n d i v i d u a l c l u s t e r s , w h i c h r e s u l t s i n l o w e r H / C rat i os . 
F u r t h e r m o r e , t h e w e i g h t loss i n the " s t a b l e " c h a r at t e m p e r a t u r e s 
a b o v e 4 0 0 ° C , a l t h o u g h r e l a t i v e l y s m a l l , m u s t take p l a c e b y e l i m i 
n a t i o n o f a l i p h a t i c s u b s t i t u e n t s a n d m u s t b e a c c o m p a n i e d b y s o m e 
d e h y d r o g e n a t i o n a n d c o n d e n s a t i o n o r f u s i o n o f t h e p r o d u c t s . T h e s e 
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1.5 1.0 0.5 Ο 
H/C Atomic ratio 

Figure 17. Relation between total aromatic carbon and H/C ratio of 
char. 
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Figure 18. Number of aromatic carbons in 100 carbons of original cel
lulose. 

processes a p p a r e n t l y take p l a c e t h r o u g h h o m o l y t i c c l eavage a n d c o n 
d e n s a t i o n o f t h e r e s u l t i n g free r a d i c a l s , e v i d e n t from t h e m e a s u r e 
m e n t o f t h e t r a p p e d f r e e - s p i n c o n c e n t r a t i o n i n c h a r that is a f fected 
b y H T T a n d o t h e r v a r i a b l e s . 

F u r t h e r i n f o r m a t i o n a b o u t t h e s t r u c t u r e a n d f u n c t i o n a l i t y o f 
chars p r o d u c e d w i t h i n t h e t e m p e r a t u r e r a n g e o f 3 2 5 - 5 0 0 °C has b e e n 
o b t a i n e d b y c r o s s - p o l a r i z e d m a g i c - a n g l e s p i n n i n g ( C P M A S ) 1 3 C - N M R 
spec t ros copy , w h i c h a l l o w s q u a n t i t a t i v e i n v e s t i g a t i o n o f t h e c a r b o n 
s k e l e t o n i n s o l i d a n d b y F o u r i e r t r a n s f o r m I R ( F T I R ) spec t ros copy , 
w h i c h d e t e c t s t h e f u n c t i o n a l g r o u p s . T h e d a t a o b t a i n e d f r o m these 
s t u d i e s are s u m m a r i z e d i n F i g u r e s 19 a n d 2 0 a n d Tab le V I (13). A s 
c a n b e s e e n i n F i g u r e 19, t h e C P M A S 1 3 C - N M R s p e c t r u m o f u n 
t r e a t e d c e l l u l o s e has a s h a r p p e a k c o r r e s p o n d i n g to t h e c a r b o n a t o m s 
o f t h e g l u c o s e u n i t s . O n f u r t h e r h e a t i n g , n e w p e a k s a p p e a r that are 
assoc ia ted w i t h a l i p h a t i c ( 0 - 6 0 p p m ) , o l e f i n i c ( 1 0 0 - 1 1 0 p p m ) , c a r 
b o x y l i c a n d e s t e r ( 1 6 0 - 1 8 0 p p m ) , a n d c a r b o n y l c a r b o n s ( 1 9 0 - 2 2 0 
p p m ) . W h e n t h e s a m p l e is h e a t e d at 3 2 5 ° C , a b o u t 3 7 % w e i g h t loss 
o c c u r s (Table V ) a n d t h e I R s p e c t r u m ( F i g u r e 20) shows n e w b a n d s 
at 1600 a n d 1700 c m " 1 , i n d i c a t i n g t h e f o r m a t i o n o f o l e f i n i c a n d c a r 
b o n y l f u n c t i o n a l i t i e s , r e s p e c t i v e l y . T h e f u n c t i o n a l i t i e s are d u e to d e 
h y d r a t i o n a n d r e a r r a n g e m e n t i n t h e g l y c o s y l i c s t r u c t u r e . A t t h e s a m e 
t i m e , s m a l l b r o a d p e a k s are f o u n d i n b o t h s ides o f t h e g l y c o s y l i c 
c a r b o n r e g i o n i n t h e N M R s p e c t r u m . H o w e v e r , these p e a k s are n o t 
q u a n t i f i e d eas i ly . A t 3 5 0 ° C , t h e w e i g h t loss increases to 6 7 % (Table 
V ) a n d t h e N M R s p e c t r u m t h e n shows n e w d i s t i n c t r e sonances at 14 
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300 200 100 0 
CHEMICAL SHIFT, ppm 

Figure 19. CPMAS13C-NMR spectra of cellulose chars prepared for 5 min 
heating at different temperatures (Table V). Key: a, no treatment; by 

325 °C; c, 350 °C; d, 400 °C; e, 450 °C, and f 500 °C. The small peak 
located in the 240-ppm region is a spinning sideband. 
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WAVE NUMBER . em-1 
4400 3200 2000 1400 600 200 

\ure 20. FTIR spectra of cellulose chars prepared for 5 min heating at 
different temperatures. Key is the same as in Figure 23. 
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13. SHAFizADEH Pyrolysis and Combustion 517 

p p m for m e t h y l c a r b o n , 34 p p m for para f f in i c c a r b o n w i t h o u t m e t h y l , 
132 p p m for o l e f i n i c a n d a r o m a t i c c a r b o n ad jacent to h y d r o g e n o r 
a n o t h e r c a r b o n , 154 p p m for o l e f i n i c a n d a r o m a t i c c a r b o n ad jacent 
to o x y g e n , 173 p p m for - C O O H , - C O O R , a n d 211 p p m for C = 0 
a n d - C H O c a r b o n s . A r o m a t i c f o r m a t i o n p r o b a b l y is i n i t i a t e d at th i s 
t e m p e r a t u r e b e c a u s e o f t h e a p p e a r a n c e o f N M R p e a k s at 132 a n d 
154 p p m . T h e s e o b s e r v a t i o n s are c o n s i s t e n t w i t h t h e r e s u l t s o b t a i n e d 
b y p e r m a n g a n a t e o x i d a t i o n , w i t h w h i c h a r o m a t i c c a r b o n c o n t e n t s o f 
0 % for 3 2 5 °C a n d 2 . 8 % for 3 5 0 °C are o b t a i n e d (12). A t t h e p y r o l y s i s 
t e m p e r a t u r e o f 4 0 0 ° C , t h e g l y c o s y l i c s t r u c t u r e is n o l o n g e r f o u n d i n 
e i t h e r t h e I R o r N M R s p e c t r u m , as i n d i c a t e d b y t h e d i s a p p e a r a n c e 
o f t h e 1 2 2 0 - 9 0 0 - c m - 1 a n d 6 0 - 1 1 0 - p p m b a n d s , r e s p e c t i v e l y . T h e 
N M R s p e c t r u m t e n d s to g a t h e r i n t o t w o m a i n r e g i o n s , para f f in i c a n d 
a r o m a t i c . R e s o n a n c e s o f 1 1 0 - 1 7 0 p p m are a s s i g n e d to a r o m a t i c c a r 
b o n s . H o w e v e r , t h i s r e g i o n c o r r e s p o n d s to o l e f i n i c c a r b o n s that are 
v e r y l i k e l y to ex i s t at 3 5 0 °C b u t u n l i k e l y to s u r v i v e a b o v e 4 0 0 °C 
w h e n p o l y c y c l i c s t r u c t u r e s a r e f o r m e d (12). T h e c h a r f o r m e d at 4 0 0 
°C c o r r e s p o n d e d to o n l y 17 w t % o f t h e o r i g i n a l m a t e r i a l a n d w a s 
r e l a t i v e l y s tab le b e c a u s e , o n h e a t i n g to s t i l l h i g h e r t e m p e r a t u r e s , t h e 
w e i g h t loss was r e l a t i v e l y s m a l l (Table V ) . I R s p e c t r a o f t h e chars 
a b o v e 4 0 0 °C w e r e also s i m i l a r to e a c h o t h e r , e x c e p t t h e t r a n s m i t t a n c e 
o f t h e 1 6 0 0 - c m - 1 b a n d b e c o m e s g r e a t e r t h a n that o f t h e 1 7 0 0 - c m - 1 

b a n d at t e m p e r a t u r e s a b o v e 4 5 0 °C . T h e s e o b s e r v a t i o n s suggest t h e 
i n c r e a s e a n d p r e d o m i n a n c e o f a r o m a t i c s t r u c t u r e s . T h e e x t e n t o f t h e 
a r o m a t i z a t i o n is d e m o n s t r a t e d b y t h e N M R d a t a , w h i c h s h o w that 
t h e i n t e n s i t y o f t h e a r o m a t i c s i g n a l inc reases w i t h i n c r e a s e d c h a r 
p r e p a r a t i o n t e m p e r a t u r e . 

T h e r e l a t i v e y i e l d s o f v a r i o u s c a r b o n spec ies i n these chars are 
s h o w n i n Tab le V I . T h e s e d a t a i n d i c a t e that the g l y c o s y l i c c a r b o n 
d i s a p p e a r s o n h e a t i n g u p to 4 0 0 °C . A t th i s t e m p e r a t u r e t h e c h a r 
c o n t a i n s 6 9 % a r o m a t i c a n d 2 7 % para f f in i c c a r b o n s w h i c h c h a n g e to 
8 8 % a n d 1 2 % , r e s p e c t i v e l y , at 5 0 0 °C . 

T h e s e d a t a , i n c o n j u n c t i o n w i t h p r e v i o u s s t u d i e s (12) s h o w e d 
that s tab le c h a r c o n t a i n s m a i n l y c o n d e n s e d a r o m a t i c s t r u c t u r e w i t h 
i n t e r m i t t e n t para f f in i c g r o u p s . T h i s s t r u c t u r e is f o r m e d b y success ive 
d e h y d r a t i o n , r e a r r a n g e m e n t , loss o f c a r b o x y l , c a r b o n y l , a n d para f f in i c 
g r o u p s , f o r m a t i o n o f f ree r a d i c a l s , a n d c o n d e n s a t i o n o f t h e c a r b o n 
s k e l e t o n to p o l y c y c l i c a r o m a t i c s t r u c t u r e s . 

T h i s i n v e s t i g a t i o n was e x t e n d e d to w o o d a n d l i g n i n chars p r e 
p a r e d at 4 0 0 °C to d e t e r m i n e t h e effect o f p r e e x i s t i n g a r o m a t i c n u c l e i 
o f l i g n i n i n t h e c h a r r i n g r e a c t i o n s . T h e p e r m a n g a n a t e o x i d a t i o n a n a l 
ys is i n d i c a t e d that t h e s e c h a r s , l i k e c e l l u l o s e c h a r s , h a v e c o n s i d e r a b l y 
c o n d e n s e d o r c r o s s - l i n k e d a r o m a t i c s t r u c t u r e s , e v e n at 4 0 0 °C . T h e 
N M R d a t a also s h o w e d that t h e chars f r o m s i m i l a r c e l l u l o s e , w o o d , 
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518 T H E C H E M I S T R Y O F SOLID W O O D 

a n d l i g n i n h a d a s i m i l a r a r o m a t i c c a r b o n c o n t e n t o f about 7 0 % . T h e 
l a t t e r c h a r s , h o w e v e r , s h o w e d d i s t i n c t N M R peaks for t h e C H 3 - 0 -
C 6 H 5 g r o u p , a r i s i n g f r o m t h e m e t h o x y l g r o u p s i n l i g n i n f r o m w h i c h 
t h e c h a r y i e l d f r o m t h e l i g n i n c o m p o n e n t o f w o o d was e s t i m a t e d . 
T h e s e d a t a i n d i c a t e d that p r e e x i s t i n g a r o m a t i c n u c l e i i n l i g n i n d o no t 
i n c r e a s e t h e a r o m a t i c c a r b o n c o n t e n t ( a r o m a t i c i t y o f t h e char) a l 
t h o u g h t h e y w i l l i n c r e a s e t h e c h a r y i e l d . 

C h a r R e a c t i v i t y . F r e s h l y p r e p a r e d c h a r is h i g h l y r e a c t i v e a n d 
p y r o p h o r i c . T h i s r e a c t i v i t y is c l o s e l y r e l a t e d to s m o l d e r i n g c o m b u s 
t i o n a n d i n v o l v e s t h e f o r m a t i o n o f r e a c t i v e c h a r b y p y r o l y s i s , c h e m i -
s o r p t i o n o f o x y g e n o n th i s p r o d u c t , e v o l u t i o n o f C O a n d C 0 2 , a n d 
g e n e r a t i o n o f n e w r e a c t i v e sites (14, 15). T h i s p rocess , w h i c h is ac
c o m p a n i e d b y e v o l u t i o n o f i n c o m p l e t e l y o x i d i z e d v o l a t i l e p y r o l y s i s 
p r o d u c t s at r e l a t i v e l y l o w t e m p e r a t u r e s , is u s u a l l y d i s t i n g u i s h e d f r o m 
t h e m o r e r a p i d a n d i n c a n d e s c e n t c o m b u s t i o n o f t h e c h a r at h i g h e r 
t e m p e r a t u r e s a n d i n t h e p r e s e n c e o f m o r e o x y g e n , w h i c h is k n o w n 
as glowing combustion. 

F i g u r e s 21 (14) a n d 22 s h o w t h e w e i g h t i n c r e a s e a n d heat o f 
r e a c t i o n d u e to c h e m i s o r p t i o n o f o x y g e n o n f r e s h c h a r d e t e r m i n e d 
b y t h e r m o g r a v i m e t r y ( T G ) a n d d i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y 
( D S C ) . I n l o w - d e n s i t y f i b r o u s c e l l u l o s i c m a t e r i a l s w h e r e t h e h e a t loss 
is r e s t r i c t e d b u t o x y g e n c a n p e n e t r a t e b y d i f f u s i o n , t h e heat f l u x f r o m 
c h e m i s o r p t i o n c o u l d p l a y a s i g n i f i c a n t r o l e i n the i g n i t i o n o f t h e a c t i ve 

I I I I 1 j I I I ι I 
0 4 8 12 16 

Time (min) 

Figure 21. Differential scanning calorimetry and thermogravimetry of 
oxygen chemisorption on cellulose char at 118 °C. The analysis was carried 
out on 2.5-mg samples in aluminum pans using a Cahn R-100 electro-
balance and a DuPont calorimeter cell attached to a DuPont model 990 
thermal analyzer, and nitrogen and oxygen gas flows (60 mhlmin, dried 
by passing through H2S04) were rapidly interchangeable for DSC and TG. 
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140 Η 

120 h 

i - · 1 1 « r t I 
0 0.2 0.4 0.6 0.8 

Adsorbed Oxygen (mmol/g char) 

Figure 22. Differential heat of chemisorption, as a function of the amount 
of oxygen adsorbed on cellulose char at 118 °C. 

c h a r a n d i n i t i a t i o n o f t h e c o m b u s t i o n . F i g u r e 22 shows t h e d i f f e r e n t i a l 
heat o f c h e m i s o r p t i o n at 118 ° C , w h i c h is g r a d u a l l y r e d u c e d as t h e 
m o r e r e a c t i v e s ites are o c c u p i e d . 

T h e c h e m i s o r p t i o n d a t a d e t e r m i n e d g r a v i m e t r i c a l l y w e r e a n a 
l y z e d a c c o r d i n g to E l o v i c h k i n e t i c s (15). T h e s e k i n e t i c s are b a s e d o n 
t h e a s s u m p t i o n that t h e rate o f c h e m i s o r p t i o n (dg/dt) d e c l i n e s as t h e 
m o r e r e a c t i v e s i tes a re q u e n c h e d a c c o r d i n g to the e q u a t i o n : 

dg/dt = a exp ( - bg) 

w h i c h is i n t e g r a t e d o v e r t i m e b e t w e e n t h e l i m i t s o f - tG a n d t to g i v e : 

g = (1/1?) In ab + (lib) In (t 4- t0) 

w h e r e g is t h e a m o u n t o f o x y g e n c h e m i s o r b e d at t i m e t a n d a a n d b 
are cons tants . T h e c o n s t a n t t0 a l l o w s for a n i n i t i a l " p r e - E l o v i c h i a n " 
p e r i o d o f c h e m i s o r p t i o n that is g e n e r a l l y m o r e r a p i d t h a n that p r e 
d i c t e d b y E l o v i c h k i n e t i c s . T h e v a l u e o f tQ was d e t e r m i n e d b y a n 
i n t e r a c t i o n m e t h o d to g i v e t h e bes t l i n e a r i t y o f p lo t s o f g vs . it + t0). 

T h e a c t i v a t i o n e n e r g y for o x y g e n c h e m i s o r p t i o n o n a t y p i c a l c h a r 
v a r i e d l i n e a r l y f r o m 13 to 2 2 k c a l / m o l w i t h sur face c o v e r a g e o f 0 - 2 . 5 
m m o l 0 2 / g c h a r ( F i g u r e 23). T h e s e d a t a s h o w t h e s ign i f i cance o f 
n a s c e n t o r f r e s h u n r e a c t e d c h a r t h a t is p y r o p h o r i c a n d b e c o m e s 
h a r d e r to i g n i t e as t h e l o w a c t i v a t i o n e n e r g y sites are o c c u p i e d a n d 
the heat o f c h e m i s o r p t i o n ( F i g u r e 21) is r e d u c e d . 
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q , mmo| Ô2 / g 

Figure 23. Variation of activation energy for oxygen chemisorption with 
surface coverage. 

T h e r e a c t i v i t y o f t h e c h a r is r e l a t e d to a h i g h c o n c e n t r a t i o n o f 
t r a p p e d f ree r a d i c a l s a n d a l a r g e sur face area . F i g u r e 24 shows t h e 
effect o f t e m p e r a t u r e o n t h e w e i g h t a n d f ree r a d i c a l c o n c e n t r a t i o n o f 
t h e chars p r o d u c e d b y 1.5 m i n p y r o l y s i s u n d e r n i t r o g e n . T h e free 
r a d i c a l c o n c e n t r a t i o n r e a c h e s a m a x i m u m for c h a r p r o d u c e d at a b o u t 
5 5 0 ° C . 

T h e sur face areas o f chars p r e p a r e d f r o m c e l l u l o s e s a m p l e s at 
d i f f e r e n t H T T s w e r e d e t e r m i n e d b y a p p l i c a t i o n o f t h e D u b i n i n - P o -
l a n y e q u a t i o n to C 0 2 a d s o r p t i o n at r o o m t e m p e r a t u r e a n d c o m p a r e d 
w i t h t h e a r e a o c c u p i e d b y sur face ox ides c a l c u l a t e d f r o m o x y g e n c h e 
m i s o r p t i o n at 2 3 0 °C . T h e r e s u l t s s h o w n i n F i g u r e 2 5 i n d i c a t e that 
c e l l u l o s i c chars h a v e l a r g e sur face areas that v a r y a c c o r d i n g to t h e 
H T T , a n d p e a k at a b o u t 5 5 0 ° C . T h e surface ox ides f o r m e d b y c h e 
m i s o r p t i o n o c c u p y o n l y a p o r t i o n o f t h e t o ta l sur face area , a n d t h e 
c h e m i s o r p t i o n also s h o w s a p e a k for chars f o r m e d at a b o u t 5 5 0 ° C , 
c o r r e s p o n d i n g to t h e t e m p e r a t u r e o f s m o l d e r i n g c o m b u s t i o n . 

Combustion 
C o m b u s t i b i l i t y . T h e i n t e n s i t y o f c o m b u s t i o n m a y b e e x p r e s s e d 

b y t h e f o l l o w i n g g e n e r a l e q u a t i o n : 

dw 
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12 ι (20 

0 » 1 « 1 1 11 
400 500 600 700 800 90< 

H T T , ° C 

Figure 24. Comparison between char residue weight (Curve a) and free 
spin concentration (Curve b) as a function of char HTT. 

600 

900 

Figure 25. Comparison between total surface area calculated from CO ο 
adsorption at 25 °C (Curve a) and that occupied by surface oxides cal

culated from oxygen chemisorption at 230 °C (Curve b). 
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w h e r e IR is t h e r e a c t i o n d e n s i t y , - Δ Η is the heat o f c o m b u s t i o n , a n d 
dw/dt e q u a l s t h e rate o f mass o f f u e l loss (16). T h e heats o f c o m b u s t i o n 
o f d i f f e r e n t t y p e s o f forest fue ls a n d t h e i r c o m p o n e n t s are g i v e n i n 
Tab le V I I (17). T h i s t a b l e a lso s h o w s t h e a m o u n t o f c h a r left at 4 0 0 
°C o n h e a t i n g at t h e rate o f 200 °C /min a n d the heat o f c o m b u s t i o n 
o f t h e gaseous a n d c a r b o n a c e o u s p r o d u c t s . Tab le V I I I shows the d i s 
t r i b u t i o n o f t h e h e a t o f c o m b u s t i o n b e t w e e n t h e c h a r a n d t h e v o l a t i l e 
p r o d u c t s . 

F o r f l a m i n g c o m b u s t i o n , t h e - AH a n d t h e rate o f p r o d u c t o n o f 
t h e v o l a t i l e s are i m p o r t a n t . T h e l a t t e r v a l u e c o u l d b e d e t e r m i n e d b y 
t h e r m o g r a v i m e t r y a n d i ts d e r i v a t i v e u n d e r s i m u l a t e d p y r o l y s i s c o n 
d i t i o n s , w h i c h i n d i c a t e t h e p r o g r e s s a n d t h e r a t e o f w e i g h t l o ss . 
F i g u r e 2 6 s h o w s t h e d y n a m i c T G o f c o t t o n w o o d a n d its c o m p o n e n t s 
a n d i n d i c a t e s that l i g n i n c o n t r i b u t e s m a i n l y to char , w h e r e a s c e l l u l o s e 
a n d h e m i c e l l u l o s e s f o r m m a i n l y t h e v o l a t i l e p y r o l y s i s p r o d u c t s that 
are r e s p o n s i b l e for t h e f l a m i n g c o m b u s t i o n . T h e s e d a t a also i n d i c a t e 
that w o o d s h o w s t h e c o l l e c t i v e t h e r m a l p r o p e r t i e s o f its c o m p o n e n t s . 

F o r q u a n t i t a t i v e d e t e r m i n a t i o n o f t h e rate a n d t h e a m o u n t o f 
heat r e l e a s e , w e h a v e d e v e l o p e d a m e t h o d b a s e d o n c o m p l e t e c o m 
b u s t i o n o f t h e v o l a t i l e s o n a p l a t i n u m cata lyst a n d m e a s u r e m e n t o f 
a m o u n t o f o x y g e n r e q u i r e d (IS) . T h e r e q u i r e d o x y g e n is g e n e r a t e d 
b y a r e a c t i o n c o u l o m e t e r ( F i g u r e 27) a n d is r e l a t e d to the heat o f 
c o m b u s t i o n as s h o w n i n F i g u r e 28 . A s d i s c u s s e d i n C h a p t e r 14, the 
a m o u n t o f c o m b u s t i b l e , v o l a t i l e p y r o l y s i s p r o d u c t s f o r m e d a n d t h e 
rate o f heat r e l e a s e m a y b e r e d u c e d d r a s t i c a l l y b y t h e a d d i t i o n o f 
f l a m e r e t a r d a n t s . 

F o r s m o l d e r i n g c o m b u s t i o n t h e d r i v i n g force is m e a s u r e d b y t h e 
heat a n d ra te o f c o m b u s t i o n o f t h e f r e s h l y f o r m e d a n d h i g h l y r e a c t i v e 
p y r o p h o r i c chars that , o n e x p o s u r e to o x y g e n , c o u l d i g n i t e at r e l a 
t i v e l y l o w t e m p e r a t u r e s . T h e m e c h a n i s m s o f t h e o x i d a t i o n r eac t i ons 
i n v o l v e d are n o t c l ear . H o w e v e r , i t is b e l i e v e d that o x y g e n m o l e c u l e s 
are o r i g i n a l l y a d s o r b e d o n t h e a c t i v e sites (C* ) w h i c h m a y o r m a y 
n o t b e f ree r a d i c a l s . A s s h o w n i n S c h e m e 7 the a d s o r b e d o x y g e n 
s u b s e q u e n t l y reacts to p r o d u c e C 0 2 , C O , a n d n e w ac t i ve s i tes . A t 
5 0 0 ° C , t h e s e c o m p l e x r e a c t i o n s c o u l d b e s u m m a r i z e d i n t h e f o l 
l o w i n g r e a c t i o n s : 

T h e s e r e a c t i o n s s h o w that i n c o m p l e t e o x i d a t i o n o f t h e c h a r to 
C O p r o d u c e s a b o u t 2 5 % o f t h e to ta l e n e r g y b a s e d o n the a v a i l a b l e 
c a r b o n a n d 5 0 % o f t h e t o t a l e n e r g y b a s e d o n t h e a v a i l a b l e o x y g e n . 
B e c a u s e t h e o x i d a t i o n r e a c t i o n s are a c t i v a t e d a n d e x o t h e r m i c , w h e n 

o 2 + c c o 2 

0 2 + 2 C 2 C O 

Δ Η = - 8 8 . 5 k c a l / m o l 

Δ Η = - 2 2 . 9 k c a l / m o l 
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524 T H E C H E M I S T R Y O F SOLID W O O D 

T a b l e V I I I . D i s t r i b u t i o n o f t h e H e a t o f C o m b u s t i o n 
o f F o r e s t F u e l s 

Fuel 

Source Type 
Char 

(callg fuel) 
Gas 

(callg fuel) 
Total 

(callg) 

Cellulose Fi l ter paper - 1 0 5 0 - 3 0 9 3 - 4 1 4 3 
Douglas-fir l ignin Klason - 4 3 7 5 - 1 9 9 5 - 6 3 7 0 
Poplar wood 

(Populus spp.) Excelsior - 1 5 4 6 - 3 0 7 2 - 4 6 1 8 
L a r c h wood 

(Larix occidentals) Heartwood - 1 9 1 4 - 2 7 3 6 - 4 6 5 0 
D e c o m p o s e d Douglas-fir 

(Pseudotsuga menzeisii) Punky wood - 2 9 4 4 - 2 1 7 6 - 5 1 2 0 
Ponderosa pine 

(Pinus ponderosa) Needles - 2 4 3 8 - 2 7 0 8 - 5 1 4 6 
Aspen 

(Populus tremuloides) Foliage - 2 3 9 8 - 2 6 3 6 - 5 0 3 4 
Douglas-fir bark 

(Pseudotsuga menzeisii) O u t e r (dead) - 3 0 6 1 - 2 0 6 1 - 5 1 2 2 
W h o l e - 3 0 1 7 - 2 6 9 1 - 5 7 0 8 

100 200 300 400 500 

TEMPERATURE CO 

Figure 26. Thermogravimetry of cottonwood and its components. 
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13. SHAFIZADEH Pyrolysis and Combustion 
525 

DETECTOR 
MODULE 

OXYGEN 
DETECTOR 

Figure 27. Block diagram of the thermal evolution analysis system coupled 
to a reaction coulometer detector. 
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526 T H E C H E M I S T R Y O F SOLID W O O D 

c * 
ac t i ve 

c a r b o n 

C ( 0 ) r i 

+ 
m o l e c u l a r 

o x y g e n 

d i s s o c i a t i o n 

+ C ( 0 ) „ 
m o b i l e o x i d e 

spec ies 
I r e a c t i o n 

C ( 0 2 ) * 
a d s o r b e d 

o x y g e n 

I 

C * + C O , c * + 

H O - C = 0 + C = 
s tab le o x i d e 

spec ies 
d e c o m p o s i t i o n | 

Ο 

C O c o 9 

~1 
C O 

Scheme 7. Oxygen adsorption, chemisorption, and oxidation of char. 

s u f f i c i e n t o x y g e n is a v a i l a b l e , t h e r a t e o f r e a c t i o n a n d t h e c o r r e 
s p o n d i n g h e a t r e l ease c o u l d r a p i d l y i n c r e a s e . T h i s w i l l ra ise t h e s u r 
face t e m p e r a t u r e to t h e l e v e l o f g l o w i n g o r i n c a n d e s c e n c e , w h e r e 
m u c h o f t h e e n e r g y is lost to t h e s u r r o u n d i n g e n v i r o n m e n t b y r a d i a 
t i o n . 

T h e r a t i o o f C O to C 0 2 is i n f l u e n c e d b y v a r i o u s a n i o n s a n d 
ca t i ons . A n i o n s s u c h as p h o s p h a t e s a n d borates i n c r e a s e t h e ra t i o o f 
C O to C 0 2 a n d are k n o w n as g l o w r e t a r d a n t s o r s m o l d e r i n h i b i t o r s . 
C a t i o n s s u c h as s o d i u m a n d p o t a s s i u m ions r e d u c e the ra t i o o f C O 
to C 0 2 a n d p r o m o t e t h e s m o l d e r i n g c o m b u s t i o n . A d d i t i o n o f i n o r 
g a n i c salts to c e l l u l o s e l eads to a w i d e r a n g e o f r e a c t i v i t i e s , f r o m 
e n h a n c e m e n t to t o t a l i n h i b i t i o n o f t h e s m o l d e r i n g c o m b u s t i o n b y 
v a r i a t i o n i n t h e rates o f p r o d u c t i o n o f C O a n d C 0 2 a n d t h e c o r r e 
s p o n d i n g rates o f h e a t r e l e a s e . T h e k i n e t i c d a t a p r e s e n t e d i n Tables 
I X a n d X s h o w t h e effect o f s e v e r a l a d d i t i v e s o n s m o l d e r i n g c o m 
b u s t i o n r a n g i n g f r o m e n h a n c e m e n t b y N a C l to i n h i b i t i o n b y b o r i c 
a c i d (19, 20). T h e c a t a l y t i c effect o f i n o r g a n i c salt o n t h e rate o f 
p r o d u c t i o n o f C O a n d C 0 2 e x p l a i n s t h e m e c h a n i s m o f s m o l d e r i n g 
i n h i b i t o r s . T h e s m o l d e r i n g i n h i b i t o r s s h o u l d n o t b e c o n f u s e d w i t h 
t h e f l a m e r e t a r d a n t s that r e d u c e t h e p r o d u c t i o n o f f l a m m a b l e v o l a 
t i l es b y p r o m o t i n g t h e c h a r p r o d u c t i o n i n t h e p y r o l y s i s p a t h w a y s 
d i s c u s s e d b e f o r e , a l t h o u g h a m m o n i u m p h o s p h a t e s a n d b o r a x a l so 
f u n c t i o n as f l a m e r e t a r d a n t s . 

D u r i n g f l a m i n g c o m b u s t i o n , a r e l a t i v e l y h i g h rate o f heat re lease 
g e n e r a t e d b y t h e c o m b u s t i o n o f v o l a t i l e p r o d u c t s (see F i g u r e 1) p r o 
v i d e s t h e e n e r g y r e q u i r e d for gas i f i ca t i on o f t h e subs t ra te a n d the 
p r o p a g a t i o n o f fire. W h e n t h e i n t e n s i t y o f the heat f l u x a n d t h e c o n 
c e n t r a t i o n o f t h e c o m b u s t i b l e v o l a t i l e s fal ls b e l o w t h e m i n i m u m l e v e l 
r e q u i r e d for t h e p r o p a g a t i o n o f f l a m i n g c o m b u s t i o n , g r a d u a l o x i d a 
t i o n o f t h e r e a c t i v e c h a r i n i t i a t e s s m o l d e r i n g c o m b u s t i o n . T h i s s m o l 
d e r i n g p r o c e s s , w h i c h is a c c o m p a n i e d b y e m i s s i o n o f n o n c o m b u s t i b l e 
o r u n o x i d i z e d v o l a t i l e p r o d u c t s , is o f t en o b s e r v e d w i t h l o w d e n s i t y 
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528 T H E C H E M I S T R Y O F SOLID W O O D 

T A B L E X . E f f e c t o f P r e p y r o l y s i s A d d i t i v e s o n R a t e o f C h a r 
O x i d a t i o n a n d C O / C 0 2 R a t i o 

Additive 
Smoldering 

Behavior of Char 

, (CO + CO.) 
d[

 Λ
 2 at 450 °C 

dt max 
(mmol g char'1 min'1) 

CO/C02 Yield 
at 450 °C 

smolders 5.7 1.01 
H B 0 3 none 4.6 1.69 
Ν ^ Β 4 0 7 smolders 6.1 1.03 
(NH 4 ) 2 HP0 4 none 2.9 1.71 
(NH 4 ) 2 S0 4 none 3.9 1.43 
ZnCl 2 none 5.1 0.90 
AICI3 none 5.3 0.95 
NaCl° smolders 13.9 0.70 
N ^ S O / smolders 15.2 0.86 

N O T E : Char oxidation performed at 450 °C in air. 
0 Ignition occurred initially in these samples in C O and C 0 2 measurements. Ignition peak pre

vented Δ/ / determination by D S C . 

a n d fibrous m a t e r i a l s . W i t h t h e s e m a t e r i a l s the c h a r c a n b e o x i d i z e d 
g r a d u a l l y b y t h e i n - d i f f u s i n g a ir . I n t h e absence o f s u b s t a n t i a l heat 
loss b y r a d i a t i o n , c o n v e c t i o n , o r c o n d u c t i o n , t h e l o w rate o f heat 
r e l ease is su f f i c i ent for f u r t h e r c h a r r i n g a n d p r o p a g a t i o n o f t h e s m o l 
d e r i n g c o m b u s t i o n . I n c on t ras t , g l o w i n g c o m b u s t i o n re fers to t h e 
o x i d a t i o n o f t h e r e s i d u a l c h a r after f l a m i n g c o m b u s t i o n has o c c u r r e d . 

T h i s b r i e f d e s c r i p t i o n o f t h e c o m b u s t i o n process serves to i n d i 
cate h o w t h e r e a c t i o n s i n v o l v e d c o u l d b e c o n t r o l l e d b y t h e p r e v a i l i n g 
c o n d i t i o n s o f h e a t a n d mass t rans fer a n d b y t h e c h e m i c a l a n d p h y s i c a l 
p r o p e r t i e s o f t h e f u e l , a n d e s p e c i a l l y , b y t h e rate o f p y r o l y s i s a n d 
heat o f c o m b u s t i o n o f t h e p y r o l y s i s p r o d u c t s . 
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14 
Chemistry of Fire Retardancy 

SUSAN L. LEVAN 

U.S. Department of Agriculture, Forest Service, Forest Products Laboratory, 
Madison, WI 53705 

Fire retardancy of wood involves a complex series of 
simultaneous chemical reactions, the products of which 
take part in subsequent reactions. Most fire retardants 
used for wood increase the dehydration reactions that 
occur during thermal degradation so that more char and 
fewer combustible volatiles are produced. The mecha
nism by which this happens depends on the particular 
fire retardant and the thermal-physical environment. 
This chapter presents a literature review of the inves
tigations into the mechanisms, a discussion of test 
methods used for determining fire retardancy, the var
ious formulations used to make wood fire retardant, and 
the research needs in the field of fire retardancy. 

Î̂Î̂OOD W A S F I R S T T R E A T E D F O R F I R E R E T A R D A N C Y 1Π t h e first C e n t U i y 

A . D . w h e n the R o m a n s u s e d s o l u t i o n s o f a l u m a n d v i n e g a r to p r o t e c t 
t h e i r boats against fire. I n 1820 , G a y - L u s s a c a d v o c a t e d the use o f 
a m m o n i u m p h o s p h a t e s a n d b o r a x for t r e a t i n g c e l l u l o s i c m a t e r i a l . 
M a n y o f t h e p r o m i s i n g i n o r g a n i c c h e m i c a l s u s e d t oday w e r e i d e n t i 
fied b e t w e e n 1800 a n d 1870. S i n c e t h e n , the d e v e l o p m e n t o f fire 
r e t a r d a n t s for w o o d has a c c e l e r a t e d . C o m m e r c i a l l y t r e a t e d w o o d b e 
c a m e a v a i l a b l e after t h e U . S . N a v y (1895) s p e c i f i e d its use i n s h i p 
c o n s t r u c t i o n , a n d N e w Y o r k C i t y (1899) r e q u i r e d its use i n b u i l d i n g s 
o v e r t w e l v e s tor ies t a l l (I). P r o d u c t i o n r e a c h e d o v e r 6 5 m i l l i o n b o a r d 
feet i n 1943 , b u t b y 1964 o n l y 32 m i l l i o n b o a r d feet was t r e a t e d 
a n n u a l l y (I). 

I n c r e a s e d efforts to e x p a n d t h e use o f w o o d p r o d u c t s i n i n s t i 
t u t i o n a l a n d c o m m e r c i a l s t r u c t u r e s m a y r e q u i r e w o o d to b e t r e a t e d 
w i t h fire r e t a r d a n t s . T h e r e f o r e , r e s e a r c h o n fire-retardant t r e a t m e n t s 
for w o o d has a c c e l e r a t e d . 

Early Studies 

O n e o f t h e e a r l i e s t s t u d i e s o n fire-retardant t r e a t m e n t s for w o o d 
was c o n d u c t e d b e t w e e n 1930 a n d 1935 ( F o r e s t P r o d u c t s L a b o r a t o r y ) . 

This chapter not subject to U.S. copyright. 
Published 1984, American Chemical Society 
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532 T H E C H E M I S T R Y O F SOLID W O O D 

T h i s s t u d y r e s u l t e d i n a ser ies o f r e p o r t s o n a c o m p r e h e n s i v e e v a l 
u a t i o n o f f i r e - r e t a r d a n t t r e a t m e n t s for w o o d ( 2 - 6 ) . O n e h u n d r e d a n d 
t h i r t y s i n g l e c h e m i c a l s o r c o m b i n a t i o n s o f c h e m i c a l s i n t h e f o r m o f 
v a r i o u s salts w e r e e v a l u a t e d for f l a m e - s p r e a d r e d u c t i o n , s m o k e , a n d 
c o r r o s i v i t y . D i a m m o n i u m p h o s p h a t e r a n k e d first i n r e d u c i n g f l a m e 
s p r e a d , f o l l o w e d b y m o n o a m m o n i u m p h o s p h a t e , a m m o n i u m c h l o 
ride, a m m o n i u m sul fate , bo rax , a n d z i n c c h l o r i d e . Z i n c c h l o r i d e , 
a l t h o u g h e x c e l l e n t as a f l a m e r e t a r d a n t , p r o m o t e d s m o k e a n d 
g l o w i n g . A m m o n i u m sul fate was the least e x p e n s i v e , b u t u n d e r c e r 
t a i n e n v i r o n m e n t a l c o n d i t i o n s i t was c o r r o s i v e to m e t a l s . N o n e o f the 
130 c o m p o s i t i o n s t e s t e d was c o n s i d e r e d i d e a l b e c a u s e o f t h e a d v e r s e 
effects o n s o m e o f t h e p r o p e r t i e s o f w o o d . S e v e r a l r e v i e w s o f the 
s u b j e c t a re a v a i l a b l e a n d p r o v i d e a d d i t i o n a l b a c k g r o u n d m a t e r i a l ( J , 
7-10). 

Protection of Wood with Fire Retardants 
F i r e - r e t a r d a n t t r e a t m e n t s for w o o d c a n b e c lass i f i ed i n t o t w o 

g e n e r a l c lasses : (1) those i m p r e g n a t e d i n t o t h e w o o d o r i n c o r p o r a t e d 
i n t o w o o d c o m p o s i t e p r o d u c t s , a n d (2) those a p p l i e d as p a i n t o r s u r 
face coa t ings . C h e m i c a l i m p r e g n a t i o n has the g r e a t e r use , p r i m a r i l y 
for n e w m a t e r i a l s , w h e r e a s coat ings h a v e b e e n l i m i t e d p r i m a r i l y to 
m a t e r i a l s i n e x i s t i n g c o n s t r u c t i o n s . T h e r e are advantages a n d d i s a d 
vantages to e a c h c lass . C o a t i n g s are a p p l i e d eas i l y a n d t h e y are e co 
n o m i c a l . C h e m i c a l i m p r e g n a t i o n u s u a l l y i n v o l v e s f u l l - c e l l p r e s s u r e 
t r e a t m e n t a n d c a n b e cost ly . A c o a t i n g is sub jec t to a b r a s i o n o r w e a r 
that c a n d e s t r o y t h e e f f ec t iveness o f t h e fire r e t a r d a n t . C h e m i c a l 
i m p r e g n a t i o n s d e p o s i t t h e fire r e t a r d a n t w i t h i n t h e w o o d , so that i f 
t h e sur face is a b r a d e d , c h e m i c a l s are s t i l l p r e s e n t . O n - s i t e a p p l i c a t i o n 
o f sur face coa t ings r e q u i r e s s t r i c t c o n t r o l o f t h e a m o u n t a p p l i e d to 
e n s u r e c o r r e c t l o a d i n g l e v e l s for a p a r t i c u l a r f l a m e - s p r e a d r a t i n g (11). 
B o t h c o a t i n g a n d i m p r e g n a t i o n s y s t e m s are b a s e d o n the s a m e c h e m 
i c a l c o m p o u n d s , a l t h o u g h t h e f o r m u l a t i o n s for e a c h vary . 

M o s t o f t h e c h e m i c a l s u s e d i n fire-retardant f o r m u l a t i o n s h a v e 
a l o n g h i s t o r y o f use for th i s p u r p o s e , a n d m o s t f o r m u l a t i o n s are b a s e d 
o n e m p i r i c a l i n v e s t i g a t i o n s for bes t o v e r a l l p e r f o r m a n c e . T h e s e c h e m 
ica ls i n c l u d e t h e p h o s p h a t e s , s o m e n i t r o g e n c o m p o u n d s , s o m e b o 
rates , s i l i ca tes , a n d m o r e r e c e n t l y , a m i n o - r e s i n s . T h e s e c o m p o u n d s 
r e d u c e t h e f l a m e s p r e a d o f w o o d b u t h a v e d i v e r s e effects o n s t r e n g t h , 
h y g r o s c o p i c i t y , d u r a b i l i t y , m a c h i n a b i l i t y , t o x i c i t y , g l u a b i l i t y , a n d 
p a i n t a b i l i t y ( I , 12, 13). 

Test Methods 
K n o w l e d g e o f v a r i o u s test m e t h o d s u s e d to e v a l u a t e t h e effec

t i v e n e s s o f fire r e t a r d a n t s is n e c e s s a r y to u n d e r s t a n d t h e m e c h a n i s m s 
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o f fire r e t a r d a n c y a n d f o r m u l a t i o n s o f fire r e t a r d a n t s . S o m e o f these 
tests are u s e d b y r e g u l a t o r y agenc ies to e v a l u a t e b u i l d i n g m a t e r i a l s 
a n d s o m e are u s e d for r e s e a r c h a n d d e v e l o p m e n t w o r k only . T h e 
c o m m o n l y u s e d test m e t h o d s a p p l i c a b l e to e v a l u a t e fire-retardant 
t r e a t m e n t s i n c l u d e t h e r m o g r a v i m e t r i c a n a l y s i s ( T G ) ; d i f f e r e n t i a l 
t h e r m a l ana lys i s ( D T A ) , a n d a s i m i l a r t e c h n i q u e , d i f f e r e n t i a l s c a n n i n g 
c a l o r i m e t r y ( D S C ) ; 2 - , 8-, a n d 25-ft t u n n e l f l a m e - s p r e a d tests ; a n d 
the o x y g e n i n d e x test . O t h e r test m e t h o d s are u s e d to e v a l u a t e t h e 
effect o f fire-retardant t r e a t m e n t s o n s u c h r e l a t e d p r o p e r t i e s as s m o k e 
d e v e l o p m e n t , h e a t re l ease r a t e , a n d tox i c i ty . 

T h e r m o g r a v i m e t r i c A n a l y s i s ( T G ) . T G i n v o l v e s w e i g h i n g a 
s a m p l e w h i l e i t is e x p o s e d to heat . T h e c h i e f use o f th is t e c h n i q u e 
has b e e n to s t u d y t h e t h e r m a l d e c o m p o s i t i o n o f p o l y m e r i c m a t e r i a l s 
a n d to a c c u m u l a t e k i n e t i c i n f o r m a t i o n a b o u t s u c h d e c o m p o s i t i o n . A 
s a m p l e is s u s p e n d e d o n a s e n s i t i v e b a l a n c e that m e a s u r e s the w e i g h t 
( F i g u r e 1) as i t is e x p o s e d to a f u r n a c e . A i r , n i t r o g e n , o r a n o t h e r gas 
f l o w s a r o u n d t h e s a m p l e to r e m o v e t h e p y r o l y s i s o r c o m b u s t i o n p r o d -

SPRING-

TRANSDUCER 
ARMATURE^ 

TRANSDUCER 
COIL 

WT. CALIBRATOR 

TARE WT; 

VACUUM 
PUMP 

DAMPER-

SAMPLE' 

-DEMODULATOR 
Χ Ύ 

RECORDER 

<-T/ME 
GENERATOR 

TIME 
TEMPERATURE 
SWITCH 

FURNACE 
CONTROL a 

PROGRAMMER 

-FURNACE 

-CONTROLLING 

THERMOCOUPLE 

SAMPLE 

THERMOCOUPLE 

Figure 1. Schematic diagram of an early thermogravimetric analysis 
system. 
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534 T H E C H E M I S T R Y O F SOLID W O O D 

ucts . W e i g h t loss is r e c o r d e d as a f u n c t i o n o f t i m e a n d t e m p e r a t u r e . 
I n i s o t h e r m a l T G , t h e c h a n g e i n w e i g h t o f t h e s a m p l e is r e c o r d e d as 
a f u n c t i o n o f t i m e as t h e t e m p e r a t u r e r e m a i n s cons tant . I n d y n a m i c 
o r n o n i s o t h e r m a l t h e r m o g r a v i m e t r y , t h e c h a n g e i n w e i g h t is a f u n c 
t i o n o f b o t h t e m p e r a t u r e a n d t i m e as t h e t e m p e r a t u r e is r a i s e d at a 
g i v e n h e a t i n g ra te . W i t h t h e use o f a d e r i v a t i v e c o m p u t e r , t h e rate 
o f w e i g h t loss as a f u n c t i o n o f t i m e a n d t e m p e r a t u r e c a n also b e 
d e t e r m i n e d . T h e c o m p u t e r a l l o w s a m o r e accurate d e t e r m i n a t i o n o f 
p e a k t e m p e r a t u r e t r a n s i t i o n s . T h i s is r e f e r r e d to as d e r i v a t i v e t h e r 
m o g r a v i m e t r y (14). 

D i f f e r e n t i a l T h e r m a l A n a l y s i s a n d D i f f e r e n t i a l S c a n n i n g C a l 
o r i m e t r y . D T A m e a s u r e s t h e a m o u n t o f heat l i b e r a t e d o r a b s o r b e d 
as a m a t e r i a l m o v e s f r o m o n e p h y s i c a l t r a n s i t i o n state to a n o t h e r ( i . e . , 
m e l t i n g , v a p o r i z a t i o n ) o r w h e n e v e r i t u n d e r g o e s a c h e m i c a l r e a c t i o n . 
T h i s h e a t is d e t e r m i n e d b y m e a s u r i n g t h e t e m p e r a t u r e d i f f e rences 
b e t w e e n a s a m p l e o f t h e m a t e r i a l a n d a n i n e r t r e f e r e n c e . D T A c a n 
b e u s e d to m e a s u r e h e a t capac i ty , to p r o v i d e k i n e t i c d a t a , a n d to g i v e 
i n f o r m a t i o n o n t r a n s i t i o n t e m p e r a t u r e s . T h e test d e v i c e cons ists o f 
s a m p l e a n d r e f e r e n c e p a n s e x p o s e d to t h e same heat source . T e m 
p e r a t u r e s are m e a s u r e d b y t h e r m o c o u p l e s e m b e d d e d i n t h e s a m p l e 
a n d r e f e r e n c e p a n . T h e t e m p e r a t u r e d i f f e r e n c e b e t w e e n s a m p l e a n d 
r e f e r e n c e is r e c o r d e d aga inst t i m e as t h e e x p o s u r e t e m p e r a t u r e is 
i n c r e a s e d at a l i n e a r r a t e . F o r c a l o r i m e t r y , t h e e q u i p m e n t is c a l i 
b r a t e d against s t a n d a r d s at s e v e r a l t e m p e r a t u r e s . A s i n T G , a ir , n i 
t r o g e n , o r s o m e o t h e r a t m o s p h e r e f l o w s t h r o u g h t h e s a m p l e c e l l to 
r e m o v e t h e r e s u l t i n g v a p o r s (14). 

D S C is s i m i l a r to D T A e x c e p t the a c t u a l d i f f e r e n t i a l heat f l o w 
is m e a s u r e d w h e n t h e s a m p l e a n d r e f e r e n c e t e m p e r a t u r e are e q u a l . 
I n D S C b o t h t h e s a m p l e a n d r e f e r e n c e are p r o v i d e d w i t h i n d i v i d u a l 
h e a t e r s . I f a t e m p e r a t u r e d i f f e r e n c e d e v e l o p s b e t w e e n t h e s a m p l e 
a n d r e f e r e n c e b e c a u s e o f e x o t h e r m i c o r e n d o t h e r m i c reac t i ons i n t h e 
s a m p l e , t h e p o w e r i n p u t is a d j u s t e d to r e m o v e th is d i f f e rence . T h u s , 
t h e t e m p e r a t u r e o f t h e s a m p l e h o l d e r is a lways k e p t t h e same as t h e 
r e f e r e n c e . 

T h e s m a l l s a m p l e s i z e , r a p i d r e m o v a l o f p y r o l y s i s o r c o m b u s t i o n 
p r o d u c t s , a n d a v a i l a b i l i t y o f h u g e excesses o f r eac tant o x y g e n d u r i n g 
t h e r m a l ana lys i s c a n l e a d to e r r o n e o u s i n t e r p r e t a t i o n o f the m a t e r i a l 
i n t e r m s o f i ts p e r f o r m a n c e i n a c t u a l t h e r m a l s i tua t i ons . H o w e v e r , 
t h e r m a l ana lys i s tests c a n p r o v i d e bas i c i n f o r m a t i o n o n the p y r o l y s i s 
a n d c o m b u s t i o n m e c h a n i s m a n d c a n p r o v i d e d a t a o n the r e l a t i v e 
p e r f o r m a n c e o f m a t e r i a l s . T h i s i n f o r m a t i o n s h o u l d b e s u p p o r t e d b y 
l a r g e r - s c a l e fire tests . 

T u n n e l F l a m e - S p r e a d T e s t s . T h e g r o w t h o f a s m a l l fire i n a 
b u i l d i n g is i n f l u e n c e d b y t h e rate at w h i c h f l a m e s s p r e a d o v e r the 
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f i r e - e x p o s e d s u r f a c e s . T h e r e f o r e , t h e c o m b u s t i b i l i t y a n d f l a m e -
s p r e a d c h a r a c t e r i s t i c s o f f u r n i s h i n g s a n d t h e i n t e r i o r finish are i m 
p o r t a n t safety factors . B u i l d i n g s tandards d e s i g n e d to c o n t r o l fire 
g r o w t h o f ten r e q u i r e c e r t a i n f l a m e - s p r e a d ra t ings for v a r i o u s par ts o f 
a b u i l d i n g . F o r c o d e r e g u l a t i o n s , f l a m e - s p r e a d r a t i n g s a r e d e t e r 
m i n e d b y a 25-ft t u n n e l test ( F i g u r e 2) w h i c h is an a p p r o v e d s t a n d a r d 
test m e t h o d (15). F o r r e s e a r c h a n d d e v e l o p m e n t w o r k t h e r e are 2 -
a n d 8-ft t u n n e l tests . T h e 8-ft t u n n e l test ( F i g u r e 3) is also an a p 
p r o v e d s t a n d a r d (16). A l l t u n n e l tests m e a s u r e t h e s u r f a c e f l a m e 
s p r e a d o f a m a t e r i a l a l t h o u g h e a c h di f fers i n t h e m e t h o d o f t h e ex 
p o s u r e . A s p e c i m e n is e x p o s e d to a n i g n i t i o n source , a n d the rate at 
w h i c h t h e f l a m e s t r a v e l to t h e e n d o f t h e s p e c i m e n is m e a s u r e d . I n 
t h e past , r e d oak f l o o r i n g was u s e d as a s t a n d a r d a n d was g i v e n a 
f l a m e s p r e a d i n d e x o f 100. Today, r e d oak f l o o r i n g s t i l l has a n i n d e x 
a r o u n d 100, b u t is n o l o n g e r u s e d i n t h e c a l c u l a t i o n o f t h e A S T M Ε 
84 f l a m e - s p r e a d i n d e x . 

T h e s e v e r i t y o f t h e e x p o s u r e a n d t h e t i m e a s p e c i m e n is e x p o s e d 
to t h e i g n i t i o n s o u r c e are t h e m a i n d i f f e rences b e t w e e n t h e t u n n e l 
test m e t h o d s . T h e 25-ft t u n n e l test is t h e m o s t s evere e x p o s u r e a n d 
the s p e c i m e n is u s u a l l y e x p o s e d for 10 m i n . A n e x t e n d e d test o f 30 
m i n is p e r f o r m e d o n fire-retardant t r e a t e d p r o d u c t s . M a t e r i a l s that 
pass t h e e x t e n d e d test (have f l a m e s p r e a d less t h a n 25 w i t h n o e v i 
d e n c e o f g l o w i n g ) q u a l i f y for a s p e c i a l " F R - S " r a t i n g . B e c a u s e t h e 2 5 -
ft t u n n e l test is t h e m o s t s e v e r e e x p o s u r e i t is u s e d as t h e s t a n d a r d 
for b u i l d i n g m a t e r i a l s . T h e 2-ft t u n n e l test (17, 18) is t h e least s e v e r e . 
B e c a u s e o f t h e s m a l l s p e c i m e n s ize r e q u i r e d w i t h th is test , i t is a 
v a l u a b l e t o o l for d e v e l o p m e n t w o r k o n fire r e t a r d a n t s . T h e 8-ft t u n n e l 
falls b e t w e e n t h e 2 - a n d 25-ft t u n n e l s i n sever i ty . I t c a n b e a v a l u a b l e 

Figure 2. Underwriters Laboratory's 25-ft tunnel flame-spread test. 
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t o o l to d e t e r m i n e t h e e f fec t iveness o f t r e a t m e n t s as s h o w n i n F i g u r e 
4 (19). 

C r i t i c a l O x y g e n I n d e x T e s t . T h e o x y g e n i n d e x test m e a s u r e s 
the m i n i m u m c o n c e n t r a t i o n o f o x y g e n i n a n o x y g e n - n i t r o g e n m i x t u r e 
that w i l l j u s t s u p p o r t f l a m i n g c o m b u s t i o n o f a test s p e c i m e n . T h i s 
s t a n d a r d test m e t h o d (20) p r o v i d e s the c r i t i c a l o x y g e n i n d e x r e q u i r e d 
to m a i n t a i n th is f l a m i n g c o m b u s t i o n u n d e r e x p e r i m e n t a l c o n d i t i o n s . 
H i g h l y f l a m m a b l e m a t e r i a l s h a v e l o w o x y g e n i n d e x , less f l a m m a b l e 
m a t e r i a l s h a v e h i g h v a l u e s . T h e test was o r i g i n a l l y d e v e l o p e d for 
p las t i c s b u t i t c a n b e u s e d for w o o d a n d , i n p a r t i c u l a r , fire-retardant-
t r e a t e d w o o d (21-23). F i g u r e 5 shows t h e effect o f c h e m i c a l r e t e n t i o n 
l e v e l s o n t h e o x y g e n i n d e x v a l u e for d i f f e r e n t c h e m i c a l t r e a t m e n t s 
o n D o u g l a s - f i r . 

O n e a d v a n t a g e o f th i s test is t h e v e r y s m a l l s p e c i m e n s ize (24); 
a n o t h e r is that th i s m e t h o d c a n b e u s e d to s t u d y t h e r e t a r d a n t m e c h 
a n i s m i n t h e gas p h a s e w h i c h c a n n o t b e d o n e w i t h T G , D T A , o r D S C 
b e c a u s e t h e y o n l y m e a s u r e p r o p e r t i e s i n t h e s o l i d p h a s e . A s p e c i m e n 
t r e a t e d w i t h a c h e m i c a l c o m p o u n d that acts as a gas -phase i n h i b i t o r 
s h o u l d d e m o n s t r a t e t h e f o l l o w i n g : (1) s h o w a n i n c r e a s e i n o x y g e n 

120 

1 2 3 4 5 6 
DRY CHEMICAL RETENTION (POUNDS PER CUBIC FOOT) 

Figure 4. Effect of inorganic additives on flame-spread index, measured 
in 8-ft tunnel (19). 
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20* 1 1 1 1 1 1 1 1 
Ο I 2 3 4 5 6 7 6 

TREATMENT LEVEL (LB/FT5) 

Figure 5. Effect of fire-retardant chemicals on oxygen index (21). Key: V, 
ammonium sulfate; +, sodium tetraborate decahyarate; O , disodium oc-
taborate tetrahydrate; •, boric acid; Δ, monoammonium phosphate; A, 
ammonium polyphosphate (11-37-0); O, zinc chloride; · , sodium dichro-

mate; x , untreated. 

i n d e x v a l u e w h e n t h e s a m p l e is r u n i n a r e g u l a r o x y g e n - n i t r o g e n 
a t m o s p h e r e , a n d (2) s h o w n o c h a n g e f r o m t h e u n t r e a t e d s p e c i m e n 
w h e n the s a m p l e is r u n i n N 2 0 4 . H o w e v e r , i f the f l a m e r e t a r d a n t 
acts i n t h e s o l i d p h a s e , i ts e f fec t iveness s h o u l d n o t b e af fected b y a 
c h a n g e i n o x i d a n t . T h e r e f o r e , d i s c r i m i n a t i o n is p o s s i b l e b e t w e e n 
v a p o r - a n d s o l i d - p h a s e a c t i v i t y (25, 26). 

T e s t M e t h o d s f o r R e l a t e d P r o p e r t i e s . Test m e t h o d s are a v a i l 
a b l e t o e v a l u a t e s u c h r e l a t e d p h y s i c a l p r o p e r t i e s o f r e t a r d a n t s as 
s m o k e p r o d u c t i o n , heat r e l ease ra te , a n d tox ic i ty . 

SMOKE PRODUCTION. S m o k e p r o d u c t i o n c a n b e a c r i t i c a l 
p r o b l e m i n fire-retardant f o r m u l a t i o n s . T h e 25-ft t u n n e l test uses a 
p h o t o e l e c t r i c c e l l to m e a s u r e t h e a m o u n t o f s m o k e e v o l v e d . T h e 
s m o k e d e n s i t y is m e a s u r e d c o n t i n u o u s l y a n d is a s s i g n e d a v a l u e r e l 
a t i v e to t h e b e h a v i o r o f r e d oak. T h e effect o f fire r e t a r d a n t s o n s m o k e 
p r o d u c t i o n v a r i e s d e p e n d i n g o n the c h e m i c a l . F i g u r e 6 d e m o n s t r a t e s 
th i s effect as m e a s u r e d i n t h e 8-ft t u n n e l ; h o w e v e r , s m o k e va lues 
m e a s u r e d i n v a r i o u s t u n n e l tests m a y n o t agree o r c o r r e l a t e . 

T h e N a t i o n a l B u r e a u o f S t a n d a r d s s m o k e d e n s i t y c h a m b e r 
( F i g u r e 7) is a m o r e r e c e n t t e c h n i q u e u s e d to e v a l u a t e s m o k e . T h i s 
c h a m b e r c a n b e u s e d to m e a s u r e a d e q u a t e l y t h e s m o k e p r o d u c e d 
f r o m u n t r e a t e d a n d fire-retardant-treated w o o d (27, 28). T h i s m e t h o d 
has t h r e e advantages o v e r t h e t u n n e l m e t h o d : (1) a p p l i c a t i o n to a 
v a r i e t y o f r o o m s i t u a t i o n s , b u r n i n g areas , a n d l i g h t - p a t h l e n g t h s , (2) 
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DRY CHEMICAL RETENTION (POUNDS PER CUBIC FOOT) 

Figure 6. Effect of inorganic additives on smoke index measured in 8-ft 
tunnel (19). 

c o n t r o l o v e r e x p o s u r e c o n d i t i o n s , a n d (3) m e a s u r e m e n t o f s m o k e p r o 
d u c t i o n i n f l a m i n g a n d n o n f l a m i n g m o d e s . T h i s m e t h o d is n o w a 
s t a n d a r d test p r o c e d u r e (29). 

HEAT RELEASE RATE. A n o t h e r m e a s u r e m e n t that is g a i n i n g ac 
c e p t a n c e as a t o o l for e v a l u a t i o n o f fire-retardant t r e a t m e n t s is t h e 
m e a s u r e m e n t o f t h e heat r e l ease rate (30-35). T h e heat o f c o m b u s 
t i o n o f w o o d v a r i e s d e p e n d i n g o n t h e spec i e s , r e s i n c o n t e n t , m o i s t u r e 
c o n t e n t , a n d o t h e r factors . T h e c o n t r i b u t i o n to fire g r o w t h f r o m w o o d 
d e p e n d s o n t h e t o t a l effect o f these factors , a l o n g w i t h the fire ex 
p o s u r e a n d d e g r e e o f c o m b u s t i o n . A l t h o u g h the heat o f c o m b u s t i o n 
o f a m a t e r i a l n e v e r c h a n g e s , fire r e t a r d a n t s r e d u c e t h e rate o f heat 
re l ease a n d e x t e n d t h e t i m e at w h i c h t h e heat r e l ease b e g i n s to b e 
m e a s u r a b l e (31, 32, 35, 36). T h e rate o f heat re l ease for t r e a t e d a n d 
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Figure 7. NBS smoke chamber is used to determine the obscured optical 
density from various materials. 
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u n t r e a t e d m a t e r i a l s c a n b e u t i l i z e d i n m a t h e m a t i c a l m o d e l s to p r e d i c t 
fire g r o w t h . 

TOXICITY. T o x i c i t y t e s t i n g m a y b e c o m e a p p l i c a b l e to fire-retar
d a n t t r e a t m e n t s b e c a u s e t h e t o x i c i t y o f c o m b u s t i o n p r o d u c t s is b e 
c o m i n g a n i m p o r t a n t fire-performance c h a r a c t e r i s t i c . A l a r g e p e r 
c entage o f fire v i c t i m s are n o t t o u c h e d b y f l a m e s b u t are o v e r c o m e 
as a r e s u l t o f e x p o s u r e to s m o k e , to tox i c gases, a n d to d e p l e t e d 
o x y g e n l e v e l s . T h e effect o f fire r e t a r d a n t s o n t h e c o m b u s t i o n p r o d 
ucts i s , t h e r e f o r e , o f i n c r e a s i n g c o n c e r n . A c r i t i c a l r e v i e w b y K a p l a n 
et a l . (37) d i s cusses a l l t h e v a r i o u s p r o p o s e d t o x i c i t y test m e t h o d s 
a n d t h e advantages a n d d i s a d v a n t a g e s o f e a c h . 

Mechanisms of Fire Retardancy 

T h e b u r n i n g o f a s o l i d is e s s e n t i a l l y a three - s tage process c o n 
s i s t i n g o f a h e a t i n g stage, a t h e r m a l d e g r a d a t i o n stage, a n d a n i g n i t i o n 
stage. C h a p t e r 13 c o n t a i n s d i s c u s s i o n o f t h e c h e m i s t r y o f p y r o l y s i s 
a n d c o m b u s t i o n . S o m e o f t h e s e c o n c e p t s are r e v i e w e d h e r e b r i e f l y 
i n o r d e r to fac i l i ta te t h e d i s c u s s i o n o f fire-retardant m e c h a n i s m s . 

C h e m i s t r y o f B u r n i n g . PYROLYSIS. T h e t e m p e r a t u r e o f w o o d 
rises w h e n i t is e x p o s e d to a n o u t s i d e heat source . T h i s r i s e i n t e m 
p e r a t u r e is a c c o m p a n i e d b y t h e b r e a k i n g o f c h e m i c a l b o n d s , w h i c h 
acce lerates as t h e t e m p e r a t u r e increases f u r t h e r . I n t h e a b s e n c e o f 
o x y g e n , th i s t h e r m a l d e g r a d a t i o n is c a l l e d p y r o l y s i s . A s t h e w o o d 
u n d e r g o e s t h e r m a l p y r o l y s i s , v o l a t i l e gases are p r o d u c e d a n d di f fuse 
i n t o t h e s u r r o u n d i n g air . 

VAPOR-PHASE COMBUSTION. I f t h e v o l a t i l e gases are m i x e d w i t h 
a i r a n d h e a t e d b y a n e x t e r n a l h e a t s o u r c e to t h e i g n i t i o n t e m p e r a t u r e , 
e x o t h e r m i c r e a c t i o n s k n o w n as c o m b u s t i o n b e g i n . T h e h e a t f r o m 
these e x o t h e r m i c r e a c t i o n s i n t h e v a p o r p h a s e r e r a d i a t e s to t h e o r i g 
i n a l m a t e r i a l , t h e r e b y p r o p a g a t i n g t h e p y r o l y s i s r eac t i ons i n t h e s o l i d 
p h a s e . I f t h e b u r n i n g m i x t u r e a c c u m u l a t e s e n o u g h h e a t to e m i t r a 
d i a t i o n i n t h e v i s i b l e s p e c t r u m , t h e p h e n o m e n o n is k n o w n as f l a m i n g 
c o m b u s t i o n a n d o c c u r s i n t h e v a p o r p h a s e . 

SMOLDERING AND GLOWING. I n m a n y m a t e r i a l s , i n c l u d i n g w o o d 
a n d p a p e r , a s o l i d - p h a s e c o m b u s t i o n c a n also occur . T h i s t y p e o f 
c o m b u s t i o n is k n o w n as g l o w i n g o r s m o l d e r i n g c o m b u s t i o n . I n th i s 
c o n d e n s e d p h a s e , t h e a c t i v a t e d c h a r p r o d u c e d b y the p y r o l y s i s o f t h e 
m a t e r i a l c o m b u s t s w i t h o x y g e n to p r o d u c e C 0 2 a n d w a t e r vapor . 
S m o l d e r i n g c o m b u s t i o n u s u a l l y is d i s t i n g u i s h e d f r o m g l o w i n g c o m 
b u s t i o n i n that c o m b u s t i o n o f t h e v o l a t i l e p y r o l y s i s p r o d u c t s is n o t 
e s s e n t i a l to p r o p a g a t e s m o l d e r i n g , a n d i t m a y p r o c e e d i n m a t e r i a l s 
that h a v e no t u n d e r g o n e p r i o r c o n v e r s i o n to a c h a r r e s i d u e . S m o l 
d e r i n g c o m b u s t i o n u s u a l l y is assoc ia ted w i t h m a t e r i a l s that h a v e a 
h i g h s u r f a c e - t o - w e i g h t r a t i o , s u c h as s a w d u s t , u p h o l s t e r y m a t e r i a l , 
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a n d coa l . T h e e s s e n t i a l i n g r e d i e n t for s m o l d e r i n g c o m b u s t i o n is l o w 
heat losses . M a t e r i a l s that s m o l d e r h a v e g o o d i n s u l a t i n g p r o p e r t i e s 
a n d p r o d u c e a b u n d a n t char . 

T h e o r i e s o f F i r e R e t a r d a n c y . S e v e r a l t h e o r i e s h a v e b e e n p r o 
p o s e d for t h e m e c h a n i s m o f fire r e t a r d a n t s . B r o w n e (38) m a d e a c o m 
p l e t e l i t e r a t u r e s e a r c h o n t h e s e t h e o r i e s a n d s u m m a r i z e d t h e r e s e a r c h 
i n a n effort to u n d e r s t a n d t h e m e c h a n i s m s i n v o l v e d i n t h e i n h i b i t i o n 
o f p y r o l y s i s a n d c o m b u s t i o n o f w o o d . T h e s e m e c h a n i s m s c a n b e cat 
e g o r i z e d u n d e r s e v e r a l t h e o r i e s . 

1. Barrier theories. F i r e - r e t a r d a n t c h e m i c a l s p r e v e n t t h e es
cape o f v o l a t i l e p r o d u c t s b y f o r m i n g a glassy b a r r i e r . T h i s 
b a r r i e r also p r e v e n t s o x y g e n f r o m r e a c h i n g the subs t ra te a n d 
i n s u l a t e s t h e w o o d sur face f r o m h i g h t e m p e r a t u r e s . 

2 . Thermal theories. F i r e - r e t a r d a n t c h e m i c a l s m a y i n c r e a s e 
t h e t h e r m a l c o n d u c t i v i t y o f t h e w o o d to d i s s i p a t e t h e heat 
f r o m t h e sur face faster t h a n i t is s u p p l i e d b y t h e i g n i t i n g 
s o u r c e , o r t h e y m a y affect c h e m i c a l a n d p h y s i c a l changes so 
that h e a t is a b s o r b e d b y t h e c h e m i c a l , p r e v e n t i n g t h e w o o d 
sur face f r o m i g n i t i n g . 

3. Dilution by noncombustible gases theories. N o n f l a m m a b l e 
gases r e l e a s e d b y t h e d e c o m p o s i t i o n o f t h e f i r e - r e t a r d a n t 
c h e m i c a l s d i l u t e t h e c o m b u s t i o n gases f o r m e d b y t h e p y r o l y s i s 
o f t h e w o o d a n d f o r m a n o n f l a m m a b l e gaseous m i x t u r e . 

4. Free radical trap theories. F i r e - r e t a r d a n t c h e m i c a l s re l ease 
f ree r a d i c a l i n h i b i t o r s at p y r o l y t i c t e m p e r a t u r e s that i n t e r r u p t 
t h e c h a i n p r o p a g a t i o n m e c h a n i s m o f f l a m m a b i l i t y . 

5. Increased char/reduced volatiles theories. F i r e - r e t a r d a n t 
c h e m i c a l s l o w e r t h e t e m p e r a t u r e at w h i c h p y r o l y s i s o c c u r s , 
d i r e c t i n g t h e d e g r a d a t i o n p a t h w a y t o w a r d m o r e c h a r p r o d u c 
t i o n a n d f e w e r v o l a t i l e s . 

6. Reduced heat content of volatiles theories. F i r e - r e t a r d a n t 
c h e m i c a l s l o w e r t h e h e a t c o n t e n t o f the c o m b u s t i b l e v o l a t i l e s . 
T h i s r e d u c t i o n i n heat c o n t e n t a lways o c c u r s w h e n t h e a m o u n t 
o f c h a r is i n c r e a s e d a n d the a m o u n t o f v o l a t i l e s is r e d u c e d . 
T h e r e f o r e , T h e o r i e s 5 a n d 6 f u n c t i o n t oge ther , r e s u l t i n g i n 
m o r e char , f e w e r v o l a t i l e s , a n d l o w e r heat c o n t e n t o f v o l a t i l e s . 

I n m o s t cases , a g i v e n fire r e t a r d a n t operates b y s e v e r a l o f these 
m e c h a n i s m s , a n d m u c h r e s e a r c h has b e e n d o n e to d e t e r m i n e t h e 
m a g n i t u d e a n d r o l e o f e a c h o f these m e c h a n i s m s i n fire r e t a r d a n c y . 
T h e i n f l u e n c e o f t h e c o m b i n i n g effect o f s e v e r a l o f these m e c h a n i s m s 
is i l l u s t r a t e d b y p h o s p h o r u s - n i t r o g e n s y n e r g i s m . T h e t h e o r i e s i n 
v o l v e d i n th i s s y n e r g i s t i c s y s t e m are d i s c u s s e d to d e m o n s t r a t e th is 
i n t e r a c t i o n b e t w e e n m e c h a n i s m s . S o m e m e c h a n i s m s a p p l y o n l y to 
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f l a m i n g c o m b u s t i o n (vapor phase ) , s o m e a p p l y to b o t h f l a m i n g a n d 
s m o l d e r i n g c o m b u s t i o n , a n d o t h e r s o n l y a p p l y to s m o l d e r i n g . T h e 
p h a s e to w h i c h e a c h t h e o r y p e r t a i n s w i l l b e i n d i c a t e d , as w e l l as a 
separate s e c t i o n o n s m o l d e r i n g i n h i b i t i o n t h e o r i e s . 

BARRIER THEORIES. A p h y s i c a l b a r r i e r c a n r e t a r d b o t h s m o l 
d e r i n g c o m b u s t i o n a n d f l a m i n g c o m b u s t i o n b y p r e v e n t i n g t h e f l a m 
m a b l e p r o d u c t s f r o m e s c a p i n g a n d b y p r e v e n t i n g o x y g e n f r o m 
r e a c h i n g t h e s u b s t r a t e . T h e s e b a r r i e r s also i n s u l a t e t h e c o m b u s t i b l e 
subs t ra te f r o m h i g h t e m p e r a t u r e s . C o m m o n b a r r i e r s i n c l u d e s o d i u m 
s i l i cates a n d coat ings that intumesce (puff a n d f o r m a c e l l u l a r s t r u c t u r e 
that r e m a i n s a t t a c h e d to substrate ) . I n t u m e s c e n t s y s t e m s s w e l l a n d 
c h a r o n e x p o s u r e to f i re to f o r m a c a r b o n a c e o u s f oam a n d cons i s t o f 
s e v e r a l c o m p o n e n t s . T h e s e c o m p o n e n t s i n c l u d e a c h a r - p r o d u c i n g 
c o m p o u n d ( p o l y h y d r i c a l c o h o l , c a r b o h y d r a t e s , o r e p o x y r e s i n s ) , a 
b l o w i n g agent , a L e w i s - a c i d d e h y d r a t i n g agent , a n d o t h e r o p t i o n a l 
c o m p o n e n t s . 

I n t h e i n t u m e s c e n t s y s t e m s , t h e c h a r - p r o d u c i n g c o m p o u n d , 
s u c h as p o l y o l , w i l l n o r m a l l y b u r n to p r o d u c e C 0 2 a n d w a t e r v a p o r 
a n d l e a v e f l a m m a b l e tars as r e s i d u e s . H o w e v e r , t h e c o m p o u n d c a n 
es ter i fy w h e n i t reacts w i t h c e r t a i n i n o r g a n i c a c ids , u s u a l l y p h o s 
p h o r i c a c i d . T h e a c i d acts as a d e h y d r a t i n g agent a n d leads to i n 
c r e a s e d a m o u n t s o f c h a r a n d r e d u c e d v o l a t i l e s . S u c h c h a r is p r o d u c e d 
at a l o w e r t e m p e r a t u r e t h a n t h e c h a r r i n g t e m p e r a t u r e o f t h e w o o d 
s u b s t r a t e . Blowing agents d e c o m p o s e at c h a r a c t e r i s t i c t e m p e r a t u r e s 
a n d r e l ease gases that e x p a n d t h e char . C o m m o n b l o w i n g agents are 
d i c y a n d i a m i d e , m e l a m i n e , u r e a , a n d g u a n i d i n e (39, 40); t h e y are 
s e l e c t e d o n t h e b a s i s o f t h e i r d e c o m p o s i t i o n t e m p e r a t u r e . M a n y 
b l o w i n g agents also act as t h e d e h y d r a t i n g agent . O t h e r m a t e r i a l s 
s u c h as b i n d e r s are a d d e d to t h e f o r m u l a t i o n to i m p r o v e t h e t o u g h 
ness o f t h e c a r b o n f o a m . 

I n g r e d i e n t s u s e d i n i n t u m e s c e n t s y s t e m s u s u a l l y f u l f i l l m o r e 
t h a n o n e f u n c t i o n . M o s t c o m p o u n d s re lease s o m e gas o n h e a t i n g , 
t h e r e f o r e t h e y c a n b e c o n s i d e r e d to b e b l o w i n g agents . M a n y c o m 
p o u n d s p r o d u c e s o m e char . 

THERMAL THEORIES. R e s e a r c h e r s at F o r e s t P r o d u c t s L a b o r a t o r y 
i m p r e g n a t e d w o o d w i t h a m e t a l a l l oy to d e t e r m i n e w h e t h e r change 
i n t h e r m a l c o n d u c t i v i t y is a m e c h a n i s m o f f i re retardants (38). T h e 
a l l o y was s e l e c t e d to m e l t at 105 °C . T h e t r e a t e d a n d u n t r e a t e d s p e c 
i m e n s w e r e s u b j e c t e d to a f l a m e o n o n e s ide a n d t h e t e m p e r a t u r e 
r i se was r e c o r d e d o n the u n e x p o s e d s ide . T h e r i s e o f t e m p e r a t u r e 
was s l o w e r o v e r t h e a l l o y - t r e a t e d s p e c i m e n t h a n o v e r t h e u n t r e a t e d 
s p e c i m e n u n t i l t h e m e l t t e m p e r a t u r e o f t h e al loy . A b o v e th i s t e m 
p e r a t u r e t h e t r e a t e d a n d u n t r e a t e d s p e c i m e n s t h e n f o l l o w e d t h e s a m e 
t i m e - t e m p e r a t u r e r e g i m e s . T h e u n t r e a t e d s p e c i m e n b u r s t i n t o 
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f l a m e s a n d t h e t r e a t e d s p e c i m e n s s m o k e d a n d c h a r r e d ; h o w e v e r , a l l 
s p e c i m e n s d i d so at t h e s a m e t i m e a n d t e m p e r a t u r e . T h e s e o b s e r 
va t i ons c o u l d n o t b e e x p l a i n e d o n t h e basis o f changes i n t h e r m a l 
c o n d u c t i v i t y a l o n e (38). 

A n o t h e r t h e r m a l t h e o r y suggests that fire r e t a r d a n t s cause c h e m 
i c a l a n d p h y s i c a l c h a n g e s so that heat is a b s o r b e d b y the c h e m i c a l to 
p r e v e n t t h e w o o d s u r f a c e f r o m i g n i t i n g . T h i s t h e r m a l a b s o r p t i o n 
t h e o r y is b a s e d o n c h e m i c a l s that c o n t a i n m u c h w a t e r o f c r y s t a l l i z a 
t i o n . 

W a t e r w i l l absorb its latent heat o f vapor i zat i on from the p y r o l 
ys is r e a c t i o n s u n t i l a l l t h e w a t e r is v a p o r i z e d . T h i s serves to r e m o v e 
heat f r o m t h e p y r o l y s i s z o n e , t h e r e b y s l o w i n g d o w n the p y r o l y s i s 
r e a c t i o n s . T h i s is d e m o n s t r a t e d i n t h e i n c r e a s e d i g n i t a b i l i t y o f v e r y 
d r y w o o d s a n d forest fue ls c o m p a r e d to w o o d s a n d fuels w i t h h i g h 
m o i s t u r e c o n t e n t s . H o w e v e r , B r o w n e a n d Tang (41) a n d o t h e r s (42-
48) h a v e d e m o n s t r a t e d w i t h T G a n d D T A that , a f ter t h e w a t e r is lost , 
t h e p y r o l y s i s o f w o o d o c c u r s a n d is i n d e p e n d e n t o f t h e past m o i s t u r e 
c o n t e n t o f t h e w o o d . 

DILUTION OF NONCOMBUSTIBLE GASES THEORIES. M o s t o f t h e e v 
i d e n c e for th i s m e c h a n i s m c a n b e d e r i v e d b y c o n s i d e r i n g t h e b l o w i n g 
agents i n t h e i n t u m e s c e n t sys tems d i s c u s s e d p r e v i o u s l y , o r agents 
that r e l ease l a r g e a m o u n t s o f w a t e r vapor . A g e n t s s u c h as d i c y a n -
d i a m i d e a n d u r e a r e l e a s e n o n c o m b u s t i b l e gases at t e m p e r a t u r e s 
b e l o w t h e t e m p e r a t u r e at w h i c h t h e ac t i ve p y r o l y s i s b e g i n s . B o r a x 
c o m p o u n d s re l ease w a t e r v a p o r i n l a r g e q u a n t i t i e s . T h e m a i n d i f f i 
c u l t y w i t h th i s t h e o r y has b e e n that n o t e n o u g h n o n c o m b u s t i b l e gas 
c a n b e l i b e r a t e d to d i l u t e t h e v o l a t i l e gases. H o w e v e r , B r o w n e (38) 
f o u n d that f l a m m a b l e gases a c c o u n t for o n l y 2 3 % o f t h e t o t a l v o l u m e 
p r o d u c e d . A n y r e d u c t i o n i n this percentage w o u l d b e benef i c ia l b e 
cause i t i n c r e a s e s t h e v o l u m e o f c o m b u s t i b l e v o l a t i l e s n e e d e d for 
i g n i t i o n . A l s o t h e m o v e m e n t o f gases a w a y f r o m t h e subs t ra te m a y 
d i l u t e t h e a m o u n t o f o x y g e n n e a r t h e b o u n d a r y l a y e r b e t w e e n t h e 
s u b s t r a t e a n d t h e v a p o r - p h a s e r e a c t i o n . 

FREE RADICAL TRAP THEORIES. C o m b u s t i o n v a p o r - p h a s e r e a c 
t i ons h a v e b e e n s t u d i e d u s i n g p r e m i x e d gas f l a m e s s u c h as m e t h a n e . 
C o n s i d e r a b l e i n f o r m a t i o n c o n c e r n i n g t h e m e c h a n i s m o f f l a m e p r o p 
agat i on has r e s u l t e d f r o m t h i s w o r k (40, 49, 50). B a s i c a l l y the process 
o c curs p r e d o m i n a n t l y b y b r a n c h i n g c h a i n reac t i ons a m o n g free r a d 
i ca ls . T h e m a j o r c h a i n b r a n c h i n g r e a c t i o n s are 

T h e s e t w o e q u a t i o n s g o v e r n t h e e x p o n e n t i a l i n c r e a s e i n free r a d i c a l 
c o n c e n t r a t i o n ; h o w e v e r , these p o s t u l a t i o n s are b a s e d o n p r e m i x e d 

H · + 0 2 -> H O · + Ο · 

Ο · + H 2 - » H O · + Η · 
( D 
(2) 
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gas f l a m e s w i t h excess o x y g e n a v a i l a b l e . A p p l i c a t i o n o f th is t h e o r y to 
t h e c o m b u s t i o n o f so l ids m u s t b e t r e a t e d w i t h r e s e r v a t i o n s b e c a u s e 
t h e c o m b u s t i o n o f w o o d p r o c e e d s i n o x y g e n - d e f i c i e n t d i f fus i on f l a m e s 
w h o s e processes are a c o m p l e x ser ies o f s i m u l t a n e o u s reac t i ons d e 
p e n d e n t o n the m a t e r i a l a n d t h e e n v i r o n m e n t . T h e r e f o r e , the exact 
r o l e f ree rad i ca l s p l a y i n t h e c o m b u s t i o n o f w o o d is n o t k n o w n . 

C e r t a i n fire r e t a r d a n t s affect v a p o r - p h a s e reac t i ons b y i n h i b i t i n g 
t h e c h a i n r e a c t i o n s i n R e a c t i o n s 1 a n d 2. H a l o g e n s s u c h as b r o m i n e 
a n d c h l o r i n e are g o o d free r a d i c a l i n h i b i t o r s a n d h a v e b e e n s t u d i e d 
e x t e n s i v e l y i n t h e p l a s t i c s i n d u s t r y (40, 49, 50) . G e n e r a l l y , l a r g e 
a m o u n t s o f h a l o g e n are r e q u i r e d ( 1 5 - 3 0 % b y w e i g h t ) to a t ta in a 
p r a c t i c a l d e g r e e o f fire r e t a r d a n c e . T h e e f f i c i ency o f t h e h a l o g e n d e 
creases i n t h e o r d e r B r > C l > F. A m e c h a n i s m for the i n h i b i t i o n o f 
the c h a i n b r a n c h i n g r e a c t i o n s ( u s i n g H B r as t h e ha logen) is 

H · + H B r - » H 2 + B r · (3) 

O H · + H B r - * H 2 0 + B r · (4) 

T h e h y d r o g e n h a l i d e c o n s u m e d i n these reac t i ons is r e g e n e r a t e d to 
c o n t i n u e t h e i n h i b i t i o n . A l t h o u g h t h i s p r o p o s e d m e c h a n i s m w a s 
b a s e d o n e x p e r i m e n t s w i t h p r e m i x e d h y d r o c a r b o n f l a m e s , t h e same 
o r d e r o f e f f ec t iveness exists w i t h w o o d . 

A n a l t e r n a t e m e c h a n i s m (Reac t i ons 5 - 7 ) was s u g g e s t e d for h a l o 
g e n i n h i b i t i o n w h i c h i n v o l v e s r e c o m b i n a t i o n o f o x y g e n a toms (50). 

Ο · + B r · + M —* B r O · + M * (5) 

Ο · + B r 2 - » B r O · + B r · (6) 

Ο · + O B r · - * B r · + 0 2 (7) 

T h u s t h e i n h i b i t i v e effect r e s u l t s f r o m t h e r e m o v a l o f a c t i ve o x y g e n 
a toms ( O ·) f r o m t h e v a p o r p h a s e . A d d i t i o n a l i n h i b i t i o n c a n r e s u l t 
f r o m r e m o v a l o f O H rad i ca l s i n t h e c h a i n - b r a n c h i n g r e a c t i o n s : 

B r O · + · O H - » H B r + 0 2 (8) 

B r O · + · O H —» B r · + H 0 2 (9) 

R e a c t i o n s 5 - 9 e x p l a i n t h e l a c k o f h a l o g e n i n h i b i t i o n i n h y d r o c a r b o n -
n i t r o u s o x i d e f l a m e s w h e r e t h e h y d r o g e n - o x y g e n c h a i n is no t r e 
q u i r e d for o x i d a t i o n (50). S o m e p h o s p h o r u s c o m p o u n d s also h a v e 
b e e n f o u n d to i n h i b i t f l a m i n g c o m b u s t i o n b y th i s m e c h a n i s m (51). 

INCREASED CHAR/REDUCED VOLATILES THEORIES. M o s t o f t h e e v 
i d e n c e r e l a t i n g to t h e m e c h a n i s m o f fire r e t a r d a n c y i n t h e b u r n i n g 
o f w o o d i n d i c a t e s that r e t a r d a n t s a l t e r f u e l p r o d u c t i o n b y i n c r e a s i n g 
t h e a m o u n t o f c h a r a n d r e d u c i n g the a m o u n t o f v o l a t i l e , c o m b u s t i b l e 
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v a p o r s . M a n y f i r e r e t a r d a n t s for w o o d also l o w e r t h e t e m p e r a t u r e at 
w h i c h a c t i v e p y r o l y s i s o c c u r s . 

E a r l y s t u d i e s i n v o l v e d t r e a t m e n t o f w o o d s p e c i m e n s w i t h fire-
r e t a r d a n t c h e m i c a l s , t h e n s u b j e c t i n g t h e t r e a t e d s p e c i m e n s t o 
t h e r m a l ana lys i s b y T G . B r o w n e a n d T a n g (41) t e s t e d e i g h t c o m 
p o u n d s , s o m e o f w h i c h w e r e k n o w n to b e e f fec t ive fire r e t a r d a n t s , 
a n d s o m e o f w h i c h w e r e no t . T h e T G r e s u l t s ( F i g u r e s 8 - 1 0 ) i n d i c a t e 
that a l l c o m p o u n d s i n c r e a s e d t h e r e s i d u a l c h a r w e i g h t o f t h e m a t e r i a l . 
E x c e p t for s o d i u m t e t r a b o r a t e , t h e m o r e e f fect ive t h e salt as a f l a m e 
r e t a r d a n t t h e l o w e r t h e t e m p e r a t u r e o f a c t i v e p y r o l y s i s a n d t h e 
g r e a t e r t h e a m o u n t o f char . T h e s e r e s u l t s w e r e c o n f i r m e d t h r o u g h 
r e p e a t e d e x p e r i m e n t s (45, 46). 

E x p e r i m e n t s w e r e c o n d u c t e d o n t h e p y r o l y s i s p r o d u c t s o f w o o d 
s a m p l e s to a f f i rm that t h e i n c r e a s e d a m o u n t s o f c h a r i n v o l v e d a d e 
c rease i n t h e a m o u n t o f c o m b u s t i b l e tars (52). T h e c h e m i c a l s i n 
c r e a s e d t h e y i e l d o f c h a r , w a t e r , a n d n o n c o n d e n s a b l e gases at t h e 
e x p e n s e o f t h e f l a m m a b l e tar f r a c t i o n . T h e s e r e s u l t s c o n f i r m e d that 
t h e i n c r e a s e d a m o u n t o f r e s i d u a l c h a r i n T G r e s u l t s was assoc ia ted 
w i t h t h e r e d u c t i o n o f t h e c o m b u s t i b l e v o l a t i l e s . 

A p o s s i b l e c h e m i c a l m e c h a n i s m for t h e r e d u c t i o n o f these c o m 
b u s t i b l e v o l a t i l e s is that f i r e - r e t a r d a n t c h e m i c a l s s o m e h o w i n h i b i t e d 
t h e f o r m a t i o n o f l e v o g l u c o s a n ( 1 , 6 - a n h y d r o g l u c o p y r a n o s e ) , a m a j o r 
v o l a t i l e f r a c t i o n o b t a i n e d f r o m t h e t h e r m a l d e g r a d a t i o n o f c e l l u l o s e 
(see C h a p t e r 13). T h e r e s u l t s o b t a i n e d f r o m T G p r o m p t e d m a n y r e 
searchers to invest igate this poss ib le m e c h a n i s m . T h e a m o u n t o f l e v o 
g l u c o s a n p r o d u c e d b y t r e a t e d a n d u n t r e a t e d s p e c i m e n s o f c e l l u l o s e 
was a n a l y z e d a n d t h e r e s u l t s c a n b e f o u n d i n Tab le I (53). A l l the 
c h e m i c a l s i n T a b l e I r e d u c e d t h e p e r c e n t a g e o f l e v o g l u c o s a n r e g a r d 
less o f t h e r e l a t i v e e f fec t iveness o f t h e fire r e t a r d a n t as d e t e r m i n e d 
b y t h e o x y g e n i n d e x test . T h e i r findings i n c l u d e t h e effect o f a c i d i c , 
n e u t r a l , a n d b a s i c a d d i t i v e s o n t h e l e v o g l u c o s a n y i e l d (Table II) . T h e 
a c i d t r e a t m e n t h a d t h e m o s t p r o n o u n c e d effect o n t h e b r e a k d o w n . 
T h e s e r e s u l t s a n d t h e o x y g e n i n d e x resu l t s suggest that a l k a l i a n d 
a c i d t r e a t m e n t s i m p a r t f l a m e r e t a r d a n c y to c e l l u l o s e t h r o u g h d i f 
f e r e n t c h e m i c a l m e c h a n i s m s . 

I n d e g r e e o f p o l y m e r i z a t i o n ( D P ) s t u d i e s o f bo rax t r e a t m e n t s 
a n d a m m o n i u m d i h y d r o g e n o r t h o p h o s p h a t e (53), c e l l u l o s e t r e a t e d 
w i t h t h e a c i d c h a r r e d a n d d e p o l y m e r i z e d v e r y r a p i d l y . Its D P v a l u e 
d e c r e a s e d f r o m 1110 to 6 5 0 after o n l y 2 m i n o f h e a t i n g at 150 °C . 
C e l l u l o s e t r e a t e d w i t h b o r a x s h o w e d a D P r e d u c t i o n f r o m 1300 to 
700 after 1 h o f h e a t t r e a t m e n t at 150 °C . B o t h these c o m p o u n d s 
c a t a l y z e d t h e s u p p r e s s i o n o f l e v o g l u c o s a n f o r m a t i o n b u t t h e y h a d 
d i f f e r e n t effects o n t h e c h a i n d e p o l y m e r i z a t i o n r e a c t i o n (53). 
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T a b l e I . E f f e c t o f I n o r g a n i c A d d i t i v e s o n O x y g e n I n d e x a n d 
L e v o g l u c o s a n P r o d u c t i o n 

Levoglucosan 
Oxygen Index Yield 

Treatment (%) (%) 

U n t r e a t e d 17 .3 10.1 
K H 2 P 0 4 18 .5 0 .9 
K 2 H P 0 4 18.6 0 .2 
N a 2 B 4 0 7 · 1 0 H 2 O 19 .3 < 0 . 1 
Z n C l 2 19 .6 0 .3 
N H 4 H 2 P 0 4 19 .6 0 .8 
H 3 P 0 4 2 0 . 5 < 0 . 1 

(Adapted from Reference 53.) 

T h e n a t u r e o f u n c a t a l y z e d , a c i d - c a t a l y z e d , a n d a l k a l i - c a t a l y z e d 
t h e r m a l d e c o m p o s i t i o n o f l e v o g l u c o s a n was s t u d i e d (54-56). T h e d a t a 
i n T a b l e I I I d e m o n s t r a t e that t h e s a m e p r o d u c t s are o b t a i n e d f r o m 
u n c a t a l y z e d a n d a c i d - o r a l k a l i - c a t a l y z e d r e a c t i o n s , a l t h o u g h t h e 
q u a n t i t i e s p r o d u c e d vary . T h e a c i d - c a t a l y z e d r e a c t i o n p r o d u c e d the 
greatest a m o u n t o f char . T h i s agrees w i t h t h e f i n d i n g s o f F u n g et a l . 
(53). 

F u n g (57) a n d H a l p e r n et a l . (58) i d e n t i f i e d t h e p y r o l y s i s p r o d u c t 
f r o m c e l l u l o s e t r e a t e d w i t h p h o s p h o r i c a c i d as 1 , 6 - a n h y d r o - 3 , 4 - d i -
d e o x y - A 3 ^ - D - p y r a n o s e n - 2 - o n e ( l evog lucosenone ) . H a l p e r n et a l . (58) 
f o u n d t h e s a m e c o m p o u n d w h e n t h e c e l l u l o s e was t r e a t e d w i t h m o -
n o a m m o n i u m p h o s p h a t e ( N H 4 H 2 P 0 4 ) , s o d i u m d i h y d r o g e n p h o s p h a t e 
( N a H 2 P 0 4 ) , o r s o d i u m h y d r o g e n sul fate ( N a H S 0 4 ) . T h e y p r o p o s e d 
t h e m e c h a n i s m i n F i g u r e 11 for t h e a c i d - c a t a l y z e d r e a c t i o n o f 1,6-
a n h y d r o - 3 - D - g l u c o p y r a n o s e (I) t o 1 , 6 - a n h y d r o - 3 , 4 - d i d e o x y - A 3 - 3 - D -
p y r a n o s e n - 2 - o n e ( IV) , a c o m b u s t i b l e p r o d u c t . W o r k w i t h t h e m o d e l 
c o m p o u n d g l u c o v a n i l l i n r e v e a l e d that C o m p o u n d I V was p r o d u c e d 

T a b l e I I . E f f e c t o f A c i d , A l k a l i n e , a n d N e u t r a l A d d i t i v e s 
o n L e v o g l u c o s a n P r o d u c t i o n 

Levoglucosan Levoglucosan Levoglucosan Levoglucosan 
Products (wt %) + 1% KBr + 1% K2CO3 + 1% II3PO4 

c o 2 0.12 0.21 4.05 
C O — — — 1.9 
Levoglucosan 

(undecomposed) 86.05 73.30 63.90 2.28 
C h a r residue 3.16 — — 35.15 

Total 97.38 95.55 80.41 80.58 
(Adapted from Reference 53.) 
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T a b l e I I I . E f f e c t o f A d d i t i v e s o n P r o d u c t i o n o f V a r i o u s 
P y r o l y s i s P r o d u c t s 

Untreated Z n C / 2 NaOH 
Compound (%) (%) (%) 

A c e t a l d e h y d e 1.1 0 .3 7.3 
F u r a n 1.0 1.3 1.6 
A c r o l e i n 1.7 < 0 . 1 2 .6 
M e t h a n o l 0 .3 0 .4 0 .7 
2 , 3 - B u t a n e d i o n e 0 .5 0 .8 1.6 
2 - B u t e n a l 0 .7 0 .2 2 .2 
l - H y d r o x y - 2 - p r o p a n o n e 0 .8 < 0 . 1 1.1 
G l y o x a l 1.4 < 0 . 1 4 .9 
A c e t i c a c i d 1.7 0 .7 1.5 
2 - F u r a l d e h y d e 0 .9 3 .0 0 .4 
5 - M e t h y l - 2 - f u r a l d e h y d e 0.1 0 .3 — 
c o 2 2.9 6.8 5.7 
W a t e r 8.7 20 .1 14.1 
C h a r 3 .9 2 9 . 0 16 .0 
B a l a n c e 7 4 . 3 3 6 . 8 4 0 . 3 

(Adapted from Reference 55.) 

w i t h p h o s p h o r i c a c i d t r e a t m e n t (59). C o m p o u n d I was f o u n d to d e 
c o m p o s e a l m o s t c o m p l e t e l y i n t h e p r e s e n c e o f p h o s p h o r i c a c i d to 
g i v e char , w a t e r , C O , C 0 2 , a n d j u s t a s m a l l a m o u n t o f C o m p o u n d 
IV. T h e a c i d is b e l i e v e d to reac t w i t h t h e c e l l u l o s e to g i v e C o m p o u n d 
I V d i r e c t l y w i t h o u t g o i n g t h r o u g h t h e i n t e r m e d i a t e C o m p o u n d I 
( F i g u r e 11) (58). T h i s m e c h a n i s m o f i n h i b i t i n g f o r m a t i o n o f l e v o g l u 
cosan m a y o n l y ex is t w i t h p h o s p h o r u s - t y p e c o m p o u n d s . S o m e o t h e r 
m e c h a n i s m m a y ex is t for n o n p h o s p h o r u s fire r e t a r d a n t s . 

F l a m e r e t a r d a n t s m a y n o t o n l y c a t a l y z e d e h y d r a t i o n o f t h e c e l 
l u l o s e to m o r e c h a r a n d f e w e r v o l a t i l e s b u t also e n h a n c e the c o n d e n 
sat i on o f t h e c h a r to f o r m c r o s s - l i n k e d a n d t h e r m a l l y s tab le p o l y c y c l i c 
a r o m a t i c s t r u c t u r e s (60). C e l l u l o s e was t r e a t e d w i t h v a r i o u s a d d i t i v e s 
a n d t h e n c h a r r e d at 4 0 0 ° C . T h e chars w e r e t h e n o x i d i z e d w i t h p e r 
m a n g a n a t e (see C h a p t e r 13) a n d t h e r e s u l t s are i n Tab le IV. T h e c h a r 
y i e l d w a s s l i g h t l y h i g h e r f o r t h e s o d i u m c h l o r i d e - t r e a t e d s a m p l e 
( 1 7 . 5 % ) a n d s u b s t a n t i a l l y m o r e f o r t h e s a m p l e c o n t a i n i n g d i a m -
m o n i u m p h o s p h a t e (28 .9%) , as c o m p a r e d to t h e y i e l d f r o m t h e u n 
t r e a t e d s a m p l e (15 .3%) . F u r t h e r m o r e , t h e i n c r e a s e d c h a r f o r m a t i o n 
w a s a c c o m p a n i e d b y i n c r e a s e d a r o m a t i c i t y , as m e a s u r e d b y t h e 
a m o u n t o f t h e a r o m a t i c c a r b o n o b t a i n e d f r o m t h e c h a r a n d t h e 
a m o u n t o b t a i n e d f r o m t h e o r i g i n a l c e l l u l o s e m o l e c u l e s (60). 

T h e i n c r e a s e d c h a r f o r m a t i o n is c a u s e d b y the i n c r e a s e d c o n 
d e n s a t i o n a n d c r o s s - l i n k i n g o f t h e c a r b o n s k e l e t o n , i n a d d i t i o n to any 
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XF 

Figure 11. Proposed mechanism of levoglucosan inhibition (from Refer
ence 58). 

r o l e that i n o r g a n i c f l a m e r e t a r d a n t s p l a y i n d e h y d r a t i o n o f t h e g lucose 
u n i t s i n t h e c e l l u l o s e m o l e c u l e o r i n l o w e r i n g t h e s o l i d - p h a s e c o m 
b u s t i o n rate (60). 

N a n a s s y (61) a lso e x a m i n e d t h e effects o f f i re r e t a r d a n t s o n t h e 
r e s u l t i n g char . H e s t u d i e d t h e effects o f a m m o n i u m d i h y d r o g e n p h o s 
p h a t e o n t h e t h e r m a l d i f fus iv i ty , t h e r m a l c o n d u c t i v i t y , a n d spec i f i c 
heat o f t r e a t e d a n d u n t r e a t e d D o u g l a s - f i r s p e c i m e n s that h a d b e e n 

T a b l e I V . E f f e c t o f I n o r g a n i c A d d i t i v e s o n 
A r o m a t i c C h a r F o r m a t i o n 

Aromatic Carbon 
Char Yield in Char 

Additives (wt %) (wt %) 

N o n e 15 .3 13 .7 
N a C l 17 .5 16 .8 
( N H 4 ) 2 H P 0 4 2 8 . 9 18.6 

(Adapted from Reference 60.) 
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c h a r r e d . T h e t h e r m a l d i f f u s i v i t y o f t r e a t e d s p e c i m e n s d e c r e a s e d f r o m 
a v a l u e o f 10 .04 to 6 .60 m m 2 / s at a t e m p e r a t u r e o f 100 ° C . A t t h e 
s a m e t e m p e r a t u r e t h e t h e r m a l c o n d u c t i v i t y d e c r e a s e d o n l y s l i g h t l y , 
f r o m 6 .50 c W / m ° C to 6 .17 c W / m ° C . T h e spec i f i c heat s h o w e d a 
large i n c r e a s e , f r o m 9.1 d j / g ° C for u n t r e a t e d to 11 .2 d j / g ° C for 
t r e a t e d . T h e l a r g e d e c r e a s e i n d i f f u s i v i t y r e su l t s i n i n c r e a s i n g t h e 
heat s torage c a p a c i t y o f c h a r as e v i d e n c e d b y t h e l a rge i n c r e a s e i n 
t h e spec i f i c heat . 

REDUCED HEAT CONTENT OF VOLATILES THEORIES. F i g u r e 9 s h o w s 
that t h e i n o r g a n i c a d d i t i v e s (except for s o d i u m te traborate ) l o w e r t h e 
t e m p e r a t u r e at w h i c h a c t i v e d e c o m p o s i t i o n b e g i n s a n d th i s r e s u l t i n g 
d e c o m p o s i t i o n l e a d s t o i n c r e a s e d a m o u n t s o f c h a r a n d r e d u c e d 
a m o u n t s o f v o l a t i l e s . I n t h e p r e v i o u s s e c t i o n , th i s i n c r e a s e d a m o u n t 
o f c h a r a n d r e d u c e d a m o u n t o f v o l a t i l e s w e r e a t t r i b u t e d to t h e i n 
c r e a s e d d e h y d r a t i o n r e a c t i o n s , m a i n l y o f t h e c e l l u l o s e c o m p o n e n t o f 
w o o d . H o w e v e r , o t h e r c o m p e t i n g r eac t i ons are also o c c u r r i n g s u c h 
as d e c a r b o n y l a t i o n , d e c o m p o s i t i o n o f s i m p l e r c o m p o u n d s , a n d c o n 
d e n s a t i o n r e a c t i o n s . A l l t h e s e r eac t i ons c o m p e t e w i t h e a c h o ther . A s 
a r e s u l t , shifts f a v o r i n g o n e r e a c t i o n o v e r a n o t h e r also c h a n g e t h e 
o v e r a l l heat o f r e a c t i o n . D i f f e r e n t i a l t h e r m a l ana lys i s is u s e d to d e 
t e r m i n e t h e s e c h a n g e s i n heats o f r eac t i ons a n d c a n h e l p g a i n u n 
d e r s t a n d i n g a b o u t t h e s e c o m p e t i n g r e a c t i o n s . 

D T A o f w o o d i n h e l i u m ( F i g u r e 12) i n d i c a t e s t w o e n d o t h e r m i c 
r eac t i ons f o l l o w e d b y a f e e b l e e x o t h e r m i c o n e . T h e first e n d o t h e r m i c 
r e a c t i o n , w h i c h p e a k s a r o u n d 125 ° C , is c a u s e d b y e v a p o r a t i o n o f 
w a t e r a n d d e s o r p t i o n o f gases; t h e s e c o n d , p e a k i n g b e t w e e n 2 0 0 a n d 
325 ° C , i n d i c a t e s d e p o l y m e r i z a t i o n a n d v o l a t i l i z a t i o n (47). A t 3 7 5 ° C 
these e n d o t h e r m i c r e a c t i o n s are r e p l a c e d w i t h a s m a l l e x o t h e r m i c 
o n e . W h e n t h e w o o d s a m p l e s are r u n i n o x y g e n , these e n d o t h e r m i c 
peaks are r e p l a c e d w i t h s t r o n g e x o t h e r m i c r e a c t i o n s , as e v i d e n c e d i n 
F i g u r e 13 w h i c h has a 10 - f o ld d e c r e a s e i n s e n s i t i v i t y c o m p a r e d to 
F i g u r e 12. T h e first e x o t h e r m , a r o u n d 3 1 0 ° C for w o o d a n d 3 3 5 ° C 
for c e l l u l o s e , is a t t r i b u t e d to t h e f l a m i n g o f v o l a t i l e p r o d u c t s ; t h e 
s e c o n d e x o t h e r m , at 4 4 0 ° C for w o o d a n d 4 4 5 ° C for l i g n i n , is a t t r i b 
u t e d to g l o w i n g c o m b u s t i o n o f t h e r e s i d u a l c h a r (47). T h e s e t h e r 
m o g r a m s a r e q u a l i t a t i v e , b u t t h e y d o i n d i c a t e t h e t e m p e r a t u r e s 
w h e r e o x i d a t i o n o c c u r s . 

D T A o f i n o r g a n i c f i re r e t a r d a n t s r u n i n o x y g e n m a y shift t h e 
p e a k p o s i t i o n t e m p e r a t u r e o r t h e a m o u n t o f heat r e l e a s e d . S o d i u m 
t e t r a b o r a t e r e d u c e d t h e v o l a t i l e p r o d u c t s e x o t h e r m c o n s i d e r a b l y , i n 
c r e a s e d t h e g l o w i n g e x o t h e r m , a n d s t i m u l a t e d t h e a p p e a r a n c e o f a 
s e c o n d g l o w i n g p e a k a r o u n d 5 1 0 ° C , as s e e n i n F i g u r e 14. S o d i u m 
c h l o r i d e also r e d u c e d t h e first e x o t h e r m , i n c r e a s e d t h e s i ze o f t h e 
s e c o n d , b u t d i d no t p r o d u c e a s e c o n d g l o w i n g e x o t h e r m as d i d t h e 
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554 T H E C H E M I S T R Y O F SOLID W O O D 

Figure 12. Differential thermal analysis of untreated wood (top), cellulose 
(middle), and lignin (bottom) run in helium atmosphere (47). 
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Figure 14. Differential thermal analysis of wood (top), cellulose (middle), 
and lignin (bottom) treated with 8% sodium tetraborate decahyarate run 

in oxygen atmosphere (47). 
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s o d i u m t e t r a b o r a t e . A m m o n i u m p h o s p h a t e , i n F i g u r e 15, c a u s e d t h e 
m o s t e f f ec t ive r e d u c t i o n i n t h e h e i g h t o f t h e v o l a t i l e p r o d u c t s p e a k 
a n d also r e d u c e d t h e t e m p e r a t u r e at w h i c h th i s p e a k o c curs . A l s o , 
a m m o n i u m p h o s p h a t e a l m o s t e l i m i n a t e d t h e g l o w i n g e x o t h e r m . 
Tab le V l i s ts t h e r e l a t i v e m a x i m u m heat i n t e n s i t i e s o f t h e v a r i o u s 
i n o r g a n i c s a n d t h e t e m p e r a t u r e s at w h i c h these peaks o c c u r (47). 
F r o m t h i s t a b l e , w e c a n c o n c l u d e that e f fect ive f i re r e t a r d a n t s r e 
d u c e d t h e h e i g h t s o f t h e v o l a t i l e p r o d u c t s e x o t h e r m s b u t h a d d i f f e rent 
effects o n t h e g l o w i n g p e a k . ( T h e effect o n t h e g l o w i n g p e a k w i l l b e 
d i s c u s s e d u n d e r t h e s e c t i o n o n s m o l d e r i n g c o m b u s t i o n . ) F u r t h e r i n 
f o r m a t i o n o n t h e effects o f f i r e - r e t a r d a n t a d d i t i v e s o n p y r o l y s i s a n d 
c o m b u s t i o n is c o n t a i n e d i n R e f e r e n c e s 4 1 , 4 2 , 4 5 - 4 8 , 56 , 6 2 , a n d 
63 . 

T h e heats o f c o m b u s t i o n o f t h e v o l a t i l e p y r o l y s i s p r o d u c t s r e 
l e a s e d at v a r i o u s stages o f v o l a t i l i z a t i o n w e r e d e t e r m i n e d f r o m u n 
t r e a t e d a n d c h e m i c a l l y t r e a t e d p o n d e r o s a p i n e (64). F i r e - r e t a r d a n t 
t r e a t m e n t s r e d u c e d t h e a v e r a g e heat o f c o m b u s t i o n for the v o l a t i l e 
p y r o l y s i s p r o d u c t s r e l e a s e d at t h e e a r l y stage o f p y r o l y s i s b e l o w t h e 
v a l u e assoc ia ted w i t h u n t r e a t e d w o o d at c o m p a r a b l e stages o f v o l a 
t i l i z a t i o n . A t 4 0 % v o l a t i l i z a t i o n , u n t r e a t e d w o o d h a d r e l e a s e d 2 9 % o f 
its v o l a t i l e p r o d u c t s ' h e a t o f c o m b u s t i o n ; t r e a t e d w o o d h a d o n l y r e 
l e a s e d 1 0 - 1 9 % o f i ts t o t a l heat . O f a l l t h e c h e m i c a l s t e s t e d , o n l y 
N a C l , w h i c h is k n o w n to b e a n ine f f e c t i ve f i re r e t a r d a n t , d i d no t 
r e d u c e t h e h e a t c o n t e n t . T h i s r e d u c t i o n i n heat c o n t e n t o f t h e v o l a 
t i les was c o n f i r m e d b y u s i n g t h e r m a l e v o l u t i o n analys i s ( T E A ) (55). 

T h e e f f ec t iveness o f v a r i o u s c o m p o u n d s b y T E A (Table V I ) c a n 
b e c o m p a r e d to t h e e f f ec t iveness d e t e r m i n e d b y T G (Table V I I ) (56). 
E x c e p t for a f e w c o m p o u n d s , s u c h as N a C l , N a H S 0 4 , a n d N a 2 C 0 3 , 
the r a n k i n g o f t h e e f f ec t iveness o f v a r i o u s f i re r e t a r d a n t s b y t h e t w o 
d i f f e r e n t m e t h o d s a g r e e — h i g h e f fec t iveness n u m b e r s b y T G c o r r e 
s p o n d to h i g h e f fec t iveness n u m b e r s b y T E A a n d v i c e v e r s a . T h i s is 
as e x p e c t e d i f w e a s s u m e t h e m e c h a n i s m for f i re r e t a r d a n c y is to 
i n c r e a s e t h e a m o u n t o f c h a r p r o d u c e d a n d l o w e r t h e a m o u n t o f v o l 
a t i l e c o m b u s t i b l e p r o d u c t s . 

A r e a c t i o n c o u l o m e t e r has b e e n u s e d to d e t e r m i n e t h e rate o f 
heat r e l ease f r o m t h e s e c o m b u s t i b l e v o l a t i l e s (65). Tab le V I I I shows 
these r e s u l t s o n t h e effect o f i n o r g a n i c a d d i t i v e s that w e r e o b t a i n e d 
b y u s i n g r e a c t i o n c o u l o m e t r y . T h e t r e a t e d c e l l u l o s e s a m p l e s d e c o m 
p o s e d at l o w e r t e m p e r a t u r e s a n d p r o d u c e d less heat t h a n t h e u n 
t r e a t e d . A d d i t i o n o f 5 % N a O H r e d u c e d t h e heat o f c o m b u s t i o n o f 
c e l l u l o s e v o l a t i l e s at 5 0 0 °C to less t h a n o n e - h a l f o f u n t r e a t e d (65). 

PHOSPHORUS— NITROGEN SYNERGISM THEORIES. AS m e n t i o n e d p r e 
v i o u s l y , o n e r o l e o f p h o s p h o r i c a c i d a n d p h o s p h a t e c o m p o u n d s is to 
c a t a l y z e t h e d e h y d r a t i o n r e a c t i o n o f w o o d to p r o d u c e m o r e char . 
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Figure 15. Differential thermal analysis of wood (top), cellulose (middle), 
ana lignin (bottom) treated with 8% monoammonium phosphate run in 

oxygen atmosphere (47). 
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T a b l e V I . E f f e c t o f I n o r g a n i c A d d i t i v e s o n 
T h e r m a l E v o l u t i o n A n a l y s i s 

Percent Carbon Order of 
Additive at 500 °C Effectiveness 

H 3 P 0 4 13 .9 1 
Z n C l 2 23 .4 2 
N a O H 28 .1 3 
( N H 4 ) 2 H P 0 4 3 0 . 9 4 
N H 4 H 2 P 0 4 

N ^ C O s 
3 8 . 6 5 N H 4 H 2 P 0 4 

N ^ C O s 3 9 . 5 6 
S b C l 3 h y d r a t e 4 5 . 0 7 
H 3 B 0 3 5 5 . 0 8 
N a V 0 3 56 .4 9 
N a 3 P 0 4 5 9 . 1 10 
C a C l 2 5 9 . 6 11 
S b C l 3 6 0 . 6 12 
N a H C 0 3 6 3 . 9 13 
N a C l 64 .1 14 
N a 2 W 0 4 · 2 H 2 0 6 6 . 3 15 
( N H 4 ) 2 S 0 4 6 6 . 5 16 
N a H S 0 4 6 8 . 7 17 
N a 2 B 4 0 7 · 1 0 H 2 O 6 9 . 9 18 
N a H 2 P 0 4 · H 2 0 7 2 . 5 19 
N H 4 C 1 7 3 . 9 20 
U n t r e a t e d 7 6 . 2 21 
( N H 4 ) 2 C 0 3 7 6 . 8 22 

(Adapted from Reference 56.) 

H o w e v e r , th i s r e a c t i o n is a l w a y s i n c o m p e t i t i o n w i t h t h e o t h e r r e a c 
t i ons that are t a k i n g p l a c e ( i . e . , d e c a r b o n y l a t i o n , c o n d e n s a t i o n , d e 
c o m p o s i t i o n ) . T h e m e c h a n i s m o f a p a r t i c u l a r fire r e t a r d a n t is t h e 
s u m m e d effect o f a l l s i m u l t a n e o u s r e a c t i o n s . T h i s s u m m e d effect is 
e s p e c i a l l y e v i d e n t i n t h e s y n e r g i s m o f s o m e c o m p o u n d s ; t h e effect o f 
t w o c o m p o u n d s t o g e t h e r is g r e a t e r t h a n t h e s u m m e d effect o f e a c h 
i n d i v i d u a l o n e a l o n e (9, 51, 71-73). 

P h o s p h o r u s a n d n i t r o g e n h a v e d i s p l a y e d s u c h a s y n e r g i s t i c ef
fect , a n d m u c h w o r k has b e e n d o n e to u n d e r s t a n d th i s . A l t h o u g h 
m o s t o f t h e w o r k has b e e n d o n e o n fabr i c s , the s a m e s y n e r g i s t i c effect 
b e t w e e n p h o s p h o r u s a n d n i t r o g e n appears i n w o o d . 

T h e i n t e r a c t i o n o f p h o s p h o r u s a n d n i t r o g e n c o m p o u n d s p r o 
d u c e s a m o r e e f fec t ive cata lys t for t h e d e h y d r a t i o n b e c a u s e t h e c o m 
b i n a t i o n l eads to f u r t h e r in c reases i n t h e c h a r f o r m a t i o n a n d g r e a t e r 
p h o s p h o r u s r e t e n t i o n i n t h e c h a r (43, 71-73). T h i s r e s u l t m a y b e 
c a u s e d b y t h e c r o s s - l i n k i n g o f t h e c e l l u l o s e d u r i n g p y r o l y s i s t h r o u g h 
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14. LEVAN Chemistry of Fire Retardancy 561 

T a b l e V I I . E f f e c t o f I n o r g a n i c A d d i t i v e s o n 
T h e r m o g r a v i m e t r i c A n a l y s i s 

Percent 
Weight Loss Order of 

Additive at 500 °C Effectiveness 

H 3 P 0 4 61 1 
( N H 4 ) 2 H P 0 4 66 2, 3 
N H 4 H 2 P 0 4 66 2, 3 
Z n C l 2 74 4 
N a O H 79 5 
H3BO3 81 6 
N a C l 82 7 
C a C l 2 83 8 
N a H S 0 4 84 9, 10 
S b C l 3 84 9, 10 
N a V O s 8 5 11 
S b C l 3 h y d r a t e 86 12, 13 
( N H 4 ) 2 S 0 4 86 12, 13 
N a 2 C 0 3 87 14, 15 
N a H 2 P 0 4 · H 2 0 87 14, 15 
N a 2 B 4 0 7 · 1 0 H 2 O 89 16 
N a 2 W 0 4 · 2 H 2 0 9 0 17 
N a 3 P 0 4 91 18 
N a H C 0 3 92 19 
N H 4 C 1 9 3 20 , 2 1 , 22 
( N H 4 ) 2 C 0 3 9 3 20 , 2 1 , 22 
U n t r e a t e d 9 3 20 , 2 1 , 22 

(Adapted from Reference 56.) 

T a b l e V I I I . E f f e c t o f I n o r g a n i c A d d i t i v e s o n H e a t R e l e a s e as 
D e t e r m i n e d b y R e a c t i o n C o u l o m e t r y 

Additive 

AHj (cal/g) 

Additive 200 °C 300 °C 400 °C 5 0 0 °C 

U n t r e a t e d 12 69 3214 3364 
N a H C 0 3 9 175 2384 2565 
N a 2 C 0 3 14 3 9 0 1842 2083 
N a O H 4 5 543 1180 1441 

(Adapted from Reference 65.) 
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es te r f o r m a t i o n w i t h t h e d e h y d r a t i n g agents (71). A l s o t h e p r e s e n c e 
o f a m i n o g r o u p s causes r e t e n t i o n o f t h e p h o s p h o r u s as a n o n v o l a t i l e 
a m i n o salt (71, 73, 74), i n c ont ras t to s o m e p h o s p h o r u s c o m p o u n d s 
that m a y d e c o m p o s e t h e r m a l l y a n d b e r e l e a s e d i n t o t h e v o l a t i l e phase 
( 5 1 ) . A n o t h e r p o s s i b i l i t y is that t h e n i t r o g e n c o m p o u n d s p r o m o t e 
p o l y c o n d e n s a t i o n o f p h o s p h o r i c ac id to p o l y p h o s p h o r i c a c id ( 5 1 ) . P o l y -
p h o s p h o r i c a c i d m i g h t also s e r v e as a t h e r m a l a n d o x y g e n b a r r i e r 
b e c a u s e i t f o r m s a v i s c o u s f l u i d c o a t i n g (75). W h a t e v e r the p a r t i c u l a r 
m e c h a n i s m i s , i t is a p p a r e n t that s o m e o t h e r r eac t i ons are p r e c e d i n g 
t h e d e h y d r a t i o n r e a c t i o n i n o r d e r to m a k e i t m o r e e f fect ive . 

SMOLDERING INHIBITION THEORIES. I n C h a p t e r 1 3 , S h a f i z a d e h 
d e s c r i b e s t h e p y r o l y s i s o f c e l l u l o s e b y t w o p a t h w a y s . T h e f i r s t 
p a t h w a y l eads to a b u n d a n t c h a r that c a n p r o m o t e g l o w i n g . F l a m i n g 
is i n h i b i t e d d u e to t h e l a c k o f c o m b u s t i b l e v o l a t i l e s . T h e s e c o n d 
p a t h w a y l eads to c o m b u s t i b l e l e v o g l u c o s a n a n d o t h e r tars that p r o 
m o t e f l a m i n g ; l i t t l e c h a r r e m a i n s for g l o w i n g . O x i d a t i o n o f t h e c a r 
b o n a c e o u s c h a r p r o m o t e s s m o l d e r i n g c o m b u s t i o n w h i c h is a m o r e 
l o c a l i z e d a n d s l o w e r p rocess t h a n f l a m i n g c o m b u s t i o n . T h i s t y p e o f 
c o m b u s t i o n p r o c e e d s as a m o v i n g f r ont i n t h e s o l i d p h a s e . 

T h e l o w - i n t e n s i t y heat f l u x r e q u i r e d for s m o l d e r i n g c o m b u s t i o n 
is p r o v i d e d b y t h e o x i d a t i o n o f t h e p r e c e d i n g char . D i f f u s i o n o f ox 
y g e n i n t o t h e c h a r is t h e ra te d e t e r m i n i n g s tep i n th i s process . T h e 
r e a c t i o n s o c c u r r i n g i n s m o l d e r i n g c o m p e t e w i t h e a c h o t h e r a n d , 
t h e r e f o r e , are i n f l u e n c e d b y t h e p h y s i c a l c o n d i t i o n s s u c h as m a t e r i a l , 
d e n s i t y , t e m p e r a t u r e o f e x p o s u r e , r a d i a t i o n l o s s e s , a n d a d d i t i v e s 
p r e s e n t . S h a f i z a d e h i n C h a p t e r 1 3 a n d e l s e w h e r e (67, 68) p r o v i d e s a 
g o o d e x p l a n a t i o n for s m o l d e r i n g b e h a v i o r . 

T h e r a t i o o f C O to C 0 2 p r o d u c e d i n s m o l d e r i n g c o m b u s t i o n is 
i n f l u e n c e d b y v a r i o u s a d d i t i v e s (68- 70). P h o s p h a t e s a n d borates i n 
crease t h e C O : C 0 2 r a t i o . M e t a l i ons s u c h as s o d i u m a n d p o t a s s i u m 
r e d u c e th i s r a t i o a n d p r o m o t e s m o l d e r i n g c o m b u s t i o n (68). S m o l d e r 
p r o m o t e r s t e n d to b e e i t h e r m o n o v a l e n t m e t a l ca t i ons o r m e t a l s s u c h 
as i r o n , l e a d , o r c h r o m i u m (70). T h e m e t a l i ons a i d the d i s s o c i a t i o n 
o f t h e a d s o r b e d m o l e c u l a r o x y g e n , t h e r e b y p r o m o t i n g t h e s m o l d e r i n g 
p rocess (60, 67-69). A m m o n i u m p h o s p h a t e a n d b o r i c a c i d , w h i c h are 
k n o w n to i n h i b i t s m o l d e r i n g o r g l o w i n g , m a y i n t e r f e r e w i t h t h e a c t i v e 
s ites t h e r e b y b l o c k i n g t h e process . 

F ire-Retaraant Formulations 
M a n y c h e m i c a l s h a v e b e e n e v a l u a t e d for t h e i r e f fec t iveness as 

f i re r e t a r d a n t s . T o d a y m o s t f i re r e t a r d a n t s for w o o d are b a s e d o n 
p h o s p h o r u s , n i t r o g e n , b o r o n , a l u m i n u m t r i h y d r a t e , a n d a f e w o t h e r 
c o m p o u n d s . P h o s p h o r u s a n d n i t r o g e n are f r e q u e n t l y u s e d t o g e t h e r 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
01

4

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



14. LEVAN Chemistry of Fire Retardancy 
563 

b e c a u s e t h e y b e h a v e s y n e r g i s t i c a l l y ; a m i n o - r e s i n s are a n e x a m p l e o f 
s u c h a c o m b i n a t i o n . T h e c h e m i c a l s d i s c u s s e d i n th is s e c t i o n m a y b e 
e i t h e r p r e s s u r e i m p r e g n a t e d i n t o t h e w o o d o r a p p l i e d to the w o o d 
sur face , d e p e n d i n g o n t h e p a r t i c u l a r f o r m u l a t i o n . 

M o s t fire-retardant f o r m u l a t i o n s are no t res i s tant to l e a c h i n g b y 
water . T h e r e f o r e , t h e r e h a v e b e e n i n c r e a s e d efforts to d e v e l o p l e a c h -
res i s tant c h e m i c a l s that c a n b e i m p r e g n a t e d i n t o w o o d p r o d u c t s for 
use i n e x t e r i o r o r h i g h h u m i d i t y a p p l i c a t i o n s . S o m e o f t h e p r o p o s e d 
l e a c h - r e s i s t a n t s y s t e m s i n c l u d e c h e m i c a l c o m b i n a t i o n s that f o r m i n 
s o l u b l e c o m p l e x e s , a m i n o - r e s i n s y s t e m s , a n d m o n o m e r s that p o l y 
m e r i z e i n t h e w o o d . 

M a j o r C h e m i c a l s . PHOSPHORUS. C o m b i n a t i o n s a l t s o f t h e 
p h o s p h a t e s h a v e b e e n u s e d for r e t a r d i n g w o o d s ince t h e t i m e o f G a y -
L u s s a c . M o n o a m m o n i u m a n d d i a m m o n i u m p h o s p h a t e s h a v e b e e n 
the m o s t e f fec t ive . T h e e f f i c i ency o f p h o s p h o r u s c o m p o u n d s c a n b e 
i n c r e a s e d b y t h e p r e s e n c e o f c e r t a i n n i t r o g e n c o m p o u n d s that p r o 
d u c e a s y n e r g i s t i c effect. T h e a d v a n t a g e o f s u c h s y n e r g i s m is that 
i n c r e a s e d f l a m e - s p r e a d r e s i s t a n c e c a n b e a c h i e v e d w i t h l o w e r c h e m 
i c a l l o a d i n g l e v e l s . T h e a m i n o - r e s i n sys tems are b a s e d o n th is s y n 
e r g i s t i c effect. 

O r g a n o p h o s p h o r u s a n d p o l y p h o s p h a t e c o m p o u n d s a lso h a v e 
b e e n u s e d as fire r e t a r d a n t s . I n o n e s tudy , a m m o n i u m p o l y p h o s p h a t e 
was u s e d at l o a d i n g l e v e l s o f 9 6 k g / m 3 to a c h i e v e a f l a m e - s p r e a d i n d e x 
o f 15 a c c o r d i n g to A S T M Ε 84 (12). T h i s t r e a t m e n t p r o d u c e d l o w 
s m o k e y i e l d s ; h o w e v e r , th i s t r e a t m e n t was c o r r o s i v e to a l u m i n u m , 
s l i g h t l y c o r r o s i v e to m i l d s t e e l , b u t no t c o r r o s i v e to brass (77). I n a 
p a t e n t b y C l e r m o n t (78), p h o s p h o r u s p e n t o x i d e , d i m e t h y l f o r m a m i d e , 
a n d u r e a w e r e u s e d to p r o d u c e fire-retardant p a p e r o r v e n e e r . O t h e r 
pa tents (79, 80) d e s c r i b e t h e r e a c t i o n o f a m m o n i a w i t h p a r t i a l esters 
o f p o l y p h o s p h o r i c a c i d . A l l p a t e n t s d e m o n s t r a t e d s o m e l e a c h r e s i s 
tance o f t h e p h o s p h o r u s . 

BORON. B o r o n c o m p o u n d s h a v e b e e n u s e d to t reat w o o d for 
fire r e t a r d a n c y . B o r a x a n d b o r i c a c i d , t h e p r i m a r y fire-retardant c o m 
p o u n d s , h a v e l o w m e l t i n g p o i n t s a n d f o r m glassy films o n e x p o s u r e 
to h i g h t e m p e r a t u r e . Borax , also k n o w n as s o d i u m tetraborate deca -
h y d r a t e , is a v a i l a b l e i n o t h e r h y d r a t e d states. S o d i u m t e t r a b o r a t e 
p e n t a h y d r a t e c a n b e u s e d i n p l a c e o f t h e d e c a h y d r a t e at a w e i g h t 
rat io o f 74 ( p e n t a h y d r a t e ) to 100 (decahydrate ) (81). 

T h e borax i n h i b i t s sur face f l a m e s p r e a d b u t also c a n p r o m o t e 
s m o l d e r i n g o r g l o w i n g . I n cont ras t , b o r i c a c i d r e d u c e s s m o l d e r i n g 
a n d g l o w i n g c o m b u s t i o n b u t has l i t t l e effect o n f l a m e s p r e a d (82). 
T h e r e f o r e , these c h e m i c a l s are u s e d together . T h i s c o m b i n a t i o n o f 
c h e m i c a l s has s o m e advantages o v e r o t h e r i n o r g a n i c salts . S t r e n g t h 
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tests i n d i c a t e that t h e a l k a l i n e b o r a t e s o l u t i o n s p r o d u c e a s m a l l e r 
r e d u c t i o n o n m o d u l u s o f r u p t u r e ( M O R ) t h a n d o the a c i d t r e a t m e n t s 
(S3). T h e b o r a t e s o l u t i o n is also less c o r r o s i v e a n d less h y g r o s c o p i c . 

A f o r m o f t h e b o r a x a n d b o r i c a c i d s o l u t i o n f r e q u e n t l y u s e d to 
f i r e - r e t a r d w o o d p r o d u c t s is c a l l e d p o l y b o r a n d has a g e n e r a l f o r m u l a 
o f N a 2 B 8 0 1 3 · 4 H 2 0 . W h e n borax , ^ Β 4 0 7 · 1 0 H 2 O , is a d d e d to a 
s a t u r a t e d b o r i c a c i d s o l u t i o n , the s o l u b i l i t y increases . P o l y m e r i z a t i o n 
o f t h e p o l y b o r a t e s r e m o v e s b o r i c a c i d a n d b o r a t e ions f r o m t h e so
l u t i o n , t h u s p e r m i t t i n g m o r e b o r i c a c i d o r borax to d i s s o l v e . T h i s 
r e s u l t i n g s o l u t i o n ( w h i c h is n e a r t h e N a 2 0 / B 2 0 3 ra t i o o f m a x i m u m 
s o l u b i l i t y ) is p o l y b o r . T h i s m a t e r i a l d i s so lves r a p i d l y i n w a t e r to f o r m 
a s u p e r s a t u r a t e d s o l u t i o n . T h e h i g h s o l u b i l i t y o f th i s p r o d u c t is a n 
asset for f i r e - r e t a r d i n g w o o d p r o d u c t s (84). 

B o r o n c o m p o u n d s h a v e b e e n u s e d i n s e v e r a l w a y s to a c h i e v e 
r e d u c e d f l a m m a b i l i t y o f w o o d p r o d u c t s . B o r a x a n d b o r i c a c i d c a n b e 
i n c o r p o r a t e d i n t o p a r t i c l e b o a r d c h i p s be fore a d d i t i o n o f a d i c y a n -
d i a m i d e , p h o s p h o r i c a c i d , a m i n o - r e s i n s y s t e m (85). T h e y c a n also b e 
u s e d to p r o d u c e a fire-retardant h a r d b o a r d . R i e m a n d D w a r s (86) 
a d d e d w a t e r - s o l u b l e a m m o n i u m b o r a t e to w o o d f ibers b e f o r e the 
b o a r d was f o r m e d . A 6 - 7 % b o r o n c o n t e n t p r o d u c e d a h a r d b o a r d that 
h a d a f l a m e s p r e a d o f 2 5 o r less . 

B o r o n c o m p o u n d s c a n b e a d d e d i n c o m b i n a t i o n w i t h o t h e r 
c h e m i c a l s s u c h as n i t r o g e n a n d p h o s p h o r u s . A s o l u t i o n c o n t a i n i n g 
s o d i u m t r i p o l y p h o s p h a t e , b o r i c a c i d , a n d a m m o n i a p r o v i d e s a r e a d y -
to -use t r e a t m e n t o n c e l l u l o s e p r o d u c t s s u c h as p l y w o o d , fiberboard, 
a n d c a r d b o a r d (87). T h e r e s u l t i n g p r o d u c t s passed t h e B r i t i s h S t a n 
d a r d 4 7 6 , S e c t i o n 6 ( F i r e P r o p a g a t i o n test) C l a s s 0 a n d C l a s s I r e 
q u i r e m e n t s o f t h e B r i t i s h S t a n d a r d S e c t i o n 7 ( S u r f a c e S p r e a d o f 
F l a m e ) . 

A l u m i n u m t r i h y d r a t e also c a n b e u s e d i n c o n j u n c t i o n w i t h b o r o n 
c o m p o u n d s , b e c a u s e a s y n e r g i s t i c effect b e t w e e n the b o r o n a n d a l u 
m i n u m t r i h y d r a t e exists (88). H a r d b o a r d , c o n t a i n i n g 2 8 % a l u m i n u m 
t r i h y d r a t e a n d 6 % b o r o n , c a n b e p r o d u c e d a n d has a f l a m e s p r e a d 
o f 25 o r less . T h e a l u m i n u m t r i h y d r a t e is a d d e d to a s l u r r y o f w a t e r 
a n d w o o d fiber. T h e b o r o n s o l u t i o n is a d d e d to the surface o f the 
w e t l a p o r as an i m p r e g n a t e d s o l u t i o n i n a s e c o n d a r y t r e a t m e n t (88). 

ALUMINUM TRIHYDRATE. T h e u t i l i t y o f a l u m i n u m t r i h y d r a t e as a 
f l a m e r e t a r d a n t is b a s e d o n its e n d o t h e r m i c d e h y d r a t i o n to a l u m i n u m 
o x i d e a n d w a t e r . I n a b s o r b i n g s o m e o f the heat o f c o m b u s t i o n a n d 
l o w e r i n g t h e t e m p e r a t u r e o f t h e s u b s t r a t e n e a r t h e f l a m e , t h e h y d r a t e 
f u n c t i o n s as a c h e m i c a l heat s i n k . T h e w a t e r v a p o r p r o v i d e d b y s u c h 
a c t i o n d i l u t e s t h e gaseous reactants i n the f l a m e u n t i l a l l t h e w a t e r 
o f c r y s t a l l i z a t i o n is e x h a u s t e d . 

A l u m i n u m t r i h y d r a t e also c a n b e u s e d as the o n l y fire-retardant 
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i n g r e d i e n t i n t h e p r o d u c t i o n o f fiberboard (89). H o w e v e r , o t h e r r e 
s e a r c h i n d i c a t e s that i t is m o r e e f fect ive w h e n u s e d i n c o m b i n a t i o n 
w i t h o t h e r c h e m i c a l s (88, 9 0 , 91). H a r d b o a r d a n d p a r t i c l e b o a r d c a n 
b e p r o d u c e d b y i n c o r p o r a t i n g b o r o n c o m p o u n d s (as m e n t i o n e d p r e 
v i o u s l y ) a n d a m i n o - r e s i n s y s t e m s . 

MISCELLANEOUS CHEMICALS. T h e p o s s i b i l i t i e s for v a r i o u s c o m 
b i n a t i o n s o f t h e c h e m i c a l s a l r e a d y d i s c u s s e d are e n d l e s s . T h e r e h a v e 
b e e n s o m e efforts w i t h o t h e r c h e m i c a l s that h a v e n o t b e e n s t u d i e d 
as i n t e n s i v e l y as t h e p h o s p h o r u s , b o r o n , a n d a l u m i n u m c o m p o u n d s . 
B r o m i n a t e d l i g n i n su l f onate a n d b r o m i n a t e d K r a f t l i g n i n (92) r e d u c e d 
t h e c h a r l e n g t h o f p a p e r t r e a t e d w i t h th i s s o l u t i o n . T u r n b o et a l . (93) 
i n c o r p o r a t e d 1, l , 2 , 4 - t e t r a b r o m o - 2 - b u t e n e w i t h a n o r g a n i c s o l v e n t i n 
o r d e r to sur face coat w o o d s p l i n t s . T h e s p l i n t s t r e a t e d w i t h t h e so
l u t i o n c o n t a i n i n g 8 0 % o f t h e 1, l , 2 , 4 - t e t r a b r o m o - 2 - b u t e n e h a d a l i m 
i t i n g o x y g e n i n d e x o f 4 2 c o m p a r e d to 21 for u n t r e a t e d a c c o r d i n g to 
A S T M D 2 8 6 3 (93). 

O x a l a t e s also h a v e b e e n u s e d as fire r e t a r d a n t s for w o o d p r o d u c t s 
(94). T h e y b e h a v e l i k e o t h e r i n o r g a n i c salts . S p e c i m e n s i m p r e g n a t e d 
w i t h p o t a s s i u m oxalate p r o m o t e d d e g r a d a t i o n o f w o o d c o m p o n e n t s 
i n t h e t e m p e r a t u r e r a n g e o f 1 8 0 - 3 2 0 ° C as w e l l as r e t a r d i n g a c t i ve 
d e c o m p o s i t i o n d u r i n g f l a m i n g c o m b u s t i o n . 

L e a c h - R e s i s t a n t C h e m i c a l s . INSOLUBLE COMPLEXES. L e a c h -
res i s tant fire r e t a r d a n t s c a n b e f o r m e d b y r e a c t i n g s o l u b l e salts w i t h 
m e t a l salts to f o r m i n s o l u b l e , m e t a l l i c salt c o m p l e x e s . S o d i u m s i l i ca te 
r e a c t e d w i t h c a l c i u m c h l o r i d e f o r m e d a n i n s o l u b l e , h y d r a t e d c a l c i u m 
s i l i ca te (95). A p p l i c a t i o n o f a 2 0 % d i a m m o n i u m p h o s p h a t e s o l u t i o n , 
f o l l o w e d b y a 2 0 % m a g n e s i u m sul fate s o l u t i o n , has b e e n p r o p o s e d as 
a r e a d y - t o - u s e t r e a t m e n t for w o o d roofs (96). T h i s c o m b i n a t i o n f o r m s 
a n i n s o l u b l e m a g n e s i u m a m m o n i u m p h o s p h a t e a n d is r e c o m m e n d e d 
for roofs that are 5 years o l d o r o lder . Test r e su l t s i n d i c a t e that th i s 
t r e a t m e n t p r o v i d e s i n c r e a s e d f l a m e - s p r e a d p r o t e c t i o n . 

M c C a r t h y et a l . (97) t e s t e d a z i n c , c o p p e r , c h r o m i u m , a r s e n i c , 
p h o s p h o r u s p r e s e r v a t i v e o n f ence posts . T h e a d d i t i o n o f t h e z i n c a n d 
p h o s p h o r u s e l i m i n a t e d t h e a f t e r g l o w p r o b l e m c a u s e d b y th i s t r e a t 
m e n t . H o w e v e r , i n c o r p o r a t i o n o f t h e p h o s p h o r u s r e d u c e d the effec
t i v e n e s s o f t h e d e c a y r e s i s t a n c e . 

AMINO-RESINS. T h e m o s t w i d e l y s t u d i e d l e a c h - r e s i s t a n t s y s t e m s 
are t h e a m i n o - r e s i n s . G o l d s t e i n a n d D r e h e r (98) first a p p l i e d these 
s y s t e m s as f i r e r e t a r d a n t s . B a s i c a l l y , t h e a m i n o - r e s i n sys tems i n v o l v e 
t h e c o m b i n a t i o n o f a n i t r o g e n s o u r c e ( i . e . , u r e a , m e l a m i n e , g u a n i -
d i n e , o r d i c y a n d i a m i d e ) w i t h f o r m a l d e h y d e to p r o d u c e a m e t h y l o -
l a t e d a m i n e . T h e n e w p r o d u c t is t h e n r e a c t e d w i t h a p h o s p h o r u s 
c o m p o u n d s u c h as p h o s p h o r i c a c i d . B e c a u s e t h e r e is a s y n e r g i s t i c 
effect b e t w e e n t h e p h o s p h o r u s a n d t h e n i t r o g e n , r e d u c e d l o a d i n g 
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l e v e l s c a n a c h i e v e t h e s a m e l e v e l o f fire r e t a r d a n c y as e a c h c o m p o u n d 
a l o n e (9, 9 9 , 100). A c o m p o s i t i o n c o n t a i n i n g 1.4% p h o s p h o r u s a n d 
0 . 4 % n i t r o g e n w i l l g i v e t h e s a m e d e g r e e o f f i r e - r e t a r d a n t e f f e c t ive 
ness as o n e w i t h 3 . 5 % p h o s p h o r u s a l o n e . 

I n t h e past , t h e p r o b l e m s w i t h t h e a m i n o - r e s i n sys tems w e r e its 
l i m i t e d p o t l i f e , l e a c h i n g o f t h e p h o s p h o r u s , a n d excess f o r m a l d e h y d e 
e m i s s i o n . R e c e n t r e s e a r c h has a d d r e s s e d these p r o b l e m s . 

R e s e a r c h e r s at t h e E a s t e r n F o r e s t P r o d u c t s L a b o r a t o r y i n 
C a n a d a h a v e e v a l u a t e d t h e u r e a a n d m e l a m i n e a m i n o - r e s i n sys tems 
(9, 57, 99-110). T h e i r w o r k d e m o n s t r a t e s that b o t h sys tems s h o w 
g o o d l e a c h r e s i s t a n c e a n d r e d u c e d f l a m e s p r e a d . T h e s t a b i l i t y o f 
these r e s ins is c o n t r o l l e d b y t h e rate o f m e t h y l o l a t i o n o f t h e u r e a , 
m e l a m i n e , a n d d i c y a n d i a m i d e . T h e o p t i m u m m o l e ra t i o for s t a b i l i t y 
o f these s o l u t i o n s is 1:3:12:4 for u r e a o r m e l a m i n e , d i c y a n d i a m i d e , 
f o r m a l d e h y d e , a n d o r t h o p h o s p h o r i c a c i d . H o w e v e r , e v e n at t h e o p 
t i m u m m o l e ra t i o s , t h e p o t l i f e o f t h e m e l a m i n e s y s t e m is less t h a n 
that o f t h e u r e a s y s t e m . I n b o t h sys tems the n i t r o g e n is fixed to a 
g r e a t e r d e g r e e t h a n t h e p h o s p h o r u s . H o w e v e r , t h e d e g r e e o f fixation 
o f t h e p h o s p h o r u s is g r e a t e r w i t h t h e m e l a m i n e t h a n w i t h t h e u r e a . 
T h e m e l a m i n e s t r u c t u r e m a y p r o m o t e f o r m a t i o n o f c o m p o u n d s w i t h 
p h o s p h o r i c a c i d that are less s o l u b l e t h a n those f r o m u r e a a n d d i 
c y a n d i a m i d e . 

A n o t h e r m e t h o d to i n c r e a s e t h e s t a b i l i t y o f t h e s o l u t i o n , e s p e 
c i a l l y for t r a n s p o r t p u r p o s e s , is to use m o n o m e t h y l o l d i c y a n d i a m i d e . 
T h i s e l i m i n a t e s t h e n e e d for a d d i n g f o r m a l d e h y d e a n d decreases the 
p o l y m e r i z a t i o n rate d u r i n g t r a n s p o r t . S o l i d m o n o m e t h y l o l d i c y a n 
d i a m i d e was m i x e d w i t h s o l i d m e l a m i n e (111, 112). T h i s s o l i d c o m 
p o s i t i o n c a n t h e n b e s h i p p e d to t r e a t i n g fac i l i t i es w h e r e i t is m i x e d 
w i t h w a t e r a n d t h e n r e a c t e d w i t h p h o s p h o r i c a c i d . A s i m i l a r m o d i 
fication a l l o w s d i c y a n d i a m i d e to react w i t h f o r m a l d e h y d e at e l e v a t e d 
t e m p e r a t u r e s u n t i l n o f ree f o r m a l d e h y d e exists ( H i ) . T h e m e l a m i n e 
is t h e n a d d e d a n d the s o l u t i o n c a n b e s h i p p e d . B o t h m o d i f i c a t i o n s 
i n c r e a s e t h e s t a b i l i t y o f t h e s o l u t i o n a n d e l i m i n a t e t h e excess for 
m a l d e h y d e . 

A n o t h e r a d v a n t a g e o f t h e a m i n o - r e s i n sys tems is t h e i r a p p l i c a 
b i l i t y to s o l i d w o o d a n d w o o d - c o m p o s i t e p r o d u c t s . C e d a r s h i n g l e s 
w e r e t h e first p r o d u c t s t r e a t e d w i t h th is t y p e o f fire-retardant s y s t e m 
(99, 100, 113, 114). C o m m e r c i a l l y t r e a t e d s h i n g l e s a v a i l a b l e i n the 
U . S . are b a s e d o n these s y s t e m s . G e n e r a l l y , these sys tems e x h i b i t 
g o o d d u r a b i l i t y to o u t d o o r w e a t h e r i n g w h e n t e s t e d o v e r e x t e n d e d 
p e r i o d s (115-17). 

T h e a m i n o - r e s i n s a r e a l s o s u i t e d for u s e o n w o o d - c o m p o s i t e 
p r o d u c t s . I n s o m e cases t h e fire r e t a r d a n t c a n act as the b i n d e r for 
p a r t i c l e b o a r d (99, 100), t h e a d h e s i v e for p l y w o o d (99, 100), o r a 
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f l a m e - r e t a r d a n t f i n i s h sea ler for d e c o r a t i v e p l y w o o d (100, 118, 119). 
I n o t h e r cases, t h e a m i n o r e s i n is a d d e d as t h e f i re r e t a r d a n t to t h e 
fiber finish u s e d i n m a k i n g p a r t i c l e b o a r d (120) a n d h a r d b o a r d (121, 
122). A l l p r o d u c t s d e m o n s t r a t e r e d u c e d f l a m e s p r e a d . H o w e v e r , t h e 
a m o u n t o f a m i n o - r e s i n i n c o r p o r a t e d g o v e r n s t h e d e g r e e o f f l a m e -
s p r e a d r e d u c t i o n . T h e a m o u n t i n c o r p o r a t e d i n v o l v e s a c o m p r o m i s e 
a m o n g t h e p r o p e r t i e s o f t h e b o a r d s u c h as f l a m e s p r e a d , s t r e n g t h , 
a n d d i m e n s i o n a l s tab i l i t y . 

OTHER METHODS. O t h e r m e t h o d s u s e d to i m p r o v e t h e l e a c h 
res i s tance o f fire r e t a r d a n t s i n c l u d e m a n y d i f f e r e n t t e c h n i q u e s . M o s t 
i n v o l v e i n c o r p o r a t i n g a m o n o m e r i n t o t h e w o o d , f o l l o w e d b y a c u r i n g 
p r o c e d u r e . M o s t o f t h e i n v e s t i g a t e d m o n o m e r s are o r g a n o p h o s p h o r u s 
c o m p o u n d s that c a n b e u s e d a l o n e (123-25) o r w i t h o t h e r fire-re
t a r d a n t salts (126-28). A d d i t i o n o f c o m b u s t i b l e p o l y m e r s ( i . e . , p o l y -
m e t h y l m e t h a c r y l a t e , p o l y s t y r e n e ) r e s u l t i n h i g h e r v a l u e s o f p e r 
c e n t b u r n e d t h a n t h e c o n t r o l d u e to the a d d i t i o n a l a m o u n t o f c o m 
b u s t i b l e m a t e r i a l . T h e a d d i t i o n o f fire-retardant salts r e d u c e s th i s 
v a l u e c o n s i d e r a b l y , a l t h o u g h n o t to t h e l e v e l o f the fire-retardant salt 
a l one . O t h e r m o n o m e r s i n v e s t i g a t e d i n c l u d e t e t r a k i s ( h y d r o x y m e t h -
y l ) p h o s p h o n i u m c h l o r i d e ( T H P C ) (115, 117, 129), o t h e r salts o f t h e 
t e t r a k i s ( h y d r o x y m e t h y l ) p h o s p h o n i u m g r o u p (130), a n d a c y c l i c s u l -
f o n i u m z w i t t e r i o n m o n o m e r (131). A l t h o u g h s e v e r a l o f these t e c h 
n i q u e s m a y h a v e p o s s i b i l i t i e s t h e y h a v e no t b e e n r e s e a r c h e d t h o r 
o u g h l y . 

O f a l l t h e p r o p o s e d l e a c h - r e s i s t a n t f o r m u l a t i o n s , o n l y the a m i n o -
r e s i n s y s t e m s are u s e d c o m m e r c i a l l y . T h e h i g h costs o f m a n y o f t h e 
o t h e r p r o p o s e d t e c h n i q u e s l i m i t t h e i r a c c e p t a b i l i t y . 

Future Research 

A l t h o u g h m u c h r e s e a r c h has b e e n d o n e o n fire r e t a r d a n t s for 
w o o d , t h e r e are m a n y areas w h e r e i m p r o v e m e n t s are n e e d e d . 

L e a c h - R e s i s t a n t C o m p o u n d s . P r o g r e s s f o r i m p r o v i n g t h e 
l e a c h a b i l i t y o f fire r e t a r d a n t s has b e e n m a d e i n t h e past decades . 
S e v e r a l c o m m e r c i a l t r e a t m e n t s are a v a i l a b l e for e x t e r i o r use . H o w 
ever , e v e n these d e m o n s t r a t e s o m e l e a c h i n g o f c h e m i c a l s . F u r t h e r 
w o r k n e e d s to b e d o n e to i n c r e a s e t h e l e a c h res i s tance o f these t r e a t 
m e n t s w i t h o u t e x c e s s i v e l y i n c r e a s i n g t h e cost . I m p r o v e d l e a c h r e s i s 
tance w i l l b e n e c e s s a r y to e x p a n d w o o d p r o d u c t s i n t o c o m m e r c i a l 
a n d i n s t i t u t i o n a l b u i l d i n g s . 

I m p r o v e d F i r e - R e t a r d a n t T r e a t m e n t s f o r P a n e l P r o d 
uc t s . F i r e - r e t a r d a n t t r e a t m e n t for p a n e l p r o d u c t s is also a n a r e a 
w h e r e r e s e a r c h efforts n e e d to b e c o n c e n t r a t e d . C u r r e n t l y , t h e r e is 
o n l y o n e c o m m e r c i a l l y a v a i l a b l e f i r e - r e t a r d a n t - t r e a t e d p a r t i c l e b o a r d 
that qua l i f i e s for u s e i n c o m m e r c i a l a n d i n s t i t u t i o n a l b u i l d i n g s . E x -
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p a n d i n g t h e w o o d p r o d u c t s m a r k e t to s u c h b u i l d i n g s w i l l i n c r e a s e 
t h e d e m a n d for th i s p r o d u c t . H o w e v e r , fire-retardant t r e a t m e n t s for 
p a n e l p r o d u c t s s t i l l suf fer f r o m c e r t a i n d i s a d v a n t a g e s , p r i m a r i l y r e 
d u c t i o n o f p h y s i c a l p r o p e r t i e s b e c a u s e o f the fire r e t a r d a n t . F u r t h e r 
w o r k n e e d s to b e d o n e o n t h e d e v e l o p m e n t o f fire-retardant t r e a t 
m e n t s that m i n i m i z e t h e s e u n d e s i r a b l e effects o n t h e p r o p e r t i e s o f 
t r e a t e d w o o d . A l t e r n a t e t r e a t i n g t e c h n i q u e s w o u l d e x p a n d t h e range 
o f fire-retardant t r e a t m e n t s that c o u l d b e u s e d a n d also r e d u c e the 
cost . 

E f f e c t i v e C o a t i n g S y s t e m s . R e s e a r c h w o r k i n t h e a r e a o f i n 
t u m e s c e n t coa t ings w o u l d b e n e f i t b o t h s o l i d a n d c o m p o s i t e w o o d 
p r o d u c t s . I n s o m e i n s t a n c e s , t h e c o a t i n g s y s t e m is t h e m o r e cost -
e f fec t ive t r e a t m e n t , p a r t i c u l a r l y i n cases o f r e t r o f i t t i n g a b u i l d i n g . 
F u r t h e r w o r k n e e d s to b e d o n e o n i m p r o v i n g t h e d u r a b i l i t y a n d 
e f fec t iveness o f c oa t ings . A l s o , coat ings are n e e d e d that are d u r a b l e 
to e x t e r i o r w e a t h e r i n g , e s p e c i a l l y U V d e g r a d a t i o n . I n t u m e s c e n t coat 
ings i n c o r p o r a t e d w i t h a d h e s i v e b i n d e r s h a v e b e e n s u g g e s t e d for use 
i n p a n e l p r o d u c t s . 

R e d u c e d S m o k e a n d T o x i c i t y . T h e s m o k e a n d tox i c p r o d u c t s 
o f c o m b u s t i o n are a p r o b l e m o f g r o w i n g c o n c e r n . U n t i l r e c e n t l y , th i s 
p r o b l e m has b e e n o v e r l o o k e d i n d e v e l o p i n g fire r e t a r d a n t s . F u t u r e 
f o r m u l a t i o n s w i l l n o t o n l y h a v e to l i m i t f l a m e s p r e a d , b u t also l i m i t 
s m o k e a n d t ox i c c o m b u s t i o n p r o d u c t s . A d d i t i o n o f s m o k e s u p p r e s 
sants to s o m e f o r m u l a t i o n s m a y i m p r o v e s o m e s y s t e m s . M o d i f i c a t i o n 
o f s y s t e m s m a y also b e n e c e s s a r y to m e e t p o s s i b l e c o d e r e s t r i c t i o n s . 
M o r e r e s e a r c h is n e c e s s a r y i n th i s a r e a to u n d e r s t a n d the m e c h a n i s m 
o f s m o k e p r o d u c t i o n a n d a c c u m u l a t i o n . 

B a s i c M e c h a n i s m s . F i n a l l y , f u r t h e r w o r k is n e c e s s a r y o n f u n 
d a m e n t a l m e c h a n i s m s o f i n d i v i d u a l fire r e t a r d a n t s . T h e s e m e c h a 
n i s m s are a f u n c t i o n o f t h e p a r t i c u l a r c h e m i c a l s i n v o l v e d a n d the 
e n v i r o n m e n t a l c o n d i t i o n s o f t h e fire e x p o s u r e . T h e r e is a n e e d to 
e s t a b l i s h c o m m o n m e t h o d s a n d c o n d i t i o n s f or d e t e r m i n i n g t h e s e 
m e c h a n i s m s i n o r d e r to c o m p a r e d i f f e r e n t t r e a t m e n t s . T h i s w o u l d 
g i v e us a b e t t e r u n d e r s t a n d i n g o f h o w these c o m p o u n d s w o r k i n 
a c t i o n a n d w o u l d p r o v i d e a m o r e e f f i c i ent a p p r o a c h for f o r m u l a t i n g 
fire-retardant s y s t e m s t h a n a t r i a l a n d e r r o r a p p r o a c h . C o r r e l a t i o n s 
also n e e d to b e e s t a b l i s h e d b e t w e e n r a p i d p r e c i s e t h e r m a l ana lys i s 
m e t h o d s a n d s t a n d a r d c o m b u s t i o n t es t s . R e t a r d a n t f o r m u l a t i o n s 
c o u l d b e e v a l u a t e d i n i t i a l l y o n s m a l l e r ( research a n d d e v e l o p m e n t 
size) s a m p l e s . T h e m o r e p r o m i s i n g t r e a t m e n t s c o u l d b e t e s t e d for 
f l a m e - s p r e a d i n d e x , h e a t r e l ease r a t e , a n d tox ic s m o k e p r o d u c t i o n . 

Summary 

T h e a d d i t i o n o f fire r e t a r d a n t s c a n r e d u c e t h e f l a m m a b i l i t y o f 
w o o d ; h o w e v e r , t h i s m a y o c c u r at the e x p e n s e o f r e l a t e d w o o d p r o p -
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e r t i e s s u c h as s t r e n g t h o r i n c r e a s e d s m o k e p r o d u c t i o n . T h e r e f o r e , 
f i re r e t a r d a n t s are f o r m u l a t e d for bes t o v e r a l l p e r f o r m a n c e , i n c l u d i n g 
f l a m e s p r e a d , s m o k e r e d u c t i o n , a n d r e d u c e d rates o f heat r e l ease . 
T h e c h e m i c a l s c a n b e a p p l i e d to w o o d p r o d u c t s as e i t h e r an i m p r e g 
n a t e d s o l u t i o n o r a c o a t i n g . T h e a p p l i c a t i o n m e t h o d d e p e n d s o n t h e 
f o r m u l a t i o n a n d t h e e n d - u s e o f t h e p r o d u c t . 

M e c h a n i s m . N o s i n g l e m e c h a n i s m e x p l a i n s t h e a c t i o n o f a l l fire 
r e t a r d a n t s , so t h e y p r o b a b l y w o r k t h r o u g h a c o m b i n a t i o n o f s e v e r a l 
m e c h a n i s m s . T h e m e c h a n i s m s o f fire r e t a r d a n t s i n w o o d i n v o l v e a 
c o m p l e x ser ies o f s i m u l t a n e o u s r e a c t i o n s w h o s e p r o d u c t s m a y affect 
s u b s e q u e n t r e a c t i o n s . P y r o l y s i s o f c e l l u l o s e i n v o l v e s d e h y d r a t i o n , d e 
p o l y m e r i z a t i o n , d e c a r b o n y l a t i o n , d e c o m p o s i t i o n o f s m a l l e r c o m 
p o u n d s , c o n d e n s a t i o n , a n d o t h e r r e a c t i o n s . T h e s e p y r o l y s i s r eac t i ons 
o c c u r b o t h i n t h e s o l i d p h a s e a n d v a p o r p h a s e . A d d i t i o n o f fire r e 
tardants w i l l a l t e r t h e r e a c t i o n s ; h o w e v e r , th i s a l t e r a t i o n w i l l d e p e n d 
o n t h e a d d i t i v e s , t h e m a t e r i a l , a n d t h e t h e r m a l - p h y s i c a l e n v i r o n 
m e n t . T h e p r e s e n c e o f o x y g e n adds s u b s e q u e n t a n d c o m p e t i t i v e ox 
i d a t i o n r e a c t i o n s to t h e a b o v e ser ies . T h e s e o x i d a t i v e r eac t i ons c a n 
take p l a c e i n b o t h t h e s o l i d a n d v a p o r phases . E v i d e n c e i n d i c a t e s 
that m o s t f i re r e t a r d a n t s r e d u c e c o m b u s t i b l e v o l a t i l e s p r o d u c t i o n a n d 
l i m i t c o m b u s t i o n to t h e s o l i d p h a s e . T h e bes t r e t a r d a n t s also i n h i b i t 
s o l i d - p h a s e o x i d a t i o n to e f f e c t i v e l y r e m o v e t h e f u e l f r o m t h e fire. 

L i g n i n t h e r m a l l y d e c o m p o s e s to c h a r a n d c o n t r i b u t e s l i t t l e to 
f l a m i n g c o m b u s t i o n . M o s t o f t h e f l a m i n g c o m b u s t i o n f r o m w o o d is 
a t t r i b u t e d to t h e h e m i c e l l u l o s e a n d c e l l u l o s e . H o w e v e r , l i g n i n does 
s u p p o r t o x i d a t i o n i n t h e s o l i d p h a s e . S o m e fire r e t a r d a n t s , s u c h as 
p h o s p h o r u s a n d b o r i c a c i d , i n h i b i t o x i d a t i o n i n t h e s o l i d p h a s e ; o t h e r 
a d d i t i v e s , s u c h as s o d i u m c o m p o u n d s , m a y p r o m o t e i t . 

I n a d d i t i o n t o t h e c h e m i c a l m e c h a n i s m s o f f i r e r e t a r d a n t s , 
t h e r m a l o r b a r r i e r - t y p e m e c h a n i s m s m a y b e o p e r a t i v e . C o a t i n g s m a y 
p r e v e n t o x y g e n f r o m r e a c h i n g t h e w o o d sur face . D i l u t i o n o f c o m 
b u s t i b l e gases b y n o n c o m b u s t i b l e gases a n d i n h i b i t i o n o f f l a m i n g b y 
free rad i ca l s c a n also b e i n effect. T h e r e f o r e , fire r e t a r d a n c y o f w o o d 
i n v o l v e s m a n y c o m p l e x r e a c t i o n s . T h e e f fec t iveness o f a p a r t i c u l a r 
fire r e t a r d a n t d e p e n d s o n t h e o v e r a l l s u m m a t i o n o f these c o m p e t i t i v e 
a n d s e q u e n t i a l r e a c t i o n s a n d t h e t h e r m a l a n d p h y s i c a l e n v i r o n m e n t 
o f t h e m a t e r i a l . 

F o r m u l a t i o n s . F i r e - r e t a r d a n t f o r m u l a t i o n s are n u m e r o u s , a l 
t h o u g h m o s t o f t h e m are b a s e d o n t h e i n o r g a n i c salts , s u c h as d i a m -
m o n i u m p h o s p h a t e s . I n c r e a s e d e m p h a s i s o n i m p r o v i n g t h e r e l a t e d 
w o o d p r o p e r t i e s assoc ia ted w i t h f i re r e t a r d a n t s has l e d to m a n y i n 
t e r e s t i n g a n d c r e a t i v e f o r m u l a t i o n s a n d processes . 

P h o s p h o r o u s c o m p o u n d s are t h e m a i n c h e m i c a l s u s e d i n m o s t 
f o r m u l a t i o n s . T h e s e c o m p o u n d s r a n g e f r o m i n e x p e n s i v e a m m o n i u m 
p h o s p h a t e s to t h e m o r e exo t i c ones s u c h as p h o s p h o r o u s p e n t o x i d e 
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a n d p o l y p h o s p h o r i c a c ids . I m p r o v i n g t h e l e a c h res i s tance o f t h e p h o s 
p h o r o u s c o m p o u n d s is a m a j o r p r o b l e m . 

T h e b o r o n s are also e f fec t ive a n d e f f i c ient f i re r e t a r d a n t s for 
w o o d . T h e y are l e a c h a b l e b u t t h e y d o no t r e d u c e the s t r e n g t h o r 
i n c r e a s e t h e h y g r o s c o p i c i t y o f t h e w o o d as s o m e o t h e r c o m p o u n d s 
do . L i t t l e w o r k has b e e n d o n e o n t h e m e c h a n i s m o f a c t i o n o f t h e 
b o r o n s . 

O t h e r c o m p o u n d s s u c h as a l u m i n u m t r i h y d r a t e a n d s i l i ca te c o m 
p o u n d s h a v e a lso b e e n t r i e d as f i re r e t a r d a n t s for w o o d . T h e s e c o m 
p o u n d s w o r k bes t i n c o m b i n a t i o n w i t h o t h e r c h e m i c a l s , e s p e c i a l l y 
those i n w h i c h t h e b e h a v i o r is s y n e r g i s t i c . 

F u t u r e R e s e a r c h . I m p r o v e m e n t s i n l e a c h - r e s i s t a n t c h e m i c a l s 
h a v e b e e n a p r i m a r y c o n c e r n o v e r t h e past d e c a d e . A d v a n c e s h a v e 
b e e n m a d e i n l e a c h - r e s i s t a n t sys tems s u c h as the a m i n o - r e s i n sys 
t e m s ; h o w e v e r i m p r o v e m e n t s s t i l l n e e d to b e m a d e i n l e a c h - r e s i s t a n t 
c o m p o u n d s w i t h o u t i n c r e a s i n g t h e cost . O t h e r areas w h e r e r e s e a r c h 
o n f i r e r e t a r d a n t s n e e d s to b e c o n d u c t e d are i n c o a t i n g s y s t e m s , 
e s p e c i a l l y those that are d u r a b l e to w e a t h e r i n g a n d U V d e g r a d a t i o n ; 
r e d u c t i o n o f s m o k e a n d tox i c p r o d u c t s , i m p r o v e m e n t s i n f i r e - r e t a r 
d a n t t r e a t m e n t s for p a n e l p r o d u c t s ; a n d f u n d a m e n t a l w o r k o n t h e 
m e c h a n i s m s o f p a r t i c u l a r f o r m u l a t i o n s . 
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15 
Degradation of Wood by Chemicals 

IRVING S. GOLDSTEIN 
Department of Wood and Paper Science, North Carolina State University, 
Raleigh, NC 27695-8005 

The loss of its identity as wood is an inevitable conse
quence when wood is pulped or converted into chemi
cals. But wood also is exposed frequently to the action 
of chemicals during other types of processing and during 
ordinary use, yet it still retains its identity as solid wood. 
These initial processes of chemical attack and the accom
panying changes in some important properties of the 
wood are described. Hydrolysis and oxidation are the 
most important degradative processes. The sites of initial 
hydrolytic attack are acetal linkages in carbohydrates 
and aryl ether linkages in lignin. Mechanisms for these 
hydrolytic and oxidative reactions are given. The prin
cipal consequences of chemical attack on the poly
meric components of wood are depolymerization and sol
ubilization. 

IN CONSIDERING THE EFFECT OF CHEMICALS ON WOOD, i t is u s u a l to focus 
o n t h e e n d r e s u l t o f t h e c h e m i c a l a c t i o n . S u c h aspects as t h e f rac 
t i o n a t i o n o f w o o d i n t o its separate c o m p o n e n t s , the c o n v e r s i o n o f t h e 
w o o d c o m p o n e n t s i n t o v a r i o u s l o w m o l e c u l a r w e i g h t o r p o l y m e r i c 
p r o d u c t s , a n d t h e d e t e r i o r a t i o n o f w o o d b y c h e m i c a l s are s o m e o f t h e 
m a j o r ca tegor i es i n t o w h i c h w o o d c h e m i s t r y a n d t e c h n o l o g y m a y b e 
d i v i d e d . 

A l t h o u g h a p p a r e n t l y d i v e r s e , the categor ies o f s o l i d w o o d p r o 
c e s s i n g , p u l p i n g , a n d c o n v e r s i o n i n t o c h e m i c a l s d o possess a c o m m o n 
f ea ture . W h a t e v e r t h e final p r o d u c t o r p r o d u c t s o r t h e b e h a v i o r o f 
i n t e r m e d i a t e s , a l l t h e processes b e g i n w i t h t h e i n t e r a c t i o n o f a c h e m 
i c a l r e a g e n t w i t h t h e b o n d s a n d f u n c t i o n a l g r o u p s p r e s e n t i n t h e 
w o o d . B e c a u s e t h e s t r u c t u r e s o f w o o d a n d its c o m p o n e n t s are q u i t e 
w e l l d e f i n e d , i t is p o s s i b l e to r e l a t e these i n i t i a l processes to spec i f i c 
r e a c t i o n s o f r eagents a n d r e a c t i v e sites i n t h e w o o d . 

A s these r e a c t i o n s p r o c e e d i t is i n e v i t a b l e that changes i n o n e 
o r m o r e i m p o r t a n t p r o p e r t i e s o f t h e w o o d w i l l o c cur . T h e s e changes 
are c o m m o n l y c a l l e d degradation, a l t h o u g h t h e v a l u e o f t h e r e s u l t a n t 

0065-2393/84/0207-0575/$06.00/0 
© 1984 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ch
01

5

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



576 T H E C H E M I S T R Y O F SOLID W O O D 

w o o d p u l p o r w o o d sugar m a y b e g r e a t e r t h a n that o f t h e s t a r t i n g 
m a t e r i a l . P e r h a p s d i s o r g a n i z a t i o n w o u l d b e a b e t t e r t e r m , b u t d e g 
r a d a t i o n does a p p l y to s u c h p r o p e r t i e s as s t r e n g t h a n d co lor . 

I n th i s c h a p t e r t h e e m p h a s i s w i l l b e o n t h e i n i t i a l processes o f 
c h e m i c a l at tack . D u r i n g t h e e a r l y stages o f a n y t y p e o f c h e m i c a l 
p r o c e s s i n g t h e w o o d s t i l l r e t a i n s i ts i d e n t i t y as s o l i d w o o d . T h u s , 
d e s p i t e a n y c h a n g e s i n p r o p e r t i e s o r d e g r a d a t i o n r e s u l t i n g f r o m 
c h e m i c a l a c t i o n , these i n i t i a l p rocesses s t i l l f a l l w i t h i n the f r a m e w o r k 
o f th i s b o o k . 

Sites of Initial Attack 
T h e o n l y c h e m i c a l r e a c t i o n s that c a n affect t h e p r o p e r t i e s o f 

w o o d are those i n v o l v i n g c h e m i c a l b o n d s o r f u n c t i o n a l g r o u p s p r e s e n t 
i n t h e w o o d . I t w i l l b e h e l p f u l , t h e r e f o r e , to r e v i e w t h e s t r u c t u r e o f 
t h e w o o d c o m p o n e n t s w i t h s p e c i a l a t t e n t i o n to t h e m o s t a b u n d a n t 
f ea tures . T h e n , spec i f i c r e a c t i o n s at these sites c a n b e c o n s i d e r e d . 

S t r u c t u r e o f W o o d C o m p o n e n t s . A s d e s c r i b e d i n C h a p t e r 2, 
w o o d cons is ts o f c e l l u l o s e , h e m i c e l l u l o s e s , l i g n i n , a n d e x t r a c t i v e s . 
T h e first t h r e e a re p o l y m e r i c a n d are i n t i m a t e l y assoc ia ted w i t h e a c h 
o t h e r at t h e m o l e c u l a r l e v e l to f o r m t h e c e l l w a l l . C a r b o h y d r a t e c o n 
t e n t ( c e l lu l ose a n d h e m i c e l l u l o s e s ) m a y r e a c h 7 5 % o f t h e w o o d s u b 
s tance , so t h e r e a c t i o n s o f c a r b o h y d r a t e s are e s p e c i a l l y i m p o r t a n t . 
A l t h o u g h t h e e x t r a c t i v e s are e x t r a n e o u s m a t e r i a l s , t h e i r p r e s e n c e c a n 
o f ten i n f l u e n c e r e a c t i o n s w i t h t h e c e l l w a l l m a t e r i a l s , a n d s o m e w o o d 
p r o p e r t i e s a lso m a y b e a f fec ted b y r e a c t i o n s i n v o l v i n g e x t r a c t i v e s . 

CELLULOSE. C e l l u l o s e ( C h a p t e r 2 , F i g u r e 1) is a l o n g c h a i n 
p o l y m e r o f β-D-glucose i n t h e p y r a n o s e f o r m . A n i m p o r t a n t f ea ture 
o f t h e c e l l u l o s e s t r u c t u r e is t h e t e n d e n c y for t h e i n d i v i d u a l c e l l u l o s e 
c h a i n s to f o r m b u n d l e s o f c r y s t a l l i n e o r d e r h e l d t o g e t h e r b y h y d r o g e n 
b o n d s b e t w e e n t h e h y d r o x y l g r o u p s o f ad jacent c h a i n s . T h i s c r y s t a l -
l i n i t y i n f l u e n c e s r e a c t i v i t y b y c o n t r o l l i n g t h e access o f reagents o r 
e n z y m e s to f u n c t i o n a l g r o u p s a n d c h e m i c a l b o n d s w i t h i n t h e c r y s 
t a l l i n e r e g i o n s , a n d also b y i n t e r f e r i n g w i t h the changes i n g e o m e t r y 
r e q u i r e d for t h e t r a n s i t i o n states o f v a r i o u s r e a c t i o n s . T h e a m o r p h o u s 
o r l e s s - o r d e r e d r e g i o n s o f t h e c e l l u l o s e are no t sub je c t to these r e 
s t r i c t i o n s . 

T h e h y d r o x y l g r o u p s i n c e l l u l o s e are o f t w o t y p e s , a s i n g l e p r i 
m a r y h y d r o x y l o n e a c h a n h y d r o g l u c o s e u n i t as w e l l as t w o v i c i n a l 
trans s e c o n d a r y h y d r o x y Is. N e x t i n a b u n d a n c e after t h e h y d r o x y l 
g r o u p s are t h e a c e t a l l i n k a g e s that f o r m t h e p y r a n o s e r i n g s a n d , b y 
g l y c o s i d i c b o n d s , c o n n e c t t h e g lucose r i n g s i n t h e c e l l u l o s e c h a i n . 
E n d g r o u p s are o f m u c h less i m p o r t a n c e i n a h i g h p o l y m e r s u c h as 
c e l l u l o s e . A l d e h y d i c f u n c t i o n a l i t y is to b e e x p e c t e d b u t , d e p e n d i n g 
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o n t h e h i s t o r y o f t h e s a m p l e , c a r b o x y l g r o u p s are not u n u s u a l . T h e 
c a r b o n y l c o n t e n t o f t h e c e l l u l o s e c o m p o n e n t m a y also v a r y w i t h its 
h i s t o r y ; th i s i n d i c a t e s that s o m e reac t i ons m a y take p l a c e a l o n g t h e 
c h a i n . 

HEMICELLULOSE. H e m i c e l l u l o s e s ( C h a p t e r 2 , F i g u r e 4 ) d i f f e r 
f r o m c e l l u l o s e i n that t h e y cons i s t , for t h e m o s t p a r t , o f p e n t o s e a n d 
hexose sugars o t h e r t h a n g l u c o s e , a re u s u a l l y b r a n c h e d , a n d h a v e 
m u c h l o w e r d e g r e e s o f p o l y m e r i z a t i o n . T h e y are no t c r y s t a l l i n e , so 
d o n o t p r e s e n t t h e s a m e b a r r i e r s to a c c e s s i b i l i t y as does c e l l u l o s e . 

A g a i n h y d r o x y l g r o u p s are m o s t a b u n d a n t . H o w e v e r , p r i m a r y 
h y d r o x y l g r o u p s m a y b e a b s e n t as i n t h e x y l a n s . A c e t a l l i n k a g e s a n d 
b a c k b o n e e n d g r o u p s c o r r e s p o n d to those i n c e l l u l o s e . I n a d d i t i o n 
t h e h e m i c e l l u l o s e s c o n t a i n e s t e r b o n d s i n the f o r m o f a c e t y l g r o u p s . 
U r o n i c a c i d g r o u p s c o n t r i b u t e b o t h an ace ta l l i n k a g e a n d a c a r b o x y l 
g r o u p . M e t h y l e t h e r s are also p r e s e n t , b u t are o f n o c o n c e r n i n th i s 
d i s c u s s i o n . L i g n i n — c a r b o h y d r a t e c o v a l e n t b o n d i n g m a y also exist as 
es ters , e t h e r s , o r acetals . 

LIGNIN. L i g n i n s ( C h a p t e r 2 , F i g u r e 6 ) are t h r e e - d i m e n s i o n a l 
n e t w o r k p o l y m e r s f o r m e d f r o m p h e n y l p r o p a n e u n i t s . T h e m o s t 
c o m m o n l i n k a g e s b e t w e e n t h e p h e n y l p r o p a n e u n i t s are s h o w n i n 
F i g u r e 1 a n d t h e i r p e r c e n t a g e s are g i v e n i n Tab le I ( I ) . I t is a p p a r e n t 
that e t h e r l i n k a g e s a re v e r y i m p o r t a n t i n l i g n i n , w i t h β-aryl e t h e r s 
(A) m o s t a b u n d a n t a n d b e n z y l ( a ) - a r y l e t h e r s (C) a n d d i p h e n y l e t h e r s 
(G) s i gn i f i cant . L i g n i n s also c o n t a i n 1 - 1 . 5 m e t h o x y l g r o u p s p e r p h e n 
y l p r o p a n e u n i t , a n d m u c h s m a l l e r rat ios o f free p h e n o l i c h y d r o x y l 
( 0 . 0 9 - 0 . 3 0 ) , b e n z y l a l c o h o l ( 0 . 1 5 - 0 . 2 0 ) , a n d c a r b o n y l ( 0 . 2 0 ) g r o u p s . 

EXTRACTIVES. E x t r a c t i v e s are t h e e x t r a n e o u s p l a n t c o m p o n e n t s 
that c a n b e d i s s o l v e d a w a y f r o m t h e i n s o l u b l e c e l l w a l l m a t e r i a l . T h e y 
i n c l u d e m a n y d i f f e r e n t k i n d s o f c h e m i c a l s . T h e r e a c t i v e f u n c t i o n a l 
g r o u p s e n c o u n t e r e d i n c l u d e a c i d s , a l d e h y d e s , a l c o h o l s , s t i l b e n e s , 
p h e n o l s , q u i n o n e s , a n d esters . 

H y d r o l y t i c R e a c t i o n s . P r o b a b l y t h e m o s t i m p o r t a n t r e a c t i o n s , 
w i t h r e g a r d to t h e i r i m p a c t o n t h e p r o p e r t i e s o f w o o d , i n v o l v e s o m e 
t y p e o f h y d r o l y s i s . B o t h c a r b o h y d r a t e s a n d l i g n i n are af fected , a n d 
h y d r o l y s i s is e n c o u n t e r e d i n a l m o s t e v e r y k i n d o f w o o d p r o c e s s i n g . 

CARBOHYDRATES. T h e t w o f u n c t i o n a l g r o u p s s u b j e c t to h y d r o 
lys i s i n w o o d p o l y s a c c h a r i d e s a re t h e es te r a n d ace ta l l i n k a g e s , o f 
w h i c h t h e acetals are m o r e i m p o r t a n t b e c a u s e o f t h e i r g r e a t e r a b u n 
d a n c e a n d t h e i r r o l e i n c o n n e c t i n g t h e m o n o s a c c h a r i d e s i n t h e p o l y 
m e r s . H y d r o l y s i s m a y take p l a c e u n d e r b o t h a c i d i c a n d a l k a l i n e c o n 
d i t i o n s . T h e e x t e n t a n d c o n s e q u e n c e s o f a c i d h y d r o l y s i s are greater . 

E s t e r g r o u p s i n w o o d p o l y s a c c h a r i d e s are for t h e m o s t p a r t a c e t y l 
s u b s t i t u e n t s o n t h e h e m i c e l l u l o s e c o m p o n e n t s . I n t h e p r e s e n c e o f 
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K > K > 

Figure 1. The most common linkages between phenylpropane units in 
lignins. (For proportions see Table I.) (Reproduced with permission from 

Ref 18. Copyright 1981, Academic Press.) 

a l k a l i t h e s e are h y d r o l y z e d to l i b e r a t e f ree h y d r o x y l g r o u p s o n t h e 
h e m i c e l l u l o s e a n d acetate i ons i n t h e s o l u t i o n . H y d r o x y l i ons i n so
l u t i o n are r e p l a c e d b y t h e acetate l e a d i n g to a r e d u c t i o n i n a l k a l i n i t y . 
I n c o n j u n c t i o n w i t h t h e f ree c a r b o x y l g r o u p s p r e s e n t i n t h e c e l l w a l l 
c o m p o n e n t s a n d e x t r a c t i v e s th i s c o n s u m p t i o n o f a l k a l i c a n n e u t r a l i z e 
s i g n i f i c a n t q u a n t i t i e s o f a n a l k a l i n e r e a g e n t a n d p o s s i b l y l i m i t f u r t h e r 
a l k a l i n e h y d r o l y s i s . 

U n d e r a c i d i c c o n d i t i o n s , h o w e v e r , t h e l i b e r a t i o n o f f ree ace t i c 
a c i d d u r i n g h y d r o l y s i s o f t h e esters c a n i n c r e a s e t h e a c i d i t y a n d e n 
h a n c e f u r t h e r h y d r o l y s i s o f n o t o n l y a d d i t i o n a l e s t e r g r o u p s , b u t 
ace ta l l i n k a g e s a n d l i g n i n b o n d s as w e l l . A p r i m e e x a m p l e is t h e so -
c a l l e d a u t o h y d r o l y s i s r e a c t i o n (2) i n w h i c h ace t i c a c i d l i b e r a t e d b y 
s t e a m c a n cause c o m p l e t e h y d r o l y s i s o f t h e h e m i c e l l u l o s e s a n d c o n 
v e r t t h e l i g n i n i n t o s o l u b l e f r a g m e n t s . 

A c i d h y d r o l y s i s o f t h e ace ta l l i n k a g e s i n w o o d p o l y s a c c h a r i d e s 
f o l l ows t h e n o r m a l h y d r o l y s i s o f g l y c o p y r a n o s i d e s w i t h fission o f t h e 
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g l y c o s y l o x y g e n b o n d b e t w e e n t h e r i n g s . T h e m e c h a n i s m i n v o l v e s 
p r o t o n a t i o n o f th i s o x y g e n a t o m , f o l l o w e d b y s l o w b r e a k d o w n o f the 
c o n j u g a t e a c i d to t h e c y c l i c c a r b o n i u m i o n , w h i c h is t h e n a t t a c k e d 
r a p i d l y b y w a t e r . T h e r e a c t i o n m e c h a n i s m is d e p i c t e d i n F i g u r e 2. 
B e c a u s e t h e f o r m a t i o n o f t h e c y c l i c c a r b o n i u m i o n is the rate d e t e r 
m i n i n g s t e p , t h e h y d r o l y s i s ra te is a f fected m a r k e d l y b y the c r y s t a l -
l i n i t y o f t h e p o l y s a c c h a r i d e . T h e i o n m u s t a s s u m e a p a r t i a l l y p l a n a r 
h a l f - c h a i r c o n f i g u r a t i o n , b u t t h e i n t e r m o l e c u l a r h y d r o g e n b o n d s i n 
c r y s t a l l i n e r e g i o n s as i n c e l l u l o s e w o u l d t e n d to k e e p t h e p y r a n o s e 
r i n g i n i ts p u c k e r e d c h a i r f o r m a n d thus r e t a r d t h e f o r m a t i o n o f t h e 
p l a n a r i n t e r m e d i a t e r e q u i r e d for h y d r o l y s i s (3). F o r th is a n d o t h e r 
p o s s i b l e reasons t h e h e t e r o g e n e o u s rate o f c e l l u l o s e h y d r o l y s i s is sev 
e r a l o r d e r s o f m a g n i t u d e less t h a n that o f s i m p l e g l y c o s i d e s o r n o n 
c r y s t a l l i n e p o l y s a c c h a r i d e s (4). T h u s , i n i t i a l attack b y ac ids i n v o l v i n g 
a c e t a l h y d r o l y s i s i n c e l l u l o s e w o u l d i n v o l v e o v e r w h e l m i n g l y t h e 
a m o r p h o u s r e g i o n s to t h e a l m o s t c o m p l e t e e x c l u s i o n o f the c r y s t a l l i n e 
r e g i o n s . I n t h e n o n c r y s t a l l i n e h e m i c e l l u l o s e s a l l acetals are s u s c e p 
t i b l e to i n i t i a l a t tack . 

U n d e r a l k a l i n e c o n d i t i o n s h y d r o l y s i s o f g l y c o p y r a n o s i d e s is m u c h 
s l o w e r a n d p r o c e e d s o n l y at h i g h e r t e m p e r a t u r e s . T h e m e c h a n i s m 
m a y i n v o l v e i n t r a m o l e c u l a r d i s p l a c e m e n t o f t h e e x o c y c l i c g l y c o s i d i c 
o x y g e n w i t h f o r m a t i o n o f a c y c l i c 1 , 6 - a n h y d r o g l y c o p y r a n o s e (5). 

T a b l e I . P e r c e n t a g e s o f D i f f e r e n t T y p e s o f B o n d s i n L i g n i n s 
o f S p r u c e a n d B i r c h 

Bond Type0 

Spruce Birch 
Bond Type0 ( P i c e a ab ies ) ( B e t u l a v e r r u c o s a ) 

A r y l g l y c e r o I - 3 - a r y l e t h e r (A) 48 60 
G l y c e r a l d e h y d e - 2 - a r y l 

e t h e r (B) 2 2 
N o n c y c l i c benzyl(ot)-

a r y l e t h e r (C) 6 - 8 6 - 8 
P h e n y l c o u m a r a n (D) 9 - 1 2 6 
2 - o r 6 - P o s i t i o n c o n d e n s e d 

s t r u c t u r e s (E) 2 . 5 - 3 1 . 5 - 2 . 5 
B i p h e n y l ( F ) 9 . 5 - 1 1 4 .5 
D i p h e n y l e t h e r (G) 3 . 5 - 4 6 .5 
1 , 2 - D i a r y l p r o p a n e - 1 , 

3 - d i o l (H) 7 7 
β , β - L i n k e d s t r u c t u r e s (I) 2 3 

" Letters A - 1 refer to F i g u r e 1. 
(Reproduced with permission from Réf. 1. Copyright 1977, Springer -Ver lag . ) 
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^ CH2OH 

OH H,OCH 3 

OH H.OCH3 •cHaOH "O 

Di 

Figure 2. Acid-catalyzed hydrolysis of glucopuranosides. In addition to 
glucose (G), small amounts of aisaccharides (Di) are aho formed. (Re
produced with permission from Ref 18. Copynght 1981, Academic Press.) 

LIGNIN. T h e c h e m i c a l b e h a v i o r o f l i g n i n i n d e g r a d a t i v e reac 
t i ons has b e e n s t u d i e d e x t e n s i v e l y b y s u b j e c t i n g m o d e l c o m p o u n d s 
as w e l l as v a r i o u s l i g n i n p r e p a r a t i o n s to the a p p r o p r i a t e c o n d i t i o n s . 
T h e s e s t u d i e s h a v e b e e n u s e f u l i n i n t e r p r e t i n g b o t h the s t r u c t u r e o f 
l i g n i n a n d i ts r e a c t i o n s . A m o n g t h e s e i n v e s t i g a t i o n s h y d r o l y s i s o f 
l i g n i n l i n k a g e s u n d e r b o t h a c i d i c a n d a l k a l i n e c o n d i t i o n s has r e c e i v e d 
m u c h a t t e n t i o n (6). 

E v e n m i l d h y d r o l y s i s w i t h hot w a t e r o r d i l u t e ace t i c a c i d is c a 
p a b l e o f c l e a v i n g t h e eas i l y h y d r o l y z a b l e b e n z y l ( a ) - a r y l e t h e r l i n k a g e s 
( C i n F i g u r e 1), w h i l e l e a v i n g t h e β-aryl e t h e r l i n k a g e s (A i n F i g u r e 
1) l a r g e l y in tac t (7). A s i m i l a r c l eavage o f a - a r y l e t h e r b o n d s i n a c i d 
su l f i t e p u l p i n g p r o v i d e s t h e p r i n c i p a l f r a g m e n t a t i o n o f l i g n i n i n that 
process . M o r e v i g o r o u s a c i d o l y s i s o f l i g n i n as b y d i o x a n e - w a t e r (9:1) 
c o n t a i n i n g 0 .2 M H C I does c l e a v e t h e β-aryl e t h e r l i n k a g e , p r e s u m 
a b l y v i a a b e n z y l l i u m i o n a n d an e n o l a r y l e t h e r (8). 

C l e a v a g e o f C - C b o n d s c a n also o c c u r d u r i n g a c i d h y d r o l y s i s , 
p r o b a b l y b y r e v e r s e c o n d e n s a t i o n reac t i ons . F o r m a l d e h y d e has b e e n 
o b t a i n e d f r o m β—y c l e a v a g e i n y i e l d s a p p r o a c h i n g 4 % u p o n h e a t i n g 
l i g n i n s w i t h 1 2 % H C I o r 2 8 % H 2 S U 4 (9). S m a l l a m o u n t s o f v a n i l l i n 
a n d v a n i l l i c a c i d e n c o u n t e r e d i n a c i d o l y s i s c o u l d o n l y r e s u l t f r o m a -
β c l eavage . 
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W h e n e x p o s e d to a l k a l i n e r e a g e n t s at e l e v a t e d t e m p e r a t u r e s 
l i g n i n u n d e r g o e s m a i n l y c l eavage o f t h e e t h e r l i n k a g e s b e t w e e n t h e 
p h e n y l p r o p a n e u n i t s w i t h l i b e r a t i o n o f p h e n o l i c h y d r o x y l g r o u p s . 
C l e a v a g e o f C — C b o n d s a n d s e c o n d a r y c o n d e n s a t i o n reac t i ons also 
o ccur . 

B e n z y l ( a ) - a r y l e t h e r l i n k a g e s are c l e a v e d b y a l k a l i i f t h e r e is a 
free p h e n o l i c h y d r o x y l g r o u p para to t h e p r o p y l s i d e c h a i n o r a n 
ad jacent h y d r o x y l i n t h e β-pos i t ion (10). Q u i n o n e m e t h i d e i n t e r m e 
d iates are i n v o l v e d i n t h e f o r m e r h y d r o l y s i s a n d e p o x i d e s i n t h e la t ter . 

A l k a l i n e c l e a v a g e o f n o n p h e n o l i c β - e t h e r s o c c u r s t h r o u g h a n 
e p o x i d e i f t h e r e is a n ad jacent h y d r o x y l o r c a r b o n y l g r o u p i n t h e α 
o r 7 - p o s i t i o n (11). T h e β-aryl e t h e r s also u n d e r g o c l eavage t h r o u g h 
th is m e c h a n i s m , b u t t h e c l e a v a g e is less f a v o r e d t h a n f o r m a t i o n o f a n 
e n o l e t h e r u n l e s s s u l f i d e i o n s a r e a lso p r e s e n t (12). D i a r y l e t h e r 
c l eavage o c c u r s o n l y to a m i n o r ex tent . M e t h o x y l g r o u p s i n l i g n i n 
g e n e r a l l y are res i s tant t o w a r d a l k a l i n e h y d r o l y s i s . 

F o r m a l d e h y d e l i b e r a t i o n f r o m 7 - m e t h y l o l g r o u p s b y a l k a l i n e 
c l eavage o f t h e β - 7 C - C b o n d has b e e n o b s e r v e d , a n d the a c t i o n o f 
ho t a l k a l i o n l i g n i n to f o r m v a n i l l i n b y c l eavage o f t h e α - β C - C b o n d s 
is w e l l k n o w n . T h e s i m u l t a n e o u s f o r m a t i o n o f a c e t a l d e h y d e i n t h e 
l a t t e r c a s e r e s u l t s f r o m a r e v e r s e a l d o l c o n d e n s a t i o n . T r a c e s o f 
g u a i a c o l f o u n d a f t e r a l k a l i n e h y d r o l y s i s o f w o o d m a y r e s u l t f r o m 
c l eavage o f t h e C - C b o n d b e t w e e n t h e α c a r b o n a n d t h e r i n g . 

O x i d a t i v e R e a c t i o n s . O x i d i z i n g reagents affect b o t h t h e c a r 
b o h y d r a t e a n d l i g n i n c o m p o n e n t s o f w o o d . It m i g h t b e i n f e r r e d that 
l i g n i n is m o r e s u s c e p t i b l e to o x i d a t i o n b e c a u s e s e l e c t i v e r e m o v a l o f 
l i g n i n f r o m c a r b o h y d r a t e b y o x i d a t i o n is t h e basis o f a n a n a l y t i c a l 
p r o c e d u r e for h o l o c e l l u l o s e as w e l l as t h e b l e a c h i n g o f p u l p s . H o w 
ever , c a r b o h y d r a t e o x i d a t i o n c a n n o t b e n e g l e c t e d , e s p e c i a l l y w h e n 
c o n s i d e r i n g t h e i n i t i a l processes o f c h e m i c a l attack o n s o l i d w o o d . 
C e l l u l o s e is q u i t e s e n s i t i v e t o w a r d o x i d i z i n g reagents . 

CARBOHYDRATES. M i l d o x i d a n t s s u c h as c h l o r i n e , b r o m i n e , o r 
i o d i n e r e a d i l y c o n v e r t t h e a l d e h y d e e n d g r o u p s i n t h e w o o d p o l y s a c 
c h a r i d e s to a l d o n i c a c i d e n d g r o u p s . N i t r o g e n d i o x i d e s e l e c t i v e l y c o n 
ver t s t h e p r i m a r y h y d r o x y l g r o u p s o n C - 6 i n c e l l u l o s e to c a r b o x y l 
g r o u p s (13). P e r i o d i c a c i d is a spec i f i c o x i d a n t for v i c i n a l d i o l s a n d 
y i e l d s f o r m a l d e h y d e f r o m p r i m a r y h y d r o x y l g r o u p s a n d a l d e h y d e s 
f r o m secondary . 

A l t h o u g h t h e o x i d a t i o n o f p o l y s a c c h a r i d e s b y ha logens is c o n 
fined l a r g e l y to t h e a l d e h y d i c e n d g r o u p , a n d o x i d a t i o n b y p e r i o d i c 
a c i d to g ly co l s a n d n i t r o g e n d i o x i d e is c o n f i n e d to t h e p r i m a r y h y 
d r o x y l g r o u p , o t h e r o x i d i z i n g agents are less spec i f i c a n d m a y affect 
a l l these g r o u p s as w e l l as e i t h e r o f the s e c o n d a r y h y d r o x y l g r o u p s . 
S t r o n g e r o x i d a n t s s u c h as n i t r i c a c i d , p o t a s s i u m d i c h r o m a t e , a n d p o -
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t a s s i u m p e r m a n g a n a t e c a n cause e x t e n s i v e o x i d a t i v e d e g r a d a t i o n to 
a ser ies o f d i c a r b o x y l i c a c ids . 

A n i m p o r t a n t o x i d a t i v e d e g r a d a t i o n o f p o l y s a c c h a r i d e s o c curs b y 
t h e a c t i o n o f m o l e c u l a r o x y g e n i n t h e p r e s e n c e o f a l k a l i . T h i s r e a c t i o n 
is u s e f u l i n t h e c o n t r o l l e d d e p o l y m e r i z a t i o n o f a l k a l i c e l l u l o s e be fo re 
e t h e r i f i c a t i o n , b u t m o r e f r e q u e n t l y w i l l h a v e u n d e s i r a b l e c o n s e 
q u e n c e s . T h e m e c h a n i s m i n v o l v e s attack b y rad i ca l s g e n e r a t e d b y 
d e c o m p o s i t i o n o f h y d r o p e r o x i d e s , a n d is c a t a l y z e d b y t r a n s i t i o n 
m e t a l s s u c h as c oba l t , i r o n , o r m a n g a n e s e . P e r o x i d e d e c o m p o s i t i o n 
m a y b e i n h i b i t e d p a r t l y b y m a g n e s i u m salts o r c o m p l e x i n g agents for 
t h e t r a n s i t i o n m e t a l s . O x i d a t i v e d e g r a d a t i o n b y f ree rad i ca l s is also 
i n v o l v e d i n e x p o s u r e o f w o o d c a r b o h y d r a t e s to i o n i z i n g r a d i a t i o n . 

C a r b o n y l g r o u p s are i n t r o d u c e d i n t o p o l y s a c c h a r i d e s b y t h e ac 
t i o n o f c h l o r i n e , h y p o c h l o r i t e , a n d o z o n e . U n d e r a l k a l i n e c o n d i t i o n s 
g l y c o s i d i c b o n d s m a y b e c l e a v e d . H y d r o g e n p e r o x i d e a n d c h l o r i n e 
d i o x i d e react m u c h m o r e s l o w l y w i t h p o l y s a c c h a r i d e s , a n d c o n s e 
q u e n t l y are less d e g r a d i n g . 

LIGNIN. S t u d i e s o f t h e o x i d a t i o n o f l i g n i n h a v e r e c e i v e d i m p e t u s 
f r o m b o t h a t t e m p t s to e l u c i d a t e t h e s t r u c t u r e o f l i g n i n a n d to u n d e r 
s t a n d s u c h t e c h n i c a l p rocesses as b l e a c h i n g o f p u l p . T h e reac t i ons 
m a y b e c l a s s i f i e d i n t o t h r e e ca tegor i es : d e g r a d a t i o n o f l i g n i n to a r o 
m a t i c c a r b o n y l c o m p o u n d s a n d c a r b o x y l i c ac ids , d e g r a d a t i o n o f a r o 
m a t i c r i n g s , a n d o x i d a t i o n o f spécifie f u n c t i o n a l g r o u p s (14). 

T h e f i rs t c a t e g o r y i n c l u d e s o x i d a t i o n s w i t h n i t r o b e n z e n e , m o l e c 
u l a r o x y g e n , o r m e t a l ox ides u n d e r a l k a l i n e c o n d i t i o n s . A r o m a t i c r i n g 
d e g r a d a t i o n r e s u l t s f r o m e x p o s u r e to p e r a c e t i c a c i d , n i t r i c a c i d , 
c h l o r i n e , c h l o r i n e d i o x i d e , o z o n e , a n d the a n i o n s o f h y p o c h l o r o u s 
a n d c h l o r o u s ac ids . N e u t r a l p e r m a n g a n a t e can b r i n g about b o t h s ide 
c h a i n a n d r i n g o x i d a t i o n . P e r i o d i c a c i d a n d a l k a l i p e r o x i d e s o x i d i z e 
spec i f i c f u n c t i o n a l g r o u p s . L i g n i n o x i d a t i o n is also i n v o l v e d i n the 
p h o t o d e g r a d a t i o n o f w o o d a n d the e n z y m a t i c d e g r a d a t i o n o f l i g n i n . 

A l k a l i n e o x i d a t i o n o f l i g n i n is t h e c o m m e r c i a l s ource o f v a n i l l i n . 
T h i s p r o c e d u r e c o n v e r t s a s i gn i f i cant p o r t i o n o f t h e l i g n i n to a r o m a t i c 
f r a g m e n t s that a r e , for t h e m o s t p a r t , a r o m a t i c a l d e h y d e s . T h e m e c h 
a n i s m p r o b a b l y i n v o l v e s t w o s teps , h y d r o l y s i s o f t h e a r y l e t h e r l i n k 
ages f o l l o w e d b y s ide c h a i n o x i d a t i o n . 

O x i d a n t s s u c h as s i l v e r , c oba l t , m e r c u r i c , a n d c u p r i c ox ides i n 
a l k a l i y i e l d a m i x t u r e o f a r o m a t i c a l d e h y d e s o r a r o m a t i c c a r b o x y l i c 
ac ids o r b o t h b y a c t i n g o n t h e s i d e c h a i n s . S i l v e r is the s t rongest 
o x i d a n t a n d y i e l d s c h i e f l y a c ids ; c u p r i c o x i d e is t h e m i l d e s t o x i d a n t 
a n d y i e l d s c h i e f l y a l d e h y d e s . A l t h o u g h m o l e c u l a r o x y g e n i n a l k a l i 
c a n c o m p l e t e l y s o l u b i l i z e l i g n i n b y c o n v e r s i o n to l o w m o l e c u l a r 
w e i g h t ac ids at e l e v a t e d t e m p e r a t u r e a n d p r e s s u r e , u n d e r less s t r i n 
g e n t c o n d i t i o n s t h e a r o m a t i c r ings are c o n s e r v e d a n d v a n i l l i n c a n b e 
o b t a i n e d i n g o o d y i e l d . 
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S t r o n g o x i d a n t s s u c h as p e r m a n g a n a t e a n d d i c h r o m a t e i n a c i d i c 
s o l u t i o n d e g r a d e l i g n i n c o m p l e t e l y to c a r b o n d i o x i d e a n d d i b a s i c 
ac ids . I n b e t w e e n t h e s ide c h a i n o x i d a n t s d e s c r i b e d a b o v e a n d t h e 
s t r o n g o x i d a n t s l i es a g r o u p o f less d r a s t i c ox idants i n c l u d i n g c h l o r i n e , 
n i t r i c a c i d , c h l o r i n e d i o x i d e , s o d i u m h y p o c h l o r i t e , p e r a c e t i c a c i d , 
h y d r o g e n p e r o x i d e , a n d o z o n e w h i c h at tack p r i m a r i l y the a r o m a t i c 
n u c l e i o f t h e l i g n i n . B e c a u s e t h e y e x h i b i t a r e l a t i v e s e l e c t i v i t y i n 
a t t a c k i n g l i g n i n m o r e r a p i d l y t h a n c a r b o h y d r a t e , t h e y h a v e f o u n d 
u t i l i t y i n b l e a c h i n g p u l p . A n i m p o r t a n t m e c h a n i s m for these l i g n i n 
o x i d a t i o n s i n v o l v e s f o r m a t i o n o f q u i n o n e s w i t h s u b s e q u e n t r i n g 
o p e n i n g to p r o v i d e d e r i v a t i v e s o f d i c a r b o x y l i c ac ids s u c h as m u c o n i c , 
m a l e i c , a n d f u m a r i c ac ids . 

S o d i u m p e r i o d a t e s p e c i f i c a l l y o x i d i z e s g u a i a c y l g r o u p s to q u i 
n o n e s . H y d r o g e n a n d s o d i u m p e r o x i d e s i n a l k a l i are also s o m e w h a t 
s e l e c t i v e i n o x i d i z i n g l i g n i n a n d d e s t r o y c h r o m o p h o r i c g r o u p s s u c h 
as q u i n o n e s a n d c a r b o n y l f u n c t i o n s w h i l e also d e g r a d i n g o n l y a r o 
m a t i c u n i t s w i t h f ree p h e n o l i c h y d r o x y l s to d i b a s i c ac ids . 

O t h e r R e a c t i o n s . T h e h y d r o l y t i c a n d o x i d a t i v e reac t i ons d e 
s c r i b e d i n t h e p r e c e d i n g sec t i ons a c c o u n t for m o s t o f the d e g r a d a t i o n 
o f w o o d b y c h e m i c a l s . H o w e v e r , t h e r e are s e v e r a l o t h e r processes 
s i gn i f i cant e n o u g h to w a r r a n t s p e c i a l m e n t i o n . T w o o f these m i g h t 
p e r h a p s h a v e b e e n i n c l u d e d u n d e r h y d r o l y s i s b e c a u s e d e c r y s t a l l i z a -
t i o n c o u l d b e c o n s i d e r e d as r e p r e s e n t i n g h y d r o l y s i s o f i n t e r m o l e c u l a r 
h y d r o g e n b o n d s a n d p e e l i n g as a s p e c i a l case o f a l k a l i n e h y d r o l y s i s . 
T h e e x a m p l e s to b e c i t e d u n d e r d i s c o l o r a t i o n d e m o n s t r a t e t h e i n f l u 
e n c e o f e x t r a c t i v e s o n t h e c h e m i c a l b e h a v i o r o f w o o d . A n o t h e r r e a c 
t i o n that i n v o l v e s e x t r a c t i v e s a n d affects t h e u t i l i z a t i o n o f w o o d is t h e 
i n h i b i t i o n o f t h e su l f i t e p u l p i n g o f p i n e h e a r t w o o d b y t h e s t i l b e n e 
p i n o s y l v i n a n d its m e t h y l e t h e r s (15). 

DECRYSTALLIZATION . T h e c r y s t a l l i n i t y o f c e l l u l o s e is a n i n h e r e n t 
p r o p e r t y that is a n i m p o r t a n t d e t e r m i n a n t o f its m e c h a n i c a l p r o p e r 
t ies , a f f in i ty for w a t e r , a n d a c c e s s i b i l i t y to c h e m i c a l r eagents . B e c a u s e 
c e l l u l o s e c o m p r i s e s a l m o s t 5 0 % o f the w o o d , its c r y s t a l l i n i t y is a 
d e t e r m i n a n t o f t h e b e h a v i o r o f t h e w o o d as w e l l . A n y d i s r u p t i o n o r 
c h a n g e i n t h e c r y s t a l l i n i t y o f t h e c e l l u l o s e w i l l c a u s e s i g n i f i c a n t 
changes i n p r o p e r t i e s a n d , t h u s b y o u r d e f i n i t i o n , d e g r a d a t i o n . 

D e c r y s t a l l i z a t i o n o f c e l l u l o s e b y s w e l l i n g agents o r so lvents c a n 
be b r o u g h t a b o u t b y c o n c e n t r a t e d s o d i u m h y d r o x i d e ; a m i n e s ; m e -
t a l l o - o r g a n i c c o m p l e x e s o f c o p p e r , c a d m i u m , a n d i r o n ; q u a t e r n a r y 
a m m o n i u m bases ; c o n c e n t r a t e d m i n e r a l ac ids ( su l fur i c , h y d r o c h l o r i c , 
p h o s p h o r i c ) ; c o n c e n t r a t e d salt s o l u t i o n s ( b e r y l l i u m , c a l c i u m , l i t h i u m , 
z inc ) ; a n d a n u m b e r o f r e c e n t l y i n v e s t i g a t e d m i x e d so lvents (16). 

A n i n c r e a s e i n t h e c r y s t a l l i n i t y o f c e l l u l o s e f r o m c h e m i c a l t r e a t 
m e n t is u n u s u a l , b u t i t does o c c u r after a c i d h y d r o l y s i s o f the a m o r 
p h o u s r e g i o n s . T h e i n i t i a l h y d r o l y s i s o f a m o r p h o u s c e l l u l o s e a c t u a l l y 
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in c reases c r y s t a l l i n i t y b y p e r m i t t i n g t h e b r o k e n c h a i n s to h a v e g r e a t e r 
f r e e d o m to b e c o m e o r g a n i z e d i n m o r e h i g h l y o r d e r e d s t r u c t u r e s (17). 

PEELING. P e e l i n g is t h e t e r m a p p l i e d to t h e s t e p w i s e d e p o l y 
m e r i z a t i o n o f p o l y s a c c h a r i d e s f r o m t h e r e d u c i n g e n d g r o u p s u n d e r 
a l k a l i n e c o n d i t i o n s . I n c o n j u n c t i o n w i t h t h e f o r m a t i o n o f n e w e n d 
g r o u p s b y a l k a l i n e h y d r o l y s i s o f g l y c o s i d i c b o n d s , t h e d e g r a d a t i o n o f 
t h e p o l y s a c c h a r i d e s c a n b e e x t e n s i v e . 

T h e m e c h a n i s m i n v o l v e s a l k a l i - c a t a l y z e d r e a r r a n g e m e n t o f t h e 
a ldose e n d g r o u p to a 2 -ketose . E l i m i n a t i o n o f t h e β-alkoxy g r o u p 
f r o m t h e C - 4 p o s i t i o n genera tes a n e w a l d o h e x o s e e n d g r o u p a n d the 
process c o n t i n u e s d o w n t h e c h a i n . U n d e r a l k a l i n e p u l p i n g c o n d i t i o n s 
as m a n y as 50 g l u c o s e u n i t s m a y b e p e e l e d f r o m a s i n g l e c e l l u l o s e 
m o l e c u l e b e f o r e t h e r e a c t i o n is s t o p p e d b y a d i r e c t β-alkoxy e l i m i 
n a t i o n f r o m t h e C - 3 p o s i t i o n (IS) . 

DISCOLORATION. S t a i n i n g o r d i s c o l o r a t i o n o f w o o d b y c h e m i c a l 
processes is a f r e q u e n t l y e n c o u n t e r e d f o r m o f d e g r a d a t i o n . I t is o f ten 
c o n f u s e d w i t h d i s c o l o r a t i o n c a u s e d b y f u n g i , b u t r e su l t s i n s t e a d f r o m 
t h e c o n v e r s i o n o f o r i g i n a l l y c o l o r l e ss o r l i g h t - c o l o r e d , n a t u r a l l y o c 
c u r r i n g e x t r a c t i v e s i n t o i n t e n s e l y c o l o r e d p r o d u c t s that m a y i m p a r t 
a n o b j e c t i o n a b l e a p p e a r a n c e to t h e w o o d . 

T w o m e c h a n i s m s h a v e b e e n i d e n t i f i e d . M o s t o f t h e s o - c a l l e d 
c h e m i c a l stains r e s u l t f r o m o x i d a t i o n o f c e r t a i n w o o d ex t rac t ives b y 
a i r d u r i n g a i r s e a s o n i n g o r k i l n d r y i n g . C o l o r s o b s e r v e d i n c l u d e 
shades o f b r o w n , b l u e , g r e e n , y e l l o w , a n d r e d . S p e c i e s i n c l u d e b o t h 
h a r d w o o d s (oak, b i r c h , m a p l e , a l d e r , b a s s w o o d , g u m , etc . ) a n d soft
w o o d s (eastern a n d w e s t e r n p i n e s , h e m l o c k ) . 

W e t w o o d c a n also d i s c o l o r b y contac t w i t h i r o n o r c o p p e r w h e n 
t a n n i n s are p r e s e n t to f o r m b l a c k i r o n tannate o r r e d d i s h c o p p e r 
t a n n a t e . I n c o n t r a s t to t h e c h e m i c a l stains c a u s e d b y o x i d a t i o n , w h i c h 
d o n o t s i g n i f i c a n t l y a l t e r t h e w o o d o t h e r t h a n i n co lor , t h e p r o l o n g e d 
a c t i o n o f i r o n o r c o p p e r m a y c a t a l y z e f u r t h e r c h e m i c a l b r e a k d o w n o f 
t h e w o o d s t r u c t u r e b y free r a d i c a l o x i d a t i v e m e c h a n i s m s . 

Consequences of Chemical Attack 

T h e p r o p e r t i e s o f w o o d u l t i m a t e l y d e p e n d o n t h e i n t e r a c t i o n o f 
t h e t h r e e p o l y m e r i c c o m p o n e n t s c e l l u l o s e , h e m i c e l l u l o s e s , a n d l i g n i n 
at t h e m o l e c u l a r l e v e l . T h e y are i n t i m a t e l y assoc ia ted , w i t h t h e l i n e a r 
c r y s t a l l i n e c e l l u l o s e m i c r o f i b r i l s e m b e d d e d i n the m a t r i x o f t h e a m o r 
p h o u s h e m i c e l l u l o s e s a n d l i g n i n . I n t r a m o l e c u l a r c o v a l e n t b o n d i n g 
w i t h i n t h e i n d i v i d u a l p o l y m e r s is i m p o r t a n t to t h e w o o d s t r u c t u r e . 
B u t i n t e r m o l e c u l a r b o n d i n g b e t w e e n s i m i l a r m o l e c u l e s a n d a m o n g 
t h e t h r e e m a j o r c o m p o n e n t s is also c r i t i c a l . H y d r o g e n b o n d i n g , d i -
p o l e - d i p o l e forces , a n d L o n d o n forces b e c o m e v e r y large i n t h e 
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aggregate as t h e s i ze o f p o l y m e r s increases . C o v a l e n t b o n d i n g , as 
b e t w e e n l i g n i n a n d h e m i c e l l u l o s e , is p r o b a b l y also o f s i gn i f i cance . 

S o m e c h e m i c a l r e a c t i o n s o f t h e w o o d c o m p o n e n t s i n v o l v e f u n c 
t i o n a l g r o u p s that d o n o t f o r m p a r t o f the p o l y m e r c h a i n a n d m a y 
h a v e o n l y a s l i g h t effect o n s o m e w o o d p r o p e r t i e s a n d m a y e n h a n c e 
s o m e . F o r e x a m p l e , e s t e r i f i c a t i o n o r e t h e r i f i c a t i o n o f f ree h y d r o x y l 
g r o u p s i n c a r b o h y d r a t e s o r l i g n i n m a y r e d u c e h y g r o s c o p i c i t y , i n 
crease d i m e n s i o n a l s t a b i l i t y , a n d a c t u a l l y i n c r e a s e w o o d s t r e n g t h b y 
r e d u c i n g t h e e q u i l i b r i u m m o i s t u r e c o n t e n t . 

H o w e v e r , a n y o f t h e m u l t i t u d e o f c h e m i c a l r eac t i ons that d i s r u p t 
the i n t r a m o l e c u l a r a n d i n t e r m o l e c u l a r b o n d s w i t h i n a n d a m o n g the 
w o o d c o m p o n e n t s w i l l h a v e d e l e t e r i o u s effects o n w o o d p r o p e r t i e s . 
T h e o b v i o u s e x t r e m e w o u l d b e t h e c o m p l e t e d e p o l y m e r i z a t i o n a n d 
d i s s o l u t i o n o f t h e w o o d c o m p o n e n t s w i t h c o m p l e t e d e s t r u c t i o n o f t h e 
w o o d . T h e s e processes o f d e p o l y m e r i z a t i o n o r s o l u b i l i z a t i o n o f t h e 
w o o d c o m p o n e n t s d o n o t h a v e to go to c o m p l e t i o n to b r i n g a b o u t 
m a r k e d c h a n g e s i n w o o d p r o p e r t i e s o r d e g r a d a t i o n . 

I n i t i a l a t tack o f t h e w o o d b y a n y o f t h e h y d r o l y t i c p a t h w a y s 
d e s c r i b e d a b o v e r e d u c e s t h e d e g r e e o f p o l y m e r i z a t i o n o f the w o o d 
p o l y m e r s i n v o l v e d a n d m a y b e r e f l e c t e d i n s u c h m a n i f e s t a t i o n s as 
ser i ous loss i n i m p a c t s t r e n g t h be f o re a n y loss i n w e i g h t c a u s e d b y 
s o l u b i l i z a t i o n c a n b e d e t e c t e d . Inso far as m a n y o f the reac t i ons ex 
h i b i t s e l e c t i v i t y a m o n g the w o o d c o m p o n e n t s , o n e p r o p e r t y o r a n 
o t h e r m a y suf fer t h e i n i t i a l c h a n g e s . 

A s a b r o a d g e n e r a l i z a t i o n t h e c e l l u l o s e p r o v i d e s i m p a c t r e s i s 
tance a n d t e n s i l e s t r e n g t h , t h e l i g n i n p r o v i d e s sti f fness, a n d b o t h 
m a t r i x p o l y m e r s c o n t r i b u t e to h a r d n e s s a n d c o m p r e s s i v e s t r e n g t h . 
H y d r o l y t i c a n d o x i d a t i v e processes that d e p o l y m e r i z e a n d s o l u b i l i z e 
the w o o d c o m p o n e n t s w i l l affect t h e w o o d p r o p e r t i e s , o f ten to a n 
e x t e n t far g r e a t e r t h a n m i g h t b e e x p e c t e d f r o m t h e l i m i t e d i n i t i a l 
r e a c t i o n . 

Summary 

O n e x p o s u r e to c h e m i c a l s , f u n c t i o n a l g r o u p s a n d b o n d s i n t h e 
c o m p o n e n t w o o d p o l y m e r s u n d e r g o r eac t i ons that l e a d to changes i n 
t h e w o o d p r o p e r t i e s . T h e r e a c t i o n s m a y affect b o t h c a r b o h y d r a t e s 
a n d l i g n i n , a n d are c h i e f l y h y d r o l y t i c o r o x i d a t i v e i n n a t u r e . H y d r o 
lys i s o f p o l y m e r l i n k a g e s l eads to d e p o l y m e r i z a t i o n a n d s t r e n g t h loss . 
V u l n e r a b l e to h y d r o l y s i s are a ce ta l l i n k a g e s i n c a r b o h y d r a t e s a n d a r y l 
e t h e r l i n k a g e s i n l i g n i n . O x i d a t i v e processes also c o n t r i b u t e to f r a g 
m e n t a t i o n o f t h e w o o d c o m p o n e n t s . T h e l oss o f w o o d s u b s t a n c e 
t h r o u g h s u b s e q u e n t s o l u b i l i z a t i o n o f h y d r o l y s i s a n d o x i d a t i o n p r o d 
ucts is a n i m p o r t a n t p a r t o f t h e d e g r a d a t i o n process . 
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ABBREVIATIONS 
a one-half the thickness of ESR 

wood EVAc 
A empirical sorption isotherm / 

constant 
AAC alkylammonium compounds f.s.p. 
ACA ammoniacal copper FSPL 

arsenate 
A C C acid copper chromate g 
ASE antishrink efficiency 
ATR attenuated total reflectance G 
Β empirical constant relating AG 

QL and W 
B E T Brunauer, Emmett, and aGl 

Teller equation 
aGl 

c specific heat of wood 
C empirical sorption isotherm àGh) 

constant 
moisture concentration AGJ 

(mass/volume) G M A 
C C A chromated copper arsenate h 
Ci Curie H 
D moisture diffusion H0 

coefficient (desorption 
H0 

isotherm) IB 
DP degree of polymerization J 
D P n number average degree of 

polymerization 
D P . weighted average degree of Κ 

polymerization 
DSC differential scanning 

calorimetry 
DTA differential thermal analysis 
D T G differential I 

thermogravimetry 
Ε DTA ethylenediaminetetraacetic m 

acid 
E D X A energy dispersive X-ray M 

analysis 
E M C equilibrium moisture Mf 

content 
ESCA electron spectroscopy for 

chemical analysis 

electron spin resonance 
ethylene-vinyl acetate 
subscript denoting fiber-

saturation point 
fiber-saturation point 
fiber stress at proportional 

limit 
subscript denoting green 

condition of wood 
specific gravity of wood 
free energy decrease 

during sorption of water 
free energy changes (Dent 

sorption theory) 

free energy changes 
(Hailwood- Horrobin 
theory) 

glycidyl methacrylate 
relative vapor pressure 
percent relative humidity 
static magnetic field 

strength 
internal bond 
moisture flux 
equilibrium constants 

(Dent sorption theory) 
moisture transport 

coefficient 
equilibrium constants 

(Hailwood- Horrobin 
sorption theory) 

longitudinal direction in 
the wood (also subscript) 

fractional moisture content 
(dry weight basis) 

percent moisture content 
(dry weight basis) 

apparent fiber-saturation 
point 

percent moisture content 
(wet weight basis) 

587 
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588 

M F melamine-formaldehyde 
M L middle lamella 
M M A methyl methacrylate 
M O E modulus of elasticity 
MOR modulus of rupture 
0 subscript denoting dry 

condition of wood 
O D oven-dry 
Ρ vapor pressure of 

atmospheric water 
Vo saturated vapor pressure of 

water 
Ρ primary cell wall 

hydrostatic pressure of 
water in cell wall 

P E G polyethylene glycol 
PF phenol - formaldehyde 

resins 
PVA polyvinyl alcohol) 
PVAc polyvinyl acetate) 
PVC polyvinyl chloride) 
QL enthalpy change when 

liquid water is sorbed by 
wood 

enthalpy change when 
water vapor is sorbed by 
wood 

r radial direction in the 
wood (also subscript) 

r rate of strength increase 
with decrease in 
moisture content 

R gas constant 
rd rads 
S strength of wood at a given 

moisture content 
AS entropy decrease associated 

with moisture sorption 
s, \ 
5 2 1 layers in secondary wall of 

J wood cell 
53 
S E M scanning electron 

microscopy 

T H E CHEMISTRY O F SOLID W O O D 

Sh percent shrinkage in wood 
Sw percent swelling in wood 
t tangential direction in 

wood (also subscript) 
t time 
T g glass transition 

temperature 
TBT tri-n-butyltin 
TBTMA tri-n-butyltin methacrylate 
TBTO tri-n-butyltin oxide 
T E A thermal evolution analysis 
T E M transmission electron 

microscopy 
T G thermogravimetry 
T M A thermomechanical analysis 
ν specific volume of water 

vapor 
υ subscript denoting volume 
V volume of wood 
U F urea-formaldehyde resins 
VAc vinyl acetate 
Vazo 2,2' -azobisisobutyronitrile 

catalysts 
w subscript denoting wet 

condition of wood 
W weight of wood 
W heat of wetting 
W M L work to maximum load 
WPL work to proportional limit 
WRP water-repellent 

preservatives 
χ direction of moisture 

transport 
X moisture expansion 

coefficient 
€ swelling strain in Barber 

equation 
y0 magnetic dipole frequency 

in NMR 
Π osmotic pressure 
ρ wood density 
Φ spreading pressure 
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INDEX 

A 

A AC—Sec Alkylarnmoniuni compounds 
Abrasion resistance, formaldehvde-treated 

^ woods, 189 
A C A—Sec Ammoniacal copper arsenate 
A C C — S e c A c i d copper chromate 
Accelerated weathering, 426 

erosion, 417/ 
Acetal linkages 

acid hydrolysis, 580 
hydrolysis, 579 

Aeetaldenvde, reaction with w o o d , 189 
Acetals, 182 

reactions with w o o d , 188-90 
Acetic acid, 185 

effect on strength, 239 
Acetic anhydride 

for chemical modification, 2017 
southern pine treatment, 200f 

Acetyl content, analytical determinations, 
72 

Aeetyl-4-0-methylglueuronoxylan, 
structure, 64/ 

Acetylated w o o d 
attack resistance, 184 
density, 184-86 
gas permeability, 184 
mechanical properties, 184 
method of acetylation, 185 
as painting surface, 185 
UY radiation effect, 185 

Acetylation 
annydride method, 185 
catalysts, 184 
with ketene gas, 185 
optimum conditions, 184 
by vapor-phase treatment, 185 

A C F—Sec Ammoniacal copper fluoride 
A c i d activation, nonconventional bonding, 

390-91 
A c i d chlorides, for esterification, 186-87 
A c i d content 

correlation with gel time, 347/ 
wood , 346/ 

A c i d copper chromate 
components, 309 
effects on mechanical properties, 245-48/ 

A c i d dehydration-condensation reactions, 
388 

Acidic solutions, adsorption, 239 
Acidity 

acetvlation, 185 
w o o d , 345-47 

Acids 
afunctional , nonconventional bonding, 

382 
effect on strength, 238 
surface activation, 372-73 

Acryl ic latex resins, 437 
Acrylonitrile(s) 

chemical modification, 201/ 
reactions with w o o d , 191-92 
southern pine treatment, 200/ 
structure, 262 

Activation energy, for moisture diffusion, 
168 

Activation of w o o d surface, 349-400 
Activators, in nonconventional bonding of 

polymers, 384 
A / D ratio—See Adsorption/desorption 

ratio 
Additives 

effect on catalyzed monomer, 276 
effect on pyrolysis products, 551/ 

Adherend and adhesives, molecular forces, 
326-27 

Adhesion, 323-47 
Adhesive(s) 

bond formation, 324-27 
cold-setting resole, 333 
emulsions, 342 
hot-melt, 341-42 
hot-setting phenolic, 333 
isoeyanate-oased, 337-39 
liquid-to-solid bond transformation, 

324-26 
polymers, 324-26 
tannin-based, 339-40 
w o o d , 327-45 ̂  

Adhesive, nature's—See Lignin 
Adsorption, Douglas-fir, 136/ 
Adsorption isotherms, 137 

w o o d components, 139/ 
Adsorption/desorption ratio, 137 
African pencil cedar, chemical 

composition, 113/ 
Afterglow, 249 
Albi / . / . ia board, attack by termites, 466/ 
Algae, deterioration responsible for, 459/ 
Alkali 

component solubility, 62 
oxidation of lignin, 584 
solutions, adsorption, 239 

Alkaloids, 458 
Alkoxy radicals, in cellulose, 429 
Alkyl chlorides, reaction with w o o d , 190 

591 
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592 T H E CHEMISTRY O F SOLID W O O D 

Alkylanimoniiirn compounds 
as biocides, 310 
fixation mechanism, 318 

Alkyldimethylammonium chloride, fixation 
mechanism, 318 

Allophanate, formation, 339/ 
Alodining process, 375 
Alpha cellulose, analytical determinations, 

71 
A l u m i n u m trihydrate, 565 

basis for fire retardants, 563 
American Society for Testing and Materials, 

214 
Amines, a functional , nonconventional 

bonding, 382 
Aminoresins, 566-67 
Ammoniacal copper arsenate 

components, 308 
effect on mechanical properties, 245-48/ 
effect on strength, 243 
mechanism of fixation, 317 

Ammoniacal copper fluoride, effect on 
mechanical properties, 245-48/ 

A m m o n i u m chloride, 532 
A m m o n i u m dihydrogen phosphate 

degree of polymerization studies, 546 
treatment of southern pine, 250/ 

A m m o n i u m nitrate, 378 
A m m o n i u m phosphate, effect on 

mechanical properties, 251-52/ 
A m m o n i u m sulfate, 532 

effect on mechanical properties, 251-52/ 
A m m o n i u m treatment, 260-61 
Anatomical structure 

U Y light exposure changes, 420 
and weathering, 404 

Angiosperm(s) 
See also Hardwoods 
complete lignin removal, 71 
definition, 4 
w o o d tissue, 6/ 

Anhydride method, of acetylation, 185 
Anisotropy 

cross-sectional distortion, 150/ 
definition, 146 
longitudinal, 149 
shrinking, 146-51 
swelling, 146-51 
transverse shrinkage, 149 

theories, 150-51 
Anobi id beetle, attack of cuangare, 466/ 
Antishrink efficiency 

benzaldehyde modification, 190 
calculation, 178 
effect of organotin polymers, 297 
epoxides, 192-93 
tracheid wall splitting, 188 
from water-soaking method, 203/ 
w o o d - p o l y m e r composites, 297/ 

AP—See A m m o n i u m phosphate 
Apical meristems, location, 9 

See also Terminal meristems 
Araban, weathering effects, 408 
Arabinogalactan, in hemicelluloses, 65/ 
Arabinoglucuronoxylan, in hemicelluloses, 

65/ 

a- L-Arabinose, 63/ 
Aromatic char formation, effect of 

inorganic additives, 5521 
Aromatic compounds, oxidation, 509/ 
A S E — S e e Antishrink efficiency 
Ash, 58 

analysis, 74 
definition, 68 
elemental composition determination, 74 

Aspen 
heat of combustion, 523/ 

distribution, 524/ 
nonconventional bonding, 361 

Aspen stem, tension w o o d , 51/ 
Aspergillus spp., 459 
A S T M Standard D 1102, 74 
A S T M Standard D 1104, 69 
Attack, chemical, consequences, 586-87 
Autolysis, xylem, 11 
Axial loading properties, 223-25 
Axial shrinkage, 147 
2,2'-Azobisisobutyronitrile catalyst—See 

Yazo 

Β 
Bacteria, deterioration responsible for, 459/ 
Ball milling procedure, 68 
Balsam fir 

elemental composition, 119/ 
microfibrils, T E M , 26/ 

Barber's model , 147-49,149/ 
Barkas effect, 160 
Barrier theories, 542,543 
Base-catalyzed reactions, with epoxides, 

192 
Bases, effect on strength, 238 
Basic density, 38 

compression w o o d , 48 
hardwoods, 40 
and range of variability, 41/ 
significance, 39 
softwoods, 40 

Basic specific gravity, definition, 39 
Basswood 

elemental composition, 120/ 
light exposure, erosion, 417/ 
physical property enhancements, 280-81/ 
strength properties, 284/ 
treated with /cr/-butylstyrene, 279/ 

Β ass w o o d - M M A composite 
effect of trimethylol propane 

trimethacrylate, 274/ 
T M P T M A effects, 275/ 
vazo catalyst effects, 270/,270/,271/ 

Basswood-polymer composites 
hardness, 285/ 
load deflection curves, 287/ 

Beech 
modified with diisocyanate, 188 
physical property enhancements, 280-81/ 
sorption vs. moisture content, 156/ 

Bending strengths, formaldehyde-treated 
woods, 189 

Bending test 
data, 282/ 
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I N D E X 593 
Bending test—Continued 

derivation of mechanical properties, 221 
Ben/aldehyde modification, antishrink 

efficiency, 189,190 
Benzene dicarboxylic acid, aromatic 

carbon content, 511/ 
Benzyl (a)-aryl ether linkages, alkaline 

cleavage, 5&3 
B E T — S e e Brunauer-Emmett -Tel ler model 
Betula verrucosa E h r h . , pol> saccharide 

content, 70/ 
Sec also Birch 

Bifunctional acids, nonconventional 
bonding, 382 

Bifunctional amines, nonconventional 
bonding, 382 

Bifunctional isoeyanate 
bonding of preoxidized wood , 362/ 
nonconventional bonding, 382-83 

Bifunctional molecules, bonding, 361-64 
Bioactive w o o d - p o l y m e r composites, 

291-306 
Biochemical decomposition 

mechanism, 460 
and w o o d decays, 462-79 

Biocide, tri-n-butyltin methacrylate, 302 
Biodégradation 

prevention, 177 
resistance 

improvement, 295 
organotin polymers, 300-303 

wood , 292 
Biological decomposition, 455-87 

lignin, 460 
Biological deterioration, types, 459/ 
Biological resistance 

chemical modification of wood , 177 
effect on strength, 243 

Biotoxicity 
organotin compounds, 292-93 
polymers, 292-93 

Birch 
See also Betula verrucosa E h r h . 
light exposure, erosion, 417/ 
lignins, nonding, 581/ 
polysaccharide content, 70/ 

Birds, deterioration responsible for, 459/ 
Bis(tri-M-butyltin)oxide, 439 
Bishop pine, properties, H 2 0 2 effects, 366/ 
Black cherry, physical property 

enhancements, 280-81/ 
Black spruce 

heterocellular ray, 20/ 
microscopic studies, 352 
transwall failure, .352 

Blackjack oak, heartwood distribution, 42/ 
Blowing agents, 543 
Board density vs. internal bond strength, 

360/ 
Bond formation, adhesive, 324-27 
Bonded chemical, distribution, 204-6 
Bonding 

bifunctional molecules, 361-64 
corona discharge treatment, 372 
by eovalently attached polymer, 364-72 

Bonding—Continued 
effect of extractives, 345 
through polymeric chains, .365/ 
use of acids, 370-71 
use of oxidants, 364-70 
wood-to -wood, 358-61 

Douglas-fir veneer, 359 
mechanism, 359f 
particle board, 360/ 
Pinus ponderosa Laws. , 361 

Bonding proof 
criteria, 197-204 
increases in w o o d volume, 197-98 
IR data, 202-4 
resistance to leaching, 198 

Borax, 532 
for fire retardants, 564 
water vapor release, 544 

Borax treatments, degree of polymerization 
studies, 546 

Bordered pit membranes, 29 
Bordered pit structures, southern yellow 

pine, 421/ 
Boric acid, for fire retardants, 564 
Boric acid salts, 250 
Borneo, woods, chemical composition, 

98-100/ 
Boron, for fire retardants, 563,564 
Botanical origin, commercial woods, 5/ 
Bound water, 128 

effect on shrinkage, 140 
effect on strength, 218 
enthalpy level, 154 
flow rate, 168 
heat of sorption, 154 
relative energy level, 155/ 

Brazil, woods, composition, summary, 121/ 
Brown-rot fungi 

depolymerizing agent, 474 
effect on organotin polymer-

impregnated w o o d , 300 
effect on sweet gum, 243/ 
effect on w o o d strength, 471 
features, 468-69/ 
glu can as e activity, 474 
hemicellulase production, 477 
hydrogen peroxide secretion, 474 
lignin decomposition, 479 
water conduction, 480 

Brunauer-Emmett -Tel ler model 
primary sorption sites, 162 
sorption, 162 

isotherms, 163/ 
Bulk density, 38 

Sec also Density 
Bulking, by vinyl polymers, 262 
Burning, 176 

chemistry, 541 
Butyl isoeyanate, chemical modification, 

425 
Butylène oxide, chemical modification, 

201/,425 
Butylène oxide-modified w o o d 

decay resistance, 195 
termite attack, 196/ 
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594 THE CHEMISTRY OF SOLID \\(X)D 

Butylène oxide treatment, 193/ 
ferf-Biitylstyrene 

properties, 286/ 
structure, 262 

Butyric anhydrides, 186 

C 

C a l c i u m carbonate deposition, southern 
pine, 244/ 

C a m b i a l zone, definition, 11 
C a m b o d i a , woods, chemical composition, 

98-100/,121/ 
Canada , woods, composition, summary, 

122/ 
Capacitance dielectric moisture meter, 133 
Capil lary water, 128 
C a r b a m i c acid, formation, 339/ 
Carbohydrates, 58-66 

analytical determinations, 69-73 
distribution, 68-69 
enzymatic hydrolysis, 68 
hydrolytic reactions, 579-81 
oxidative reactions, 583 

C a r b o n cycle, simplified, 456 
Carboxyl ic acids, esterification, 187 
Carcinogenicity 

/3-propiolactone, 191 
of reactants for modification, 182 

Catalyzed monomer, additives effect, 276 
Cativo , oxide treatment, 198/ 
C C — S e e C o p p e r chromate 
C C A — S e e Chromated copper arsenate 
C e l l 

degradation, 457 
volumetric swelling, 143/ 

C e l l cavities 
l iquid water, enthalpy, 154 
microfibril orientation effect, 144 
water vapor, enthalpy, 154 

C e l l wall 
amount of polysaccharides, 70/ 
apparent density, equation, 141 
bulking, 177 
chemical components, 404/ 
chromium distribution, 316 
components, penetration and reactivity, 

175-207 
diagram, 144/ 
dry, density, 141 
oven-dried, impermeability to vinyl 

monomers, 279 
polymer migration, 296 
shrinkage 

equation, 142 
maximum, equation, 142 
and swelling, 141-42 

specific gravity, 142 
swelling, 141 

Cellobiose 
cleavage, 473 
conversion, Plumerochaete 

chrysosporhtm, 473 
Cellophylie systems, 350 
Cellular level, structural performance, 226 

Cellnlases 
See also Enzymes 
endogenous, 462 
w o o d digestion, 461 

Cellulose, 7,58-62 
acid treatment, 372 
alkoxy radicals, 429 
Arrhenius plots, 493/,497/ 
bond scission, 494,497/ 
chain length, 60,230 
combustion, 492/ 

maximum heat intensity, 560/ 
decrystallization, 585 
degree of polymerization, 60,496/ 
dehydration reactions, 504-5,507/ 
depletion, 463 

by fungi, 470/ 
depolymerization, 472/,496/ 

by transglycosylation, 500 
disproportionation reactions, 505-8 
elemental composition, 510/ 
fission reactions, 505-8 
free radical reactions, 427-29 
furan grafting, 388/ 
of 1 Α-β- D -glucopyranose, 59/ 
heat of combustion, 523/ 

distribution, 524/ 
hydrogen bonds, 230 
hydroxyl groups, 37 
isothermal degradation, 493/ 
low temperature pyrolysis, 492-500 
macrofibrils, T E M , 25/ 
matrix substance, 7 
microfibrils, T E M , 25/ 
molecular structure, 59/ 
oxidation, 377 

with hydrogen peroxide, IR 
reflectance, 374/ 

oxidative depolymerization, 474 
oxidized, IR bands, 377 
oxidized groups, 499/ 
phosphoric acid-treated, products, 550 
pyrolysis, 356,492/ 

to anhydro sugars, 501/ 
products, 502/,503/ 
temperature, 503/ 

pyrolyzate C L C analysis, 507/ 
reaction with copper, 315 
reaction with hydrogen peroxide, 373 
residual, vs. pyrolysis time, 495/ 
site of degradation attack, 578 
solubility, 62 
surface activation, 379 
thermal degradation, free radical 

mechanism, 497 
treated, thermogravimetrie analysis, 547/ 
treated with acidic salts, 373 
(trimethylsily)ated, pyrolysis C L C of tar, 

506/ 
U Y degradation, 176 
volatile products, formation, 490-508 
weathering effects, 407 
xanthate derivative, 60 

Cellulose I, 60,61/ 
Cellulose II, 60 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
98

4 
| d

oi
: 1

0.
10

21
/b

a-
19

84
-0

20
7.

ix
00

1

In The Chemistry of Solid Wood; Rowell, R.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1984. 



INDEX 595 

Cellulose char 
cross-polarized/magie angle spinning, 

514/ 
differential heat of ehemisorption, 519/ 
F T I R spectra, 516/ 
IR spectra, 517 
oxygen ehemisorption, 518/ 

Cellulose combustion, high temperatures, 
500-504 

Cellulose content, 58 
tension w o o d , 50 

Cellulose decomposition, 473-77 
hydrolytic and oxidative enzymes, 475/ 

Cellulose degradation, mechanism, 473 
Cellulose hydroperoxide, formation and 

decomposition, 500/ 
Cellulose pyrolysis 

carbon dioxide yields, 498/ 
carbon monoxide yields, 498/ 
dehydration products, 504 

Cellulose-lignin mixtures 
reaction with hydrogen peroxide, 375 
S E M , .383/ 

Central America , woods, chemical 
composition, 82-87/,88/ 

Ceratocysts spp. , 459 
CFA—See Chromated fluorarsenate 
Chain branching, vapor-phase reactions, 

544 
C h a r 

aromatic carbon content, 511/ 
cellulose 

cross-polarized/magic angle spinning, 
514/ 

differential heat of ehemisorption, 519/ 
F T I R spectra, 516/ 
IR spectra, 517 

ehemisorption, 526/ 
C O and C ( ) 2 production, 527/ 
elemental composition, 510/ 
formation, 508-18 
oxidation, 526 
oxidation product gas chromatogram, 

510/ 
oxygen adsorption, 526/ 
reactivity, 518-20 
residue weight, heat treatment 

temperature effects, 521/ 
structure and functionality, 513 

Char formation, 176 
aromatic, effect of inorganic additives, 

552/ 
carbon distribution, 515/ 
heat treatment temperature effect, 

509,512/ 
temperature effects, 515/ 

Char generation, treated w o o d , 196 
Char oxidation, effect of prepyrolysis 

additives, 528/ 
Checks, formation, p l y w o o d , 423 
Chemical attack, consequences, 586-87 
Chemica l catalysts, 264 
Chemical components, 58-68 

macroscopic, 226-27 
microscopic, 227 
strength characteristics, 226-36 

Chemical composition 
strength relationship, 231-35 
structure relationship, 226-31 
variability', 57 
wood-destroying fungi changes, 463 

Chemical composition data, 57-126 
Borneo woods, 98-100/ 
C a m b o d i a woods, 98-100/ 
Central America woods, 82-87/,88/ 
Ghana woods, 89-90/ 
Japanese woods, 91-97/ 
Kalimantan woods, 98-100/ 
Mexico woods, 82-87/ 
M o z a m b i q u e woods, 89-90/ 
North American woods, 115-16/ 
Papua N e w Guinea woods, 98-100/ 
Philippine woods, 101-9/ 
Puerto Rico woods, 82-87/ 
South America woods, 82-87/,88/ 
Taiwan woods, 110-11/ 
U S . woods, 76-81/ 

southeastern, 117-18/ 
t l S . S . R . woods, 112-13/ 

C h e m i c a l degradation, 577-87 
Chemica l energy, effects, 402/ 
C h e m i c a l impregnation, fire retardants, 532 
Chemical modification 

for biological resistance, 177 
conditions, 182-83 
definition, 176 
gas reactants, 182 
penetration, 178-81 
and physical properties, 175-78 
reactants, 181-82 

Chemical ly modified woods, weathering, 
425-26 

Chemisorption, char, 526/ 
Chemisorption rate, 519 
Chemistry of w o o d strength, 211-56 
Chemotaxonomy, definition, 57-58 
Chloral , reaction with w o o d , 190 
Chlorates, 381 
Chlorite holocellulo.se, analytical 

determinations, 71 
Chromated copper arsenate 

components, 308-9 
effect on mechanical properties, 245-48/ 
effect on strength, 243 
fixation diagram, 314/ 
p H effects, 315 
reactions with w o o d , 315 
treatment of southern pine, 249/ 

Chromated copper arsenate-treated w o o d , 
soft-rot attack, 313 

Chromated copper borate, 245-48/ 
Chromated fluorarsenate, 245-48/ 
Chromated zinc chloride 

components, 309 
effect on mechanical properties, 245-48/ 

C h r o m i c acid treatment, 441-42 
C h r o m i u m , 316 
C h r o m i u m trioxide 

complex, 316 
as surface treatment, 440 

Clear varnish, 437 
Clear w o o d , mechanical properties, 219/ 
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5 9 6 T H E CHEMISTRY O F SOLID W O O D 

Coating interactions, 445-46 
Cobalt-60, safety requirements, 263 
Coconut shell flour, 333 
Coefficient of variation, 215,217/ 
C o l d hardeners, 335 
Cold-setting resole adhesives, 333 
Color , light exposure effects, 357 
C o l o r changes 

artist's rendition, 412/ 
cause, 402/ 
outdoor weathered w o o d , 412/,413/ 
weathering, 411-14 

Combustible volatiles, reduction, 
mechanism, 546 

Combustion, 489-528 
carbon monoxide-to-carbon dioxide 

ratio, 526 
cellulose, 492/ 
definition, 490 
flaming, 491/ 

heat of combustion, 522 
heat release, 526 

intensity, equation, 520 
physical transformations, 490 
smoldering, 491/ 

driving force, 522 
solid-phase, 541 
vapor-phase, 541 

reactions, 544 
w o o d , maximum heat intensity, 560/ 

C o m m e r c i a l woods 
botanical origin, 5/ 
effect of bordered pit membranes, 29 

Composit ion 
elemental, 58 
microscopic, 228 
w o o d , 4 

Composit ion data, tables, 75-122 
C o m p o u n d middle lamella, definition, 26 
C o m p r e g , 258-59 
Compression parallel to grain, 224 

coefficient of variation, 217/ 
specific gravity effects, 216/ 

Compression perpendicular to grain, 224 
coefficient of variation, 217/ 
specific gravity effects, 216/ 

Compression test data, 283/ 
Compression w o o d 

chemistry, 46-47/ 
cross-sectional views, 49/ 
definition, 48 
Douglas-fir, 45/ 
softwoods, 48 
structure, 46-47/ 
variability, 48-51 

Compressive stress, 213 
Conifers, 4 

pit aspiration, 30 
Coniferyl alcohol, 66 
Coniophora cerebella, 184,188 
Coniophora puteana, 301 
Coniophora puterana, attack resistance, 184 
Conventional bonding, 350 
C o p p e r , reactions, 315 
C o p p e r chromate, effects on mechanical 

properties, 245-48/ 

C o p p e r naphthenate, 309-10,439 
Copper-8-quinolinolate, 439 

structure, 310 
C o r e w o o d , definition, 53 
C o r o n a discharge, 372,381 
Costa Rica, woods, composition, summary, 

121/ 
Cotton, heat of wetting vs. moisture 

content, 157/ 
Cottonwood, thermogravimetry, 524/ 
p - C o u m a r y l alcohol, 66 
Covalent wood-to -wood bonding, direct, 

,358-61 
C P / M A S — S e e Cross-polarized/magic 

angle spinning 
Creep , definition, 231 
Creosote 

chemical composition, 309/ 
components, 308 
effects on mechanical properties, 245-48/ 

Critical oxygen index test, 537-38 
Cross and Bevan cellulose, analytical 

determinations, 71 
Cross-field pits, communication, 32 
Cross-link density, 325 
Cross-linking 

catalysis, 189 
effect on polymerization, 272-74 

Cross-link in g agent (s) 
bifunctional molecules, 363 
sulfuric acid, 370 

Cross-polarized/magic angle spinning, 513 
cellulose char, 514/ 

Cross-sectional distortion, 150/ 
C r o w n of tree, 4 
Crushing strength, formaldehyde-treated 

woods, 189 
Cuangare, attack by anobiid beetle, 466/ 
Caire chemistry, effect of extractives, 345 
C u r i n g reaction, initiation, 329 
Cyanoethylated w o o d , impact strength, 192 
Cyanoethylation, 191 
C Z C — S e e Chromated zinc chloride 

D 
D C resistance moisture meter, temperature 

calibration curves, 132/ 
D C resistivity, vs. moisture content, 

130/, 131/ 
Decay 

definition, 401 
role of gelatinous sheaths, 471 
types, 462-63 
w o o d 

cellulose, 473-77 
hemicellulose, 476-77 
lignin, 477-79 
mechanisms, 471-79 

Decomposed Douglas-fir, heat of 
combustion, 523/,524/ 

Decomposition 
biological, 455-87 
economics, 481 
structural polymers, organism 

responsible, 459/ 
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INDEX 597 

Decomposition—Continued 
w o o d 

by insects, 464-65/ 
by marine borers, 465/ 

Defibration temperature, effect on lignin 
content, 353 

Degradation 
decrystallization, 585 
definition, 577 
oxidative reactions, 583-85 
sites of initial attack, 578-86 
UV, 408 
wood , 356 

Degree of polymerization 
definition, 58 
number average, 60 

Dehydration, catalyst, 561 
Dehydration products, cellulose pyrolysis, 

504 
Delignified cell-wall softwood fiber, 

photomicrograph, 230/ 
Density, 38-40 

apparent, cell wall, equation, 141 
moisture effects, 152 
relationship to thermal conductivity, 154 
vs. moisture content, 153/ 

Dent's surface sorption theory, 162-64 
Depolymerization, transglycosylation, 500 
Desorption 

Douglas-fir, 136/ 
isotherm, 137 

Deterioration 
biological, types, 459/ 
with decomposition, 460 
without decomposition, 458-60 

organism responsible, 459/ 
types, 458-60 

Dialdehyde reactions, 190 
D i a m m o n i u m phosphate, 250 

reduction of flame spread, 532 
D i a m m o n i u m sulfate, 250 
Dibutylphthalate, 342 
Dichlorohydrin-treated w o o d , decay 

resistance, 195 
Dichromate, lignin degradation, 585 
Dicyandiarnide, 543,544 
Didecyldimethylammonium chloride, 

structure, 310 
Dielectric constant 

correlation to swelling, 180 
vs. dry w o o d specific gravity, 133/ 

Dielectric moisture meters, 133-34 
Diethyl ether, w o o d solubility, 74 
Differential scanning calorimetry, fire 

retardancy test method, 534 
Differential thermal analysis 

cellulose, 554/,555/,556/,558/ 
fire retardancy test method, 534 
inorganic fire retardants, 553 
lignin, 554/,555/,556/,558/ 
w o o d , 558/ 

in helium, 553 
Diffuse-porous, 19/ 
Diffusion coefficient 

effects, 167 

Diffusion coefficient—Continued 
moisture content effects, 168 
relationship to moisture transport 

coefficients, 167/ 
vs. w o o d moisture content, 168/ 

Difunctional aldehyde reactions, 190 
Digestibility 

by celluloses and hemicellulases, 461/ 
maximum, 461 

Dilution-by-noncombustible-gases theories, 
542,544 

Dimensional changes, minimizing for w o o d 
in use, 140 

Dimensional stability 
bulking treatments, 177 
improvement, 295 
w o o d - p o l y m e r composites, 286/ 

Dipolar forces, 326-27 
Dipoles, cause, 326 
Direct covaient wood-to -wood bonding, 

.358-61 
Discoloration 

causes, 402/ 
form of degradation, 586 
by fungi, 458 
by light, 406 
organisms responsible, 459 

Discontinuous rings, 14-15 
Dispersion forces, 326 
D o n glas-fir 

acid content, 346/ 
adsorption, 136/ 
attack by marine borer, 466/ 
bark, heat of combustion, 523/,524/ 
basic density, 41/ 
butylène oxide treatment, 198/ 
color changes, 412/,413/ 
compression wood , 45/ 
decomposed, heat of combustion, 

523/,524/ 
distinguishing characteristic, 33 
free radicals vs. moisture content, 433/ 
gamma-irradiated, 261 
heat degradation, 241 
initial desorption, 136/ 
light exposure, erosion, 417/ 
lignin, heat of combustion, 523/,524/ 
secondary desorption, 136/ 
S K M , 13/ 
spiral thickenings, S E M , 33/ 
veneer, wood-to -wood bonding, 359 

D r y cell wall , density, 141 
D r y mass fraction, definition, 129 
D r y mass percent, definition, 129 
D r y w o o d 

hydration, 164 
specific gravity vs. dielectric constant, 

1.33/ 
specific heat, 153 
water absorption, 278 

D S C — S e e Differential scanning 
calorimetry 

D T A — S e e Differential thermal analysis 
Durability, 333-34 
Duration of load, 218 
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598 T H E C H E M I S T R Y O F S O L I D W O O D 

Ε 
E a r l y w o o d 

interfiber pits, 28 
l iquid penetration, 181 
weathering, 424 

E a r l y w o o d cells, role in strength, 226 
E a r l y w o o d tracheids, cell walls, 181 
E a r l y w o o d - l a t e w o o d interaction theory, 

151 
Earlywood-to- latewood transition, 

softwood, 18/ 
Eastern cottonwood, elemental 

composition, 120f 
Eastern hemlock, elemental composition, 

120f 
Eastern larch, growth rings, 18/ 
Eastern white pine 

elemental composition, 119/ 
growth rings, 18/ 

Elastic materials, stress and strain, 213 
Elastic properties, 213 
Elastic strength, 232 
Elasticity 

elastomers, 325 
w o o d , 214 

Elastomer, elasticity, 325 
Electrical resistance moisture meters, 

130-33 
Electron spectroscopy for chemical 

analysis, 378 
Electron spin resonance, of w o o d free 

radicals, 428/ 
Electronic absorption spectroscopy, 353-54 
Elemental composition, 58 
Elementary fibrils, definition, 24 
E l m , propylene oxide treatment, 198f 
E l o v i c h kinetics, 519 
Emulsions, adhesive, 342 
End-use applications, 18 
Endogenous cellulases, 462 
Energy forms, effects, 402f 
English oak, chemical composition, l\3t 
Entropy change, vs. moisture contents, 158/ 
Environmental effects, strength, 238-43 
Enzymat ic hydrolysis, carbohydrate, 68 
Enzymes 

cellulose decomposition, 473 
lignin decomposition, 478 

Epichlorohydrin , polymerization with 
amines, 388 

Epichlorohydrin-treated w o o d , decay 
resistance, 195 

Epithelial cells, 21 
Epoxide(s) 

base-catalyzed reactions, 192 
butylène oxide treatment, 193/ 
propylene oxide treatment, 193/ 
reactions with w o o d , 192-97 

Epoxide modification, antishrink 
efficiency, 193/ 

Equi l ibr ium moisture content, definition, 
215 

Erosion 
after accelerated weathering, 417f 
reducing, 426 

Erosion rate, 415-16 
E S C A — S e e Electron spectroscopy lor 

chemical analysis 
Ester(s), 182,579 

acetylation, 183-84 
density, 184-86 
hydrolysis, acidic conditions, 580 
phthalylation, 186 
reactions with w o o d , 183-88 

Ester linkages, hydrolysis, 579 
Ethanethioic acid, for vapor-phase 

acetylation, 186 
Ethanol /benzene, as extractives solvent, 

73-74 
Ether(s) 

as extractives solvent, 73 
methylation, 190 
reaction with w o o d , 190-92 

Ether linkages, 182 
Ethylene, structure, 262 
Ethylene oxide, vapor-phase treatment, 192 
Ethylenediamine, as bonding agent, 362 
Eucalyptus obligva, butylène oxide 

treatment, 198f 
European spruce, sorption vs. moisture 

content, 156/ 
External plasticizer, 342 
External surfaces, 350 
Extractives, 68,73-74 

See also Extraneous components 
appropriate solvents, 73 
effect on bonding, 345 
effect on cure chemistry, 345 
redistribution, 354-55 
surface coverage, 353 

Extraneous components, 68,73-74 
See also Extractives 

Extraneous materials, 58 

F 
Fatigue, failures, 219 
F C A P — S e e F lour chrome arsenate phenol 
Ferric chloride, 442 
Ferric compounds, 358 
Fiber(s), 19 

architecture, 24-28 
definition, 4 
macroscopic level, 234 
strength, 211 
wall architecture, 25/ 

Fiber cells, degradation, 457 
Fiber saturation 

definition, 37 
relationship to volumetric shrinkage data, 

144 
swelling of cell wall , 142 

Fiber-saturation point 
apparent, obtaining, 138 
definition, 129,278 
measurement, 141-42 

Fiber stress at proportional limit, 222 
w o o d - p o l y m e r composites, 286f 

Fiber volume, hardwoods, 4 
Fibr i l orientations, of S,, S 2 , and S 3 , 144/ 
Fick's second law, 167 
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INDEX 599 

FID—Sec Free induction decay 
Fi lm- forming finishes, 437-38 

natural w o o d , 444 
Fine grinding, effect, 461 
Finishing, properties, 436 
Fir , nonconventional bonding, 368/ 
Fire retardancy, 531-71 

mechanisms, 541-63 
role in vapor-phase reactions, 545 
test methods, 532-41 
theories, 542-63 

Fire retardant(s) 
chemical basis, 563 
coating systems, 569 
effect on strength, 250 
halogens, 545 
inorganic, differential thermal analysis, 

553 
in monomer solutions, 277 
protection, 532 
reduced smoke and toxicity, 569 
toxicity, test methods, 541 

Fire retardant chemicals, effect on oxygen 
index, 538/ 

Fire retardant formulations, 563-68 
leaching resistance, 564 

Fire retardant treatment, 212 
classification, 532 
for panel products, future research, 

568-69 
Fire retardant-treated w o o d , 

thermogravimetric analysis, 548/ 
First law of photochemistry, 406 
Flame propagation, 544 
Flame retardants, aluminum trihydrate, 565 
Flame spread 

borax inhibition, 564 
Phosgard, 277 
reduction, 532 

Flame spread index, effect of inorganic 
additives, 537/ 

Flame spread ratings, determination, 535 
Flaming combustion, 491/ 

definition, 541 
heat of combustion, 522 
heat release, 526 

Flammability 
and oxygen index, 537 
reduction by boron compounds, 565 

Flexibility, of polymers, 325 
Flexural loading properties, 221-23 
Flexural modulus, polymer impregnation 

effect, 299/ 
Flexural strength, polymer impregnation 

effect, 299/ 
Flexure formula, 222 
Flour chrome arsenate phenol, effect on 

mechanical properties, 251-52/ 
Foreign materials, deposition, 355 
Forest management, scientific, aims, 41 
Formaldehyde 

acetylation, 188-89 
reactions with phenol, 330 

Formaldehyde-treated w o o d 
fungi attack, 189 
mechanical properties, 189 

Formation, 3-56 
Fraction of dry mass, definition, 129 
Fractional moisture content, defined, 127 
Fracture toughness, 333-34 

cure temperature dependence, 334 
Free energy change 

primary water, 164 
secondary water, 164 
with water of hydration, 166 
with water of solution, 166 

Free energy loss 
calculation, 157 
vs. moisture contents, 158/ 

Free induction decay, vs. moisture content, 
134,135/ 

Free radical characteristics, weathered 
wood , 430-31 

Free radical formation, 427 
Free radical mechanism, thermal 

degradation of cellulose, 497 
Free radical reactions 

cellulose, 427-29 
hemicellulose, 427-29 
in lignin, 429-30 
weathered wood , 430-31 

Free radical trap theories, 542,544 
Free radicals 

gamma-radiation as source, 263 
moisture effects, 431 
water effects, 431 

Free water, 128 
Freezing, of absorbed water, 405 
Fresh-cut w o o d , drying, 458-59 
F R - S rating, 535 
F S P L — S e e Fiber stress at proportional 

limit 
Fungi 

cause of w o o d decay, 456 
deterioration responsible for, 459/ 

Furan, grafting, 388/ 
Furfuryl alcohol, acid polymerization, 

384,385 

G 
G fibers, definition, 50 
Galactoglucomannan, in hemicelluloses, 65/ 
Gamma-irradiated Douglas-fir, 261 
Gamma-radiation, 261 
Gamma-ray , ionization, 263/ 
Gamma-ray-treated w o o d , 189 
Gas chromatography, sugar separation, 72 
Gas penetration, 182 
Gas reactants, 182 
Gel effect, 268-70 
G e l times, correlation, 345 
Gelatinous fibers, definition, 50 
Gelatinous sheaths, role in decay, 471 
Ghana, woods, chemical composition, 

89-90/, 121/ 
Giomeralhi cingulata, decay resistance, 293 
Glass transition temperature, in polymers, 

325 
Glassy state, 325 
Gloephyllttm trabeum, attack resistance, 

184 
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600 T H E CHEMISTRY O F SOLID W O O D 

Glowing , 541 
promotion, 532 

Glucanases 
activity, brown-rot fungi, 474 
cellulose decomposition, 473 

Glucomannan, in hemicelluloses, 65/ 
Glucopyranosides, hydrolyses, 581,582/ 
Glucose, 7 
β-Glueosidases, cellulose decomposition, 

473 
Glucuronoxylan, in hemicelluloses, 65/ 
Glycosidic b o n d scission, rates, 498/ 
Grafted, definition, 294 
Grafting experiments, 387 
Grain , shrinkage, 146 
G r a n d fir 

impact strengths, 298 
organotin polymers, impregnation, 300 
polymer incorporation, 298 

Gravimetric method, 129 
Gravimetric moisture measurements, 

c o m m o n errors, 129 
Graying, 413 

See also Discoloration 
Green moisture content, definition, 128 
Green volume specific gravity, 143-44 
Green w o o d 

form of water, 128 
moisture content, 128-29 
shrinking and swelling, 140 
volume, definition, 38 

Gross w o o d 
cell wall structure, 142 
shrinking, 142-51 
swelling, 142-51 
volumetric shrinking and swelling, 

143-46 
Grotthus-Drapper principle, 406 
Growth , by zones, 14-17 
G r o w t h characteristics, effect of strength, 

215 
Growth increment, 14 
Growth ring(s) 

counting, 15 
eastern larch, 18/ 
eastern white pine, 18/ 
growth, 15 
hardwoods, 17 
influences, 14 
Sitka spruce, 14/ 
six-year-old tree, 16/ 
softwood, 18/ 

Guaiacyl groups, oxidation, 585 
Guanidine, 543 
Gymnosperm(s) 

See also Softwood(s) 
complete lignin removal, 71 
definition, 4 
w o o d tissue, 6/ 

H 
I Iailwood-I lorrobin solution sorption 

theory, 164-66 
Halogens, as fire retardants, 545 

H a r d maple, oxide treatment, 198/ 
Hardness, 226 

coefficient of variation, 217/ 
specific gravity effects, 216/ 

H a r d wood (s) 
See also Angiosperm(s) 
anisotropic w o o d cubes, 227/ 
basic density, 40,41/ 
calcium oxalate crystals in ray 

parenchyma, 21/ 
cell types, 23 
definition, 3 
erosion, 414 
growth rings, 17 
hemieellulose, 63 
intervessel-pit membranes, S E M , 20/ 
leaf structure, 4 
lignin, 66 
parenchyma-cell content, 24 
pentoses, 71 
perforation plates, S E M , 36/ 
pore patterns, 19/ 
reaction w o o d , 48 
southeastern U.S. , chemical composition, 

117-18/ 
vessel pitting, S E M , 35/ 
vessels, 22 
w o o d anatomy, 22 
w o o d tissue, 6/ 

H a r d w o o d fibers, volume occupied, 24 
I lardwood xylein, lignin content, 24 
Hartig, Robert, 456 
Hawaii , termite attack, 312 
Heartwood 

definition, 42 
distinguishing characteristics, 43-45 
distribution in blackjack oak, 42/ 
extractives, 44 
moisture content, 43 
polyethylene glycol treatment, 259-60 
resistance to decomposition, 458 
variability, 42-45 
western hemlock, aspirated-pit 

membrane, 43/ 
white oak, tyloses, 44/ 

Heat, and weathering, 405 
Heat capacity, measuring, 534 
Heat of combustion, 524/ 

fire-retardant treatments, 557 
flaming combustion, 522 

Heat degradation, 240-41 
southern pine, 242/ 

Heat release 
determination, 522 
effect of inorganic additives, 562/ 
test methods, 539,541 

Heat of sorption, 154 
components, 157 
vs. moisture contents, 158/ 

Heat treatment temperature, effect on char 
formation, 509,512/ 

Heat of wetting 
calculation, 154-55 
relationship to sorption, 157 
total, 157 
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INDEX 601 

Heat of wotting—Continued 
vs. moisture content, 156 

cotton, 157/ 
H i n o k i cypress, 157/ 

Heat-stabilized wood , 258 
I le i lman-Gulf epoxv monomer, properties, 

286/ 
I Iemicellulases 

production, 477 
synthesis, 477 
w o o d digestion, 461/ 

Hemicelluloses, 62-66 
acid treatment, 372 
adsorption isotherms, 139/ 
components, 65/ 
content, 58 
decomposition, 476-77 
definition, 7,230 
depletion, 463 

by fungi, 470/ 
free radical reactions, 427-29 
hardwoods, 63 
molecular weight, 62 
monomer components, 63/ 
site of degradation attack, 579 
solubility, 62 

Heterocellular ray, 20/ 
Ilexamethylenetetramine, structure, 331 
1,6-1 Iexanediamine, as bonding agent, 362 
1,6-1 Iexanediamine-bonded particle board, 

properties, 363/ 
Hickory , acid content, 346/ 
High lignin content, effect on enzymatic 

degradation, 313 
High performance liquid chromatography, 

72 
Hinoki cypress, heat of wetting vs. 

moisture content, 157/ 
Holocellulose 

adsorption isotherms, 139/ 
analytical determinations, 69-73 

Homocellular ray, white fir, 20/ 
Hooke's L a w , 213 
Hot hardeners, ,335 
Hot water, as extractives solvent, 73 
Hot-melt adhesives, 341-42 
Hot-setting phenolic adhesives, 333 
H P L C — S e e High performance liquid 

chromatography 
Hydration, of polymer, 164 
Hydrogen bonding, between 

polysaccharide chains, 231/,232/,234/ 
Hydrogen peroxide 

comparison to H N ( ) 3 as oxidant, 367 
secretion in brown-rot fungi, 474 
surface activation, 373-76 

Hydrogen peroxide/ferrous sulfate, 360 
Hydrogen peroxide-treated lignin, D S C 

curves, 376/ 
Hydrolyt ic enzymes, cellulose 

decomposition, 475/ 
Hydrolyt ic reactions, 579-83 
Hydrostatic pressure, vs. specific volume, 

161/ 

Hydroxy ! absorption, .357 
Hydroxyl groups, 37 

reactions, 177,182 
H y d r o x y ! substitution, calculations, 206 
I lydroxyl-terminated polymers, curing, 3.37 
Hydroxyls , conversion, 295 
Hygroelastic effect, 160 
Hygroelasticity, moisture sorption effects, 

160-61 
Hygroexpansion, 149 
Hygroexpansion coefficients, 145,147 
Hygroscopic gels, osmotic pressure 

equation, 160 
Hygroscopicity, 37 

See also Wood moisture content 
effect of waterbome salts, 244 
heating effects, 140 
with high extractive contents, 139 
lignin, 37 
mechanical stress effects, 140 
temperate-zone woods, 144 
tropical woods. 144 

Hysteresis, definition, 136 

I 
IB—See Internal bond 
Ice, relative energy level, 155/ 
Impact bending 

coefficient of variation, 217/ 
specific gravity effects, 216/ 
strength, 463 

Impact loading, 219 
Impact strength, cyanoethylated w o o d , 192 
Impreg, 258 
Impregnation, 265-66,266/ 
Increased char /reduced volatiles theories, 

545-53 
definition, 542 

Indian woods, volumetric shrinkage, 144 
Inhibitors, removal, 267-68 
Inorganic additives 

aromatic char formation effects, 552/ 
decomposition temperature effects, 553 
flame-spread index effects, 537/ 
heat release effects, 562/ 
levoglucosan production effects, 550/ 
oxygen index effects, 550/ 
thermal evolution analysis effects, 561/ 
thermogravimetric analysis effects, 562/ 

Inorganic elemental composition, 74 
Inorganic fire retardants, differentia! 

thermal analysis, 553 
Inorganic salts, 308-9 

chemical reactions with wood , 314-17 
susceptibility to leaching, 314 

Insects 
decomposition of lignin, 462 
deterioration responsible for, 459/ 
w o o d decomposition, 464-65/ 
w o o d digestion, 461 

Interaction of preservatives, 307-20 
Interfiber bordered pits, 28,29/ 
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T H E CHEMISTRY O F SOLID W O O D 

Intermoleeular attraction, forces 
responsible, 326 

Internal bond 
cross-linking agents, 364 
vs. board density, 360/ 

Intervessel-pit membranes, hardwoods, 
S E M , 30/ 

Intumescent systems, 543 
IR data 

as bonding proof, 202-4 
of outdoor exposed w o o d , 411/ 
oxidized, cellulose, 377 
UV- irradiated wood , 409/ 

Isocyanate(s) 
bifunctional, nonconventional bonding, 

.382-83 
moisture sensitivity, 188 
reactions, 187-88,339/ 
waferboard bonding, 392 

Isocyanate groups, terminal, curing, 337 
Isocyanate-based adhesives, 337-39 
Isocyanurate, formation, 339/ 

j 
Japan, woods, chemical composition, 

91-97/, 121/ 
Jarrah, chemical composition, 113/ 
Juvenile w o o d 

axial shrinkage, 147 
chemistry, 54-55 
extractives, 54 
location, 52/ 
microfibril angle, 54 
physical properties, 53-54 
variability, 51-54 

Κ 

Kalimantan, woods, chemical composition, 
98-100/,121/ 

Karl-Fischer titration, 129-30 
Kiln-dried w o o d , 458-59 
Klason lignin—See Lignin 
Knots 

definition, 54 
effect of natural pruning, 54 
loose, definition, 55 
tight, definition, 55 

Knotwood 
composition, 55 
location, 52/ 
variability, 54 

Kiirschner cellulose, analytical 
determinations, 71 

L 
Lacquers, 438 
Langmuir model , sorption, 162 
Larch w o o d , heat of combustion, 523/,524/ 
Lateral meristems, location, 9 
Latewood 

cells, role in strength, 226 
interfiber pits, 28 

Latewood—Continued 
liquid penetration, 181 
pit aspiration on drying, 181 
tracheids, cell walls, 181 
weathering, 424 

Latex paints, 437 
Latex stains, 444 
Leach-resistant chemicals 

for flame retardancy, 566-68 
future research, 568 

Leaching, resistance, 314 
as bonding proof, 198-202 

L e a d acetate, 187 
ÎA>ntinus lepideus, attack resistance, 184 
Levoglucosan, acid-catalyzed resistance, 

550 
Levoglucosan inhibition, proposed 

mechanism, 552/ 
Levoglucosan production, additives effect, 

550/ 
Levoglucosenone, formation, 507/ 
Light, and weathering, 405 
Light energy, effects, 402/ 
Light exposure, surface changes, 357 
Light penetration, and w o o d surface 

deterioration, 406-7 
Light scattering, determination of degree of 

polymerization, 60 
Lignification, defined, 13 
Lignin, 66-68 

alkaline conditions, 410 
alkaline hydrolysis, 583 
alkaline oxidation, 584 
analytical determination, 73 
benzyl (a)-aryl ether linkages, cleavage, 

582 
biosynthesis, precursors, 66 
bonded chemical distribution, 205 
C - C bonds, cleavage, 582 
char formation, 176 
characterization by methoxyl content, 68 
crystallinity, 585 
decomposition by insects, 462 
definition, 7 
degradation 

site of attack, 579 
strong oxidants, 585 

distribution, 69 
elemental composition, 510/ 
free radical reactions, 429-30 
hydrogen peroxide-treated, D S C curves, 

376/ 
hydrolytic reactions, 582-83 
hygroscopieity, 37 
isolation, 66,68 
low temperature decomposition, 356 
material definition, 229 
methoxyl group determination, 73 
oxidative degradation, 584-85 
photochemical reactions, 430 
reaction with copper, 315 
role in biological decomposition, 460 
softwood 

partial structure, 67/ 
solubility, 73 
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INDEX 603 

Lignin—Continued 
spruce-milled, composition, 68 
as stiffening agent, 211 
treated, thermogravimetric analysis, 549/ 
U Y absorption, 429/ 
U Y degradation, 176 
U Y light absorption, 408 
water absorption, 7 
weathering effects, 407 
white-rot fungi, 470/ 

Lignin combustion, maximum heat 
intensity, 560/ 

Lignin content, effect of defibration 
temperature, 353 

Lignin decomposition, 477-79 
by white-rot fungi, 478/ 

Lignin polymer degradation, prominent 
reactions, 477 

Lignin-phenylpropane units, common 
linkages, 580/ 

I jgnocellulosic materials, oxygen:earbon 
ratio, 354/ 

Lignosulfonates, oxidative cross-linking, 
.369,370/ 

Lignophylic systems, 349 
L i q u i d adhesive to solid bond , 324 
L i q u i d water 

relative energy level, 155/ 
specific heat, 153 

Liquids, movement, 28,32 
L o a d 

below proportional limit, 232 
beyond proportional limit, 233-35 
duration, 218 
factors, strength, 218-20 
fatigue, 219 

Loblolly pine, normal w o o d , 49/ 
London forces, 326 
Long-term protection, prerequisites, 445 
Longhorn beetle, attack of white pine, 466/ 
Longitudinal shrinkage, 147 

Pinus ieffreyi, 148/ 
Longitudinal swelling, Barbers model , 149/ 
Longitudinal tracheid, 19 
Loose knots, definition, 55 
L o w molecular weight polyethylene, 341 
Lumen-fi l l ing modification, 426 
Lumens, 4,11 

M 
Macrodistribution, of preservative, 

influences, 311 
Macrofibrils 

cellulose, T E M , 25/ 
definition, 24 

Macroscopic level, strength, 236 
Major-use preservatives, 307-9 
Mammals , deterioration responsible for, 

459/ 
Maple 

electron spectroscopy for chemical 
analysis, 380/ 

light exposure, erosion, 417/ 
oxygen :carbon ratio, 354/ 
surface oxidation, 379 

M a p l e - M M A composite, moisture effects 
on polymerization, 277/ 

Marine bacterium, decay resistance, 293 
Marine borer(s) 

attack of Douglas-fir, 466/ 
attack of yellow pine, 466/ 
deterioration responsible for, 459/ 
w o o d decomposition, 465/ 
w o o d digestion, 461 

Marine decay, field test data, 303/ 
Marine organisms, preventing attack, 304 
Mature w o o d 

axial shrinkage, 147 
variability, 51-54 

M a x i m u m digestibility, 461 
M a x i m u m transverse swelling pressure, 159 
Mechanical disintegration, 460 
Mechanical energy, effects, 402/ 
Mechanical properties, 212-13 

aeetylated wood , 184 
anisotropy, 212 
axial loading conditions, 223 
coefficient of variation, 217/ 
formaldehyde-treated w o o d , 189 
methylated w o o d , 190 
moisture changes, 219/ 
moisture effects, 152 
propylene oxide-modified wood , 196 
relationship to moisture content, 220 
relationship to stress-strain diagram, 222/ 
specific gravit)' effects, 216/ 
strength, 212-26 

Mechano-biochemical decomposition, 
460-62 

Melamine, 543 
structure, 335 

Melamine- formaldehyde resins, 327,334-37 
Mereerization, definition, 60 
Meristems, 9,11 
Methenamine, structure, 331 
Methyl iodide, formation, 73 
Methyl isoeyanate, 188 

for chemical modification, 201/ 
southern pine treatment, 200/ 

Methyl isocyanate-modified southern pine 
IR spectra, 204/ 
substitution, 206/ 

Methyl methaerylate, 426 
properties, 286/ 
southern pine treatment, 200/ 
structure, 262 
vapor pressure, 266 

Methylated wood , mechanical properties, 
190 

Methylation, 182 
4-O-Methylglucuronic acid, &3/ 
Methylol phenols, 329 
Mexico, woods, composition, summary, 

121/ 
M F — S e e Melarnine-formaldehyde resins 
Microbial degradation, strength, 241-43 
Microdistribution theory, 312 
Microfibri l angle, 26 

relationship to longitudinal shrinkage, 147 
Microfibri l orientation 

effect on cell cavity changes, 144 
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Microfibri l orientation—Continued 
microscopic, 228-29,228/ 

Microfibrils 
cellulose, T E M , 25/ 
definition, 24,228 

Microscopic composition, 228 
Microscopic level, strength, 235 
Microscopic microfibril orientation, 228-29 
M i d d l e lamella 

composition, 7 
definition, 7 

Minor-use preservatives, 309-10 
M M A—See Methyl methacrylate 
Modulus of elasticity, 223 

definition, 214 
of w o o d - p o l y m e r composites, 286/ 

Modulus of rigidity, definition, 214 
Modulus of rupture, 221-22 

of w o o d - p o l y m e r composites, 286/ 
M O E — S e e Modulus of elasticity 
Moist wood , specific heat, 153 
Moisture 

effect on free radical formation, 431 
effect on polymerization exotherms, 

275-76 
effect of strength, 215-18 
and the environment, 127-40 
graying, 413 
and weathering, 404-5 

Moisture content 
determination, 74 
entropy change, 158/ 
free energy loss, 158/ 
of green w o o d , 128-29 
heat of sorption, 158/ 
relationship to mechanical properties, 220 
target, of w o o d in use, 140 
vs. D C resistivity, 130/, 131/ 
vs. density, 153/ 
vs. free induction decay, 135/ 
vs. heat of wetting, 156 

cotton, 157/ 
Ilinoki cypress, 157/ 

vs. specific gravity, 153/ 
vs. w o o d volume, 145/, 146/ 
wet basis, 128 

Moisture diffusion coefficient, 166-69 
Moisture effects, 151 
Moisture movement, driving potential, 167 
Moisture sorption 

enthalpy changes, 154-57 
measurement, 155 

free energy changes, 157 
free entropy changes, 157 
hygroelastie effects, 160-61 
isotherm, 136-40 
swelling pressure, 158-60 
th erm odyn amies, 154-61 

Moisture transport, 166-70 
coefficients, 167/ 

Molecular, relationship of strength to 
chemical composition, 229-31 

Molecular level, strength, 235 
M o n o a m m o n i u m phosphate, 532 
M OR—See Modulus of rupture 
Mother cells, 11 

Mozambique , woods, chemical 
composition, 89-90/,121/ 

Multiple ring, 14-15 
Multiseriate rays, redwood, 22/ 
Mushroom-forming fungi, white-rot, 481 
Mushrooms, cultivation on solid w o o d , 483/ 

Ν 
N a P C P — S e e Sodium pentachlorophenol 
Naphthenic acids, structure, 309 
National Bureau of Standards smoke 

density chamber, 538,540/ 
Natural pruning, effect on knots, 54 
Natural w o o d finishes, 443-45 

film-forming, 444 
opaque stains, 445 
penetrating, 444 

Neutron moisture meter, 135-36,135/ 
N e w preservatives, 310 
Nitrate, surface activation, 376-79 
Nitrate salts, thermal decomposition, 377 
Nitric acid 

comparison to H 2 0 2 as oxidant, 367 
preoxidation, 362 
surface activation, 376-79 

Nitrogen, basis for fire retardants, 563 
Nitrogen-containing esters, formation, 187 
Ν M R , pulsed, 134 
Nonconventional binders, nonpolar, 393 
Nonconventional bonding, 349-400 

with acid activation, 390-91 
advantages, 351 
bifunctional acids, 382 
bifunctional amines, 382 
bifunctional isocyanates, 382-83 
with cross-linking mixture, 387 
direct, 381-82 
economics, 351 
methods, 349 
with oxidant activation, 391 
polymers, 383-89 

role of activator, 383-84 
w o o d properties, 368/ 

Nonconventionally bonded particle board, 
advantages, 390 

Nonpolar liquids, penetration, 181 
Nonpolar nonconventional binders, 393 
Nontoxic preservatives, function, 292 
Normal wood , 49/ 
Norrish acceleration, 273 
North American woods, chemical 

composition, 115-16/ 
Northern red oak, white rot, 467/ 
Novolak, ,330-31 
Nylon , structure, 342 

Ο 
Oak 

attack by termites, 466/ 
w o o d cell location, 10/ 

Obeche , chemical composition, 113/ 
Oil-base paints, 437 
Oil -based stains, semitransparent, 444 
Oleoresin. 21 
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INDEX 605 

O p a q u e stains, natural w o o d finishes, 445 
Organic components, 402 
Organic preservatives, chemical reactions 

with w o o d , 317-18 
Organic solutions, 440 
Organisms, wood-decomposing 

control, 479-81 
uses, 481-83 

Organolead-treated southern pine, 
durability, 441 

Organophosphorus compounds, for fire 
retardants, 564 

Organotin compounds, biotoxicity, 292-93 
Organotin polymers 

biodégradation resistance, 300-303 
dimensional stability, 297 
distribution, 295-97 
effect on antishrink efficiency, 297 
mechanical properties, 298-300 
in w o o d , 293-304 

Osmometry, 60 
Osmotic pressure equation, 159 

assumptions, 160 
Osmotic pressure theory, Barkas, 160 
Outdoor exposed w o o d , IR spectra, 411/ 
Outerwood, definition, 53 
Oven-dr ied cell wall , impermeability to 

vinyl monomers, 279 
Oxidant activation, nonconventional 

bonding, 391 
Oxidation, char, 526/ 
Oxidative cross-linking of lignosulfonates, 

mechanism, 370/ 
Oxidative depolymerization, cellulose, 474 
Oxidative enzymes, cellulose 

decomposition, 475/ 
Oxidative reactions, 583-85 
Oxidized surfaces, oxygen content, 410 
Oxidizing activators, 381 
Oxygen adsorption, char, 526/ 
Oxygen chemisorption, cellulose, 518/,520/ 
Oxygen effect, peroxide formation, 434/ 
Oxygen index 

critical, 537-38 
effect of fire-retardant chemicals, 538/ 
effect of inorganic additives, 550/ 

Oxygen :carbon ratio 
lignocellulosic materials, 354/ 
maple w o o d , 354/ 

Ozone gas-phase treatment, 260 

Ρ 

Paint, and fungal growth, 437 
Painting surfaces, aeetylated wood, 185 
Papua N e w Guinea, woods, chemical 

composition, 98-100/,121/ 
Parenchyma cells, 11 
Particle board 

bonding preparation, 358 
nonconventionally bonded, advantages, 

390 
production, organic emissions, 368 
properties, H 2 0 2 effects, 366/ 
wood-to -wood bonding, 360/ 

PCP—See Pentachlorophenol 
Pectin membranes, degradation, 459 
Peeling, 586 
P E G — S e e Polyethylene glycol 
Penetrating finishes, 438-43 

natural w o o d , 444 
Penetration, 178-81 

of gas, 182 
Pénicillium spp. , 459 
Pentachlorophenol, 307-8,439 

effects on mechanical properties, 245-48/ 
preservatives, analysis by S E M - E D X A , 

312 
structure, 308 

Pentosan, analytical determinations, 71 
Percent of dry mass, definition, 129 
Perforation plates 

definition, 35 
in hardwoods, S E M , 36/ 
sculpturing, 35 

Permanganate, lignin degradation, 585 
Peroxide formation 

oxygen effect, 434/ 
rose bengal effect, 434/ 
triethylamine effect, 435/ 

Peroxy compounds, as oxidants, 365 
Peroxyacetic acid, effect on shear strength, 

361 
Persimmon, butylène oxide treatment, 198/ 
Pesticides, as w o o d preservatives, 480 
PF—See Phenol - formaldehyde resins 
p H 

changes, effect on strength, 238 
decrease with chromated copper 

arsenate, 315 
effect on strength properties, 212 

Phanerochaete chrysosporium, cellobiose 
conversion, 473 

Phenol, reactions with formaldehyde, 330 
Phenol- formaldehyde compressed w o o d 

composite, 258-59 
Phenol- formaldehyde resin, 327,330/ 

applications, 332-33 
durability, 333-34 
fracture toughness, 333-34 

Phenol- formaldehyde w o o d composite, 
258 

Phenol - formaldehyde-bonded particle 
board, properties, 363/ 

Phenolic resin adhesives, 328-34 
hot-setting, 333 

Phenols, 458 
Phenylpropane units-lignin, c o m m o n 

linkages, 580/ 
Philippine woods, chemical composition, 

101-9/,121/ 
Philippou process, 365-69 

economics, 369 
particle board, properties, 386/ 

Phloem, primary, 9 
Phosgard, 277 
Phosphates, as fire retardants, 564 
Phosphorus, for fire retardants, 563,564 
Phosphorus pentoxide, 129 
Phosphorus-nitrogen synergism theories, 

557-63 
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Photochemical degradation, 176 
Photochemistry, laws, 406 
Photodegradation, mechanisms, 436/ 
Photooxidation of w o o d , singlet oxygen, 

434 
Phthaldehydic acid, reaction with w o o d , 

190 
Phthalylation, esters, 186 
Physical changes, weathering, 414-16 
Physical properties, 37-40,282-88 

and chemical modification, 175-78 
moisture effects, 151-54 

Picea glauca (Moench) Voss, extractives 
deposition, 355 

Pigmented penetrating stain, definition, 439 
Pine 

See also Pinus stjlvestris L . 
nonconventional bonding, 368/ 
polysaccharide content, 70/ 
w o o d cell location, 10/ 

Pinus jeffretfi, shrinkage, 148/ 
Pinus ponder osa Laws. , wood-to -wood 

bonding, 361 
Pinus stjlvestris L . , polysaccharide content, 

70/ 
See also Pine 

Pint ι s taeda 
green moisture content, 128 
toluene-soluble extractives, .354 

Piperidine, for swelling, 179-80 
Pit aspiration, 30 
Pit membrane, construction, 28 
Pitch pine, chemical composition, 113/ 
Pits 

definition, 28 
ray cross-field, 30-32 
sculpturing, 35 
types, 28 

Plasma activation, of surfaces, 379-81 
Plastic strength, 233-35 
Plasticizers, 325 
Plexiglas, 267 
Plywood 

check formation, 423 
weathering, 423-25,424/ 

Polar liquids, penetration, 181 
Poly (vinyl acetals), as hot-melt adhesives, 

344 
Poly (vinyl acetate) emulsions, adhesion 

characteristics, 342-43 
P o l y v i n y l butyral), 344 
Poly(vinvl formal), 344 
Polyamides, 341 
Polybor, 565 
Polyethylene, low molecular weight, 341 
Polyethylene glycol, 259 
Polymer adhesives, 324 
Polymer grafting, 295 
Polymer impregnation, effects, 299/ 
Polymer loading, 283 
Polymeric chains, in bonding, 365/ 
Polymeric materials, thermal 

decomposition studies, 533 
Polymerization 

cross-linking effect, 272-74 

Polymerization—Continued 
exotherm, w o o d moisture effect, 

275-76,276/ 
vazo catalyst effect, 269-71 
of vinyl monomers, 267 

Polymers 
biotoxicity, 292-93 
hydroxyl-terminated, curing, 337 
migration into cell walls, 296 
nonconventional bonding of, role of 

activator, 383-84 
Polymethyl methacrylate, 

depolymerization, 276 
Polyphosphates, for fire retardants, 564 
Poltjportts versicolor 

attack, resistance, 184 
effect on organotin polymer-

impregnated w o o d , 300 
Polysaccharide(s), 7 

in cell walls, 70/ 
content, 69 
oxidative degradation, 584 
peeling, 586 

Polysaccharide chains, hydrogen bonding, 
231/,232/,234/ 

Polysaccharide molecule, flexing and 
elongation, 234/ 

Polt/stictus versicolor, beech w o o d attack, 
* 188 

Ponderosa pine 
heat of combustion, 523/,524/ 
propylene oxide treatment, 198/ 

Poplar w o o d , heat of combustion, 523/,524/ 
Pore patterns, hardwoods, 19/ 
Pores, 4 
Poria microsporia, attack resistance, 184 
Porta monticola 

attack resistance, 184 
effect on sweetgum, 243/ 

Poria placenta, molecular weight, 477 
Porter equation, 160 
Power-loss moisture meter, 133,134 
Preconditioning, 293 
Preoxidation 

increasing, 363 
with nitric acid, 362 

Preoxidized w o o d , bonding mechanism, 
362/ 

Preservative (s), 440 
chemical reactions with wood . 313-18 
distribution, 311-13 
effects on mechanical properties, 245-48/ 
function, 292 
inorganic salt, 314-17 
interaction, 307-20 
macrodistribution, 311 
major-use, 307-9 
microdistribution, 312-13 
minor-use, 309-10 
new, 310 
organic, chemical reactions with w o o d , 

317-18 
Preservative oils, 440 
Preservative protection, influences on 

longevity, 311 
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INDEX 607 

Preservative-wood interaction, 
disadvantages, 317 

Primary growth, definition, 9 
Primary phloem, 9 
Primary wall , 144/ 

manufacture, 26 
Primary water, calculations, 163,164 
Primary xylem, 9 
Proof of bonding 

criteria, 197-204 
increases in wood volume, 197-98 
IR data, 202-4 
resistance to leaching, 198 

/3-PropioIactone, 191 
Propionic anhydrides, 186 
Proportional limit, fiber stress, 222 
Propylene, structure, 262 
Propylene oxide, treatments, 193/,200,201/ 
Propylene oxide-modified w o o d , 

mechanical properties, 196 
Propylene oxide-triethylamine, treatment 

of southern pine, 194/ 
Protection 

chemistry, 401-47 
fire retardants, 532 
weathering, 436-43 
wood-based materials, 445 

Protoplast, 11 
Pseuaomonas nigrifaciens, decay 

resistance, 293 
Puerto Rico, woods, chemical composition, 

82-87/ 
Pulsed Ν M R method, 134 
P Y A — See P o l y v i n y l alcohol) 
PYAe—See Poly (vin vl acetate) 
Pyrolysis, 489-528,541 

'cellulose, 356,492/,501/ 
products, effect of additives, 551/ 

Q 
Quaking aspen, elemental composition, 

120/ 
Quality of w o o d , 17-19 

R 
Radial section, UY- l ight exposure, 419-20 
Radial shrinkage, 146 
Radial surface, 15/,41 
Radial transport of liquids, 32 
Radiata pine, propylene oxide treatment, 

198/ 
Radiation catalysis, 261 
Ray cross-field pits, 30-32 

softwoods, S E M , 32/ 
Ray parenchyma, calcium oxalate crystals, 

hardwood, 21/ 
Ray restraint theory', 151 
Ray tracheids, 21 
Rays, 11 

arrangement in softwoods, 20 
location, 12/ 
multiseriate, redwood, 22/ 
uniseriate, redwood, 22/ 

Reaction w o o d 
axial shrinkage, 147 
chemistry, 46-47/ 
definition, 45 
in hardwoods, 48 
in softwoods, 48 
structure, 46-47/ 
variability, 45-48 

Reconstituted panel products, weathering, 
425 

Red gum, physical property enhancements, 
280-81/ 

Red maple 
elemental composition, 119/ 
physical property enhancements, 280-81/ 

Red oak 
acid content, 346/ 
light exposure, erosion, 417/ 
northern, white rot, 467/ 
propylene oxide treatment, 198/ 

Red pine 
heterocellular ray, 20/ 
physical property enhancements, 280-81/ 

Red spruce, elemental composition, 119/ 
Redistribution 

extractives, 354-55 
preservatives, 311 

Reduced heat content of volatiles theories, 
553-57 

definition, 542 
Redwood 

color changes, 412/,413/ 
free radicals vs. moisture content, 433/ 
light exposure, erosion, 417/ 
multiseriate rays, 22/ 
uniseriate rays, 22/ 

Regeneration, definition, 60 
Relative humidities, maximum possible, 

138/ 
Resin canals, 21 
Resin ducts, 21 
Resins 

acrylic latex, 437 
with low monomer content, 329 
resorcinol, 331-32 

Resistance, causes, 458 
Resistance moisture meters, high humidity, 

133 
Resoles, 328-29 

cold-setting, 333 
formed from phenol and formaldehyde, 

328/ 
ortho substitution, 329 

Resorcinol, structure, 331 
Resorcinol resins, 331 -32 
Resorcinol-formaldehyde resins, adhesive 

strength, 185 
Ring-porous, 19/ 
Rose bengal effect, peroxide formation, 

4.34/ 
Russia woods—See U.S.S.R. woods 

S 

S, layer 
composition, 26-27 
fibril orientations, 144/ 
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S 2 layer 
composition, 26-27 
fibril orientations, 144/ 

S 3 layer 
composition, 27 
fibril orientations, 144/ 

Sap stream, movement, 28 
Sap-stain fungi, 458 
Sapwood 

cells, in the living tree, 128 
definition, 42 
polyethylene glycol treatment, 259-60 
resistance to decomposition, 458 
variability, 42-45 

Sarcina lutea, decay resistance, 293 
Scanning electron micrograph 

cellulose-lignin mixture, 383/ 
Douglas-fir, 13/ 
softwood, 8/ 

Scientific forest management, aims, 41 
Scotch pine, microfibril orientation, 228/ 
Sculpturing 

fibers, 28-34 
perforations, 35 

Second law of photochemistry, 406 
Secondary wall , 144/ 

definition, 26 
tension wood , 50 

Secondary water, calculations, 163 
Secondary xylem, 4 
S E M — S e e Scanning electron micrograph 
Semi-ring-porous, 19/ 
Semitransparent oil-based stains, 444 
Shear, 225 
Shear modulus, definition, 214 
Shear parallel to grain, coefficient of 

variation, 217/ 
Shear stress, 213 
Sheaths, gelatinous, role in decay, 471 
Shellacs, 438 
Shiitake, 482/ 
Shock resistance, 226 

moisture effects, 152 
Shrinkage, 37,140-51 

anisotropy, 146-51 
bound water loss, 140 
cell wall, 141-42 

maximum, equation, 142 
coefficient of variation, 217/ 
fibril angle effect, Barber's model , 

147-48 
gross w o o d , 142-51 
percent, equation, 142 
polymer impregnation effects, 294 
volumetric, equation, 143 

Silica, determination, 74 
Silviculture, definition, 41 
Sinapyl alcohol, 66 
Singlet oxygen, photooxidation of w o o d , 

434 
Sitka spruce 

growth rings, 14/ 
sorption vs. moisture content, 156/ 

Smoke, promotion, 532 

Smoke density chamber, National Bureau 
of Standards, 538,540/ 

Smoke production, test methods, 538-39 
Smoldering, 541 
Smoldering combustion, 491/ 

driving force, 522 
inhibition theories, 563 

Sodium chlorate, 359 
Sodium pentachlorophenol, effects on 

mechanical properties, 245-48/ 
Sodium periodate, 585 
Sodium silicates, 543 
Sodium tetraborate, 250 
Soft rot 

attack, in C C A - t r e a t e d w o o d , 313 
features, 468-69/ 
fungi, preventing attack by, 312 

Softwood (s) 
See oho Cymnosperm(s) 
ammonium treatment, 260 
anisotropic w o o d cubes, 227/ 
basic density, 40,41/ 
cell types, 19 
color changes, 412/ 
compression w o o d , 48 
definition, 3 
deterioration, 416 
earlywood fibers, 17 
early wood-to-latewood transition, 18/ 
erosion, 414 
growth rings, 18/ 
heartwood, moisture content, 43 
interfiber pits, 28,29/ 
leaf structure, 4 
pentoses, 71 
ray cross-field pits, S E M , 32/ 
S E M , 8/ 
warty layer, T E M , 34/ 
weathered surface, 415/ 
w o o d anatomy, 19-22 
w o o d tissue, 6/ 

Softwood fiber, photomicrograph, 
229/,230/ 

Softwood lignin 
partial structure, 67/ 
precursor, 66 
solubility, 73 

Soil fungus, decay resistance, 293 
Solid, burning, 541 
Solid-phase combustion, 541 
Solubility, w o o d , 73 
Sooty smoke, 277 
Sorption, relationship to heat of wetting, 

157 
Sorption hysteresis, benefits, 137 
Sorption isotherms 

Brunauer-Emmett -Tel ler model , 
162,163/ 

temperature effects, 138/ 
Sorption sites, 162,163/ 
South America , woods, chemical 

composition, 82-87/,88/ 
Southeastern U.S. , hardwoods, chemical 

composition, 117-18/ 
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Southern pine 
acetic anhydride treatment, 199/ 
acid content, 346/ 
calcium carbonate deposition, 244/ 
chemical treatment, 200/ 
earlywood, void volume, 181 
heat degradation, 242/ 
latewood, void volume, 181 
light exposure, erosion, 417/ 
methyl isoeyanate reaction, 338 
methyl isoe\ anate-modified, IR spectra, 

204/ 
methyl isocyanate-modificd, substitution, 

206/ 
ocean air adsorption, 239 
organolead-treated, durability, 441 
propylene oxide treatment, 198/,199/ 
propylene oxide-triethylamine treatment, 

194/ 
sapwood, volumetric swelling 

coefficients, 179/, 180/ 
sodium chloride deposition, 239/,240 
treated 

ammonium dihvdrogen phosphate, 
250/ 

chromated copper arsenate, 249/ 
untreated, 249/ 
weathering effects, 241/ 

Southern red oak, elemental composition, 
120/ 

Southern yellow pine 
acetylation, loss, 184 
bordered pit structures, 421/ 
chromic acid treated, 441/,442/,443/ 
color changes, 412/,413/ 
cross section, 418/ 
decay resistance by organotin polymers, 

301 
deterioration, 421/ 
free radicals vs. moisture content, 433/ 
radial section, 420/ 
reaction with β-propiolactone, 191 
U Y light exposure, 419/ 

Soviet Union woods—See U.S.S.R. woods 
Specific gravity, 38-40 

coefficient of variation, 217/ 
definition, 39 
effect on mechanical properties, 216/ 
effect of strength, 215 
green volume, 143-44 
moisture effects, 152,153/ 

Specific heat 
dry w o o d , 153 
liquid water, 153 
moist w o o d , 153 
water, 153 

Specific volumes, vs. hydrostatic pressure, 
161/ 

Spiral thickenings, 32-33 
Douglas-fir, S E M , ,33/ 
w o o d behavior, 36 

Spruce 
adsorption-desorption isotherms, 218/ 
butvlene oxide treatment, 198/ 

Spruce—Continued 
European, sorption vs. moisture content, 

156/ 
lignin 

bonding, 581/ 
distribution, 69 

propylene oxide treatment, 198/ 
Spruce-milled w o o d lignin, composition, 68 
Staining, 586 
Stains, 439-40 
Stark-Einstein principle, 406 
Static bending, 216/,217/ 
Stavbwood, 258 
Staypak, 258 
Steam bending, alternative, 260 
Stearic acid, translocation, 354 
Stiffness, 223 
Storage, parenchyma cells, 11 
Storage cells, degradation, 458 
Strain, definition, 213 
Strain reduction, 237 
Strength 

acetic acid effect, 239 
acids effect, 238 
altered composition effects, 236-53 
bases effect, 238 
bound water effects, 218 
brown-rot fungi effect, 471 
chemical components, 226-36 
chemistry, 211-56 
compression parallel to the grain, 

equation, 224 
effect on moisture, 215-18 
effect on specific gravity, 215 
environmental effects, 212,238-43 
fire retardation effect, 250 
growth characteristics effect, 215 
heat degradation effects, 240-41 
load factors, 218-20 
loss, 176 
macroscopic level, 236 
mechanical properties, 212-26 
microbial degradation, 241-43 
molecular level, 235 
oven-dry w o o d , 217 
relationship to chemical composition, 

231-35 
relationship to structure, 235-36 
sulfuric acid effect, 239 
swelling solvents effect, 239 
temperature effect, 218,220/ 
tension parallel to the grain, 225 
tension perpendicular to the grain, 225 
treatment effects, 243 
ultimate, 215 
U Y degradation effects, 240 
w o o d design effects, 220-26 

Strength properties 
effect of wood-destroying fungi, 463,471 
S 2 contribution, 26-27' 

Streptomycete, soft rot, 463 
Stress 

definition, 213 
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610 T H E CHEMISTRY O F SOLID W O O D 

S tress—Co η t in u ed 
proportional limit, 215 
reduction, 237 
types, 213/ 
unit, 215 

Stress-strain curve, mechanical behavior, 
231/ 

Stress-strain diagram, 214 
relationship to mechanical properties, 

222/ 
Structural performance, cellular level, 226 
Structure, 3-56 

relationship to chemical composition, 
226-31 

relationship to strength, 235-36 
Styrene, structure, 262 
Sugar maple, physical property 

enhancements, 280-81/ 
Sugar maple -po lymer composites, 

hardness, 285/ 
Sugar pine 

nonconventional bonding, 361 
properties, H 2 ( ) 2 effects, 366/ 

Sugars, w o o d , chromatographic analysis, 71 
Sulfuric acid 

as cross-linking agent, 370 
effect on strength, 239 

Sunlight, 427 
and weathering, 405 

Surface, calculation of oxygen:carbon ratio, 
353 

Surface activation, 349-400 
acids, 372-73 
hydrogen peroxide, 373-76 
nitrate, 376-79 
nitric acid, 376-79 
plasma, 379-81 

Surface changes, light exposure, 357 
Surface composition, prior to activation, 

351-58 
Surface deterioration, and light penetration, 

406-7 
Surface emission coefficient, 169-70 
Surface formation 

chemical changes, 355-58 
conditions and methods, 351-54 
foreign materials deposition, 355-58 
redistribution of extractives, 354-55 

Surface molds, discoloration effects, 459 
Surface treatments, 437,440 
Surface w o o d change, artist's rendition, 

412/ 
Sweet gum 

brown-rot fungus attack, 242 
effect of brown-rot fungus, 243/ 
effect of Poria monticola, 243/ 
elemental composition, 119/ 

Swelling, 37,140-51 
anisotropy, 146-51 
cell, 143/ 
cell wall, 141-42 

at fiber saturation, 142 
correlation to dielectric constant, 180 
effect of restraining, 159 
gross w o o d , 142-51 

Swelling—Continued 
maximum possible, 141 

mean value, 142 
piperidine, 179-80 
polymer impregnation effects, 294 

Swelling percent, of cell wall , 141,142 
Swelling pressure 

calculation, 159 
moisture sorption, 158-60 
transverse, maximum, 159 

Swelling solvents, 239-40 
Synergism 

aluminum trihydrate-boron, 565 
phosphorus-nitrogen, 557-63 

Τ 

Taiwan, woods, chemical composition, 
110-11/,121/ 

Tangential section, U V light exposure, 
420-22 

Tangential shrinkage, 146 
Pinus jeffrcyi, 148/ 

Tangential surface, 15/ 
Tangential swelling, Barber's model , 149/ 
Tannin-based adhesives, 339-40 
Tannins, source, 339 
Tappi Provisional Test Method Τ 250, 72 
Tappi Standard 249, 69 
Tappi Standard Τ 15, 74 
Tappi Standard Τ 223, 71 
Tar acids, 308 
Tar bases, 308 
Target moisture contents, of w o o d in use, 

140 
TBT—See Tri-n-butyltin 
T B T M A — S e e Tri-n-butyltin methacrylate 
T B T M A - G M A — S e e Tri-n-butyltin 

methacrylate-glycidyl methacrylate 
TBTO—S e e Tributyltin oxide 
Teak 

chemical composition, 113/ 
propylene oxide treatment, 198/ 

T E M—See Transmission electron 
micrograph 

Temperate-zone woods, hygroscopicity, 
144 

Temperature 
defibration, effect on lignin content, 353 
effect on strength, 218,220/ 
increasing, 218,357 

Tensile stress, 213 
Tension parallel to the grain, 224-25 
Tension perpendicular to the grain 

coefficient of variation, 217/ 
strength, equation, 225 

Tension w o o d 
aspen stem, 51/ 
cellulose content, 50 
chemistry, 46-47/ 
definition, 48 
fibers, 52/ 
formation, 50 
secondary wall, 50 
structure, 46-47/ 
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Tension wood—Continued 
variability, 48-51 

Terminal isoeyanate groups, curing, 337 
Terminal meristems, 9 

See also Apical meristems 
Termites 

attack, 196/ 
albizzia board, 466/ 
in Hawaii , 312 
oak, 466/ 

w o o d digestion, 462 
Terpenes, 458 
Thawing , of absorbed water, 405 
Thermal conductivity 

moisture effects, 154 
relationship to w o o d density, 154 

Thermal decomposition of nitrate salts, 377 
Thermal diffusivity, 154 
Thermal energy, effects, 402/ 
Thermal evolution analysis system, 

525/,561/ 
Thermal properties, moisture effects, 153 
Thermal theories, 543-44 

definition, 542 
Thermodynamics , of moisture sorption, 

154-61 
Thermogravimetric analysis 

effect of inorganic additives, 562/ 
fire retardancy test method, 533-34 
fire-retardant-treated w o o d , 548/ 
system, 533/ 
treated lignin, 549/ 

Thermogravimetry of cottonwood, 524/ 
Thermoplastic adhesives, 340-45 
Thermoplastic polymers, 324-26 
Thermosetting polymers, 324-26 
Thermosetting resins, 327 
Tight knots, definition, 55 
T M P T M A — S e e Trimethylol propane 

trimethacrylate 
p-Toluenesulfonie acid, 189 
2,4-Tolylene diisocyanate, reaction with 

white cedar, 187 
Toughness 

coefficient of variation, 217/ 
decay effects, 4a3 
formaldehyde-treated woods, 189 
moisture effects, 152 

Toxic preservatives, function, 292 
Toxicity 

of reactants for modification, 182 
test methods, 541 

Transglycosylation, depolymerization, 500 
Transition temperatures, measuring, 534 
Transverse plane, 15/ 
Transverse section, UY- l ight exposure, 418 
Transverse shrinkage 

anisotropy, theories, 150-51 
Barber's model , 147-48 

Transverse swelling pressure, maximum, 
159 

Transwall failure, 352 
Treated wood , pyrolysis products, 508/ 
Treatment effects on strength, 243 
Tree(s) 

formation of w o o d , 9-19 

Tree(s)—Continued 
sapwood cells, 128 
water formation, 128 

Tree crown, 4 
Trialkyltin, reactivity, 293 
Tri - i i - Duty ltin 

decay resistance, 301 
preference, 293 

Tri-n-butyltin methacrylate 
grafting, 295/ 
in situ polymerization, 294 

Tri-ji-butyltin methacrylate-glycidyl 
methacrylate 

concentration in cell walls, 296/ 
decay resistance, 301 

Tri-H-butyltin methacrylate-methyl 
methacrylate, role in marine decay, 304 

Tributyltin oxide 
condensation reaction with cellulose, 318 
degradation, 318 
structure, 310 

Trichloroacetaldehyde, reaction with w o o d , 
190 

Triethylamine effect, peroxide formation, 
4.35/ 

Trimethylol propane trimethacrylate, 
273-74 

advantages, 274 
concentration effect, 273/ 
effect on b a s s w o o d - M M A composite, 

274/ 
(Trimethylsily)ated cellulose, pyrolysis 

C L C of tar, 506/ 
Trisodium phosphate, 250 
Trommsdorff effect, 268-70 

See also G e l effect 
Tropical woods 

elemental composition, 120/ 
hygroscopicity, 144 

Tunnel flame-spread test, 534-37 
8-foot, 536/ 
25-foot, 535 

Tyloses 
definition, 43 
in white oak heartwood, 44/ 

w o o d permeability effects, 43 

U 
UF—See Urea- formaldehyde resins 
Ultimate strength, 215 
Uniseriate rays, redwood, 22/ 
United States, woods, chemical 

composition, 76-81/, 122/ 
Unsteady-state diffusion equation, 167 
Urea, 543 

formation, ,339f 
noncombustible gas release, 544 
reaction with formaldehyde, 335 

Urea- formaldehyde resins, 327,334-37 
adhesive strength, 185 
advantages, 335 
curing, 335 
disadvantages, 335 
unextractable acids, 346 

Urethane link, formation, 337 
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612 T H E CHEMISTRY O F SOLID W O O D 

Uronic acids 
analytical determinations, 72 
I I P L C , 75 

r .S.S.R. , woods, chemical composition, 
112-13/, 122/ 

l T V absorption, lignin, 429/ 
U V degradation, 240,408 
U V irradiation, 408 
U V light, penetration, 446 
UV-irradiated w o o d 

III absorbance, 409/,410/ 
lignin content, 410r 
U V absorption spectra, 410/ 

V 

van der Waals forces, 326-27 
Vanillin, commercial source, 584 
Vapor-phase acetylation, with ethanethioic 

acid, 186 
Vapor-phase combustion, 541 
Vapor-phase reactions 

chain branching, 544 
combustion, 544 
role of fire retardancy, 545 

Vapor-phase treatment 
acetylation, 185 
ethylene oxide, 192 

Variability 
causes, 40-42 
compression w o o d , 48-51 
consequences, 40 
green moisture content, 128 
heart w o o d , 42-45 
juvenile w o o d , 51 -54 
knotwood, 54 
major types, 42-55 
mature w o o d , 51-54 
reaction w o o d , 45-48 
sapwood, 42-45 
tension w o o d , 48-51 
along tree radius, 41 

Varnishes, 437-38 
Vascular bundles, definition, 9 
Vascular cambium 

definition, 9 
w o o d cell production, 11 

Vazo catalyst, 264 
effect on polymerization, 269-71 
effects, b a s s w o o d - M M A composite, 

270/,270/ 
half-life vs. temperature, 264/ 

Vessel elements, 4 
Vessel pitting, in hardwoods, S E M , 35/ 
Vessel system, l iquid movement, 28 
Vessels, in hardwoods, 22 
V i n y l chloride, structure, 262 
V i n y l composites, 261-88 
V i n y l monomers, 267 
V i n y l polymers, properties, 261 
Vinyltoluene, structure, 262 
Viscosity, definition, 214 
Visible light, penetration, 446 
Void volume, moisture effects, 153 
Volume change, of w o o d - p o l y m e r 

composites, 286/ 

Volumetric shrinkage 
data, relationship to fiber saturation, 144 
equation, 143 
Indian woods, 144 

Volumetric swelling coefficients 
calculation, 177 
determined by water-soaking method, 

20,3/ 
southern pine sapwood, 179/, 180/ 
standardization, 178 

W 

Waferboard, preparation, 371 
Waferboard bonding, isocyanates, 392 
Walnut, oxide treatment, 198/ 
Walnut shell flour, 333 
Warts, 33-34 

vessel elements, 36 
Warty layer, ,33 

softwood, Ί Έ Μ , 34/ 
Waste treatment, use of wood-decomposing 

fungi, 483 
Water 

absorption, by dry wood , 278 
affinity, 37 
conduction 

by brown-rot fungi, 480 
roots to leaves, 128 

content 
measuring, 129 
primary, calculation, 163 
secondary, calculation, 163 

damage, reducing, 439 
effect on free radical formation, 431 
as extractives solvent, 73 
hot, as extractives solvent, 73 
hydration, free energy change, 166 
liquid, relative energy level, 155/ 
in living tree, 128 
primary, free energy change, 164 
relationship to wood , 127-72 
repellents, 438-39 
resistance, in w o o d bonding, 367 
secondary, free energy change, 164 
solution, 164 

free energy change, 166 
sorption 

decreasing, 150 
theories, 161-66 

specific heat, 153 
vapor, 128 

enthalpy, cell cavities, 154 
relative energy level, 155/ 

Water-soaking method, 203/ 
Waterborne preservatives, advantages, 243 
Waterborne salts, 440,444 
Weathered w o o d , free radical 

characteristics, 430-31 
Weathering, 176 

accelerated, 426 
erosion, 417/ 

and anatomic structure, 404 
chemically modified woods, 425-26 
chemistry, 401-47 
color changes, 411-14 
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Weathering—Continued 
definition, 401 
earlywood, 424 
effects on southern pine, 241/ 
factors responsible, 403 
general aspects, 403-7 
and heat, 405 
latewood, 424 
and light, 405 
and moisture, 404-5 
participation of singlet oxygen, 432-35 
physical changes, 414-16 
p l y w o o d , 423-25 
property changes, 407-22 
protection, 436-43 
reactions, chemical aspects, 427-36 
and sunlight, 405 
as surface phenomenon, 240 
wood-based materials, 422-25 

Western hemlock 
heartwood, aspirated-pit membrane, 43/ 
softwood bordered-pit membranes, 31/ 

Western redcedar 
brown-rot fungus, 467/ 
color changes, 412/,413/ 
free radicals vs. moisture content, 433/ 
light exposure, erosion, 417/ 
soft-rot fungus, 467/ 

Wet basis moisture content, 128 
Wetting, heat, calculation, 154-55,157 
White ash, elemental composition, 119/ 
White birch, elemental composition, 119/ 
White cedar, reaction with 2,4-tolylene 

diisocyanate, 187 
White fir 

acid content, 346/ 
homocellular ray, 20/ 
nonconventional bonding, 361 

White glue, 342 
White oak 

elemental composition, 120/ 
heartwood 

tyloses, 44/ 
white-pocket rot fungus, 467/ 

light exposure, erosion, 417/ 
White pine, attack by longhorn beetle, 466/ 
White rot 

classification, 462 
effect on organotin polymer-

impregnated w o o d , 300 
features, 468-69/ 
hemicellulase production, 477 
lignin decomposition, 477-79,478/ 
northern red oak, 467/ 

White spruce w o o d lignin, T E M , 8f 
White-pocket rot fungus, white oak 

heartwood, 467/ 
WML—See Work to maximum load 
Wood 

anatomy, 19-24 
behavior, spiral thickenings, 36 
cell production, 11 
decay 

cause, 456 
cellulose decomposition, 473-77 

Wood—Continued 
decay—Continued 

hemicellulose decomposition, 476-77 
lignin decomposition, 477-79 
mechanisms, 471-79 

decomposition 
by insects, 464-65/ 
by marine borers, 465/ 

degradation, 356 
design, effects on strength, 220-26 
deterioration, types, 458-60 
elasticity, 214 
elemental composition, 510/ 
fibers, differentiated, 13/ 
finishes, properties, 436 
flour oxidation, by nitrates, 378/ 
formation, in trees, 9-19 
major constituents, 8/ 
pyrolysis products, 508/ 
solubility, 73 
stress-strain diagram, 214/ 
thermal conductivity, moisture effects, 

154 
treated, thermogravimetric analysis, 548/ 
use 

moisture content, 140 
target moisture contents, 140 

Wood moisture, and the environment, 
127-40 

Wood moisture content 
extractives effects, 139-40 
measurement 

by neutron moisture meter, 135-36 
Ν M R , 134-35 

rate of change, 166 
relative humidity effects, 136-37 
sorption history effects, 136-37 
temperature effects, 137-39 
in use, 140 
vs. diffusion coefficients, 168/ 
w o o d species effects, 139-40 

Wood preservatives, from pesticides, 480 
Wood properties, nonconventional 

bonding, 368/ 
Wood quality, 17-19 
Wood rays—See Rays 
Wood solubility, in \% N a O H , 73 
Wood sources, 3-8 
Wood strength, environmental effects, 212 
Wood sugars, chromatographic analysis, 71 
Wood surface 

activation, 349-400 
in conventional bonding, 350 

Wood tissue, construction, 6-7 
Wood variability 

See also Variability 
causes, 40-42 
consequences, 40 
major types, 42-55 
tree radius, 41 

Wood volume, vs. moisture content, 
145/, 146/ 

Wood-based materials 
protection, 445 
weathering, 422-25 
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Wood-coating interactions, 445-46 
Wood-decomposing organisms 

control, 479-81 
uses, 481-83 

W o o d - p o l y m e r composites 
antishrink efficiency, 297/ 
bioactive, 291-306 
properties, 286/ 

W o o d - p o l y m e r materials, 257-89 
impregnation, 265-66 

Wood-water relationships, 127-72 
Wood-to-wood bonding, 358-61 

Douglas-fir veneer, 359 
mechanism, 359/ 
particle board, 360/ 
Pinus ponder osa Laws. , 361 

Work to maximum load, 223 
reduction, 237 

Work to proportional limit, 223 
WRP—See Water repellents 

X 
Xanthate derivative, cellulose, 60 

Xylan, weathering effects, 408 
X y l e m 

autolysis, 11 
function, 11 
primary, 9 
secondary, 4 

Y 
Yellow birch, physical property 

enhancements, 280-81/ 
Yellow pine 

attack by marine borer, 466/ 
brown-rot fungus, 467/ 
soft-rot fungus, 467/ 

Yellow poplar, light exposure, erosion, 417/ 

Ζ 

Z inc ammonium borate, effect on 
mechanical properties, 251-52/ 

Zinc chloride, 189,532 
Zinc naphthenate, 439 
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