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Di lute  s o l u t i o n  v i s c o m e t r y  w a s  u s e d  to  m o n i t o r  t h e  
drying  o f  the  o i l s  o f  l i n s e e d  (Linum usitatissimum L.), 
rubber  (Hevea bransiliensis [Kunth] Muel l .  Arg.) ,  
s o y a b e a n  (Glycine max (L)  Merr)  and m e l o n  (Colo- 
cynthis vulgar is  Schrad)  w i th  a v i e w  to  gain ins ight  
into  the  m o d e  o f  n e t w o r k  f o r m a t i o n  prior to  the  gel  
point .  Intr ins ic  v i s c o s i t y  v a l u e s  o b t a i n e d  s h o w  a rise-  
and-fal l  pat tern  w h i c h  w a s  a t tr ibuted  to  the  occur- 
rence  o f  inter-  and i n t r a m o l e c u l a r  cross l ink ing .  Re- 
duced  v i s c o s i t y  v a l u e s  o f  the  s o l u t i o n s  o f  the  o i l s  ( in  
both  the ir  o x i d i z e d  and u n o x i d i z e d  f o r m s )  s h o w  a r ise  
w i th  di lut ion,  ind icat ing  t h e  o c c u r r e n c e  o f  major  struc- 
tural  c h a n g e s  in the  sy s t em.  

The use of  d ry ing  oils in t h e  coa t ings  i n d u s t r y  is e n o r m o u s  
a n d  as  o ld  as  t h e  i n d u s t r y  itself. Cons ide r ab l e  ef for ts  have  
t h e r e f o r e  been  m a d e  in t h e  p a s t  few d e c a d e s  to  es tab l i sh  
t h e  c o m p o s i t i o n  of  d ry ing  oils a n d  t h e  m e c h a n i s m  of  dry-  
ing, as  well  as  t h e  f ac to r s  t h a t  in f luence  t h e  p rocess .  I t  is 
n o w  well  e s t a b l i s h e d  t h a t  d ry ing  oils a r e  c h a r a c t e r i z e d  by  
t h e  p r e s e n c e  of  s u b s t a n t i a l  a m o u n t s  of  such  u n s a t u r a t e d  
f a t t y  ac ids  as  linoleic, l inolenic  a n d  e l eos t ea r i c  acids.  The 
"drying" or, o the rwise ,  t he  conve r s ion  of  t he  l iquid oil to  a 
h a r d  fi lm h a s  been  p r o v e n  to  be  an  o x y g e n - i n d u c e d  c ross  
l inking r e a c t i o n  involving t h e  c a r b o n - c a r b o n  doub le  
b o n d s  in t he  long cha in  f a t t y  ac id  s e g m e n t s  of  t he  t r ig lyce-  
r ide  (1,2). A n u m b e r  of  f a c t o r s  have  a lso  been  iden t i f i ed  
t h a t  in f luence  t h e  d ry ing  p rocess ,  namely ,  t e m p e r a t u r e ,  
humid i ty ,  m o i s t u r e  con ten t ,  t h i cknes s  of  oil layer,  n a t u r e  
of  t h e  su r f ace  on wh ich  t h e  oil is s p r e a d ,  t h e  p r e s e n c e  of  
a n t i o x i d a n t s  a n d  t h e  n a t u r e  a n d  q u a n t i t y  of  d ry ing  accel-  
e r a t o r s  u sed  (3-6) .  

Techn iques  t h a t  have  been  u sed  to  m o n i t o r  t h e  devel-  
o p m e n t  of  s t r u c t u r e  in d ry ing  oils inc lude:  t a c k  a n d  h a r d -  
ness  m e a s u r e m e n t s ,  g r av ime t r i c  m e t h o d s  a n d  i n f r a r e d  
s p e c t r o s c o p i c  ana lys i s  (7,8). To the  a u t h o r ' s  knowledge ,  
t h e  use  of  d i lu te  so lu t ion  v i s c o m e t r y  has  no t  been  
r e p o r t e d .  This s imple  b u t  p o w e r f u l  t e c h n i q u e  has ,  in 
genera l ,  been  used  a n d  r a t h e r  ex tens ive ly  to  s t u d y  
c h a n g e s  in size a n d  s t r u c t u r e  in p o l y m e r i c  sys t ems  v ia  t h e  
m e a s u r e m e n t  of  in t r ins ic  v i scos i ty  w h i c h  is a m e a s u r e  of  
t h e  h y d r o d y n a m i c  vo lume  (o r  s ize)  of  a mo lecu le  (9).  
I ndeed ,  a n y  s t r u c t u r a l  c h a n g e s  in a p o l y m e r i c  s y s t e m  
which  r e su l t  in s ign i f ican t  c h a n g e s  in i ts size a r e  k n o w n  to 
c a u s e  d r a m a t i c  c h a n g e s  in in t r in s i c  viscosi ty .  E x a m p l e s  
are:  b r a n c h i n g  in a p o l y m e r  d e c r e a s e s  i ts so lu t ion  viscos-  
i ty  a t  c o n s t a n t  m o l a r  m a s s  (10);  i on iza t ion  of  a w e a k  
po lye l ec t ro ly t e  wi th  d i lu t ion  has  been  r e p o r t e d  to  c a u s e  
an  i nc rea se  in t h e  so lu t ion  v i scos i ty  as  a r e su l t  of  cha in  
e x p a n s i o n  i n d u c e d  by  coulombic r epu l s ion  ( l l ) .  Sim- 
ilarly,  t he  f o r m a t i o n  of  a l iquid c rys t a l l i ne  p h a s e  in a solu-  
t ion  is a c c o m p a n i e d  by  a c h a n g e  in v i scos i ty  as  a r e su l t  of  
s t r u c t u r a l  changes  in t h e  sy s t em as  it goes f rom a d isor -  
d e r e d  ( i s o t r o p i c )  to  an  o r d e r e d  ( a n i s o t r o p i c )  p h a s e  a n d  
vice v e r s a  (12). 

I t  t h e r e f o r e  s eems  poss ib le  to  m o n i t o r  t he  s t r u c t u r a l  
c h a n g e s  in a po lymer i z ing  (d ry ing )  oil by  d i lu te  so lu t ion  

v i scomet ry .  This w o r k  is a p r e l i m i n a r y  a t t e m p t  to  do  t h a t  
a n d  t h e  objec t ive  is to  gain  ins igh t  in to  t h e  m o d e  of  ne t -  
w o r k  (f i lm) f o r m a t i o n  p r i o r  to  t h e  gel p o i n t  in d ry ing  oils 
a n d  r e l a t e d  c ross l ink ing  s y s t e m s  used  in t he  coa t ings  
indus t ry .  

EXPERIMENTAL 

Materials. The oils of  r u b b e r  (Hevea bransiliensis 
[Kunth]  Muell. Arg.),  s o y a b e a n  (Glycine max (L)  Merr )  
a n d  me lon  (Colocynthis vulgaris S c h r a d )  s eeds  we re  
s o l v e n t - e x t r a c t e d  in ou r  l abo ra to ry .  The oils we re  
b l e a c h e d  wi th  ful ler ' s  ea r th .  Rubbe r  a n d  me lon  seed  oils 
were  a l k a l i - - r e f i n e d  us ing  Cocks a n d  Rede 's  m e t h o d  (13)  
to  ac id  n u m b e r s  of  0.94 a n d  0.14, respect ive ly .  The soy- 
bean  oil was  no t  a lka l i - re f ined  as  i ts ac id  n u m b e r  of  0.18 
was  c o n s i d e r e d  low enough.  The l inseed  oil (Linum usita- 
tissinum L.) wi th  ac id  n u m b e r  0.7 w a s  o b t a i n e d  in a 
re f ined  s t a t e  as  a gift f rom D a m e x  Pa in t  I ndus t ry ,  Oji- 
River, A n a m b r a  Sta te .  The oils have  the  fol lowing iod ine  
number s :  l inseed  (180),  r u b b e r  (142),  soybe a n  (130)  a n d  
melon  (115).  

L e a d  a n d  coba l t  n a p h t h e n a t e s  ( d r i e r s )  u sed  in th i s  
w o r k  we re  o b t a i n e d  f rom E b o n y  Pa in t s  (Niger ia )  Ltd,  
Enugu,  A n a m b r a  State;  a n d  t h e y  c on t a in  35.5% Pb a n d  
6.81% Co, respect ive ly .  

Equipment. A v iscos i ty  ba th ;  an  O s w a l d - F e n s k e  vis- 
c o m e t e r  ( t y p e  A 52), glass p l a t e s  (23 cm • 7.5 cm).  

Preparation and casting of oil-drier mixtures. A 
weighed  a m o u n t  of  each  oil w a s  m i x e d  wi th  t he  r e q u i r e d  
a m o u n t  of  t he  m e t a l  n a p h t h a n a t e  to  give a d r i e r  level of  
0.50% (Pb)  a n d  0.05% (Co) in t h e  m i x t u r e .  The  glass  p l a t e s  
for  film cas t ing  we re  p r e p a r e d  by  t a p i n g  off an  a r e a  o f  
a b o u t  23 cm • 5 c m  us ing  a m o n o l a y e r  of  a p a p e r  t a p e  of  
t h i c k n e s s  0.01 mm.  E a c h  o i l -d r ie r  m i x t u r e  was  gen t ly  
p o u r e d  on  the  t a p e d - o f f  a r e a  on t h e  glass p l a t e  a n d  t h e n  
leveled wi th  a doc to r ' s  b l ade  to  give a wet - f i lm th i cknes s  of  
0.01 mm.  The  c o a t e d  p l a t e s  we re  left  to  d r y  u n d e r  a r o o m  
t e m p e r a t u r e  of  32~ 

Monitoring the drying process by viscosity measure- 
ment.  The d ry ing  of  t he  oil f i lm was  m o n i t o r e d  a t  two-  
h o u r  in t e rva l s  for  a t o t a l  p e r i o d  of  12 h r  for  rubbe r ,  me lon  
a n d  l inseed  oils a n d  10 h r  for  s o y a b e a n  oil. A t  e ach  t ime  
in terval ,  a k n o w n  weight  of  t h e  d ry ing  oil f i lm was  
r e m o v e d  a n d  d i sso lved  in t he  so lven t  ( t o l u e n e )  a n d  t h e n  
d i lu t ed  to  t he  fol lowing c o n c e n t r a t i o n s :  0.170, 0.345, 
0.520, 0.690 a n d  0.860 g p e r  deci l i ter .  E a c h  d i lu te  so lu t ion  
was  f i l t e red  us ing a s i n t e r e d  glass  funne l  a n d  i ts  eff lux 
t ime  was  o b t a i n e d  us ing  an  O s w a l d - F e n s k e  v i s c o m e t e r  
( t y p e  A 52) in a v i scos i ty  b a t h  e qu i l i b r a t e d  a t  30~ T h r e e  
eff lux t ime  r e a d i n g s  wh ich  ag reed  to  wi th in  0.20 s e c o n d s  
we re  o b t a i n e d  for  e a c h  so lu t ion .  The  so lven t  ef f lux t ime  
was  172.60 seconds .  

I t  s h o u l d  be n o t e d  t h a t  f rom a b o u t  t he  10th h o u r  t he  oil 
fi lm d isso lved  wi th  d i f f icul ty  as  t h e  sy s t em a p p r o a c h e d  
the  gel point ;  consequen t ly ,  v i scos i ty  m e a s u r e m e n t s  we re  
no t  m a d e  b e y o n d  the  12th hour .  
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FIG. 1. Reduced viscosity versus drying time for linseed oil: (A), 
0.17; (e) ,  0.345; ( I ) ,  0.52; (A),  0.69; ([~), 0.86 g/dl.  
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FIG. 2. Reduced v i s c o s i t y  v e r s u s  drying time for rubber seed oil: 
(A), 0.17; (e) ,  0.345; (1 ) ,  0.52; (A),  0.69; ([~), 0.86 g/dl.  

52.5 I 
o,I 
0 

x~e 45.0 
~: 37.5 I-- 

0 u 
30.0 

> 

Q 
-. 22 ,5  

oc 15.0' 

0.0 
I I A A I I 

2 4 6 8 I0 12 
DRYING TIME(HR) 

FIG. 3. Reduced viscosityversus drying time for soybean oil: (A),  
0.17; (e) ,  0.345; ( I ) ,  0.52; (A),  0.69; (E]), 0.86 g/dl.  
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FIG. 4. Reduced v i s c o s i t y  v e r s u s  drying time for melon seed oil: 
(A),  0.17; (e) ,  0.345; ( I ) ,  0.52; (~) ,  0.69; ([:]), 0.86 g/dl .  

Results. Values of  r e duc e d  viscosity (Vrea) were  ob- 
t a ined  f rom the  efflux t imes using the  expression:  

nred = (nsp/C) : ( t  - t s ) / t s . C  (1) 

where ~sp is the  specific viscosity; t a nd  ts are the  efflux 

t imes of  the  oil (oxidized or  unoxidized)  and  toluene,  
respectively; and  C is the  concen t r a t i on  of  the  solut ion in 
g per  deciliter. Plots of  r educed  viscosity versus  drying 
t ime in hours  are  given in Figure 1 (linseed oil), Figure 2 
( rubber  seed oil), Figure 3 ( soybean  oil) and  Figure 4 
(melon seed oil). Each  figure conta ins  a set o f  five curves  
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FIG. 5. Reduced viscosity and its reciprocal versus  concentration 
for Hnseed oil  at varying drying time (hr): ( e ) ,  0; (&),  2; ([~), 6; 
(0), ]0. 
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FIG. 6. Reduced viscosity and its  reciprocal versus  concentration 
for rubber oil  at v ~ ' ~ n g  d r ~ n g  t ime (hr): (o) ,  O; (&),  2; (r~), 6; 
(0), 10. 

obtained at free different concentratins: 0�9 0.345, 
0.520, 0.690 and 0.860 g/dl. Three significant observations 
are evident from each of the above figures: first, there is 
an initial rise in reduced viscosity, followed by a rise-and- 
fall pat tern  as the drying progressed to the 10th or 12th 
hour; second, there is an enhancement  of reduced viscos- 
ity with dilution; third, the overall shape of each reduced 
viscosity versus drying time curve tends to change with 
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FIG. 7. Reduced viscosity and its reciprocalversus concentration 
for soybean oil  at varying drying t ime  (hr): ( e ) ,  0; (&),  2; ([~), 6; 
( 0 ) ,  10. 
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FIG. 8. Reduced viscosity and its reciprocal versus  concentration 
for melon seed oil  at varying drying t ime  (hr): (e ) ,  0; (A) ,  2; ([~), 
6; ( 0 ) ,  lO. 

dilution, particularly at extreme concentrations. 
This unusual dilution effect on the viscosity of the dry- 

ing (oxidized) oil, as well as tha t  of the pure (unoxidized) 
oil, is further illustrated graphically for the four oils in 
Figures 5 to 8, in which reduced viscosity 07sp/C) is plot- 
ted against C (g/dl) on the left and bot tom ordinates�9 
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Similar  plots  were  ob ta ined  at  the  4th  a n d  8th hou r s  bu t  
were  no t  i nc luded  in o rder  to deconges t  the  figures. The 
above behavior  deviates  f rom the  no rma l ly  observed rise 
in r educed  viscosi ty as the  c o n c e n t r a t i o n  of a mac romo-  
lecular  sys tem is increased.  It  was therefore  no t  possible 
to  fit the  viscosi ty d a t a  here  with such  empir ica l  expres-  
s ions as the  Huggins a n d  K r a e m e r  equat ions .  Ins tead ,  a 
new express ion  ( equa t ion  (2))  was  used. 

(2) 

(3) 

the  rec iproca l  of which  is 

C/vsp = 1/[,/] + B.C/[v] 

~3 

(n 

o_ 

Q: 
I-- 
Z 

where  B is a dry ing- t ime d e p e n d e n t  fac tor  a n d  [77] is the  
in t r ins ic  viscosity. Thus,  us ing  equa t ion  (3), plots of the 
rec iproca l  of r educed  viscosi ty versus  c o n c e n t r a t i o n  were  
car r ied  ou t  on  the  r ight  a n d  top  o rd ina t e s  of Figures  5-8. 
In  general ,  the  plots  a p p e a r  l inear  wi th  a few devia t ing 

TABLE 1 

Intrinsic Viscosity Values of  Oil-Drier Mixtures  in Toluene at 
30~ 

Age of cast film Oil 
(drying time), hr Linseed Rubber Soybean Melon 

0 0.50 0.110 0.25 0.17 
2 1.33 0.91 0.33 0.91 
4 0.33 1.11 0.83 3.33 
6 0.91 0.83 0.91 2.50 
8 0.59 1.43 1.25 5.00 

10 1.43 0.91 0.50 3.33 

I i 
2 4 I~ [ l~) 

DRYING TIME (HR) 

INVESTIGATION OF NETWORK FORMATION IN DRYING OILS BY DILUTE SOLUTION VISCOMETRY 

FIG. 9. Intrinsic viscosity versus  drying t ime for the  various 
oils: (A) ,  l inseed; ( e ) ,  rubber;, (El), Soyabean; (O),  melon. 

points ,  which  occur  ma in ly  a t  low a nd  high c o n c e n t r a -  
t ions. Again, s imilar  l inear  plots  were  ob t a ined  wi th  the  
viscosi ty d a t a  at  the  4th  a n d  8th  hours .  

In t r ins ic  viscosi ty values,  given in Table 1, were  ob- 
t a ined  by t ak ing  the  rec iproca l  of the  in t e rcep t s  at  C = O. 
Plots of in t r ins ic  viscosity ve rsus  dry ing  t ime are  given in 
Figure 9; again, a r ise-and-fal l  p a t t e r n  is observed as in 
the  case of r educed  viscosity. Values of the  fac tor  B, given 

TABLE 2 

Values of  The Factor B at Various Stages  of  Drying 

Age of cast film Oil 
(drying time), hr Linseed Rubber Soybean Melon 

0 12.28 0.90 4.00 3.19 
2 18.33 13.80 3.22 7.34 
4 3.39 14.69 10.28 26.01 
6 9.88 10.46 9.72 21.18 
8 4.91 14.89 21.31 45.25 

10 16.91 10.60 4.52 33.00 

~0L~r ~Lr ~ 0 L r 1 6 2  

FIG. 10. Schematic  of  network formation in Drying Oils via 
intermolecular crossl inking reaction. 

~o~.~. 

I ~,~ ~.,,-~-~ ~ 

FIG. 11. Schematic  of  network formation in Drying Oils via 
intramolecalar crossl inking reaction. 

JAOCS, VoL 66, no. 7 (July 1989) 



978 

J.A. IBEMESI 

in Table 2, were obtained by multiplying the slopes of the 
linear curves by their respective intrinsic viscosity values. 
B is seen to vary in the same manner  as the intrinsic 
viscosity. 

DISCUSSION 

The observed rise-and-fall pat tern  in both reduced and 
intrinsic viscosities of a drying oil system may be rational- 
ized by considering the occurrence of two competing pro- 
cesses: intermolecular crosslinking or polymerization 
leading to increase in molecular mass and size (Figure 10) 
and intramolecular crosslinking which leads to decrease 
in size and no change in molecular mass (Figure 11). The 
former is expected to lead to the observed rise while the 
latter accounts  for the observed fall. Intermolecular 
crosslinking appears more favored during the early 
stages of the drying as can be seen from Figures I to 4 and 
9; while intramolecular crosslinking becomes more prob- 
able at the advanced stages of the drying process, by 
which time the drying oil molecule shall have acquired 
several unsatura ted  fat ty acid segments. 

The involvement of intramolecular crosslinking ap- 
pears supported by the drying behavior of the more 
unsatura ted  oils: linseed and rubber, both of which show 
marked rise-and-fall pat terns  (Fig. 9). This behavior can 
be attributed to the availability of more unsatura ted  
bonds on their fat ty acid segments which can readily be 
involved in intramolecular crosslinking. Melon seed oil, on 
the other hand, being the least unsaturated,  shows al- 
most a continuous and spectacular  rise in intrinsic vis- 
cosity, indicating the predominance of intermolecular 
crosslinking. 

Also, linseed and rubber seed oils exhibit much harder  
films on drying than soybean and melon seed oils proba- 
bly as a result of their greater ability to undergo more of 
intramolecular crosslinking than intermolecular cross- 
linking. In other words, intramolecular crosslinking ap- 
pears to be largely responsible for the hardening of an oil 
film. 

The observed rise in reduced viscosity with dilution in 
all the samples (including the unoxidised oil) implies that  
the hydrodynamic volume (hence the molecular size) of 
the system undergoes expansion as the solution becomes 
more dilute. This behavior is similar to that  observed in 
systems that  exhibit liquid crystalline s t ructure  (12). In 
such liquid systems, the molecules in the ordered regions 
would tend to move apar t  on dilution; this would result in 

increase in their hydrodynamic volumes and hence a rise 
in the solution viscosity. On a similar note, the amphipatic 
nature of the drying oils--consisting of the polar ester 
groups and the nonpolar  fat ty acid chains, may lead to 
the formation of "molecular clusters" or "ordered struc- 
tures" which would tend to disperse on dilution. Thus, the 
observed enhancement  of reduced viscosity with dilution 
(Figures 5 to 8) appears to support  the existence of such 
clusters; and, as they disperse with dilution, the hydrody- 
namic volume of each molecule would be expected to 
increase and hence the observed rise in viscosity. The 
change in shape of the reduced viscosity versus drying 
time curve with dilution (Figures 1 to 4) also lends sup- 
port  to the occurrence of s tructural  changes in the 
system. 

It should be noted that  the observed fluctuations in 
reduced and intrinsic viscosities with drying time cannot  
be attributed to "sol effect" (9) because the crosslinking 
oil trims had not reached the gel point as evidenced by 
their complete solubility in the solvent used. 

Finally, the consonance in the variation of the factor B 
and intrinsic viscosity appears to indicate tha t  B may be 
a measure of the hydrodynamic volume of the cross- 
linking oil; this observation, however, needs further 
investigation. 
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