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BOND FORMATION BY WOOD SURFACE REACTIONS 
PART I V  ANALYSIS OF FURFURYL ALCOHOL. TANNIN 

AND HALEIC A C I D  BRIDGING AGENTS 

S. S. K e l l e y ,  R. A. Young, R. M. Ramon and R. H. C i l l e s p i e  
Department  of F o r e s t r y  
U n i v e r s i t y  of Wisconsin 

Madison, Wisconsin 53706 
and 

USDA F o r e s t  P r o d u c t s  L a b o r a t o r y  
Hadison,  Wiscons in  53706 

ABSTRACT 

S o l i d  wood p a n e l s  (E saccharum Marsh.) were bonded w i t h  
v a r i o u s  b r i d g i n g  materials f o l l o w i n g  n i t r i c  a c i d  a c t i v a t i o n .  
These c h e m i c a l  b r i d g i n g  m a t e r i a l s  i n c l u d e d  t a n n i n ,  f u r f u r y l  
a l c o h o l  and m i x t u r e s  of t h e  two w i t h  and w i t h o u t  maleic acid.  
High s h e a r  s t r e n g t h s  were a c h i e v e d  w i t h  a t a n n i n - 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  m i x t u r e  (T-F-M) w i t h  o r  w i t h o u t  t h e  n i t r i c  
a c i d  a c t i v a t i o n .  

The c u r i n g  r e a c t i o n s  of t h e  b r i d g i n g  m a t e r i a l  were 
examined w i t h  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  (DSC) . 
F u r f u r y l  alcohol was found to  b e  t h e  most r e a c t i v e  component 
of t h e  T-F-M. R e s u l t s  from b o t h  the bonding work and t h e  DSC 
a n a l y s i s  showed l i t t l e  effect  of open assembly time or pot- 
l i f e .  The f u r f u r y l  a l c o h o l  appeared  t o  h e  n i t r a t e d  by t h e  
n i t r i c  a c i d  c a t a l y s t .  
degraded  a t  h i g h  t e m p e r a t u r e  (180 C )  in a v i o l e n t  r e a c t i o n  
detected by  DSC. While  t h e s e  r e a c t i o n s  were n o t  o b s e r v e d  w i t h  
t h e  p a n e l s  t h e  p o s s i b i l i t y  of v i o l e n t  r e a c t i o n s  d u r i n g  
p r e s s i n g  must be  c o n s i d e r e d .  

The n i t r a t g d  m a t e r i a l  a p p a r e n t l y  

INTRODUCTION 

The u n c e r t a i n t i e s  i n  t h e  s u p p l y  and p r i c e  of p e t r o l e u m  

p r o d u c t s  have  prompted r e s e a r c h  i n t o  new forms of wood 
317 
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318 KELLEY FT AL. 

a d h e s i v e s .  Recent  r e s e a r c h  h a s  focused  on new s y s t e m s  t h a t  

employ s u r f a c e  a c t i v a t i o n  of wood w i t h  a s t r o n g  o x i d a n t  a l o n g  
w i t h  c o n v e n t i o n a l  c o n d e n s a t i o n  a d h e s i v e  components 1-3 o r  
c r o s s - l i n k i n g  a g e n t s  s u c h  a s  d i a m i n e s  or d i a c i d ~ . ~ ' ~  

One of t h e  more s u c c e s s f u l  p r o c e s s e s  i n v o l v e s  p r e t r e a t m e n t  

( a c t i v a t i o n )  of wood w i t h  n i t r i c  a c i d  which i s  followed by t h e  
a d d i t i o n  o f  a d iamine4  or  a f u r f u r y l  a l c o h o l - l i g n i n  

m i x t u r e .  Nitric acid is known t o  c a u s e  a number of d i f -  

f e r e n t  r e a c t i o n s  w i t h  wood 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  and 

acid c o n d e n s a t i o n .  ' * "  D e g r a d a t i o n  of t h e  wood s u b s t r a t e  h a s  

a l s o  been o b s e r v e d  w i t h  n i t r i c  a c i d  t r e a t m e n t .  

1.6-8 

1 1  

The p o t e n t i a l  for bonding  wood w i t h  n i t r i c  a c i d  and 
12.13 f u r f u r y l  a l c o h o l  was f i rs t  d i s c u s s e d  i n  1953 by Emerson. 

After some r e f i n e m e n t  of Emerson 's  p r o c e s s  a p l a n t  was opened 
by t h e  K r o e h l e r  M a n u f a c t u r i n g  Ccmpanyl' f o r  t h e  p r o d u c t i o n  of 

bonded f u r n i t u r e  p a n e l s .  This p l a n t  produced a h a r d b o a r d  

termed " c u l t u r e  wood" i n  which t h e  f i b e r s  were a c t i v a t e d  w i t h  

n i t r i c  acid b e f o r e  b e i n g  mixed w i t h  f u r f u r a l ,  u r e a s  and 
temper ing  o i l s .  

S i n c e  t h e n  f u r f u r y l  a l c o h o l - l i g n i n - m a l e i c  a c i d  m i x t u r e s  
have  been used a s  " g a p - f i l l i n g W  m i x t u r e s  for wood f l a k e s  t h a t  
were p r e t r e a t e d  w i t h  n i t r i c  a c i d .  ' The g a p - f i l l i n g  m i x t u r e  

was found t o  have  a l o n g ,  b u t  n o t  i n f i n i t e ,  p o t - l i f e .  Par- 
t ic leboards p r e p a r e d  w i t h  t h i s  m i x t u r e  had lower s t r e n g t h  
p r o p e r t i e s  b u t  b e t t e r  d i m e n s i o n a l  s t a b i l i t y  t h a n  p h e n o l i c  con- 

trols.  A mechanism for bond f o r m a t i o n  t h a t  i n v o l v e d  b o t h  

o x i d a t i o n  and a c i d - c a t a l y z e d  c o n d e n s a t i o n  r e a c t i o n s  was 

s u g g e s t e d .  

The r e a c t i o n s  of f u r f u r y l  a l c o h o l  have  been p r e v i o u s l y  

i n v e s t i g a t e d  by t h e r m a l  t e c h n i q u e s  such  as 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  (DSC). 

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  (DSC) i n  c o n j u n c t i o n  w i t h  

other t e c h n i q u e s  t o  look a t  t h e  c u r i n g  r e a c t i o n s  of monomeric 

M i l  j k o v i c  e t  a l .  l5 used  
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BOND FORMATION BY WOOD SURFACE REACTIONS. IV 319 

f u r f u r y l  a l c o h o l  and f u r f u r y l  a l coho l  r e s i n s .  To e l i m i n a t e  

problems wi th  endothermic peaks due t o  evapora t ion  of v o l a t i l e  

c m p u n d s  t h e s e  r e s e a r c h e r s  used h e r m e t i c a l l y  sea l ed  pans. 

They found t h r e e  d i s t i n c t  exothermic peaks between 0 and 

20OoC. 

t h e  amount of a c i d  c a t a l y s t  t h a t  was used. This  obse rva t ion  

is c o n s i s t e n t  w i th  earlier d a t a  t h a t  showed t h e  r a t e  of cure 

t o  be dependent on both t h e  pH and tempera ture  o f  t h e  

system. 

The l o c a t i o n  of t h e s e  peaks was h igh ly  de'pendent on 

15,16 

The thermogram of a f u r f u r y l  a l coho l  r e s i n  wi th  a moderate 
amount of c a t a l y s t  showed two low-temperature exothermic peaks 

a t  78' and 108OC, followed by a s e p a r a t e  high-temperature peak 
t h a t  was not complete a t  180°C. 

showed r e s i d u a l  a c t i v i t y  a t  t empera tures  above i60°C. l 5  

was a l s o  noted t h a t  t h e  r e s i n  had a hard and b r i t t l e  appear- 

ance a f t e r  t h e  second peak a t  108OC. 

t h e  two low-temperature exothermic peaks showed t h e  r e s i n  t o  

resemble a hard rubber .  Thus it was concluded t h a t  t h e  f i r s t  

exotherm was t h e  i n i t i a l  condensa t ion  r e a c t i o n  between 

methylo l  groups  and 5-pos i t ion  hydrogens: whi le  t h e  second 

exothermic peak was thought t o  be d u e  t o  s e v e r a l  d i f f e r e n t  

r e a c t i o n s  inc lud ing  t h e  decomposition of methylene e t h e r  
l i n k a g e s ,  c r o s s l i n k i n g  between t h e  3 and 4 p o s i t i o n s  of t h e  

furan  r i n g  in t h e  presence  o f  f r e e  formaldehyde and r i n g -  
opening r e a c t i o n s .  

A r e scan  of t h e  same mixture  

I t  

Samples taken  between 

15 

Formaldehyde, for c r o s s l i n k i n g  of t h e  f u r f u r y l  a l coho l  

polymer, is formed i n  s i t u  from decomposition o f  methylol 

groups  and methylene-ether b r i d g e s  du r ing  t h e  polymer iza t lon  
of t h e  f u r f u r y l  a l c 0 h 0 l . l ~  

formaldehyde is r e a d i l y  consuned by t h e  c r o s s l i n k i n g  r e a c t i o n ,  
ve ry  l i t t l e ,  if any, formaldehyde e v o l u t i o n  is expected from a 

cured  f u r f u r y l  a l coho l  r e s i n .  This s t r o n g l y  c o n t r a s t s  w i th  
p r e s e n t  formaldehyde r e l e a s e  problems encountered wi th  

Since t h i s  sma l l  amount of 
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320 KELLEY ET. a. 

urea-formaldehyde (UF) r e s i n s .  With t h e  UF s y s t e m s  t h e  

formaldehyde  is added and t h e  u n r e a c t c d  compound m i g r a t e s  i n t o  

t h e  s u r r o u n d i n g  a tmosphere .  
Tannins  were also i n c l u d 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  

a d h e s i v e  s y s t e m s  used  in t h i s  i n v e s t i g a t i o n .  T a n n i n s  are 

w a t e r - s o l u b l e  p o l y p h e n o l l c s  t h a t  are commonly e x t r a c t e d  from 

t h e  b a r k  of trees. Black w a t t l e  (Acac ia  m c a r n s i i )  is o n e  
commercial s o u r c e  of t a n n i n s  t h a t  c a n  be used  for wood 

a d h e s i v e s . 2  
flavan-3-01. c a t e c h i n  ( F i g u r e  1).  A t y p i c a l  r e a c t i o n  for 
c a t e c h i n  would b e  a c o n d e n s a t i o n  r e a c t i o n  t h r o u g h  t h e  phloro-  
g l u c i n o l  4 r i n g .  The r e a c t i o n  between t h e  p h l o r o g l u c i n o l  

r i n g  of c a t e c h i n  and formaldehyde p r o c e e d s  a t  a r a t e  com- 

p a r a b l e  to  t h a t  of p h l o r o g l u c i n o l  and formaldehyde ,  a l t h o u g h  

s l i g h t l y  slower. T h i s  r e d u c t i o n  i n  r e a c t i v i t y  is p r o b a b l y  d u e  
t o  steric h i n d r a n c e  by  t h e  rest of t h e  t a n n i n  m o l e c u l e  

c o n n e c t e d  t o  t h e  A r i n g . 2  

much less r e a c t i v e  toward formaldehyde t h a n  t h e  A r i n g .  

Most of t h e s e  e x t r a c t s  can  be r e p r e s e n t e d  by t h e  

?he c a t e c h o l  r i n g  i n  c a t e c h i n  i s  

F u r f u r a l  h a s  a l s o  been shown t o  b e  r e a c t i v e  w i t h  t a n n i n s  

under  a c i d i c  c o n d i t i o n s .  

modeled w i t h  r e s o r c i n o l ,  I ts  r e a c t i v i t y  w i t h  f u r f u r a l  is much 

g r e a t e r  t h a n  i f  t h e  r i n g  is r e p r e s e n t e d  by a p h l o r o g l u c i n o l  

model. This d i f f e r e n c e  i n  r e a c t i v i t y  was p r e s e n t  when o n l y  

p h l o r o g u c i n o l  and r e s o r c i n o l  were reacted w i t h  f u r f u r a l  and 

was n o t  n o t e d  w i t h  o t h e r  a ldehydes .  The major  effect  was 
t h o u g h t  t o  b e  steric h i n d r a n c e  by  t h e  t h i r d  hydroxyl  group 

p r e s e n t  on p h l o r o g l u c i n o l .  In r e s o r c i n o l i c  f l a v o n o l d s  t h e  

f a v o r e d  p o s i t i o n  of a t t a c k  a p p e a r s  t o  be 8 t  t h e  6 p o s i t i o n  o f  

t h e  r i n g . 2  Resorcinol or r e s o r c i n o l i c  mater ia ls  such a s  

t a n n i n s  can  react v i o l e n t l y  w i t h  f u r f u r y l  a l c o h o l .  

I f  t h e  A r i n g  on t h e  t a n n i n  is  

P r e v i o u s  i n v e s t i g a t o r s  have  a l s o  u t i l i z e d  t a n n i n s  i n  
a d h e s i v e  f o r m u l a t i o n s .  P i z ~ i ~ ” ~  combined maleic a n h y d r i d e ,  

t a n n i n  and formaldehyde  t o  bond p a r t i c l e b o a r d ;  w h i l e  B o y e t t e  18 
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BOND FORMATION BY WOOD SURFACE REACTIONS. IV 32 1 

.OH 

OH 

Figure 1. Structure of (+) catechin, a model compound 

representative of tannins. 

bonded plywood w i t h  a similar m i x t u r e  b u t  w i t h o u t  formalde- 

hyde.  F u r f u r y l  a l c o h o l / t a n n i n  m i x t u r e s  have  a l s o  been used  t.o 

produce  r i g i d  foams. 

A f u r t h e r  a n l a y s i s  of bonding and r e a c t i o n s  of f u r f u r y l  

a l c o h o l .  t a n n i n  and l i g n i n  b r i d g i n g  a g e n t s  i n  combina t ion  w i t h  

n i t r i c  a c i d  a c t i v a t i o n  of  wood is g i v e n  in t h i s  paper .  

Reagents  

The components of t h e  t a n n i n - f u r f u r y l  a l c o h o l - n a l e i c  a c i d  
(T-F-U) m i x t u r e  were used a t  t h e  f o l l o w i n g  c o n c e n t r a t i o n s :  

1. Tannin (281  aqueous  s o l u t i o n )  
2. F u r f u r y l  a l c o h o l  (20% aqueous  s o l u t i o n )  

3. Maleic a c i d  (28% aqueous s o l u t i o n )  

4. Nitric acid (40% aqueous  solut ion)  
A l l  of t h e  r e a g e n t s  were purchased  from commercial s o u r c e s .  

For t h e  T-F-M, t h e s e  components were mixed a t  a (1.0:1.6:0.25) 

r a t i o  of t a n n i n - 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 .  V a r i a t i o n s  from 

t h i s  r e c i p e  a r e  noted  i n  t h e  t e x t .  The p a n e l s  were a l l  

a c t i v a t e d  w i t h  QO p e r c e n t  aqueous  n i t r i c  a c i d .  

Board P r e p a r a t i o n  

b l o c k  test” from a p a r a l l e l  l a m i n a t e d  s u g a r  maple  (E 
S h e a r  s t r e n g t h  v a l u e s  were o b t a i n e d  from a modi f ied  s h e a r  
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322 KELLEY ET AL. 

saccharum Marsh.). 

p r e s s u r e  f o r  30 m i n u t e s .  Nine m o d i f i e d  s h e a r  b l o c k s  were c u t  

from e a c h  p a n e l .  Each e x p e r i m e n t  was r e p e a t e d  t o  g i v e  a t o t a l  

of 18 s h e a r  b l o c k s .  Four randomly selected s h e a r  b l o c k s ,  two 

from e a c h  b o a r d ,  were s u b j e c t e d  t o  a vacuum p r e s s u r e  s o a k .  

Both t h e  vacuum (1.013 x 10 

(2.14 x 10 

hour and t h e  s h e a r  b l o c k s  were t h e n  t e s t e d  wet. A l l  of t h e  
s h e a r  s a m p l e s  were t e s t e d  i n  an Ametek t e s t i n g  machine.  The 

head speed was 0.038 c e n t i m e t e r  p e r  m i n u t e ,  a s  s p e c i f i e d  by  

ASTM S t a n d a r d  D-905. 

The p a n e l s  were p r e s s e d  a t  17OoC and 2 MPa 

5 dyne/cm* or 76 t o r r )  and p r e s s u r e  
6 dyne/cm2 o r  1,615 t o r r )  p h a s e s  were h e l d  for  1/2 

20 

A l l  t h e  s h e a r  b l o c k s  for e a c h  c o n d i t i o n  were c o n s i d e r e d  a s  

a g r o u p  and t h e  a v e r a g e  de te rmined .  The s t a n d a r d  d e v i a t i o n  

and c o n f i d e n c e  i n t e r v a l s  were c a l c u l a t e d  a s  d e s c r i b e d  by  

Snedecor  and Cochran. 21 

I n s t r u n e n t a l  A n a l y s i s  
I n f r a r e d  s p e c t r a  were r u n  on a Reckman TR-12 a s  KRr 

p e l l e t s  or between KBr p l a t e s .  depending  on t h e  sample.  The 
d i f f e r e n t i a l  s c a n n i n g  calorimeter (DSC) thermograms were r u n  

w i t h  s e a l e d  s t a i n l e s s  steel l a r g e  v o l u n e  c a p s u l e s  (LVC) on a 
Perkin-Elmer DSC-2. The p r o t o n  n u c l e a r  m a g n e t i c  r e s o n a n c e  

s p e c t r a  (NMR)  were r u n  on a Varian  T-60 i n s t r u n e n t  w i t h  a 

d e u t e r a t e d  d i m e t h y l  s u l f o x i d c  s o l v e n t .  The u l t r a v i o l e t  

s p e c t r a  (UV) were run on a Beckman h c t a  111 w i t h  a m e t h a n o l  
s o l v e n t .  

F o r  DSC a n a l y s i s ,  t h e  d i f f e r e n t  components  were mixed in 
t h e  s p e c i f i e d  p r o p o r t i o n s ,  t h e  n i t r i c  a c i d  c a t a l y s t  was added 

and t h e  s o l u t i o n  s t i r r e d .  After s t i r r i n g ,  t h e  s o l u t i o n  was 

p l a c e d  i n  a LVC and t h e  c a p s u l e  s e a l e d .  The c a p s u l e  was t h e n  

p l a c e d  in t h e  DSC sample  h o l d e r  and t h e  s c a n  s t a r t e d  a s  
q u i c k l y  a s  p o s s i b l e .  A LVC w i t h  a c u r e d  p h e n o l i c  r e s i n  was 

used  i n  t h e  reference s i d e  of t h e  DSC sample  h o l d e r .  The 
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s c a n n i n g  rate was 10°C/min. and s c a n n i n g  r a n g e  was from O°C t o  

20OoC. 

t a k e n  d i r e c t l y  from t h e  DSC c a p s u l e s .  

The I R  s p e c t r a  o f  t h e  (T-F-M) m i x t u r e  were of samples  

1 The m a t e r i a l  fo r  t h e  H -NMR and UV s p e c t r a  was prepared  by 

p u t t i n g  10 m l  of t h e  T-F-H i n  a tes t  t u b e .  The t e s t  t u b e  was 

p l a c e d  i n  a p r e h e a t e d  s t a i n l e s s  steel  bomb and s e a l e d .  The 

bomb was p a r t l y  f i l l e d  w i t h  o i l  t o  i n s u r e  good h e a t  t r a n s f e r .  

The I-F-N mix tu re  was h e a t e d  for  2 0  m i n u t e s ,  c o o l e d ,  and t h e n  

e x t r a c t e d  w i t h  t e t r a h y d r o f u r a n .  The s o l u b l e  p o r t i o n  was 

s e p a r a t e d  and t h e  t e t r a h y d r o f u r a n  e v a p o r a t e d  under  n i t r o g e n .  

The r e s i d u e  was t h e n  r e d i s s o l v e d  i n  t h e  a p p r o p r i a t e  s o l v e n t  

and t h e  s p e c t r a  were run.  

RESULTS AND DISCUSSION 
Bonding R e s u l t s  

The d r y  s h e a r  s t r e n g t h s  o f  n i t r i c  a c i d  a c t i v a t e d  p a n e l s  

bonded w i t h  f u r f u r y l  a l c o h o l ,  t a n n i n  and f u r f u r y l  a l c o h o l -  

t a n n i n  mix tu res  a r e  shown i n  F i g u r e  2. The d r y  and wet s h e a r  

s t r e n g t h  v a l u e s  and s t a n d a r d  d e v i a t i o n s  a r e  shown i n  Table  1. 

These r e s u l t s  show t h a t  b o t h  t a n n i n  and f u r f u r y l  a l c o h o l  

s e p a r a t e l y  a r e  c a p a b l e  of promoting a h i g h  s t r e n g t h  wood bond. 

The t a n n i n - f u r f u r y l  a l c o h o l  m i x t u r e s  a l s o  g a v e  h i g h  d r y  s h e a r  

s t r e n g t h  w i t h  t h e  m i x t u r e  c o n t a i n i n g  t h e  h i g h e r  p r o p o r t i o n  of 
f u r f u r y l  a l c o h o l  g i v i n g  t h e  h i g h e s t  s h e a r  s t r e n g t h s .  The w e t  

s h e a r  s t r e n g t h s  f o r  a l l  of t h e  p a n e l s  were a b o u t  45-502 o f  t h e  

d r y  s h e a r  s t r e n g t h s .  

As mentioned earlier f u r f u r y l  a l c o h o l  is c a p a b l e  o f  

forming  a h i g h l y  condensed polymer w i t h  t h e  a p p l i c a t i o n  o f  

h e a t  or by l o w e r i n g  t h e  pH.l5 Tannins  are  a l s o  c a p a b l e  o f  

undergoing  c o n d e n s a t i o n  r e a c t i o n s  w i t h  f u r f u r a 1 2  and o t h e r  

a l d e h y d e s :  t h e  l a t t e r  may b e  produced a s  d e g r a d a t i o n  p r o d u c t s  
of t h e  react ion of n i t r i c  a c i d  w i t h  wood. 11,22 

c o u l d  e i t h e r  copolymerize w i t h  or a c t  as a p l a s t i c i z i n g  a g e n t  

for t h e  f u r f u r y l  a l c o h o l  polymer. 

The t a n n i n  
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15 I -FFURFURYL ALCOHOL 
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Figure 2.  Dry shear  s t rengths  of sugar maple bonded with 

d i f f e r e n t  bridging agents following n i t r i c  a c i d  

ac t i v a  t ion.  

A t a n n i n ,  f u r f u r y l  a l coho l ,  male ic  a c i d  mix tu re  (T-F-M) 

was a l s o  used t o  bond n i t r i c  ac id  a c t i v a t e d  panels .  The 

male ic  a c i d  was added t o  see i f  changes in t h e  v i s c o s i t y  o f  

t h e  b r i d g i n g  m a t e r i a l  would a f f e c t  t h e  shea r  s t r e n g t h .  Ha le i c  

a c i d  promotes t h e  polymer iza t ion  o f  f u r f u r y l  a l coho l  a t  room 

tempera ture ,  and t h u s ;  another  v a r i a b l e ,  p o t - l i f e ,  was added 

t o  t h e  exper imenta l  des ign .  
As shown in Figure  3, n e i t h e r  t he  open assembly time or 

t h e  p o t - l i f e  had any c o n s i s t e n t  e f f e c t  on t h e  d r y  s h e a r  

s t r e n g t h  of t h e  pane l s .  The d r y  shea r  s t r e n g t h s  were enhanced 

by t h e  a d d i t l o n  o f  t h e  male ic  a c i d ,  compared t o  t h e  s t r e n g t h s  
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Figure 3. Dry shear s t rengths  of sugar maple bonded fo r  

30 minutes with T-F-M mixture. 

of t h e  t a n n i n - f u r f u r y l  a l c o h o l  m i x t u r e s .  The wet s t r e n g t h  

v a l u e s  a f t e r  t h e  vacuum-pressure soak  were a g a i n  a b o u t  45 
p e r c e n t  of t h e  dr’y s h e a r  s t r e n g t h s .  

These s t r e n g t h  v a l u e s  c a n p a r e  q u i t e  f a v o r a b l y  w i t h  

s t r e n g t h  v a l u e s  for  p a n e l s  bonded w i t h  p h e n o l i c  r e s i n s :  
a l t h o u g h  t h e  wet s h e a r  s t r e n g t h s  a r e  s l i g h t l y  l e s s  t h a n  would 

be e x p e c t e d  from well c u r e d  p h e n o l i c  r e s i n s .  The a d d i t i o n  of 

m a l e l c  a c i d  a p p a r e n t l y  lowers t h e  pH of t h e  T-F-M m i x t u r e  

enough t o  c u r e  t h e  m i x t u r e  under  t h e  bonding c o n d i t i o n s .  A 

g r a i n y  p r e c i p i t a t e  formed a f t e r  four h o u r s  r e a c t i o n  time, 

whlch was p r o b a b l y  f u r f u r y l  a l c o h o l  o l igorners .  An a t t e m p t  t o  
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c o n f i r m  t h e  n a t u r e  of t h e  p r e c i p i t a t e  w i t h  i n f r a r e d  s p e c t r o s -  
copy was n o t  s u c c e s s f u l  because  of t h e  h i g h l y  condensed and 
complex n a t u r e  of t h e  m a t e r i a l .  

I t  was a l s o  noted  t h a t  t h e  T-F-M m i x t u r e  gave  a h i g h  
s t r e n g t h  p r o d u c t  w i t h o u t  t h e  n i t r i c  a c i d  p r e t r e a t m e n t .  

Although t h e  acid a c t i v a t i o n  c l e a r l y  enhanced wood bonding 

w i t h  t h e  t a n n i n / f u r f u r y l  a l c o h o l  m i x t u r e  ( T a b l e  1 ) .  t h e  

a d v a n t a g e s  of t h e  p r e t r e a t m e n t  were much less w i t h  t h e  T-F-H 

f o r m u l a t i o n .  The a d d i t i o n a l  costs of h a n d l i n g  t h e  s t r o n g  a c i d  

i n  t h e  p l a n t  and losses o f  long-term wood bond d u r a b i l i t y  

would p r o b a b l y  p r e c l u d e  t h e  u s e  of t h e  n i t r i c  a c i d  a c t i v a t i o n  

w i t h  a T - F 4  a d h e s i v e .  

Due t o  t h e  r e l a t i v e  i n s e n s i t i v i t y  of t h e  s h e a r  s t r e n g t h  t o  

c h a n g e s  i n  t h e  s t r u c t u r e  and r e a c t i o n s  of t h e  b r i d g i n g  
m a t e r i a l ,  o t h e r  t e c h n i q u e s  were used to  examine t h e  T-F-M 

a d h e s i v e .  

Thermal A n a l y s i s  

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  (DSC) was used t o  i n -  

v e s t i g a t e  t h e  t h e r m a l  c h a r a c t e r i s t i c s  of t h e  (T-F-M) m i x t u r e  

w i t h  and w i t h o u t  n i t r i c  a c i d .  It was hoped t h a t  t h i s  

t e c h n i q u e  would p r o v i d e  more i n f o r m a t i o n  on t h e  effects o f  
i n c r e a s i n g  t h e  pot-l ife of t h e  T-F-H. T h i s  was accompl ished  

by r e c o r d i n g  DSC thennograms of t h e  T-F-M a t  v a r i o u s  pot-life 

times. The thermograms for t h e  T-F-M w i t h o u t  n i t r i c  a c i d  a r e  

shown i n  F i g u r e  4. The thermogram a t  zero h o u r s  pot-life 

showed a broad  e x o t h e n  a t  100°C. 

showed e s s e n t i a l l y  no r e s i d u a l  t h e r m a l  a c t i v i t y .  This i n d i -  

cates t h a t  t h e  T-F-M had been c u r e d  i n t o  a u n r e a c t i v e  polymer.  

A s  t h e  p o t - l i f e  was i n c r e a s e d  t h e  broad exotherm a t  llO°C 

remained c o n s t a n t  w h i l e  a s h o u l d e r  appeared  a t  a b o u t  90 C. 

A r e s c a n  of t h e  m i x t u r e  

0 

After 8 h o u r s  t h e  thermogram appeared  to  have  f l a t t e n e d  

s l i g h t l y  w h i l e  a low t e m p e r a t u r e  exothermic  s h o u l d e r  a p p e a r e d .  
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F i g u r e  4 .  DSC thermograrns of t h e  T-F-M b r i d g i n g  material w i t h  

d i f f e r e n t  p o t - l i f e s ,  wi thout  n i t r i c  a c i d .  

P r e v i o u s  r e s e a r c h  h a s  shown t h a t  b o t h  f u r a n  and p h e n o l i c  

polymers  e x h i b i t  e x o t h e r m i c  r e a c t i o n s  i n  t h i s  r e g i o n .  

This b e h a v i o r  is g e n e r a l l y  i n t e r p r e t e d  a s  c o n d e n s a t i o n  

r e a c t i o n s  of t h e  moncnler and s h o r t  c h a i n  o l i g a n e r s .  The f l a t -  

t e n i n g  of t h e  thermogram a t  8 h o u r s  p o t - l i f e  i n d i c a t e d  t h a t  

t h e  magni tude  of t h e  c o n d e n s a t i o n  r e a c t i o n  had d i m i n i s h e d .  

15,23 

The f l a t t e n i n g  of t h e  DSC thermogram was p r o b a b l y  due  t o  
maleic a c i d  promot ing  c o n d e n s a t i o n  r e a c t i o n s ,  a t  a r e l a t i v e l y  

slow r a t e ,  a t  room t e m p e r a t u r e .  With t h e  T-F-M p a r t i a l l y  

condensed  t h e r e  would b e  a less  intense r e a c t i o n  a t  e l e v a t e d  

t e m p e r a t u r e s .  The p r e s e n c e  of a room t e m p e r a t u r e  r e a c t i o n  was 

s u p p o r t e d  by t h e  f o r m a t i o n  of a g r a i n y  p r e c i p i t a t e  i n  t h e  

T-F-M w i t h  l o n g  pot- l i fe .  The a p p e a r a n c e  of a s h o u l d e r  a t  

90 C ,  w i t h  l o n g e r  pot-life, c o u l d  be d u e  t o  r e a c t i o n s  of t h e  

more h i g h l y  condensed  p r e c i p i t a t e  w i t h  t h e  r e m a i n d e r  of t h e  

T-F-M s o l u t i o n .  The r e l a t i v e l y  minor  c h a n g e s  i n  t h e  thermo- 

grams s u p p o r t  t h e  r e s u l t s  fran t h e  bonding  s t u d i e s  t h a t  showed 

few c h a n g e s  i n  s h e a r  s t r e n g t h  w i t h  i n c r e a s i n g  pot-life. 
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Figure 5. DSC thermograms of the  T-F-M bridging m a t e r i a l  

with d i f f e r e n t  po t - l i fes ,  with n i t r i c  ac id  added 

as a c a t a l y s t .  

The a d d i t i o n  of s m a l l  amounts of n i t r i c  a c i d  changed t h e  

a p p e a r a n c e  of t h e  T-F-M thermogram ( F i g u r e  5). Small q u a n t i -  

t i es  of a c i d  were used t o  s i m u l a t e  t h e  r e s i d u a l  free n i t r i c  

a c i d  p r e s e n t  on t h e  s u r f a c e  o f  t h e  a c t i v a t e d  wood.” The exo- 

t h e n n i c  peak was s h i f t e d  to  a lower t e m p e r a t u r e  (60  C) and i n -  

creased s l i g h t l y  i n  magnitude.  Again,  t h e r e  was l i t t l e  change  
i n  t h e  shape  of t h e  thermograms w i t h  i n c r e a s e d  pot-life. 

s h i f t  of t h e  exothermic  peak t o  lower t e m p e r a t u r e s ,  w i t h  t h e  

a d d i t i o n  of n i t r i c  a c i d ,  would b e  e x p e c t e d  s i n c e  t h e  conden- 

s a t i o n  r e a c t i o n  of f u r f u r y l  a l c o h o l  is  known t o  be  pH 
dependent .16 The s l i g h t  i n c r e a s e  i n  t h e  magnitude of t h e  peak 

can  a l s o  b e  e x p l a i n e d  by c o n s i d e r i n g  t h e  r e a c t i o n s  of f u r f u r y l  

a l c o h o l .  With more c a t a l y s t  and a lower pH, t h e  r e a c t i o n  

would be more s e n s i t i v e  t o  an i n c r e a s e  i n  t e m p e r a t u r e  and t h u s  
would react a t  a fas te r  r a t e .  Again, a r e s c a n  of t h e  T-F-M 

showed no r e s i d u a l  a c t i v i t y .  which is t y p i c a l  of a cured  f u r a n  

r e s i n .  

0 

The 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



330 KEI.,LEY ET AL. 

W 

X 
w 

Furfuwl alcohol 
c 

0 50 100 150 
TEMPERATURE C 

200 

F i g u r e  6. DSC thermograus  o f  f u r f u r y l  a l c o h o l ,  w i t h  and 

w i t h o u t  a c i d  c a t a l y s t s .  

S i n c e  t h e  T-F-M m i x t u r e  i n  t h e  p r e s e n c e  of n i t r i c  a c i d ,  

had nunerous  p o s s i b i l i t i e s  for r e a c t i o n s  and i n t e r a c t i o n s  

between t h e  v a r i o u s  components .  i t  was d e c i d e d  t o  a n a l y z e  t h e  

components s e p a r a t e l y .  The i n d i v i d u a l  c a n p o n e n t s  were h e a t e d  

i n  s e a l e d  LVC and t h e  r e s u l t i n g  thermograms showed v e r y  l i t t l e  
a c t i v i t y .  F u r f u r y l  a l c o h o l  showed an e x o t h e r m i c  peak a t  180°C 

w h i l e . t h e  o t h e r  components showed minimal  t h e r m a l  a c t i v i t y .  
The t a n n i n  m i x e d  w i t h  f u r f u r y l  a l c o h o l  or e i t h e r  of t h e  

n i t r i c  or maleic a c i d s  g a v e  o n l y  a v e r y  broad  exotherm around 
l40-15OoC. 

m i x t u r e s  may have t a k e n  p l a c e ,  t h e r e  was no s t r o n g  t h e r m a l  

b e h a v i o r .  

While  some c o n d e n s a t i o n  of t h e  t a n n i n - a c i d  

F u r f u r y l  a l c o h o l  w i t h  t h e  two a c i d  c a t a l y s t s  was a l s o  

examined w i t h  more s t r i k i n g  r e s u l t s  ( F i g u r e  6). While  t h e  

p o l y m e r i z a t i o n  exotherm was moved t o  a lower t e m p e r a t u r e  

(100 C) by t h e  a d d i t i o n  of m a l e i c  a c i d ,  i t  was t h e  n i t r i c  

a c i d - f u r f u r y l  a l c o h o l  combina t ion  t h a t  showed d r a m a t i c  c h a n g e s  
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Figure 7. DSC thermograms of furfuryl alcohol containing 

different amounts of nitric acid. 

i n  t h e  thermogram. Nitr ic  acid and f u r f u r y l  a l c o h o l ,  e i t h e r  

w i t h  or w i t h o u t  maleic ac id ,  seemed t o  b e  r e s p o n s i b l e  for 

moving t h e  broad exotherm t o  a lower t e m p e r a t u r e  and for  t h e  

a p p e a r a n c e  of t h e  s t r o n g ,  s h a r p  exothermic  s p i k e  a t  18OoC. 
The i n t e r a c t i o n  of  f u r f u r y l  a l c o h o l  w i t h  d i f f e r e n t  amounts 

of  n i t r i c  a c i d  is shown i n  F i g u r e  7. Foth  t h e  e x o t h e r m i c  

peaks  were s h i f t e d  t o  lower t e m p e r a t u r e s  w i t h  i n c r e a s i n g  

amounts  o f  n i t r i c  acid i n  t h e  system. There are  s e v e r a l  

possible r e a s o n s  for t h e  o c c u r r e n c e  of t h e  e x o t h e r m i c  s p i k e  a t  

t h e  h i g h e r  t e m p e r a t u r e  (180OC); n i t r i c  a c i d  c a n  c a u s e  

n i t r a t i o n  and o x i d a t i o n  r e a c t i o n s  as well a s  e x h i b i t i n g  a c i d i c  
b e h a v i o r .  

The e x o t h e r m i c  s p i k e  a t  18OoC c o u l d  be due  t o  d e g r a d a t i o n  

of n i t r o  compounds t h a t  were formed by n i t r a t i o n  of t h e  fur- 

f u r y 1  a l c o h o l  polymer. This would be e x p e c t e d  t o  be a v i o l e n t  

r e a c t i o n  s i n c e  many n i t r a t e d  o r g a n i c  m o l e c u l e s  a r e  known t o  be 
e x p l o s i v e .  F u r f u r y l  a l c o h o l  is a r a a t i c  i n  n a t u r e  and would 
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b e  e x p e c t e d  t o  react  a s  an a r o m a t i c  compound. N i t r a t i o n  of 

s u b s t i t u t e d  a r a a t i c  r i n g s  i s  known t o  o c c u r  under  a wide  

v a r i e t y  of c o n d i t i o n s .  N i t r a t i o n  o f  f u r f u r y l  a l c o h o l  h a s  a l s o  

been p r e v i o u s l y  r e p o r t e d  a l t h o u g h  t h e  r e a c t i o n  must  b e  c a r r i e d  

o u t  under  anhydrous  c o n d i t i o n s  to  o b t a i n  h i g h  y i e l d s .  16 

O x i d a t i v e  d e g r a d a t i o n  o f  t h e  f u r a n  r i n g  c o u l d  a l so  g i v e  an 

e x o t h e r m i c  r e s p o n s e .  Ring o p e n i n g  o c c u r s  under  c e r t a i n  a c i d  
c o n d i t i o n s  t o  g i v e  l e v u l i n i c  acid and o t h e r  d e g r a d a t i o n  

p r o d ~ c t s . ’ ~  F u r a n s  c a n  also p a r t i c i p a t e  i n  Die ls -Alder  

r e a c t i o n s  a s  e i t h e r  t h e  n u c l e o p h i l e  or t h e  d i e n o p h i l e ,  

depending  on t h e  r e a c t i o n  c o n d i t i o n s  and r i n g  s u b s t i t u e n t s .  
F u r f u r y l  a l c o h o l  p o l y m e r i z a t i o n  was a l s o  c a t a l y z e d  w i t h  

16 

chromic  a c i d  t o  d e t e r m i n e  i f  t h e  o x i d i z i n g  a b i l i t y  of n i t r i c  

a c i d  was r e s p o n s i b l e  for  t h e  exothermic  s p i k e  a t  18OoC. 

chromic  a c i d  gave  an exothermic  peak a t  14S°C, t h i s  peak was 

less t h a n  one- four th  of t h e  i n t e n s i t y  of t h e  e x o t h e r m i c  s p i k e  

s e e n  i n  t h e  n i t r i c  a c i d - c a t a l y z e d  sample.  Based on these 

r e s u l t s  i t  was t e n t a t i v e l y  concluded  t h a t  t h e  e x o t h e r m i c  s p i k e  

i n  t h e  n i t r i c  a c i d - c a t a l y z e d  f u r f u r y l  a l c o h o l  was n o t  s o l e y  

due  t o  o x i d a t i o n  by  t h e  c a t a l y s t .  

Whi le  

To i n v e s t i g a t e  t h e  effect  o f  t h e  open-assembly time on  t h e  

c u r i n g  of f u r f u r y l  a l c o h o l ,  n i t r i c  a c i d  t r e a t e d  wood was used  

to  c a t a l y z e  f u r f u r y l  a l c o h o l  r e a c t i o n s  ( F i g u r e  8 ) .  The exo- 

t h e r m i c  r e a c t i o n s  t h a t  were noted  i n  F i g u r e s  6 and  7 were 
p r e s e n t  for t h e  f u r f u r y l  a l c o h o l  c a t a l y z e d  w i t h  n i t r i c  a c i d -  

t r e a t e d  wood. The thermogram of n i t r i c  a c i d - t r e a t e d  wood 

a l o n e ,  showed a v e r y  broad exothenn a t  16OoC. Thus t h e  

r e a c t i o n s  between t h e  wood s u b s t r a t e  and n i t r i c  a c i d  d i d  n o t  

s u b s t a n t i a l l y  a l t e r  t h e  o t h e r  p e a k s  i n  t h e  thermogram. The 

n i t r i c  a c i d - t r e a t e d  wood-furfuryl  a l c o h o l  thermograms o n l y  

showed v e r y  minor  changes  when t h e  f u r f u r y l  a l c o h o l  was 

r e a c t e d  w i t h  wood w i t h  d i f f e r i n g  open assembly  times. 
It is l i k e l y  t h a t  t h e  wood c o n t a i n e d  absorbed  n i t r i c  a c i d  

t h a t  was v o l a t i l i z e d  and promoted t h e  c o n d e n s a t i o n  r e a c t i o n s  
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Figure  8. DSC thennogram of furfuryl alcohol  with n i t r i c  

acid- t reated wood as a c a t a l y s t .  

a t  a lower t e m p e r a t u r e  a s  i n d i c a t e d  by t h e r m a l  a n a l y s i s .  

These  thermograms a l so  s u p p o r t  t h e  r e s u l t s  from t h e  bonding  
s t u d y  t h a t  showed t h e  open assembly  time had l i t t l e  e f f e c t  on 

t h e  d r y  s h e a r  s t r e n g t h .  I n  t h e  bonding  work w i t h  T-F-M. t h e  
bonding  t e m p e r a t u r e  r e a c h e d  14OoC which was w e l l  above t h e  

t e m p e r a t u r e  needed t o  i n d u c e  c o n d e n s a t i o n  of t h e  T-F-M. 

However, 14OoC is well below t h e  t e m p e r a t u r e  of t h e  s h a r p  

e x o t h e r m i c  s p i k e .  

I n f r a r e d  S p e c t r o s c o p i c  A n a l y s i s  

To examine t h e  p o s s i b l e  c a u s e s  of t h e  e x o t h e r m i c  s p i k e ,  

t h e  f u r f u r y l  a l c o h o l - n i t r i c  a c i d  m i x t u r e ,  s e a l e d  i n  a n  LVC, 

was h e a t e d  to  s e v e r a l  d i f f e r e n t  t e m p e r a t u r e s  (25 , 60'. l l o o ,  
160'. 190°C) i n  t h e  DSC. 
t e m p e r a t u r e ,  t h e  c a p s u l e s  were opened and i n f r a r e d  s p e c t r a  of  

t h e  r e s i n  o b t a i n e d  ( F i g u r e s  9 and 10). The i n f r a r e d  s p e c t r a  

showed d r a m a t i c  c h a n g e s  between t h e  f u r f u r y l  a l c o h o l  rnonmer 

0 

The s a m p l e s  were removed a t  e a c h  
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Figure 9.  I n f r a r e d  s p e c t r a  of f u r f u r y l  a l coho l  and material 

e x t r a c t e d  from f u r f u r y l  a l c o h o l - n i t r i c  ac id  mixtures  

(1.6:O.l) heated t o  d i f f e r e n t  temperatures (25-60 C). 

and t h e  polymer. The s p e c t r a  became more d i f f u s e  a f t e r  a 

period of h e a t i n g ,  a phenomenon which is g e n e r a l l y  t h o u g h t  t o  
be due t o  c o n d e n s a t i o n .  To q u a n t i f y  c h a n g e s  i n  t h e  s p e c t r a  

t h e  bands  were n o r m a l i z e d  t o  t h a t  of t h e  f u r a n  r i n g - s t r e t c h i n g  
v i b r a t i o n  band a t  1600 cm". 

i n t e r n a l  r e f e r e n c e  s h o u l d  be  r e g a r d e d  with sane c a u t i o n ,  s i n c e  
e a r l i e r  s t u d i e s  15*24 h a v e  p r e s e n t e d  some e v i d e n c e  o f  f u r a n  

The u s e  of t h i s  band for  an 
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Figure 10. Infrared spectra of material extracted from furfuryl 

alcohol-nitric acid mixtures (1.6:O.l) heated to 

different temperatures (110-190 C). 

r i n g  o p e n i n g ,  which would reduce t h e  i n t e n s i t y  of t h e  band a t  
1600 an''. The a b s o r b a n c e  r a t i o s  for v a r i o u s  b a n d s  a r e  pre-  

s e n t e d  i n  T a b l e  2. Band a s s i g n m e n t s  ( T a b l e  3) were made a f te r  
r e v i e w i n g  s e v e r a l  a r t i c l e s  on t h e  p o l y m e r i z a t i o n  of f u r f u r y l  

a l c o h o l  r e s i n s .  15'24'25 Most of t h e  t r e n d s  shown i n  T a b l e  2 

c o r r e s p o n d  well w i t h  t h o s e  found in a p r e v i o u s  s tudy .15  The 

n o t a b l e  e x c e p t i o n  was t h e  s t r o n g  a b s o r b a n c e  band a t  1487 an-' 
which was a s s i g n e d  t o  t h e  n i t r o n i u n  i o n .  26 

Most of t h e  changes  s e e n  i n  T a b l e  2 c a n  be e x p l a i n e d  by 

i n c r e a s e d  c o n d e n s a t i o n  of t h e  f u r f u r y l  a l c o h o l  polymer. As 

t h e  f u r a n  becomes more s u b s t i t u t e d  t h e  r i n g  v i b r a t i o n s  a t  7560 
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and 1510 cm" d e c r e a s e .  
1148, 1070 and 1020 cm" remain f a i r l y  c o n s t a n t .  O f  p a r t i c u -  

l a r  i n t e r e s t  a r e  t h e  bands  t h a t  would be e x p e c t e d  fran n i t r a -  

t i o n  of t h e  f u r a n  r i n g .  

The C-H and C 4 - C  s t r e t c h i n g  bands  a t  

N i t r a t i o n  of f u r f u r a l  or f u r f u r y l  a l c o h o l  a t  t h e  r i n g  

5-posltion c a u s e s  t h e  f o r m a t i o n  of s e v e r a l  new I R  bands ;  t h e  

most p r a n i n e n t  of which a r e  a t  1720,  1580, and 1350 cm . 
To d e t e r m i n e  i f  n i t r a t i o n  of t h e  f u r a n  r i n g  had t a k e n  p l a c e ,  
t h e  I R  s p e c t r a  of t h e  f u r f u r y l  a l c o h o l - n i t r i c  acid m i x t u r e s  
h e a t e d  t o  l lOo,  135'. 160' and 19OoC were examined. A n a l y s i s  

of t h e  I R  s p e c t r a  was confounded by t h e  a b s o r b a n c e  peaks  of 
t h e  f u r f u r y l  a l c o h o l  polymer. A l l  t h r e e  of t h e  bands  t h a t  

were s t r o n g l y  associated w i t h  5 - n i t r o f u r f u r y l  a l c o h o l  and 

5 - n i t r o f u r f u r a l  were a l s o  p r e s e n t  i n  t h e  s p e c t r a  of t h e  

f u r f u r y l  a l c o h o l  polymer. 

d e c r e a s e d  be tween 16OoC and 190OC. 

polymer t h i s  band (1720 cm-'1 was a s s i g n e d  to  a d i k e t o n e  

-1 26 

The r e l a t i v e  i n t e n s i t y  of t h e  band a t  1710 cm" (Table  2) 
I n  t h e  f u r f u r y l  a l c o h o l  

There is no s i m p l e  mechanism t h a t  would e x p l a i n  

t h e  loss of t h e  d i k e t o n e  s t r u c t u r e  between 16OoC and 190°C. 

However, i f  n i t r a t i o n  of f u r f u r y l  a l c o h o l  a l so  c o n t r i b u t e d  t o  
t h i s  peak t h e  loss of the n i t r o  group would e x p l a i n  t h e  

o b s e r v e d  r e d u c t i o n  i n  i n t e n s i t y .  There was a s h o u l d e r  a t  1350 
cm i n  t h e  s p e c t r a  of t h e  resin h e a t e d  t o  llO°C t h a t  c o u l d  

have been d u e  t o  n i t r a t i o n .  HOwever, t h i s  a r e a  was over -  
whelmed b y  t h e  n l t r o n i u m  i o n  a b s o r b a n c e  a t  1390 cm-' i n  t h e  

s p e c t r a  of t h e  m i x t u r e s  h e a t e d  t o  135 C and 160°C. 

a t  1580 cm" showed a s i g n i f i c a n t  l o s s  between 160°C and 190°c 

b u t  t h i s  b e h a v i o r  was a l s o  e x p e c t e d  for  t h e  f u r f u r y l  a l c o h o l  
polymer. However, t h e  magni tude  of t h e  r e d u c t i o n  is  so l a r g e  

t h a t  t h e r e  c o u l d  a l so  b e  a c o n t r i b u t i o n  due  t o  loss of n i t r o  
groups .  

-1 

0 The peak  
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U l t r a v i o l e t  and Nuclear  Magnet ic  Resonance S p e c t r o s c o p i c  

A n a l y s i s  

U l t r a v i o l e t  and p r o t o n  n u c l e a r  magnet ic  r e s o n a n c e  s p e c t r a  

of t h e  m i x t u r e s  were also o b t a i n e d .  The a n a l y s i s  of t h e  

r e s u l t s  from t h e  u l t r a v i o l e t  a n a l y s i s  was c o m p l i c a t e d  because  

an a c c u r a t e  e x t i n c t i o n  c o e f f i c i e n t  for t h e  low m o l e c u l a r  
w e i g h t  m i x t u r e  was n o t  a v a i l a b l e .  However, some q u a l i t a t i v e  

d e d u c t i o n s  c o u l d  be  made. The s p e c t r a  of t h e  r e s i n  h e a t e d  t o  
190°C showed an a b s o r b a n c e  peak a t  205 run, w h i l e  t h e  

a b s o r p t i o n s  for r e s i n s  h e a t e d  t o  50'. l l O o ,  and 160°C were 

s h i f t e d  t o  l o n g e r  wavelengths .  T h i s  ba thochromic  s h i f t  is 

c h a r a c t e r i s t i c  of f u r f u r a l  which h a s  been n i t r a t e d .  N i t r a t i o n  

of f u r f u r a l  a t  t h e  r i n g  5 - p o s i t i o n  s h i f t s  t h e  maximum from 271 

run t o  309 nm. 26 

The p r o t o n  n u c l e a r  magnet ic  r e s o n a n c e  s p e c t r a  were q u i t e  

ccmplex. I n  a d d i t i o n  t o  t h e  d o w n f i e l d  p r o t o n s  a s s o c i a t e d  w i t h  

t h e  f u r a n  r i n g ,  t h e r e  were s e v e r a l  v e r y  pronounced u p f i e l d  
p e a k s  a t  3.8 and 1.8 ppm t h a t  were most l i k e l y  due t o  

d e g r a d a t i o n  p r o d u c t s .  Canpar i son  of t h i s  p a r t  of t h e  spec t rum 

w i t h  known f u r f u r y l  a l c o h o l  d e g r a d a t i o n  p r o d u c t s  d i d  n o t  y i e l d  

any f u r t h e r  i n f o r m a t i o n  p e r t a i n i n g  t o  t h e  canpound or com- 
pounds r e s p o n s i b l e  for t h e s e  peaks .  

CONCLUSIONS 

High s h e a r  s t r e n g t h s  of bonded wood p a n e l s  can  b e  a c h i e v e d  
w i t h  e i t h e r  t a n n i n  or f u r f u r y l  a l c o h o l  i n  c o n j u n c t i o n  w i t h  

n i t r i c  acid a c t i v a t i o n .  Even s t r o n g e r  bonds ,  comparable  t o  

p h e n o l i c  c o n t r o l s ,  were o b t a i n e d  w i t h  a t a n n i n - f u r f u r y 1  

a l c o h o l - m a l e i c  a c i d  f o r m u l a t i o n .  The bonds r e a l i z e d  w i t h  t h e  

T-F-M m i x t u r e  were n o t  s t r o n g l y  affected by n i t r i c  a c i d  pre-  

t r e a t m e n t ,  open assembly  time or pot-life. A d i s t i n c t  

a d v a n t a g e  of t h e  T-F-M sys tem is minimal  e v o l u t i o n  of for- 

maldehyde m o t h e r  t o x i c  c h e m i c a l s  from t h e  bonded p r o d u c t .  
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340 KELLEY ET AL. 

This  system may a l s o  be d e s i r e d  because it Is based on 

renewable r e sources .  
Through DSC s t u d i e s ,  n i t r i c  a c i d  was found t o  promote t h e  

condensa t ion  exotherm o f  t h e  tannin- fur fury1  a l c o h o l - m a l e i c  
a c i d  m i x t u r e  a t  a lower t empera ture  than  In t h e  unca ta lyzed  

sample. It  appears  t h a t  t h e  f u r f u r y l  a l coho l  is t h e  most 
r e a c t i v e  component o f  t h e  b r i d g i n g  m a t e r i a l .  The f u r f u r y l  

a l c o h o l  is  appa ren t ly  n i t r a t e d  by t h e  n i t r i c  ac id  and; a t  h igh  
t empera tu res  ( 180°C), t h e s e  n i t r o  compounds degrade  t o  g i v e  a 

v e r y  sha rp  exothermic s p i k e  i n  t h e  DSC thertnogram. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
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