
CHAPTER II

THEORITICAI, CONSIDERATION AND LITERATURE REVIEWS

2.1 I n t r o d u c t i o n  to  Adhesives
An adhes ive  may he d e f i n e s  as a m a te r i a ]  which when 

a p p l i e d  to  s u r f a c e s  of  m a t e r i a l s  can j o i n  them t o g e t h e r  and 
r e s i s t  s e p a r a t i o n .  I t  may develop  s u r f a c e  adhes ion  or  i n t e r n a l  
s t r e n g t h  (adhes ion  o r  cohes ion) w i thou t  t he  s t r u c t u r e  o f  t he  
b od ies  undergoing  s i g n i f i c a n t  changes.  The term "adhes ive"  i s  a 
g e n e r i c  term and covers  o t h e r  common te rms,  such as " g l u e , "  
" p a s t e , "  "gum," "adhes ive  cement ,"  and "bonding a g e n t . "  The 
m a t e r i a l s  be ing  j o in e d  a re  commonly r e f e r r e d  to  as t he  
" s u b s t r a t e s "  o r  "adherends" .  The l a t t e r  term i s  sometimes 
employed when the  m a t e r i a l s  a re  a p a r t  of  a j o i n t  [10 ,1 1 ] .

The term adhesion  i s  used when r e f e r r i n g  to  the  s t a t e  in 
which two s u r f a c e s  a re  held  t o g e t h e r  by i n t e r f a c i a l  fo rc e s  which 
may c o n s i s t  o f  molecula r  f o r c e s ,  chemical  bonding f o r c e s ,  
i n t e r l o c k i n g  a c t i o n ,  o r  combinat ions of  t h e s e .  And cohesion  
r e f e r s  to  t he  s t a t e  in which the  p a r t i c l e s  of  t h e  adhes ive  (o r  
t h e  adherend)  a r e  he ld  t o g e th e r  by f o r c e s  of  adhesion  [12 ,13 ] .

The l e v e l  of  adhesion f o r c e s  which a re  o p e r a t in g  a c r o s s  
an i n t e r f a c e  cannot  u s u a l l y  be measured by mechanical  t e s t s .  For 
example,  the  measured energy fo r  i n t e r f a c i a l  f r a c t u r e  i s  
g e n e r a l l y  o r d e r s  of  magnitude h ig h e r  than t h a t  a r i s i n g  s o l e l y
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from the  i n t r i n s i c  adhesion  f o r c e s ,  such as m o lecu la r  van der  
Waals’ f o rc e s  o r  c o v a le n t  bonds,  which may be o p e r a t i n g  a c ro s s  
t he  i n t e r f a c e .

2 .1 .1  Bas ic  P r i n c i p l e s  [14]
Adhesion i s  d e f in ed  as t he  s t a t e  of  ho ld ing  

t o g e t h e r  two s u r f a c e s  of  bod ies  (adherends) by i n t e r f a c i a l  f o rc e s  
which can be va l a nc e  f o r c e s  o r  mechanical  i n t e r l o c k i n g  o r  a 
combination o f  bo th  ( s e c t i o n  2 .1 . 4 )

Valence f o r c e s  which are  r e s p o n s i b l e  f o r  t he  
s u r f a c e  a t t r a c t i o n ,  can be e i t h e r  primary va l e nc e  bonds o r  
secondary  va l e nc e  bonds.

Primary  va lence  bonds a re  the  w el l  known c o v a l e n t ,  
c o o r d i n a t e ,  e l e c t r o v a l e n t ,  o r  m e t a l l i c  bonds which a r e  formed 
when atoms o r  molecules e i t h e r  share  o r  t r a n s f e r  e l e c t r o n s ,  
t h e i r  bonding f o r c e s  range from 10-100 kca l /m ole .

Far more im por tan t  from the  s t a n d p o i n t  o f  
a d h e s iv e s ,  however a re  t h e  weaker secondary bonds known as 
Van d e r  Waal fo rc e  (2-4 k c a l /m o le ) .  These f o r c e s  a r e  r e s p o n s i b l e  
f o r  t he  cohes ion  of  n on -p o la r  l i q u id  m olecu les ,  f o r  example.  
Also,  the se  weak f o r c e s  can p rov ide  good adhes ion  between two 
s u r f a c e s  ; however in o rd e r  f o r  t h e s e  fo rc e s  to  a c t ,  molecules 
must be between 3 to  10 °A. Beyond 10 °A, t h e s e  f o r c e s  a r e  no 
longer  e f f e c t i v e  in t h a t  they  dec rea se  a t  a r a t e  equal  t o  the  
s i x t h  power of  t h e  i n t e r m o l e c u la r  d i s t a n c e .  Even the  smoothest  
o f  two s o l i d  s u r f a c e s  cannot have enough s u r f a c e  a r e a  a t
in t im a te  c o n t a c t  t o  ach ieve  any adhesion between the  two s o l i d s .
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This  i s  because  the  a pp a ren t  a r e  not  a t  a l l  smooth s u r f a c e s  
a t  t he  m ic roscop ic  l e v e l  as shown below.

c o n t a c t  p o i n t s

F igure  2.1  Contac t  p o i n t s  a t  the  m icroscop ic  l e v e l  of
smooth s u r f a c e

This i s  where the  r o l e  of  t he  adhes ive  comes in .  
Most a l l  a d h e s iv e s ,  wether  they  a re  chemical  r e a c t i o n  ty p e s ,  
e v a p o r a t io n  t y p e s ,  ho t  m e l t s ,  e t c ,  a re  app l i e d  to  the  adherend  in 
a l i q u i d  s t a t e .  The a p p l i c a t i o n  as a l i q u i d  i s  n e c e s s a r y  in 
o r d e r  to  s u f f i c i e n t l y  "wet" the  s u r f a c e  of  t h e  adherend .  Th is  
a l lo w s  the  adhes ive  molecules t o  ge t  in c lo s e  p ro x im i ty  to  
the  s u r f a c e  molecu les  of  the  adherend in o r d e r  to  e s t a b l i s h  
va l e nc e  f o r c e s .  T h e r e f o r e ,  i t  i s  im pera t ive  t h a t  the  adhes ive  
be ing  a p p l i e d  have s u f f i c i e n t l y  low v i s c o s i t y  t o  a l low th e  
adherend s u r f a c e  to  be wet ted  p r o p e r l y .  I f  t he  v i s c o s i t y  of  t h e  
adhes ive  i s  too h igh ,  then  i t  w i l l  not  p e n e t r a t e  p r o p e r l y  i n to  
the  s u r f a c e  po res  and c r e v i c e s .  This i s  impor tan t  in t h a t  i f  gas 
bubb les  o r  vo id  occu r  between t h e  g lue  l i n e  and the  adherend ,  
s t r e s s  w i l l  be c o n c e n t r a t e d  more in a s m a l l e r  a r e a ,  thus
weakening the  s t r e n g t h  of  t he  bond.  I t  i s  common p r a c t i c e  in
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weakening the  s t r e n g t h  of  t he  bond. I t  i s  common p r a c t i c e  in 
adh es ive  techno logy  to  c lean  and roughen the  s u r f a c e  of  an 
adherend b e f o r e  t h e  a p p l i c a t i o n  of  adhes ive .  This  i s  done not  
on ly  t o  remove ox ides  from a m e t a l l i c  s u r f a c e ,  bu t  because  a 
rough s u r f a c e  p ro v id e s  g r e a t e r  j o i n t  s t r e n g t h  as wel l  as h e lp in g  
to  p re ve n t  c rack  p ropaga t ion  a long  the  glue  l i n e  by i s o l a t i n g  a i r
pocke t s  t h a t  may have formed f rom incomple te  w e t t in g . The
roughness  p ro v ides " t e e t h "  to the bonded j o i n t .  While the
adhes ive  i s  s t i l l  a 1i q u i d , i t  d i s p l a y s no c ohes ive  s t r e n g t h to
th e  bond. With c o o l in g ,  v a p o r i z a t i o n  of  a c a r r i e r ,  o r  th rough  a 
p o ly m e r i za t io n  r e a t i o n ,  the  adhes ive  w i l l  l a t e r  become a  s o l i d  
which w i l l  then  p rov ide  the  cohes ive  s t r e n g t h  to  t he  bond.

2 .1 .  1.1 Thermodynamic of  Bonding
In o r d e r  f o r  a g iven adhes ive  t o

e f f e c t i v e l y  wet an adherend s u r f a c e ,  t h a t  adhes ive  must be
com pa t ib le  with  th e  adherend i f  a l a s t i n g  bond i s  t o  r e s u l t .  
Thermodynamically,  f o r  a bond between an adherend and an adhes ive  
to  be s t r o n g ,  t h e r e  must be a r e s u l t i n g  d ec rea se  in f r e e  
energy (aG) from the  combination of  adhes ive  and s u b s t r a t e .
In o t h e r  words,  t he  aG must be neg a t iv e  in the  fo l lo w in g
equ a t io n  ( 2 . 1 ) .

aG = aH -  TaR ( 2 . 1)

where aG = Change in f r e e  energy aS = Change in en t ropy  
aH = Change in hea t  o f  mixing T = Temparature
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In g e n e ra ] ,  when adhes ive  and adherend 
meet,  e n t ropy  i s  inc reased  (more d i s o r d e r ) ,  so en t ropy  only  
c o n t r i b u t e s  to  t he  l o s s  of  f r e e  energy.  T h e r e f o r e ,  on ly  the  h ea t  
from mixing (aH) , can p reven t  a n e g a t iv e  aG from r e s u l t i n g .  Thus, 
p rovided  t h a t  t h e  h ea t  of  mixing i s  not  too  g r e a t ,  the  adhes ive  
and adherend w i l l  combine. This i s  even more l i k e l y  a t  e l e v a te d  
t e m p e r a tu r e s .  Another way to  look a t  i t ,  i s  to  say f o r  the  
adhes ive  to  work, the  adhes ive  a t t r a c t i o n  between the  l i q u i d  
adhes ive  and the  adherend must be g r e a t e r  than  the  cohes ive  
f o r c e s  w i th in  the  l i q u i d  adhes ive  being a p p l i e d .  The fo l low ing

(a)  (b)
Concave Meniscus Convex Meniscus

F igure  2.2 Good and bad a t t r a c t i o n  between t h e  l i q u i d  adhes ive  
and the  adherend

In f i g u r e  2 . 2 ( a ) ,  t he  adhes ive  f o r c e s  
exceed the  cohes ion  f o rc e s  of  t h e  wet adhes ive .  T h ere fo re ,  the  
adhes ive  sp re a d s  o v e r th e  adherends and "wets" the  adherend 
s u r f a c e .  In f i g u r e  2 .2 ( b ) ,  t he  cohes ive  f o r c e s  of  the  wet 
adhes ive  a r e  g r e a t e r  than adhes ive  fo rce s  between the  adhes ive
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and adherend .  T h e r e f o r e ,  in f i g u r e  2 .2 (b )  t h e  adhes ive  i s  no t  
com pat ib le  to  t he  adherend m a t e r i a l .

2 . 1 . 1 . 2  Surface  Tension
One method to  he lp  de te rmine  the  

c o m p a t i b i l i t y  between an adhes ive  and a g iven s u b s t r a t e  was 
e xp lo red  by W.A. Zisman of the  Naval Research Labora to ry  in 
Washington, D .c . Zisman and h i s  c o l l e a g u e s  measured the  c r i t i c a l  
s u r f a c e  t e n s i o n s  (พc ) of  d i f f e r e n t  s e l e c t e d  polymer s u r f a c e s .  
Th is  c r i t i c a l  s u r f a c e  t en s io n  measures the  " w e t t a b i l i t y  " of  a 
g iven  s o l i d  s u r f a c e .  » c g ives  the  maximum s u r f a c e  t e n s io n  t h a t  
an adhes ive  can have.  I f  the  adhes ive  s u r f a c e  t e n s i o n  exceeds  ร 1 
i t  w i l l  no t  be a b le  to  wet t he  s u r f a c e  of  t he  given s u b s t r a t e .  
Zisman was a b le  to  measure of  many s u r f a c e s  by measuring the  
changes  in c o n t r a c t  a ng les  of  d i f f e r e n t  s e l e c t e d  l i q u i d  t h a t  
were a p p l i e d  to  t he  s u r f a c e .  All  t h e s e  l i q u i d s  he used f o r  h i s  
measurements a l r e a d y  had known prede termined  s u r f a c e  t e n s i o n s .  
T h e r e f o r e ,  the  c r i t i c a l  su r f a c e  t e n s io n  could be de te rmined .

S o l id  Con tac t  Angle

F igure  2.3  C on tac t  ang le  between s o l i d  adherend  and l i q u i d
adh es ive
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As the  c o n t a c t  angle  approaches  ze ro ,  the  
drop  w i l l  cover a l a r g e r  and l a r g e r  a rea .  When <t> = 0 , complete 
sp read in g  of t he  l i q u i d  has occured a c r o s s  t h e  s u r f a c e s .  
T h e r e f o r e ,  <t> i s  i n v e r s e l y  a measure of w e t t a b i l i t y .

2 . 1 . 1 . 3  S o l u b i l i t y  Parameter
Another method of measuring c o m p a t i b i l i t y  

i s  by us ing  H i ldebrand  s o l u b i l i t y  param ete rs .  This  s o l u b i l i t y  
param ete r  i s  equal  to  the  square  roo t  of  t he  cohes ive  energy 
d e n s i t y  ( i n t e r n a l  p r e s s u r e )  as shown below:

ร = (aE/V)1/2 (2 .2)

where 6 = S o l u b i l i t y  parameter
aE = Change in energy of v a p o r i z a t io n  

V = Molar volume

The energy of v a p o r i z a t i o n  cannot  be meassured d i r e c t l y  fo r  
polymers \  because  they a re  obv ious ly  n o n - v o l a t i l e .  T h e r e f o r e ,  
i n d i r e c t  methods must be used t.0  measure the  s o l u b i l i t y
param ete r  o f  polymers .  There v a lu e s  can be c a l c u l a t e d ,  but  the  
most common method i s  to  simply compare the s o l u b i l i t y  p r o p e r t i e s  
of  a given polymer to  d i f f e r e n t  s e l e c t e d  s o lv e n t s  of  known v a lu e s  
in o rd e r  to  f i n d  the  b e s t  s o l u b i l i t y .  A s t r o n g  p o s i t i v e  
c o r r e l a t i o n  has been r e p o r t e d  between the  c r i t i c a l  s u r f a c e  
t en s io n  (tfc ) and the  Hildebrand  s o l u b i l i t y  p a ram ete r  ( <5 )  fo r  
a wide range  o f  d i f f e r e n t  s e l e c t e d  polymers.  Although t h i s
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c o r r e l a t i o n  i s  by no means p e r f e c t ,  i t  dose show t h a t  both ftc or  
ร can be used t o  he lp  p r e d i c t i o n  the  c o m p a t i b i l i t y  of  an adhes ive  
with s e l e c t e d  adherend .

In g e n e r a l ,  d i f f e r e n t  s o l i d s  have 
d i f f e r e n t  s p e c i f i c  s u r f a c e  f r e e  energy (e rg s /cm “ ). S o l id s  with  
s t r o n g  i n t e r m o l e c u l a r  f o r c e s  such as c a r b i d e s ,  metal  o x id e s ,  
m e ta l s ,  e t c . ,  have high  energy s u r f a c e s .  On the  o t h e r  hand,  very 
low m el t ing  o r g a n i c  s o l i d s  of  weak i n t e r m o le c u la r  f o r c e s  have 
low energy s u r f a c e s .  G lasses  and some s a l t s  a re  con s ide red  
i n t e r m e d ia t e .  L a s t l y ,  most a l l  l i q u i d s  a re  c on s ide red  to  have 
low energy s u r f a c e s .  T h e re fo re ,  l i q u id s  g e n e r a l l y  w i l l  e a s i l y  
sp reed  over the  h igh  energy s u r f a c e  s o l i d s .

Table 2.1 complied from the  work of  
H ildebrand  and S c o t t ,  Small and B u r r e l l ,  and o t h e r  l i s t s  the  
so lu b i l i t y *  pa ram e te r s  of  a number of  adhes ive  and adhes ive  
m a t e r i a l s ,  a long w ith  a q u a n l i t a t i v e  c h a r a c t e r i z a t i o n  of  t h e i r  
c r y t a l l i n i t y  and molecule ,  and s o l u b i l i t y  p a ram ete rs  of  v a r io u s  
s o lv e n t s .

2 .1 .2  Raw M e te r i a l s  f o r  Adhesives 
2 . 1 . 2 . 1  Base Polymers [15]

Almost every  polymer and r e s i n  a re  used 
f o r  the  p ro d u c t io n  of  a dh e s ive s ,  i t  may be c l a s s i f i e d  acco rd ing  
to  o r i g i n  as:

(1) N a tu ra l  : s t a r c h ,  dex t .r ins ,  a s p h a l t ,  animal and
v e g e t a b l e  p r o t e i n s ,  n a tu ra l  rubbe r ,  s h e l l a c .
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Table  2.1 S o l u b i l i t y  Parameter

Polymer S o l u b i l i t y  p a ram ete r  
( c a l / c m ^ ) 1/2

N atu ra l  rubber 7 .9 - 8 .3
Toluene 8.9
C e l l u lo s e 10.3-11.5
P heno l ic 11.5
Nylons 12.7-13.6

(2) S e m i - s y n th e t i c  ะ c e l l u l o s e  n i t r a t e  and the  o t h e r  
c e l l u l o s i c s ,  polyamides der ived  from dimer a c i d s ,  
c a s t o r - o i l  based p o lyu r thanes

(3) S y n t h e t i c s  ะ
(a)  v i n v l - t y p e  a d d i t i o n  polymers,  both  r e s i n s  and 

e la s to m e r  ะ polyviny l  a c e t a t e ,  p o ly v in y l  
a l c o h o l ,  a c r y l i c s ,  u n s a t u r a t e d  p o l y e s t e r s ,  
NBR, SBR, neoprene ,  b u ty l  ru b be r ,  p o l y i s o 
b u ty l e n e .

(b) Polymers formed by condensa t ion  and o t h e r  s t e p  
wise  mechanisms ะ epox ies ,  p o ly u r e th a n e s ,  
p o l y s u l f i d e  r u b b e r s ,  and the  r e a c t i o n  p ro d u c t s  
o f  formaldehyde with phenol ,  r e s o r c i n o l ,  u re a ,
and metamine.
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2 . 1 . 2 . 2  T a c k i f i e r s  [10, 14]
Tack i s  t he  bond s t r e n g t h  t h a t  i s  formed 

immediately  when a given m a t e r i a l  comes in c o n t a c t  w ith  
a n o th e r  s u r f a c e .  I t  has been c a l l e d  " i n s t a n ta n e o u s  adhes ion"  
a f t e r  which bonding s t r e n g r h  may r i s e  to  a h ig h e r  l e v e l  l a t e r  
in t ime.

Many e la s to m ers  and t h e r m o p l a s t i c  
polymers have very  poor i n h e r e n t  t ack  p r o p e r t i e s .  In o r d e r  to  
improve t h i s  t a c k  q u a l i t y ,  t a c k i f v i n g  r e s i n s  a re  added to  most 
o f  t h e s e  adhes ive  f o rm u la t io n s  inc lud ing  e v a p o r a t io n  ty p e s ,  
p r e s s u r e  s e n s i t i v e  typ es ,  and ho t  m e l ts .

The a d d i t i o n  of t a c k i f i e r s  can improve 
per formance of  a polymeric  adhes ive  in s e v e r a l  ways. F i r s t  o f  
a l l ,  the  p rope r  s e l e c t i o n  and load ing  of a g ive  t a c k i f y i n g  r e s i n  
can improve the  c o m p a t i b i l i t y  of  a given polymer to  a s e l e c t e d  
s u b s t r a e .  Another way t h a t  t a c k i f y i n g  r e s i n s  improve adhes ion  i s  
th rough  improving the  w e t t in g  power by changing the
v i s c o e l a s t i c  p r o p e r t i e s  o f  the  polymer,  so th e re  i s  more p l a s t i c  
and l e s s  e l a s t i c  b eh a v ie r .  This a l lows  c l o s e r  c o n t a c t  o f  polymer 
to  s u b s t r a t e .  L a s t l y ,  t a c k i f y i n g  r e s i n s  improve the  t ack
p r o p e r t i e s  ( i n i t i a l  s t i c k )  of  t he  adhes ive  to  t he  s u b s t r a t e  which 
l ead s  to a s t r o n g e r  permanent bond l a t e r .

T a c k i f i e r  examples a re  r o s i n s ,  hydro 
carbon r e s i n s ,  indene ,  coumarone,  pheno l ic  and p o l y t e r p e n e s .
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2 . 1 . 2 . 3  S o lven ts  [10,  14]
S o lven ts  a re  used as c a r r i e r s  in 

e v a p o r a t i o n  type  adhes ives  in which the  base adhes ive  polymer i s  
d i s s o l v e d  in the  s o lv e n t  to  p rov ide  a l i q u i d  s o l u t i o n  t h a t  w i l l  
wet the  adherend  s u r f a c e .  A f te r  a p p l i c a t i o n ,  the  s o lv e n t  escapes  
from the  g lue  l i n e  through evap o ra t ion  leav in g  the  polymer w ith  
good cohes ion  bonding s t r e n g t h .

Hildebrand s o l u b i l i t y  pa ram ete rs  a re  used 
t o  measure the  c o m p a t i b i l i t y  of  two s u b s ta n ce s  such as a base  
polymer and a given s u b s t r a t e  ( s e c t io n  2 . 1 . 1 . 3 ) .  Tn s i m i l a r  
manner, H ildebrand  s o l u b i l i t y  param ete rs  can a l s o  be used in 
p r e d i c t i n g  t h e  s o l u b i l i t y  of  a given base polymer in a s e l e c t e d  
s o l v e n t .  G en e ra l ly ,  i t  has been found t h a t  s o lv e n t s  with  
s i m i l a r  chemical, s t r u c t u r e s  to  the  s o l u t e  w i l l  d i s s o l v e  the  
s o l u t e .  In o t h e r  words " l i k e s  d i s s o l v e s  l i k e d " .

2 . 1 . 2 . 4  F i l l e r s  [10,  14]
F i l l e r s  a re  impor tan t  no t  on ly  because  

the y  reduce  the  m a t e r i a l  c o s t  o f  adh es ive s ,  bu t  he lp  r e i n f o r c e  
the  g lue  l i n e  formed,  thus  improving the  cohes ive  s t r e n g t h  o f  the  
a d h es ive .  Also f i l l e r s  he lp  reduce  c o n t r a c t i o n  of  the  g lue  l i n e  
in some c a se ,  thu s  p ro v id in g  a s t r o n g e r  bond with r e a c t i v e  
polymer adhes ive  systems t h a t  form a hard r i g i d  bond, the  r o l e  
of  f i l l e r s  in reduc ing  sh r inkage  on harden ing  i s  f a r  more 
im por tan t  than  any improvment in adhes ive  s t r e n g t h .  Reducing 
sh r ink age  h e lp s  reduce any s t r e s s  formation a long  the  g lue  l i n e
th u s  p ro v id in g  f o r  a s t r o n g e r  bond.
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P r e f e r r e d  f i l l e r s  a r e  pyrogen ic  and 
p r e c i p i t a t e d  s i l i c a s ,  cha lk s ,  t a i c ,  sand,  wood f l o u r  and l i g h t  
and heavy s p a r  a l though  f i b e r s  and metal powders a r e  used a l s o .

2 . 1 . 2 . 5  P l a s t i c i  z e r s  [10, 14]
P l a s t i c i z e r s  a re  used e x t e n s i v e l y  in 

e la s to m e r  a d h e s iv e s  and hot  m e l t s .  The main purpose  of  any 
p l a s s t i c i z e r ,  as  the  name im p l i e s ,  i s  to  a id  in p ro c e s s in g  or  
b reak ing  down the  e la s tom er  on the  mil l  in o r d e r  t o  e f f e c t i v e l y  
ach ieve  a h ig h e r  s t a t e  of  mix on the  mill  and enab le  the  m i l led  
compound to  be s o l u b i l i z e d  more r e a d i l y  by a g iven s o lv e n t .  
However, p l a s t i c i z e r s  not  only improve p r o c e s s in g ,  bu t  many t imes  
haave the  s i d e  advantage  of  improving t a c k ,  j u s t  as  some 
t a c k i f i e r s  a l s o  improve rubber  p ro c e s s in g .

P l a s t i c i z e r s ,  a l s o  a f f e c t  adhes ive  use  be 
red uc ing  "drawing" ,  reducing  s o l u t i o n  v i s c o s i t i e s ,  improving low 
t em pera tu re  f l e x i b i l i t y  of  t he  g lue  l i n e ,  and red uc ing  modulus 
and hardness  o f  t he  g lue  l i n e .

P h th a l a te  p l a s t i c i z e r s  a r e  t he  most 
w ide ly  used.  C i t r i c  ac id  e s t e r s  and g ly c e ro l  t r i a c e t a t e  a re  l e s s  
i m p o r t a n t .

2 . 1 . 2 . 6  Hardeners [14]
A hardener  i s  used in r e a c t i v e  polymer 

adh es ive  systems to  i n i t i a t e  t he  hardening  of t he  g lue  l i n e  by
i n i t i a t i n g  c r o s s l i n k i n g  or  g e l l i n g  w i th in  the  polymer a s h e s iv e .
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For phenol-form aldehyde  novolac  r e s i n s ,  
the  amount o f  formaldehyde r e a c t a n t  was held  back in o r d e r  to  
p re v e n t  t h e  r e s i n  from reach ing  gel p o in t  and forming a t h r e e  
d im ens iona l  m a t r i x .  Upon the a d d i t i o n  of  a methylene doner (added 
in powder form to  the  cooled ground up r e s i n ) ,  t he  novolac  r e s i n  
i s  a b le  to  ge l  when r e h ea te d .  The methylene doner commonly used 
i s  hexam ethy lene te t ram ine  or  hexamine (ใ ) .

ใท a s i m i l a r  chem is t ry ,  paraformaldehyde 
( I I )  i s  used as t he  powder hardening  agen t  (methylene donor)  
with  novolac  r e s o rc in o l - fo rm a ld e h y d e  r e s in  ( u s u a l l y  in a l i q u i d  
form) in o r d e r  to  cure  the  r e s i n s .

HO-CH 2-0-CH 2 " ( -O-CH2“ ) ท-0-CH 2"0H

( I ) ( I I )

2 . 1 . 2 . 7  Primers  [14]
A primer i s  a c o a t in g  which i s  a p p l i e d  to  

a given adherend  b e f o r e  the  adhes ive  in o r d e r  to  imporove the  
adhes ive  bond. Adhesives a re  no t  always com pa t ib le  with  a 
g iven s u b s t r a t e .  A pr imer may be i n t e r m e d ia t e  in i t s
c o m p a t i b i l i t y  between a given adhes ive  and s u b s t r a t e  o r  the  
p r im er  may c o n t a in  a compound with  b i f u n c t i o n a l i t y . Depending on 
what d i v e r s i t y  of  m a t e r i a l s  a re  being bonded, they  can c o n s i s t  o f  
epox ides ,  p o ly u r e th a n e s ,  p o l y i s o c y a n a t e s , m e th a c r y l a t e s ,  s i l a n e s ,
o r  v a r i e t y  of  r e s i n s .



2 4

2 . 1 . 2 . 8  Thickening  Agents [14]
Some components a re  added t o  adhes ive  

fo rm u la t i o n s  in o r d e r  to  i n c re a s e  t h e i r  v i s c o s i t y ,  t h i c k e n e r s .  
S y n th e t i c  polymers can a l s o  be added to  aqueous systems as 
t h i c k e n e r s .  S o lub le  s y n t h e t i c  polymers such as p o ly v in y l  a lcoho l  
o r  methyl c e l l u l o s e  can be used fo r  t h i s  purpose .  B en to n i t e  a l s o  
i s  used as an aqueous t h i c k e n e r  because o f  i t s  ge l  forming 
tendency.

2 .1 . 3  C l a s s i f i c a t i o n  of  Adhesives [14, 15]
2 . 1 . 3 . 1  Chemically Reac t ive  Types

The chem ica l ly  r e a c t i v e  types  of  
adh es ives  u s u a l l y  involve  the  p o ly m er iza t io n  of  low molecu la r  
weight  l i q u i d  components upon a p p l i c a t i o n  t o  form a polymerized  
g lue  l i n e  which w i l l  have good cohes ive  s t r e n g t h .  There a re  two 
b a s i c  types  of  chem ica l ly  r e a c t i v e  adh es ive s .  One type  c o n s i s t s  
o f  tho se  r e a c t i v e  a dhes ives  which give  o f f  a low molecu la r  weight  
by-product,  ( u s u a l l y  water)  d u r ing  a polymer condensa t ion  r e a c t i o n .  
Examples of  t h i s  type  a re  the  phenol -formaldehyde  and r e s o r c i n o l -  
formaldehyde a d h e s iv e s .  The o th e r  type o f  r e a c t i v e  adhes ive  
po lymer izes  w i tho u t  the  fo rmat ion  of  a low m o lecu la r  weight  by
p roduc t  sometimes through  a d d i t i o n  p o ly m e rz a t i o n . Examples of  
t h i s  type  a r e  e p o x ie s ,  c y a n o a c r y la t e s ,  u r e th a n e s ,  and p o l y e s t e r s .

2 . 1 . 3 . 2  Evapora t ion  Types
Evapora t ion  type a d h e s iv e s  c o n s i s t  o f  a 

polymeric  m a t e r i a l  being c a r r i e d  in a l i q u i d  s t a t e  by a l i q u i d
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c a r r i e r  whether i t  i s  as  an aqueous c o l l o i d a l  d i s p e r s i o n  ( l a t e x )  
o r  as a s o l u t i o n  in an o rg a n ic  s o lv e n t .  Of course  a f t e r  
a p p l i c a t i o n ,  t h e  l i q u i d  c a r r i e r  must be l o s t  by e v a p o r a t io n  o r  by 
d i f f u s i o n  in to  a porous s u b s t r a t e  in o rder  to  o b t a in  a s o l i d  g lue  
l i n e  and good cohes ive  s t r e n g t h .  The o rgan ic  s o l u t i o n  adh es ive s  
a r e  f a s t e r  d ry in g  than the  l a t e x  adhes ives ;  on t h e  o t h e r  hand,  
f o r  the  g lue  l i n e  to  have good cohesive  s t r e n g t h  may r e q u i r e  a 
h ig h e r  molecul

I t  c o n s i s t s  o f  t h e r m o p l a s t i c  polymer and 
u s u a l l y  o th e r  a d d i t i v e s .  This  adhesive  when a p p l i e d  ho t  (above 
m e l t ing )  to  a given s u b s t r a t e ,  e f f e c t i v e l y  wets t he  s u r f a c e ;  
however, on c o o l in g ,  t he  molten polymer r e t u r n s  to  i t s  s o l i d  form 
providing'  good cohes ive  s t r e n g t h  to  the  bond. The advantage  to  
ho t  melt  adh es ive  typ es  i s  t h a t  they s e t  ve ry  q u i c k ly  a f t e r  
a p p l i e d .

a r  weight  polymer.

2 . 1 . 3 . 3  Hot Melt  Types

2 . 1 . 3 . 4  P re s su re  S e n s i t i v e  Types
In the  case  of a p r e s s u r e  s e n s i t i v e  

a dhes ive ,  the  p hy s ica l  t r a n s f o r m a t io n ,  the  l i q u i d  s t a t e  i s  
conver ted  i n to  a s o l i d  form, does not  occur.  A p r e s s u r e  s e n s i t i v e  
adhes ive  i s ,  in a way, both in t h e  l iq u id  s t a g e  ( f o r  w e t t in g )  and 
in the  s o l i d  s t a g e  ( f o r  c ohes ive  s t r e n g t h )  a t  t he  same t im e.  I t  
c o n s i s t s  o f  a v i s c o e l a s t i c  m a te r i a l  which i s  f l u i d  enough to  wet 
a s u r f a c e  under a s l i g h t  a p p l i e d  e x te rn a l  p r e s s u r e ,  ye t  coh es ive  
enough to p ro v ide  some moderate s t r e n g t h  in h o ld in g  t h e  adherends
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t o g e t h e r  a f t e r  e x t e r n a l  p r e s s u r e  i s  r e l e a s e d .  T y p i c a l l y ,  t h e s e  
p r e s s u r e  s e n s i t i v e  a dhes ive s  a re  based on v a r i o u s  e l a s t o m e rs  
which have been made s t i c k l y  with  the  use of  r e s i n  a d d i t i v e s .  The 
a p p l i c a t i o n  in p ro v id in g  adhesion  fo r  t ape  and l a b e l s  a r e  well 
known. One obvious  d i s a d v a n tag e  i s  i t s  r e l a t i v e l y  poor cohes ive  
s t r e n g t h  compared to  o t h e r  adhes ive  types.

2 .1 .4  Mechanisms of Adhesion [10, 11, 16]
The a t t a in m e n t  of  in t im a te  m o lecu la r  c o n t a c t  a t  

t h e  a d h e s i v e / s u b s t r a t e  i n t e r f a c e  i s  i n v a r i a b l y  a n e c e s s a r y  f i r s t  
s t a g e  in t he  fo rm at ion  of  s t r o n g  and s t a b l e  adh es ive  j o i n t s .  The 
n ex t  s t a g e  i s  t h e  g e n e r a t i o n  o f  i n t r i n s i c  adhes ion  f o r c e s  a c r o s s  
t h e  i n t e r f a c e ,  and the  n a t u r e  and magnitude o f  such f o r c e s  a re  
ex t rem e ly  im p or ta n t .  They must be s u f f i c i e n t l y  s t r o n g  and s t a b l e  
to  ensure  t h a t  t he  i n t e r f a c e  dose  not  a c t  as t he  "weak l i n k "  in 
t h e  j o i n t ,  e i t h e r  where the  j o i n t  i s  i n i t i a l l y  made o r  th roughou t  
i t s  subsequen t  s e r v i c e  l i f e .  The v a r io u s  typ es  of  i n t r i n s i c  
f o r c e s  which may o p e r a t s  a c r o s s  t he  a d h e s i v e / s u b s t r a t e  i n t e r f a c e  
a r e  commonly r e f e r r e d  to  as t h e  mechanisms o f  a d h esio n . There 
a r e  four  main mechanisms of adhes ion ,  namely:

(a)  Mechanical  i n t e r l o c k i n g ,
(b) D i f f u s io n  t h e o r y ,
(c)  E l e c t r o n i c  th e o ry ,
(d) Adsorption theo ry .

The molecu la r  f o r c e s  in t he  s u r f a c e  l ay e r s  of  t he  adhes ive  and 
s u b s t r a t e  g r e a t l y  i n f lu e n c e  the  a t t a inm e n t  of  i n t i m a t e  m olecu la r
c o n t a c t  a c r o s s  t he  i n t e r f a c e  and รนch m olecu la r  f o r c e s  a r e  now
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f r e q u e n t l y  the  main mechanism of adhesion ,  t he  a d s o r p t io n  t h e o ry .

2 . 1 . 4 . 1  Mechanical  I n t e r l o c k i n g
The o l d e s t  theo ry  of  a d h e s i io n  i s  

d e f i n i t e l y  the  mechanical  t h e o r y .  Tt i s  based on mechanica l  
anchorage of  t he  adhes ive  in pores  and i r r e g u l a r i t i e s  in the  
s u b s t r a t e  s u r f a c e ,  adherend and i s  d ic u s s e d  p r i m a r i l y  in 
r e f e r e n c e  to  wood and s i m i l a r  porous m a t e r i a l .

The mechanica l  i n t e r l o c k i n g  i s  t he  major 
source  of  i n t r i n s i c  adhesion  in roughness s u r f a c e  s u b s t r a t e .  
There i s  much work to  be found in the  l i t e r a t u r e  which 
c on v in c in g ly  d em on s t ra te s  t h a t  i n c r e a s in g  the  s u r f a c e  roughness  
of  the  s u b s t r a t e  may i n c r e a s e  the  measured s t r e n g t h  of  t he  
adhes ive  j o i n t .

2 . 1 . 4 . 2  D i f f u s io n  Theory
The d i f f u s i o n  theo ry  o f  adhes ion  i s  

e s s e n t i a ]  a p p l i c a b l e  to  the  bonding of high polymers .  Voyoskii  
[16])  i s  the  c h i e f  advoca te  o f  the  d i f f u s i o n  th e o ry  o f  adhes ion  
which s t a t e s  t h a t  the  i n t r i n s i c  adhesion  of  polymers to  
themselves  ( a u to h é s io n ) ,  and to  each o t h e r ,  i s  due to  mutual  
d i f f u s i o n  of  polymer molecules a c ro s s  t he  i n t e r f a c e .  This 
r e q u i r e s  t h a t  the  macromolecules or  cha in  segments of  the  
polymers (ad hes iv e  and s u b s t r a t e )  possess  s u f f i c i e n t  m o b i l i t y  and 
a re  m utua l ly  s o l u b l e .  This  l a t t e r  requi rement may be r e s t a t e d  by 
the  c o n d i t io n  t h a t  they  p oss e s s  s i m i l a r  v a lu es  of  s o lu b i l i t y -
param ete r .  Hence, the  s o l u b i l i t y  parameter  i s  an index o f  the
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c o m p a t i b i l i t y  o f  two c o m p o n e n t s , e . g . , i f  an amorphous polymer and 
a s o lv e n t  have s i m i l a r  v a lu es  o f  s o l u b i l i t y  param ete r  then  they  
shou ld  form a s o l u t i o n .

2 . 1 . 4 . 3  E l e c t r o n i c  Theory
I f  t he  adhes ive  and s u b s t r a t e  have 

d i f f e r e n t  e l e c t r o n i c  band s t r u c t u r e s  t h e r e  i s  l i k e l y  to  be some 
e l e c t r o n  t r a n s f e r  on c o n t a c t  to  ba lance  Fermi l e v e l s  which w i l l  
r e s u l t  in t he  fo rm at ion  of  a double  l ay e r  of  a double  l a y e r  of  
e l e c t r i c a l  charge  a t  t he  i n t e r f a c e .  Deryaguin and co-workers  [16] 
have sugges ted  t h a t  t he  e l e c t r o s t a t i c  fo rce s  a r i s i n g  from such 
c o n t a c t  o r  j u n c t i o n  p o t e n t i a l s  may 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  i n t r i n s i c  adhes ion .

2 . 1 . 4 . 4  Adsorp t ion  Theory
The a d s o r p t io n  theo ry  of  adhes ion  i s  t he  

most widely  a p p l i c a b l e  t h e o r y  and proposes t h a t ,  p rov ided  
s u f f i c i e n t l y  i n t i m a t e  m olecu la r  c o n t a c t  i s  ach ieved  a t  the  
i n t e r f a c e ,  t he  m a t e r i a l s  w i l l  adhere  because of  t he  i n t e r a to m i c  
and i n t e r m o l e c u l a r  f o r c e s  which a r e  e s t a b l i s h e d  between the  atoms 
and molecules in t h e  s u r f a c e s  of  t he  adhesive  and s u b s t r a t e .  The 
most common such f o r c e s  a re  van d er  Waals fo rc e s  and th e s e  a re  
r e f e r r e d  to  as secondary  bonds.  Also,  i t  may be inc luded  hydrogen 
bonds.  In a d d i t i o n ,  chemical  bonds may sometimes be formed a c r o s s  
the  i n t e r f a c e .  This  i s  termed chem iso rp t ion  and inv o lv e s  i o n i c ,  
c o v a le n t  o r  m e t a l l i c  i n t e r f a c i a l  bonds being e s t a b l i s h e d ;  t h e s e
types  of  bonds a r e  r e f e r r e d  to  as primary bonds.  Also, i t  has



29

been proposed t h a t  d o n o r -a c c e p to r  i n t e r a c t i o n s  may occur  a c r o s s  
an i n t e r f a c e  and t h e s e  a re  t y p i c a l l y  i n t e r m e d ia t e  in s t r e n g t h  
between secondary  and primary bonds.

Good adhes ion  can be expec ted  i f  the  
a dhes ive  ( in  l i q u i d  form o r  in a l i q u i d  medium) wets t he  sub
s t r a t e  .

2.2  Phenol ic  Res ins
2 .2 .1  I n t r o d u c t i o n  [7 ,  9, 17, 18]

P heno l ic  r e s i n  (pheno l-a ldehyde  polymer) a re  
polymers formed by the  i n t e r a c t i o n  of  a phenol a n d /o r  
s u b s t i t u t e d  phenol  and aldehyde with  s t r o n g  a c id  or  a l k a l i n e  
c a t a l y s t s .  The phenols  o f  commercial importance a r e  phenol ( I I I )  
i t s e l f ,  c r e s o l s  (IV),  x y le n o l s  (V), r e s o r c i n o l  (VI) and h ig h e r  
homologues o f  pheno l ,  i . e . ,  p a r a - t e r t i a r y - b u t y l  phenol (V I I ) ,  
p - t e r t - a m y l  phenol  ( V I I I ) ,  p - t e r t - o c t y l  phenol (IX),  and p -phenyl  
phenol  (X) ; a l s o ,  a p roduc t  d e r iv e d  from Cashew Nut S h e l l  
L iqu id  (CNSL), which i s  a mix tu re  of  phenol d e r i v a t i v e s  (scheme 
1 .1 ) .  I t  may be noted  t h a t  s e v e r a l  a ldehydes  o th e r  than fo rmalde
hyde (XI) have been used to  p re p a re  p hen o l ic  polymers bu t  none 
has a t t a i n e d  a p p r e c i a b l e  commercial s i g n i f i c a n c e  .

CH,

( I I I ) (IV)
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P heno l ic  r e s i n s  f ind  p r a c t i c a l  u t i l i z a t i o n  mainly 
in t h e  form o f  network polymer.  The p o ly m e r i za t io n  i s  normally  
c a r r i e d  ou t  in two s e p a r a t e  o p e r a t io n s .  The f i r s t  o p e r a t i o n  
inv o lv e s  th e  fo rmat ion  of  a low molecula r  weight  f u s i b l e ,  
s o l u b l e  r e s i n ,  and the  second o p e ra t io n  inv o lv e s  c u r in g  
r e a c t i o n s  which lead t o  the  c r o s s - l i n k e d  p ro du c t .  Various ty p e s  
o f  i n i t i a l  low molecu la r  weight  r e s i n  a re  produced commerc ia l ly,  
r e s o l  and novolak r e s i n s .

The t h e r m o s e t t i n g  ( i . e . ,  nonsubs t  j t i l t ed  ) p hen o l ic  
r e s i n s  a re  employed as s t r u c t u r a l  adhes ives  f o r  l am in a t in g ,  
and f o r  bonding a p p l i c a t i o n s  ะ bonded and coa ted  a b r a s i v e s ,  
f r i c t i o n  m a t e r i a ] ร, f i b e r  bonding,  foundry use ,  and wood bonding.

The r e s i n s  based on para  s u b s t i t u t e d  phenols a re  
not  capab le  o f  c r o s s l i n k i n g  t o  a thermoset  s t a t e .  These r e s i n s
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a re  employed as t a k i f i e r s  in c o n t a c t ,  p r e s s u r e  s e n s i t i v e ,  and 
h o t - m e l t  a d h e s iv e s .

The meta s u b s t i t u t e d  isomer i s  t r i - f u n c t i o n a l ,  
and, t h e r e f o r e ,  c r o s s l i n k i n g  w i l l  occur.  S u b s t i t u t e d  phenols 
p rov ide  improved c o m p a t i b i l i t y  with  rubbers  ( i n  a dhes ive s )  and 
d ry ing  o i l s  ( i n  v a r n i s h e s ) .

2 .2 . 2  F a c to r s  I n f l u e n c in g  the  Course and Speed of The
R eac t ion  [7,  9, 18]
P r e c i s e  c o n t r o l  o f  the course ,  speed ,  and e x t e n t  

of  t he  r e a c t i o n  i s  e s s e n t i a l  fo r  the  manufac ture  of  p ro d u c t s .  
F a c to r s  im p or tan t  f o r  a ch iev ing  t h i s  c o n t r o l  a re :

1. The cho ice  of  phenols .
2. The phenol : formaldehyde molar r a t i o .
3. The type  and amount of  c a t a l y s t ,  i n c lu d in g  pH 

o f  r e a c t i o n  mix tu re .
4. The t ime and tem pera tu re  of  r e a c t i o n .

The phenol : formaldehyde  molar r a t i o ,  coupled  w i th  the  type of  
c a t a l y s t  u se ,  de te rm ine  whether the  polymer w i l l  be phenol 
t e r m in a te d  o r  m e thy lo l ,  -CH2OH, t e r m in a te d .  I f  phenol
t e r m in a t e d ,  t he  r e s i n  i s  r e f e r r e d  to as a novolak o r  a tw o-s tep  
r e s i n .  Such a r e s i n  i s  not  h e a t - r e a c t i v e  u n t i l  a second 
i n g r e d i e n t  i s  added t h a t  s u p p l i e s  the formaldehyde needed to  
e f f e c t  c u re .  The most widely  used c u r in g  agen t  i s
hexam e thy lene te t ram ine  ( I ) .  I f  methylol  t e r m in a t e d ,  the  r e s i n  
i s  r e f e r r e d  t o  as a r e s o l  o r  a o n e - s te p  r e s i n .  This  type  i s
h e a t - r e a c t i v e .
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In both  r e s o l s  and novolaks,  t h e  r e s i n o u s  s t a t e  i s  
due to  the  p re sence  of  isomers and of homologous p ro d u c t s  w ith  a 
wide range  o f  m o lecu la r  s i z e ,  r a t h e r  than to  t h e  p resence  of  
l a r g e  molecules such as a re  found in most o f  t he  e th eno id
polymers.

2 .2 . 3  Resol  Resins (One-Step Resins)  [17 ,18]
Reso] r e s i n s  a re  prepared by t h e  i n t e r a c t i o n  

of  a phenol with  a molar exess  of  formaldehyde (commonly 
about  1 ะ 1 .5 -2  ) in the  p resence  of  an a l k a l i n e  c a t a l y s t .
Common a l k a l i n e  c a t a l y s t s  a re  NaOH, Ca(0H)9, and Ba(0H)2- This 
exess  may be small  o r  l a rge  accord ing  t o  the  type  of  r e s i n  
r e q u i r e d  [ 7 ] ) .  I t  should be noted t h a t  r e s o l s  can no t  normally  
be made from th e  h ig h e r  a ldehyde.  The molecu les  c o n t a in s  
r e a c t i v e  methylol  groups,  h e a t in g  causes th e  r e a c t i v e  r e s o l  
molecules to  condense t o g e th e r  to  form l a r g e r  m o lecu les ,  a r e s u l t  
achieved  w i tho u t  t he  a d d i t i o n  of  a subs tance  c o n t a i n in g  r e a c t i v e  
methylene (o r  s u b s t i t u t e d  methylene) groups.

Curable  phenol- formaldehyde  r e s i n s  of  the re so l  
type  a re  o f  c o n s i d e r a b l e  importance as h o t - s e t t i n g  r e a c t i v e  
a dh e s ive s  f o r  bonding wood and m eta l s .

2 .2 . 3 .1  Mechanism and P re p a ra t io n  [7,  17]
The r e a c t i o n  in making r e s o l s  c o n s i s t s  

o f  an i n i t i a l  a d d i t i o n  r e a c t i o n  between the  phenol and 
formaldehyde t o  form p h e n o l - a l c o h o lร (XII,  X I I I ) ,  fo l low by a
condensa t ion  r e a c t i o n  of  t he se  , e i t h e r  with  one an o th e r  o r  with
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more phenol ,  and then  in tu rn  hy successive f u r t h e r  a d d i t i o n  and 
condensa t ion  r e a c t i o n s .

In u n d i s s o c i a t e d  pheno l ,  d e l o c a l i z a t i o n  
of  an unshared  e l e c t r o n  p a i r  on the  oxygen atom r e s u l t s  in 
in c re a se d  e l e c t r o n  d e n s i t i e s  a t  the  o-  and p - p o s i t i o n s .  This 
e f f e c t  i s  l a r g e r  than  the  dec rease  in e l e c t r o n  d e n s i t y  which 
r e s u l t s  from th e  in d u c t i v e  e f f e c t  of the hydroxyl group (scheme
2.1 a ) .  Thus s u b s t i t u t e d  of  phenol by e l e c t r o p h i l i c  r e a g e n t  t a k e s  
p l a c e s  a t  t he  o-  and p - p o s i t i o n s .  In the phenoxide ion ,  s i m i l a r  
d e l o c a l i z a t i o n  occu rs  but  because  of  the n e g a t i v e  charge  on the  
oxygen atom th e  i n d u c t i v e  e f f e c t  i s  g r e a t l y  in c re a se d  and 
r e v e r se d  in d i r e c t i o n  so t h a t  e l e c t r o n  d e n s i t y  in t h e  benzene 
r i n g  i s  n o t a b l y  inc re a se d  (scheme 2.1 b ) .  Thus phenol i s  more 
r e a c t i v e  and more o - / p - d i r e e f . i n g  in a l k a in e  s o l u t i o n  than  in 
n e u t r a l  o r  a c id  s o l u t i o n .

(b)

Scheme 2.1 Resonance of  phenol (a) and phenoxide ion (b)
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The r e a c t i o n  of  phenol and formaldehyde 
in a l k a l i n e  c o n d i t i o n s  t h e r e f o r e  r e s u l t s  in t h e  fo rm at ion  of  o- 
and p -methy lo l  g roups ,  scheme 2 .2 .  ( I t  should be n o ted ,  however, 
That  t he  i d e n t i t y  of  the  ac tua l  h yd ro x y a lk y la t in g  s p e c i e s  has 
no t  been e s t a b l i s h e d  and i t  i s  no t  c l e a r  how formaldehyde ,  as 
methylene g l y c o l ,  r e a c t s  with the  phenoxide i o n . )  The r e s u l t i n g  
O- (XII)  and p -m e thy lo lpheno l s  (X T TI ) a re  more r e a c t i v e  towards

Scheme 2.2  Formation  of  o-methylolphenol

formaldehyde than  t h e  o r i g i n a l  phenol and r a p i d l y  undergo 
f u r t h e r  s u b s t i t u t i o n  with the  formation  o f  d i -  (XIV) and 
t r i m e t h y l o l  d e r i v a t i v e s  (XV). S ince v i r t u a l l y  no s u b s t i t u t i o n  
o cc u rs  a t  t he  m - p o s i t i o n ,  the  p o s s ib l e  p roduc ts  a r e  as shown in 
scheme 2 .3 .  All of  t h e s e  compounds have been o b ta in e d  from 
aqueous a l k a l i n e  s o l u t i o n s  of  phenol and formaldehyde.

The methy lolphenols o b ta in e d  a re  r e l a 
t i v e l y  s t a b l e  in the  p resence  of  a l k a l i  bu t  can undergo s e l f 
condensa t ion  to  form d in u c l e a r  and p o ly n u c le a r  pheno ls  in which 
the  pheno l ic  n u c le i  a re  l inked  by methylene groups .  These 
p ro d u c t s  can a r i s e  from two d i f f e r e n t  types of  s e l  f -condensât ,  i on ; 
one invo lves  two metylo l  groups and the  o t h e r  i nv o lv e s  a
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m eth y lo lp h e n o l . Examples of  such r e a c t i o n s  a re  p rovided  by an 
i n v e s t i g a t i o n  in which o- and p-methy]o]phenols  were hea ted  
wi th  aqueous sodium hydroxide  a t  80 °c and the  p ro d u c t s  ana lysed  
by paper chromatography.  o-Methvlolphenol gave 3-methyl o i - 2 ’4- 
d ihydroxydiphenylmethane  (XVI) by r e a c t i o n  between a methylo l  
group and a p-hydrogen atom to g e th e r  with t r a c e s  o f  3 -m e th y lo l -  
2 , 2 ’-d ihydroxydiphenylmethane  (XVII) by r e a c t i o n  between a 
methylol  group and an o-hydorgen atom, scheme 2 .4 .

OH

XVII

Scheme 2.4 S e l f  - condensa t ion  of  o -m e thy lo lp hen o lร y i e l d  
d i n u c l e a r  phenols

\ - in
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p-Methylo lphenol  gave 5 - m e t h l o l - 2 , 4 ’-  
d ihydroxydiphenylmethane  (XVIII) by r e a c t i o n  between a methylol  
group and an o-hydrogen atom and 4 , 4 ’-d ihydroxydiphenylmethane  
(XIX) by r e a c t i o n  between two methylo l  groups,  scheme 2 .5 .

Scheme 2.5  S e l f - c o n d e n s a t i o n  of  p -m ethy lo lpheno ls

P o s s ib l e  mechanisms of t h e s e  two t y p e s  of  
s e l f - c o n d e n s a t i o n  a re  show below, scheme 2 .6 .  Both c a s e s  invo lve  
a t t a c k  on a methylol  group w ith  d isp lacem en t  of  a hydroxyl  group.  
In the  f i r s t  ca se  a pro ton  i s  subsequent  e l i m i n a t e s  and in t h e  
o t h e r  a methylol  group i s  subsequen t ly  e l i m i n a t e d  (as

Scheame 2 .6  P o s s ib l e  s e l f - c o n d e n s a t i o n  mechanism o f  o-  and p-
m e thy lo lpheno ls
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fo rmaldehyde) .  Which of  t h e s e  two types  of  r e a c t i o n s  occu rs  in 
any p a r t i c u l a r  case  depends on the  expe r im enta l  c o n d i t i o n s  and 
the  s t r u c t u r e  of  t he  m e thy lo lpheno lร invo lved .  G en e ra l ly ,  
p -hyarogen  atoms and p-methylo l  groups a re  t h e  predominant  s i t e s  
f o r  the  s e l f - c o n d e n s a t i o n  of  m e thy lo lpheno lร.

The above r e a c t i o n s ,  which a re  shown as 
l e a d in g  to  d i n u c l e a r  phenols ,  may be repea ted  so t h a t  t r i n u c l e a r  
pheno ls  a re  formed,  and so on. Thus the  p roduc t  o b ta in e d  by the  
r e a c t i o n  of  phenol and formaldehyde under a l k a l i n e  c o n d i t i o n s  
i s  a conplex  mix tu re  of  mono- and p o ly n u c le a r  phenols  in which 
th e  p h e n o l i c  n u c l e i  a re  l in k ed  by methylene groups.  The 
s t r u c t u r e s  of  t he  components of  such a m ix tu re  may be 
r e p r e s e n t e d  as fo l low in scheme 2 .7 :

Scheme 2.7  Mono- and p o ly - n u c l e a r  phenols

In t h e s e  genera l  fo rmulae,  t he  methvlo l  groups and methylene 
b r i d g e s  a re  r e s t r i c t e d  to  o-  and p - p o s i t i o n s  and t h e r e  i s  a 
tendency fo r  o -m ethy lo l  groups and p-methylene  b r i d g e s  to  
p redom inate .  Typical  commercial l i q u i d  r e s o l s  have an average  of  
l e s s  than 2 a rom at ic  r i n g s  p er  molecule w h i l s t  s o l i d  r e s o l s
have 3-4.
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I t  may be noted t h a t  t h e  convers ion  of  
r e s o l  molecu les  i n to  high molecula r  weigh t ,  c r o s s - l i n k e d  
m a t e r i a l s  may be accomplished by simply h e a t i n g  a r e s o l ,  i t  
be ing  unnecessa ry  to  add any f u r t h e r  r e agen t .  The p r e p a r a t i o n  of 
r e s o l s  i s  o f t e n  r e f e r r e d  to  as a "one - s tage"  p r o c e s s ,  s i n c e  a 
q u a n t i t y  of  formaldehyde s u f f i c i e n t  to  perm i t  t h e  fo rm at ion  of  
h ig h ly  c r o s s - l i n k e d  m a t e r i a l  i s  p r e s e n t  from the  o u t s e t .  Thus 
d u r in g  the  p r e p a r a t i o n  of  a r e s o l ,  p o ly m er iza t io n  i s  s t e a d i l y  
advancing  and t h e r e  i s  a danger of  g e l a t i o n  in  the  r e a c t o r  o f  
r e a c t i o n  i s  taken  too  f a r .

2 . 2 . 3 . 2  Cross-L inking  of Resol  Resin [17]
Resols ,  which a re  produced under 

a l k a l i n e  c o n d i t i o n s ,  a re  g e n e r a l l y  n e u t r a l i z e d  o r  made s l i g h t l y  
a c id  b e f o r e  c u r r i n g  i s  c a r r i e d  ou t .  Network polymers a re  
then  o b t a in e d  simply  by h ea t in g .

The c u r in g  of  r e s o l  i s  ex t rem e ly ,  
i n v o lv in g  a number of  competing r e a c t i o n s  each of  which may be 
i n f lu e n e d  by r e a c t i o n  c o n d i t i o n s  i t  i s  easy to  u n rav e l  p r e c i s e l y  
what t a k e s  p l a c e .  Also, the  cured  p roduc t ,  be ing  i n f u s i b l e  and 
i n s o l u b l e ,  i s  no t  amenable to chemical  i n v e s t i g a t i o n .

When pure ( i . e .  n e u t r a l )  o -m ethy lo lphenol  
i s  hea ted  a t  110 °c the  main p roduc t  i s  2 , 2 ’-d ihy d rox y d ib en zy 1- 
e t h e r  ( s a l i r e t o n ,  XX) with  very  l i t t l e  of the  methylene compound 
(XVI),scheme 2 .8 .  I t  was a l s o  found in t h i s  i n v e s t i g a t i o n  
t h a t  when o -m e thy lo lpheno l  i s  hea ted  a t  70 ๐c in the  p resence  of
h y d r o c h lo r i c  a c id  both  compounds (XX) and (XVI) a re  produced
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b u t  in  the  p re se n c e  of  sodium hydroxide on ly  t h e  methylene 
compound (XVI) i s  formed.  Thus when a r e s o l  i s  cu red ,  i t  i s  
l i k e l y  t h a t  bo th  methylene and e th e r  l i n k s  a r e  p r e s e n t  in 
t he  p ro du c t .

Scheme 2.8 S e l f - c o n d e n s a t i o n  of  o -methylolphenol  a t  110°c

I t  was been found t h a t  w h i l s t  methylene 
compounds a r e  g e n e r a l l y  r a t h e r  s t a b l e ,  d ibenzy l  e t h e r s  a re  no t  so 
s t a b l e  and a t  t em p e ra tu r e  above about 150°c ( i . e .  a t  t em pe ra tu re  
commonly used f o r  cu r in g  r e s o l  ) they  undergo a number of  i l l -  
d e f in e d  r e a c t i o n s .  The mechanisms of t h e s e  secondary  r e a c t i o n s  
have been e x t e n s i v e l y  s tu d ie d  but  a re  s t i l l  r a t h e r  poor ly  
unders tood .

Zinke and h i s  co-workers have p o s t u l a t e d  
t h a t  t he  main r e a c t i o n  involve  i s  t he  breakdown of e t h e r  l i n k s  to  
g ive  methylene l i n k s  with l o s s  of  fo rmaldehyde,  scheme 2 .9 .  
To account  f o r  t h e  f a c t  t h a t  l e s s  than one mole of  formaldehyde 
i s  evolved  f o r  each  e t h e r  l in k  broken i t  i s  supposed t h a t  some of 
t he  formaldehyde produced r e a c t s  with the  methylene compound, 
r e s u l t i n g  in c r o s s - l i n k i n g .
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OH OH OH OH

XX XXII

Scheme 2.9  Breakdown of e t h e r  l inkage

On the  o th e r  hand, H u l tz sch  and E u l l e r  
and co-workers  have sugges ted  t h a t  the  main r e a c t i o n  invo lved  in 
the  breakdown of e t h e r  l i n k s  i s  t he  formation of  quinone methides  
(XXI) e . g . ,  scheme 2.10:

Scheme 2.10 Formation

Scheme 2.11 Formation of  s t i l l b e n c e  and d ip h en y le tha n e
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Also,  i t  i s  s u g g e s t ed  t h a t  s t i l l b e n e  and d ip h e n y le th a n e s  a re  
d e r iv e d  from quinone methides ,  e . g . ,  scheme 2 .1 1 .  I t  i s  a l s o  
though t  t h a t  compounds d e r iv e d  from quinone  m eth ides  a r e  
r e s p o n s i b l e  f o r  t h e  dark co lo u r  of  the  cured  m a t e r i a l .

To summarize, i t  may be s a i d  t h a t  the  
network polymer o b t a in e d  from a r e s o l ,  i s  composed p r i n c i p a l l y  of  
p he n o l i c  n u c l e i  j o i n e d  by methylene groups bu t  t h e r e  i s  t he  
p o s s i b i l i t y  o f  o t h e r  types  of  l in k a g e s ,  the  n a t u r e  and e x t e n t  of 
which depend on th e  n a tu r e  of  the  r e s o l  and t h e  c o n d i t i o n s  of  
c u r e .  the  p o s s i b l e  s t r u c t u r e  of  such a network might  be 
r e p r e s e n t e d  a f o l lo w s  in scheme 2.12 :

Scheme 2.12 P o s s ib l e  network s t r u c t u r e  of  r e s o l  r e s i n

I t  i s  to  be no ted  t h a t  the  r e l a t i v e  amounts o f  t h e  v a r i o u s  
l i n k a g e s  shown below a re  no t  in tended  to  have any q u a n t i t a t i v e  
s i g n i f i c a n c e .  I t  may a l s o  be no ted  t h a t  pheno l -m ethy lene  c h a in s  
a r e  ex t remely  i r r e g u l a r  and t h e i r  geometry p r e c lu d e s  a l a r g e  
p r o p o r t io n  of  t h e  t h e o r e t i c a l l y  p o s s ib l e  c r o s s - l i n k s .
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I t  m a y  b e  m e n t i o n e d  t h a t  i t  i s  c o m m o n  

p r a c t i c e  t o  r e f e r  t o  r e s o l s  a s  "A s t a g e  r e s i n s "  a n d  t o  t h e  f i n a l  

n e t w o r k  p o l y m e r s  a s  r e s i t e s  o r  "c s t a g e  r e s i n s "  ; i n t e r m e d i a t e  

m a t e r i a l s  a r e  c a l l e d  r e s i t o l s  o r  "B s t a g e  r e s i n s " .

2 . 2 . 4  N o v o l a k  r e s i n s  [ 1 7 ]

2 . 2 . 4 . 1  M e c h a n i s m

N o v o l a k  r e s i n s  ( n o v o l a k s  o r  n o v o l a c s )  a r e  

n o r m a l l y  p r e p a r e d  b y  t h e  i n t e r a c t i o n  o f  a  m o l a r  e x c e s s  o f  p h e n o l  

w i t h  f o r m a l d e h y d e  ( c o m m o n l y  a b o u t  1 . 2 5  ะ 1 )  u n d e r  a c i d i c  

c o n d i t i o n s .

T h e  r e a c t i o n  b e t w e e n  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  a c i d i c  c o n d i t i o n s  p r o c e e d s  t h r o u g h  a  m e c h a n i s m  

d i f f e r e n t  f r o m  t h a t  d e s c r i b e  p r e v i o u s l y  f o r  t h e  b a s e - c a t a l y z e d  

r e a c t i o n .  T h e  i n i t i a l  s t e p  i n v o l v e s  t h e  p r o t o n a t i o n  o f

f o r m a l d e h y d e  ( m e t h y l e n e  g l y c o l )  t o  g i v e  c a r b é n i u m  i o n :

HO- CH2-OH + H + -----------------------> +CH2-OH + H20  ( 2 . 3 )

T h e  p h e n o l  t h e n  u n d e r g o e s  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  w i t h  t h e  

f o r m a t i o n  o f  o -  a n d  p - m e t h y l o l  g r o u p s ,  e . g ,  s c h e m e  2 . 1 3 :

S c h e m e  2 . 1 3  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  o f  p h e n o l  i n  a c i d -

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

m e t h y l o l p h e n o l s , a r e  p r e s e n t  o n l y  t r a n s i e n t l y  i n  v e r y  s m a l l  

c o n c e n t r a t i o n .  T h e y  a r e  c o n v e r t e d  t o  b e n z y l i c  c a r b é n i u m  i o n s  

w h i c h  r a p i d l y  r e a c t  w i t h  f r e e  p h e n o l  t o  f o r m  

d i h y d r o x y d i p h e n y l m e t h a n e s , e . g . ,  s c h e m e  2 . 1 4 :

S c h e m e  2 . 1 4  F o r m a t i o n  o f  d i h y d r o x y d i p h e n y l m e t h a n e

S i n c e  t h e  p h e n o l  d o e s  n o t  u n d e r g o  s u b s t i t u i t o n  a t  m - p o s i t i o n ,  

t h e r e  a r e  p o s s i b l e  t h r e e  d i h y d r o x y d i p h e n y l m e t h a n e ,  n a m e l y  2 , 2 ’ -  

( X X I I ) ,  2,4’—(XXII I )  a n d  4 , 4 ’- d i h y d r o x y d i p h e n y l m e t h a n e  ( X I X ) .

T h e  p r o p o t i o n s  i n  w h i c h  t h e  t h r e e  i s o m e r s  a r e  f o r m e d  d e p e n d  o n  

t h e  c o n d i t i o n  u s e d ,  p a r t i c u l a r l y  o n  p H.  U n d e r  s t r o n g l y  a c i d i c  

c o n d i t i o n s  ( b e l o w  pH 2 ) ,  s u c h  a s  a r e  n o r m a l l y  u s e d  i n  m a k i n g  

n o v o l a k s ,  o n l y  t h e  2 , 4 ’ -  a n d  4 , 4 ’ - i s o m e r  w e r e  i s o l a t e d  i n  a n y  

a p p r e c i a b l e  y i e l d  w h e r e a s  a t  a  h i g h e r  p H ( 3 - 6 )  t h e  2 , 2 ’ - i s o m e r  

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

s u b s t a n t i a l l y  d e a c t i v a t e s  t h e  r i n g  a g a i n s t  f u r t h e r  s u b s t i t u t i o n
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( i n  c o n t r a s t  t o  t h e  b a s e - c a t a l y z e d  r e a c t i o n ) .  A l s o ,  a l t h o u g h  

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

m a n n e r  a s  t h e  s i n g l e  p h e n o l i c  n u c l e u s ,  t h e  a c t i v a t i o n  i s  n o t  s o  

s t r o n g .  B e c a u s e  o f  t h e  a f o r e m e n t i o n e d  f a c t o r s ,  t h e r e  i s  a n  

i n i t i a l  b u i l d - u p  i n  t h e  c o n c e n t r a t i o n  o f  d i h y d r o x y d i p h e n y l 

m e t h a n e s .

T h e  c o n c e n t r a t i o n  o f  d i h y d r o x y d i p h e n y l 

m e t h a n e s  s u b s e q u e n t l y  f a l l s  a s  p o l y n u c l e a r  p h e n o l s  a r e  p r o d u c e d  

b y  f u r t h e r  m e t h y l o l a t i o n  a n d  m e t h y l e n e  l i n k  f o r m a t i o n ,  e . g . ,  

s c h e m e  2 . 1 5 :

C H ,0 1 — CH; — —CH. OH
^ - O H  HO—ร ^  - O H

OH

S c h e m e  2 . 1 5  F o r m a t i o n  o f  p o l y n u c l e a r  p h e n o l s

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

h a s  b e e n  c o n s u m e d .  T h e  f i n a l  p r o d u c t  t h e r e f o r e  c o n s i s t  o f  a  

c o m p l e x  m i x t u r e  o f  p o l y n u c l e a r  p h e n o l  l i n k e d  b y  o -  a n d  p -  

m e t h y l e n e  g r o u p s .  T h e  a v e r a g e  m o l e c u l a r  w e i g h t  w h i c h  i s

e v e n t u a l l y  a t t a i n e d  i s  g o v e r n e d  b y  t h e  i n i t i a l  m o l a r  r a t i o  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  a v e r a g e  m o l e c u l a r  w e i g h t  ( Mr1) o f  

a  t y p i c a l  c o m m e r c i a l  n o v o l a k  i s  a b o u t  6 0 0 ,  w h i c h  c o r r e s p o n d s  t o  

a b o u t  s i x  p h e n o l i c  n u c l e i  p e r  c h a i n ;  t h e  n u m b e r  o f  n u c l e i  i n  

i n d i v i d u a l  c h a i n s  i s  t y p i c a l l y  i n  t h e  r a n g e  2 - 1 3 .  T h e



p o t e n t i a l l y  r e a c t i v e  th i r d  p o s i t i o n s  in the nuc le i  of a novolak
a r e  d e a c t i v a t e d  a n d  t h u s  t h e  c h a i n s  a r e  e s s e n t i a l l y  l i n e a r ,  

a l t h o u g h  a  s m a l l  a m o u n t  o f  b r a n c h i n g '  o c c u r s .  T h e  c o m p l e x i t y  o f  

n o v o l a k s  i s  i l l u s t r a t e d  b y  t h e  f a c t  t h a t  f o r  a  c h a i n  o f  e i g h t  

p h e n o l i c  n u c l e i  t h e r e  a r e  1 4 8 5  p o s s i b l e  u n b r a n c h e d  i s o m e r s  a n d  

a r o u n d  1 1 0 0 0  b r a n c h e d  i s o m e r s  . A t y p i c a l  n o v o l a k  c h a i n  

m i g h t  b e  r e p r e s e n t e d  a s  f o l l o w s  i n  s c h e m e  2 . 1 6 .

S c h e m e  2 . 1 6  A t y p i c a l  n o v o l a k  r e s i n

T h e  e s s e n t i a l  f e a t u r e  o f  n o v o l a k s  i s  

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

a b i l i t y  t o  c o n t i n u e  i n c r e a s i n g  i n  a v e r a g e  m o l e c u l a r  w e i g h t .  T h e  

r e s i n s  a r e  t h e r e f o r e  p e r m a n e n t l y  f u s i b l e  a n d  t h e r e  i s  n o  d a n g e r  

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

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

c r o s s - l i n k i n g  o n  h e a t i n g .  I n  o r d e r  t o  c o n v e r t  n o v o l a k s  i n t o  

n e t w o r k  p o l y m e r s  t h e  a d d i t i o n  o f  a n  a u x i l i a r y  c h e m i c a l  

c r o s s - l i n k i n g  a g e n t  i s  n e c e s s a r y .  B e c a u s e  o f  t h i s  r e q u i r e m e n t ,  

t h e  p r e p a r a t i o n  o f  n o v o l a k s  i s  o f t e n  r e f e r r e d  t o  a s  a

t w o - s t a g e "  p r o c e s s .
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I n  c o n c l u s i o n ,  i t  m a y  b e  n o t e d  t h a t  

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

z i n c  a c e t a t e .  T h e  r e s u l t i n g  p r o d u c t s  h a v e  a  h i g h  p r o p o r t i o n  

o f  0 - 0 ’ - l i n k s  a n d  a r e  c o m m o n l y  c a l l e d  " h i g h - o r t h o  n o v o l a k s " .  

S u c h  n o v o l a k s  a r e  m o r e  r e a c t i v e  t h a n  t h e  n o r m a l  r e s i n s  a n d  

a r e  s o m e t i m e s  p r e f e r r e d .

2 . 2 . 4 . 2  C r o s s - L i n k i n g  o f  N o v o l a k  R e s i n

A s  n o t e d  p r e v i o u s l y ,  t h e  c o n v e r s i o n  o f  

n o v o l a k s  i n t o  n e t w o r k  p o l y m e r s  c a n  b e  a c c o m p l i s h e d  o n l y  a f t e r  t h e  

a d d i t i o n  o f  a  c r o s s - l i n k i n g  a g e n t .  A l t h o u g h  n o v o l a k s  c a n  b e  

c r o s s - l i n k e d  b y  r e a c t i o n  w i t h  a d d i t i o n a l  f o r m a l d e h y d e  o r  w i t h  

p a r a f o r m a l d e h y d e ,  h e x a m e t h y l e n e t e t r a m i n e  i s  a l m o s t  i n v a r i a b l y  

u s e d  f o r  t h i s  p u r p o s e .  T h e  m e c h a n i s m  o f  t h e  c u r i n g  p r o c e s s  

i s  n o t  f u l l y  u n d e r s t o o d .

T h e  p r i m a r y  r e a c t i o n  b e t w e e n  a  n o v o l a k  

a n d  h e x a m e t h y l e n e t e t r a m i n e  ( w h i c h  i n  a  t y p i c a l  c o m m e r c i a l  

m o u l d i n g  p o w d e r  i s  p r e s e n t  t o  t h e  e x t e n t  o f  o n l y  a b o u t  12% o n  

t h e  w e i g h t  o f  r e s i n )  l e a d s  t o  a  c o m p l e x  s t r u c t u r e  c o n t a i n i n g  

s e c o n d a r y  a n d  t e r t i a r y  a m i n e  l i n k s .  On f u r t h e r  h e a t i n g  m o s t

o f  t h e s e  l i n k s  b r e a k  d o w n  t o  g i v e  m e t h y l e n e  l i n k s  a n d  t h e

r e s u l t i n g  p r o d u c t  h a s  o n l y  a  s m a l l  n i t r o g e n  c o n t e n t .  S o m e

a z o m e t h i n e  l i n k s  may b e  f o r m e d  a n d  may a c c o u n t  f o r  t h e  

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

A s t u d y  o f  t h e  n o v o l a k - h e x a m e t h y l e n e -  

t e t r a m i n e  r e a c t i o n  b y  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

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  s u p p o r t s  t h e  v i e w  t h a t  t h e  c r o s s 



47

l i n k i n g '  r e a c t i o n  p r o c e e d s  t h r o u g h  d i b e n z y l a m i n e s .

T o s u m m a r i z e ,  i t  may b e  s a i d  t h a t  t h e  

n e t w o r k  p o l y m e r  o b t a i n e d  f r o m  a  h e x a m e t h y l e n e t e t r a m i n e - c u r e d  

n o v o l a k  i s  c o m p o s e d  o f  p h e n o l i c  n u c l e i  j o i n e d  m a i n l y  b y  m e t h y l e n e  

g r o u p s  w i t h  s m a l l  n u m b e r s  o f  v a r i o u s  n i t r o g e n - c o n t a i n i n g  l i n k s .  

T h e  p o s s i b l e  s t r u c t u r e  o f  s u c h  a  n e t w o r k  m i g h t  b e  r e p r e s e n t e d  

a s  f o l l o w s  i n  s c h e m e  2 . 1 7 :

S c h e m e  2 . 1 7  P o s s i b l e  s t r u c t u r e  o f  n e t w o r k  n o v o l a k  r e s i n

I t  i s  t o  b e  n o t e d  t h a t  t h e  r e l a t i v e  a m o u n t s  o f  t h e  v a r i o u s  

l i n k a g e s  s h o w n  a b o v e  a r e  n o t  i n t e n d e d  t o  h a v e  a n y  q u a n t i t a t i v e  

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

n o v o l a k - h e x a m e t h y l e n e t e t r a m i n e  r e a c t i o n  h a s  a  s t r u c t u r e  w h i c h  

i s  p r e d o m i n a n t l y  s i m i l a r  t o  t h a t  o f  t h e  n e t w o r k  p o l y m e r  d e r i v e d

f r o m  a  r e s o l .
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2 . 3  R e s o r c i n o l -  F o r m a l d e h y d e  A d h e s i v e

2 . 3 . 1  I n t r o d u c t i o n  [ 1 9 ]

R e s o r c i n o l  ( V I ) ,  l i k e  o r d i n a r y  p h e n o l  i s  t r i 

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

h y d r o x y l  g r o u p  i n  t h e  m e t a - p o s i t i o n .  I t  i s  m o r e  p o w e r f u l l y  

d i r e c t i n g  i n  t h e  p a r a -  a n d  o r t h o - p o s i t i o n s .  T h e  r e a c t i v i t y  i s  

s u c h  t h a t  e q u i m o l  e c u ] a r  p r o p o r t i o n s  o f  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  w i l l  r e a c t  h v  t h e m s e l v e s  a t  r o o m  t e m p e r a t u r e  t o  

p r o d u c e  a  g e l .  S u c h  o n e - s t a g e  r e s i n s  a r e ,  h o w e v e r ,  o f  s m a l l  

p r a c t i c a l  w o r t h  a s  a d h e s i v e s ,  a n d  s o  c o m m e r c i a l  r e s o r c i n o l  

g l u e s  a r e  t w o - s t a g e  r e s i n s :  t h e  f i r s t  s t a g e  i s  c a r r i e d  o u t  

b y  t h e  m a n u f a c t u r e r  i n  f o r m i n g  t h e  n o v o l a k ,  a n d  t h e  s e c o n d  s t a g e  

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

b y  a d d i n g  f o r m a l d e h y d e .

2 . 3 . 2  C h e m i s t r y  a n d  R e s i n  F o r m a t i o n  [ 2 0 ]

R e s o r c i n o l  i s  s i m i l a r  t o  p h e n o l  i n  t h a t  i t  r e a d i l y  

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

t h e  m e t h y l o l  g r o u p s  o c c u p y i n g  e i t h e r  t h e  p o s i t i o n s  o r t h o  t o  

b o t h  h y d r o x y l  g r o u p s ,  o r  o r t h o  t o  o n e  a n d  p a r a  t o  t h e  m e t a  

p o s i t i o n  i s  n o t  o r d i n a r y  r e a c t e d ,  a s  s h o w n  i n  s c h e m e  2 . 1 8 .

OH OH OH

CH2OH

S c h e m e  2 . 1 8  C o n d e n s a t i o n  p r o d u c t  b e t w e e n  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
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T h e  r e a c t i v i t y  o f  t h e s e  m e t h y l o l  d e r i v a t i v e s  i s  

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

c o n t i n u e  t o  r e a c t  u n d e r  a m b i e n t ,  u n c a t a l y z e d  c o n d i t i o n s  w i t h  

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

t o  f o r m  p o l y m e r  c h a i n s  o f  h i g h e r  m o l e c u l a r  s i z e ,  w i t h  b r a n c h e d ,  

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

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

i n t e r a c t i o n .  I n  t h e s e  p o l y m e r s  t h e  r e s o r c i n o l  n u c l e i  a r e  j o i n e d  

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

a s  ma y b e  s h o w n  s c h e m a t i c a l l y  a s  f o l l o w  i n  s c h e m e  2 . 1 9 :

CH3 CHj—

S c h e m e  2 . 1 9  C o m p l e x  m o l e c u l e  o f  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

T h u s ,  r e s o r c i n o l i c  r e s i n s ,  r e g a r d l e s s  o f  c a t a l y s t  u s e d ,  d o  n o t  

e x i s t  a s  r e s o l e s ,  a s  p h e n o l i c s  d o ,  b u t  a r e  s i m i l a r  t o  t h e  

n o v o l a k s  w h i c h  r e s u l t  w h e n  p h e n o l  a n d  f o r m a l d e h y d e  a r e  c o m b i n e d  

i n  t h e  p r e s e n c e  o f  a c i d i c  c a t a l y s t s .  T h a t  i s ,  a l l  o f  t h e  

r e s o r c i n o l  n u c l e i  a r e  l i n k e d  t o g e t h e r  t h r o u g h  m e t h y l e n e  b r i d g e s  

w i t h  n o  d e t e c t a b l e  e t h e r  f o r m a t i o n .  M e t h y l o l  g r o u p s  a p p e a r  t o

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

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

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

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

a v a i l a b l e .

An i m p o r t a n t  a p p l i c a t i o n  o f  a  r e s o r c i n o l  r e s i n  i s  

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

f i b e r s  [ 1 9 ]

2 . 4  L i n s e e d  O i l  [ 2 1 ,  2 2 ]

L i n s e e d  o i l ,  h i g h l y  u n s a t u r a t e d  o i l s ,  i s  o b t a i n e d  f r o m  

t h e  s e e d s  o f  t h e  f l a x  p l a n t ,  L i n u m  u s i t a t i s s i m u m , w h i c h  i s  

i n d i g e n o u s  t o  c e n t r a l  A s i a .  T h e  p l a n t  i s  n o w  c u l t i v a t e d  

t h r o u g h o u t  t h e  T e m p e r a t e  Z o n e .  T h e  o i l  c o n t e n t  o f  t h e  s e e d s  i s  

3 3 - 4 3  p e r  c e n t .  E x p o s e d  t o  a i r ,  i t  i s  o x i d i z e d  a n d  c o n v e r t  i n t o  

a n  e l a s t i c  s o l i d  k n o w n  a s  " l i n o x y n " .

C r u d e  l i n s e e d  o i l  h a s  a  d a r k  a m b e r  c o l o r  a n d  a  s t r o n g e r  

c h a r a c t e r i s t i c  o d o r .  T h e  o d o r  o f  l i n s e e d  o i l  a p p e a r s  t o  b e  

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

t h e  o i l  a n d  i s  i n c l i n e d  t o  r e o c c u r  a f t e r  t h e  o i l  h a s  b e e n  s t e a m  

d e o d o r i z e d .  T h e  c o l o r  o f  l i n s e e d  o i l  c a n  b e  r e d u c e  t o  a  p a l e  

y e l l o w ,  s i m i l a r  t o  t h a t  o f  o t h e r  r e f i n e d  v e g e t a b l e  o i l s ,  b y  

s u i t a b l e  r e f i n i n g  a n d  b l e a c h i n g  t r e a t m e n t .

T h e  c h a r a c t e r i s t i c s  a n d  f a t t y  a c i d  c o m p o s i t i o n  o f  a  

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

d u r i n g  t h e  p e r i o s  1 9 4 3 - 1 9 4 9  a r e  i n  t a b l e  2 . 2 .
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T a b l e  2 .  C h a r a c t e r i s t i c s  a n d  c o m p o s i t i o n  o f  l i n s e e d  o i l s  o f  

v a r i o u s  i o d i n e  n u m b e r s  r e p o r t e d  d u r i n g  t h e  

p e r i o d  1 9 4 3 - 1 9 4 9

Analysis
NorthAmerican(450)

NorthAmerican(451)
Argentinian(452)

NorthAmerican(452)
Range of Values

Characteristic Iodine number 164.8 189.1 176 202.8 165-204
Refractive index at 25’C — — — — 1.477-1.482
Titer, °c — — — — 19-21
บทรaponifiable matter, % 0.94 — — 0.91 Not over 1.7%

Fatty acids, wt. %
Palmitic — — — — 4-7
Stearic — — — — 2-5Arachidic — — — — 0.3-1

Total saturated 11.8 8.7 16.5 7.3 —
Oleic 26.4 24.1 15.4 14.2 12-34
Linoleic 22.2 174 15.2 16.7 17-24
Linolenic jR6 49.4 52.9 61.8 35-60

Total unsaturated 883 9Ô9 8j3 92J —

2 . 5  Wood [ 2 3 ,  2 4 ]

I n  m a n y  w a y s ,  w o o d ,  o n e  o f  m a n ’ s  o l d e s t  a n d  m o s t  w i d e l y  

u s e d  m a t e r i a l s ,  r e s e m b l e s  t h e  p o l y b l e n d s  o r  c o m p o s i t e s .  S i n c e  

w o o d  i s  a  m i x t u r e  o f  t w o  p o l y m e r s .  i t  i s  a  p o l y b l e n d .  Tt. s  

b e h a v i o r ,  h o w e v e r ,  m o r e  c l o s e l y  r e s e m b l e s  t h a t  o f  o r i e n t e d  f i b e r  

c o m p o s  i t e s .

Wood c o n t a i n s  t w o  c o n t i n u o u s  p h a s e s :  a  c e l l u l a r  f i b r o u s  

s t r u c t u r e  l a r g e l y  c o m p o s e d  o f  c e l l u l o s e ,  a n d  a  n e t w o r k  o f  l i g n i n ,  

w h i c h  s e r v e s  a s  a  b o n d i n g  a g e n t .  Tn a d d i t i o n ,  d e p e n d i n g  o n  t h e  

d e g r e e  o f  d r y i n g ,  e i t h e r  w a t e r  o r  a i r  i s  c o n t a i n e d  a s  a  t h i r d

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

2 . 5 . 1  C h e m i s t r y

C e l l u l o s e  i s  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  

a  p o l y g l i i c o s i d e  s t r u c t u r e  ( X X T V ) :

\  /o

CH .OHr_0 .\  / T  \  /OH h'c.\  /  1/ \

/ \

( X X I V )

L i g n i n  i s  a  h i g h l y  c r o s s l i n k e d  a m o r p h o u s  

p - c o u m a r y l  a l c o h o l ,  c o n i f e r y l  a l c o h o l ,  a n d  

a n d  t h e i r  p h e n o l i c  g l u c o s i d e .  T h e  s t u c t u r e  

i r r e g u l a r  m a t e r i a l  i s  r e p r e s e n t e d  i n  s c h e m e  

p o s s i b l e  c r o s s l i n k i n g  m o d e s  a r e  i l l u s t r a t e d .

p o l y m e r  b a s e  o n  

s i n a p y l  a l c o h o l ,  

o f  t h i s  h i g h l y  

2 . 2 0 , i n  w h i c h

S c h e m e  2 . 2 0  S u m m a r y  o f  l i g n i n  s t r u c t u r e .  T h i s  n a t u r a l  t h e r m o s e t  

p l a s t i c  h a s  a  v e r y  i r r e g u l a r  s t r u c t u r e  w i t h  v a r i 

o u s  e t h e r  g r o u p s  a c t i n g  a s  c r o s s l i n k s  i n  m a n y  c a s e



2 .6  L i t e r a t u r e  R e v i e w s

c .p .  D h a m a n e y  [ 2 5 ]  e x p l a i n e d  t h e  a c i d  p o l y m e r i z e  CNSL f o r  

p l y w o o d  a d h e s i v e s .  T h e y  w e r e  p r e p a r e d  i n  a n  a c i d - c a t a l y z e d  

r e a c t i o n  o f  C N S L ,  i n  p l a c e  o f  p h e n o l .  T h e  a d e h e s i o n  o f  p r o d u c t s ,  

c a t a l y z e d  b y  H C l ,  MnÛ2 a n d  HNO3 , m a l e i c  a c i d ,  a n d  s t e a r i c  

a c i d  w a s  i m p r o v e d  b y  t h e  a d d i t i o n  o f  C u C l 2 h a r d e n e r ,  i n d i c a t i v e  

o f  a  2 - s t a g e  r e s i n  s y s t e m .  He f o u n d  t h a t  o l e i c  a c i d  c a t a l y s t  

y i e l d  a  1 - s t a g e  r e s i n .  T h e  b e s t  2 - s t a g e  a d h e s i v e  w a s  p r e p a r e d  b y  

u s i n g  a  2% H2 SO4 - C U C I 2 m i x t u r e .

I n  1 9 7 0 ,  D h a m a n e y  [ 2 6 ]  s t u d i e d  t h e  p l y w o o d  a d h e s i v e  b a s e d  

o n  CNSL a n d  u r e a .  T h e  m i x t u r e s  o f  CNSL 9 0 ,  u r e a  1 0  a n d  

f o r m a l d e h y d e  3 5  p a r t s  w a s  r e f l u x e d  3 h r  a t  6 0 - 7 0 ° C  i n  t h e  

p r e s e n c e  o f  C a ( 0 H ) 2 ) Na.2^0 3 , o r  H 2S O 4 t o  g i v e  a  p r o d u c t  f o r  

b o n d i n g  p l y w o o d  w h i c h  C u C l 2 a n d  CuCOg w e r e  u s e d  a s  h a r d e n e r s .  

A l s o ,  h e  d e s c r i b e d  t h e  a d h e s i v e  p r e p a r a t i o n  f r o m  g l u t e n ,  CNSL  

a n d  f o r m a l d e h y d e  t h a t  i t  w a s  s u i t a b l e  f o r  t h e  p r e p a r a t i o n  o f  

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

w a s t e  [ 2 7 ] .

I n  1 9 7 1 ,  h e  e x p l a i n e d  a b o u t  p h y s i c a l  a n d  c h e m i c a l  

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

p r o p e r t i e s .  CNSL w a s  r e a c t e d  w i t h  f o r m a l d e h y d e  i n  a l k a l i n e  

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

CNSL c o n t a i n e d  < 0 . 0 1 5  % a n a c a r d i c  a c i d .  C o p p e r  c h l o r i d e  a n d  

c o p p e r  c a r b o n a t e  w e r e  u s e d  t o  i n d u c e  c r o s s l i n k i n g .  He e v a l u a t e d  

t h a t  g o o d  a d h e s i o n  w a s  d u e  t o  u n r e a c t e d  s i d e  c h a i n s  w h i c h  w e r e  

u s e d  t o  f o r m  a  l i n e a r  p o l y m e r i z a t i o n  p r o d u c t ,  c o u l d  s o f t e n  a t

h i g h  t e m p e r a t u r e ,  r e s u l t i n g  i n  a  g l u e - l i k e  s u b s t a n c e s  [ 2 8 ] .  A nd
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h e  p r e p a r e d  p l y w o o d  a d h e s i v e ,  b a s e d  o n  CNSL b y  t r e a t e d  i t  w i t h  2  

3 5  p a r t s  o f  4 0  % f o r m a l d e h y d e  i n  t h e  p r e s e n c e  o f  a l k a l i n e  

c a t a l y s t  a n d  d i s s o l v e d  t h e  r e s i n  i n  CHC1 ะ C C I?  b e f o r e  a p p l i e d  

t o  w o o d  w i t h  C u C l ? . An a d d i t i o n  o f  1 0  % p h e n o l  o r  x y l e n o l  t o  

CNSL g a v e  g o o d  a d h e s i o n  [ 2 9 ] .

D h a m a n e y  [ 3 0 ]  s t u d i e d  a n i l i n e  f o r m a l d e h y d e  r e s i n s  i n  t h e  

f i e l d  o f  CNSL b a s e d  p l y w o o d  a d h e s i v e s .  A n i l i n e  a n d  f o r m a l d e h y d e  

w e r e  c o n d e n s e d  i n  t h e  p r e s e n c e  o f  HC1 a n d  t h e  r e s i n  w a s  m i x e d  

w i t h  p h e n o l  o r  x y l e n o l ,  f o r m a l d e h y d e ,  CNSL a n d  a n  NH3 c a t a l y s t  

a n d  h e a t  a t  6 0 - 7 0 ° C .  P h e n o l  a n d  x y l e n o l  i m p r o v e d  t h e  b o n d i n g  

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

a  C u C l 2 h a r d e n e r ,  2 - s t a g e  r e s i n s .

I n  1 9 7 8 ,  D h a m a n e y  d e s c r i b e d  t h e  u s i n g  o f  f u r f u r a l  i n  CNSL 

a d h e s i v e s  f o r  p l y w o o d .  CNSL w a s  o p t i o n a l l y  m i x e d  w i t h  

a p p r o x i m a t e l y  10% p h e n o l  a n d  f u r f u r a l  o f  f u r f u r a l - f o r m a l d e h y d e  

m i x t u r e s  i n  t h e  p r e s e n c e  o f  Cu c o m p o u n d  h a r d e n e r s  w h i c h  g a v e  g o o d  

a d h e s i v e  b o n d s .  P h e n o l i c  r e s i n s  w e r e  p r e p a r e d  b y  b o t h  a l k a l i n e  

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

a d h e s i v e  p e r f o r m a n c e  w e r e  d e t e r m i n e d  [ 3 1 ] .  A l s o ,  h e  e v a l u a t e d  t h e  

a d h e s i o n  o f  C N S L - m o d i f i e d  p h e n o l i c  r e s i n  a d h e s i v e s  t o  r o t a r y  c u t  

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

h a r d e n e r s  e x c e p t  Zn c h r o m a t e ,  Pb c h r o m a t e ,  Cu n a p h t h e n a t e  a n d  

CUCO3 b e h a v e d  n o r m a l l y  b a s e d  o n  a d h e s i v e  f a i l u r e  a f t e r  3 h r  

b o i l i n g .  NaOH a n d  C O C I 3 c a t a l y z e d  r e s i n s  w e r e  2 - s t . a g e  r e s i n s  

a n d  t h e  u s e  o f  a  h a r d e n e r ,  e . g . ,  C u C l 2 , i m p r o v e d  t h e  b o n d  

s t r e n g t h .  PbCrO_j c a t a l y z e d  r e s i n  h a d  p o o r  b o n d  s t r e n g t h  e v e n

w i t h  h a r d e n e r  [ 3 2 ] .
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K. s t h a p i t a n o n d a  a n d  o t h e r s  [ 3 3 ]  e x p l a i n e d  t h e  

p r o d u c t i o n  o f  a d h e s i v e  f r o m  T o p i o c a  s t a r c h  a n d  CNSL o n  l a b o r a t o r y  

s c a l e .  T o p i o c a  s t a r c h  a n d  CNSL w h e n  c r o s s - l i n k  w i t h  f o r m a l d e h y d e  

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

a d h e s i v e .  T h e  m i x t u r e  w a s  h e a t e d  a b o u t  1 h r  a t  9 5 - 9 7 ° C  t h e n  

t h i n n e d  d o w n  w i t h  x y l e n e  a n d  c o n t i n u e d  h e a t e d  f o r  1 h r .  A f t e r  

m i x i n g  w i t h  d r i e r s ,  t h e  p r o d u c t  b e c a m e  a i r - d r y i n g  a d h e s i v e  w h i c h  

w a s  s u i t a b l e  f o r  p l y w o o d .
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