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Tempering Influence on Oxygen and Water Vapor Transmission 
through a Stearyl Alcohol Film 
J.J. Kester ~ a n d  O.  F e n n e m a "  
Department of Food Science, University of Wisconsin, Madison, Wi 53706 

Stearyl  a lcohol  was  layered on a f i l ter  paper  support  
and t e s ted  for res i s tance  to 02 and water  vapor trans- 
mis s ion  fo l lowing tempering.  Temper ing  at 48C for 14 
or 35 days caused  the  res i s tance  to O2 and water  vapor  
t ransmiss ion  to increase .  The res i s tance  to 02 and 
water  vapor  transport  was  increased  80% and 50%, 
respect ive ly ,  af ter  35 days. Likely  mechanis t i c  expla-  
nat ions  inc lude the  heal ing  o f  crystal  imperfec t ions  
and the  d e v e l o p m e n t  o f  a more ex tens ive  and better- 
Hnked arrangement  o f  lipid crystal l ine  plate lets .  

Previous studies have confirmed that  the flux of gases 
and vapor  through lipid films is influenced by lipid type, 
polymorphic state, tempera ture  and pressure differential 
across the film (1-4). An additional factor of potential 
importance is tempering or annealing. Intuitively, 
improved barrier characteristics of lipid films would be 
anticipated following tempering since this would afford 
an oppor tuni ty  for film defects to be healed. Previous 
studies, however, are not in agreement concerning the 
influence of tempering on barrier properties of lipid films. 
Fox (5) studied the resistance of paraffm wax films to 
water  vapor  transmission and found that  permeability 
decreased significantly with storage time at an elevated 
temperature.  The author  at tr ibuted this to a healing of 
microscopic defects in the crystal s t ructure  and the 
growth of crystalline wax platelets parallel to the film 
surface. Contrary to Fox's results, Landmann et al. (6) 
studied cocoa but ter  in its most stable polymorphic form 
and found that  permeability to water  vapor  increased 
more than 10-fold during storage at room tempera ture  
for 3 weeks. The authors  postulated that  the increased 
permeability resulted from the growth of lipid crystals 
during aging and a resultant  increase in intercrystalline 
porosity. 

Clearly, the effect of tempering on the resistance of lipid 
films to gas and vapor  flux has not been satisfactorily 
resolved. The objective of this s tudy was to clarify the 
effect of tempering, without polymorphic t ransforma-  
tion, on the barrier properties of lipid films to oxygen and 
water  vapor. 

MATERIALS AND METHODS 

Film fabrication. Stearyl alcohol (99%; Sigma Chemical 
Co., St. Louis, MO) was used to prepare  lipid films accord- 
ing to the procedure described by Kester and Fennema 
(1). The fat ty alcohol was applied to Whatman 50 (W50) 
filter paper  by immersing the filter disc in molten lipid, 
allowing the disc to drain and then cooling it to room 
temperature.  This procedure  added approximately 3 mg 
stearyl alcohol/cm z of filter area. An additional 1 mg/cm 2 
was applied by spreading molten lipid uniformly over one 
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surface of the disc with a preheated, thin-layer chromato- 
graphy spreader. Finished stearyl alcohol-W50 frims con- 
tained 4.0 • 0.2 mg lipid/cm 2 of film area (X ___ SD), as 
determined by weighing filter discs before and after lipid 
application. Thickness of  stearyl alcohol-W50 films was 
0.11-0.12 mm. 

Temper/ng. The tempering of stearyl alcohol-W50 films 
was performed at 48 • 2C for 0 days, 14 days and 35 days, 
during which time the films were maintained in a flat, 
horizontal position. Before and after tempering, powder 
x-ray diffraction pat terns  of stearyl alcohol scraped from 
the surface of W50 films were determined to identify the 
polymorphic form and to confirm the absence of a change 
in polymorphic form during tempering (1). 

Measurement of resistance to oxygen and water vapor 
transmission. Resistances of tempered and untempered 
films of stearyl alcohol-W50 to oxygen [r(O2)] and water 
vapor  [r(H20)] transmission were determined as de- 
scribed previously (1, 2). Units of resistance are sec-m-L 

The diffusion of simple gases, such as Oz, through l'rims 
generally obeys Fick's first law, however, diffusion of 
water  vapor  through polar film matrices generally does 
not (2). Therefore, it is appropr ia te  to express moisture 
barrier characteristics of stearyl alcohol-W50 films in 
terms of an "effective" resistance to water  vapor transmis- 
sion [eft r(H20)], which is accurate under  the given envi- 
ronmental  conditions of the determination (i.e., % relative 
humidity, temperature) .  Similarly, temperature  depend- 
ence of eff r(H20) is expressed in terms of an "apparent" 
activation energy (Eapp). 

At least five replicates of film samples receiving each 
tempering t reatment  (0 days, 14 days and 35 days) were 
evaluated for r(O2) and eft r(H20) at 25, 30, 35 and 40C. 

The Student 's t-distribution was used to compute 95% 
confidence intervals for r(O2) and elf r(H20) and to eval- 
uate the statistical significance (P _< 0.05) between calcu- 
lated activation energies of O~_ and water  vapor t ransport  
(7). 

Scanning electron microscopy (SEM). Surface mor- 
phologies ofstearyl alcohol-W50 films were observed with 
SEM as described previously (1), with the exception that 
a thicker coating (20 nm) of gold-palladium alloy was 
applied to the film surface. 

RESULTS AND DISCUSSION 

Stearyl alcohol can be directly and easily solidified from 
the melt (m.p. 57.9C) in its fl '-polymorphic form, charac- 
terized by an orthohombic arrangement  of hydrocarbon 
chains and maximum thermodynamic  stability (1,8). It 
will remain in the fl' form unless the temperature  is raised 
to the range of 54-57.9C which will cause conversion to 
the a-polymorphic form, characterized by ' a  hexagonal 
a r rangement  of hydrocarbon chains (9). Stearyl alcohol 
was chosen for s tudy because 1) its melting point permits 
tempering to be conducted at a tempera ture  sufficiently 
high (48 • 2C) so that  effects of annealing and growth of 
crystals un film permeability, if such effects exist, can be 
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FIG.  1. T e m p e r a t u r e  d e p e n d e n c e  o f  t h e  r e s i s t a n c e  to  o x y g e n  
t r a n s m i s s i o n  [r(O2) ] o f  s t e a r y l  a l coho l -W50  f i l m s  a s  i n f l u e n c e d  
by pr ior  t e m p e r i n g .  F i l m s  w e r e  t e m p e r e d  0 ( O ) ,  14 ( I )  and  35  
( A )  d a y s  at  48  • 2C. N u m e r a l s  on  o r d i n a t e  h a v e  b e e n  r e d u c e d  by 
a fac tor  o f  I X 107. A m o u n t  o f  l ip id  p e r  un i t  a r e a  o f  f i lm w a s  4 .0  
• 0 .2  m g / c m  2 (X • S D ) .  E a c h  d a t a  m p o i n t  i s  a m e a n  o f  at  l e a s t  
f i ve  r e p l i c a t e s .  Ver t i ca l  b a r s  r e p r e s e n t  95% c o n f i d e n c e  i n t e r v a l s  
for  r e s i s t a n c e .  L e a s t  s q u a r e s  r e g r e s s i o n  l i n e s  are  d r a w n  t h r o u g h  
e a c h  s e t  o f  data~ S e e  T a b l e  I for  r e g r e s s i o n  e q u a t i o n s  an d  corre-  
l a t i on  c o e f f i c i e n t s .  
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FIG.  2. T e m p e r a t u r e  d e p e n d e n c e  o f  t h e  e f f e c t i v e  r e s i s t a n c e  to  
w a t e r  v a p o r  t r a n s m i s s i o n  Jeff  r ( l l z O ) ]  o f  s t e a r y l  a l c o h o l - W 5 0  
f i l m s  a s  i n f l u e n c e d  by  pr ior  t e m p e r i n g .  F i l m s  w e r e  t e m p e r e d  
( O ) ,  14 ( I )  and  35  ( A )  d a y s  at  48  • 2C. N u m e r a l s  on  o r d i n a t e  
have  b e e n  r e d u c e d  by  a fac tor  o f  I X__I 07. A m o u n t  o f  l ip id  p e r  un i t  
a r e a  o f  f i lm w a s  4 .0  • 0.2 m g / c m  2 (X 4- S D ) .  E a c h  d a t a  m p o i n t  i s  
a m e a n  o f  at  le&~t f ive  r e p l i c a t e s .  Ver t i ca l  b a r s  r e p r e s e n t  95% 
c o n f i d e n c e  i n t e r v a l s  for r e s i s t a n c e .  L e a s t  s q u a r e s  r e g r e s s i o n  
H nes  are  d r a w n  t h r o u g h  e a c h  s e t  o f  data .  S e e  T a b l e  1 for  r e g r e s -  
s i o n  e q u a t i o n s  a n d  c o r r e l a t i o n  c o e f f i c i e n t s .  

easily detected and 2) it can be easily solidified and main- 
tained in the fl '-polymorphic form, thus enabling the 
effect of tempering to be studied unambiguously. Arrhe- 
nius' plots illustrating tempera ture  dependence of r(O2) 
and eft r(II20) of stearyl alcohol-W50 films as influenced 
by tempering are presented in Figures 1 and 2, respec- 
tively. Linear regression parameters  and calculated acti- 
vation energies for the t ranspor t  processes are listed in 
Table 1. 

Mean resistance to transmission of both 02 and water  
vapor, at all temperatures  from 25 to 40C, increased with 
the time of tempering at 48C. The r(O2) at 25C increased 
from 286 X 107 sec. m ~ for untempered films to 417 X l0 T 
and 517 X 107 sec-m 4, respectively, after 14 and 35 days 
of annealing. The effr(H20 ) of stearyl alcohol films at 25C 
increased from 29.7 X 103 sec. m -1 (untempered)  to 33.0 
X 103 after 14 days and 44.6 X 103 sec .m ~ after 35 days. 
Thus, barrier performance of stearyl alcohol to 02 and 

water vapor  diffusion improved approximately 80 and 50 
percent, respectively, after tempering at 48C for 35 days. 
These results are in general agreement with those of Fox 
(5), who reported a significant reduction in water  vapor  
permeability of paraffin wax films after tempering at an 
elevated temperature.  

The slopes of the Arrhenius '  plots in Figures 1 and 2 are 
proport ional  to activation energies (E) of the t ranspor t  
processes (1,2). Positive slopes and, hence, activation 
energies were obtained for 02 t ranspor t  (Figure l, Table 
1). For each tempering time, the calculated E value for 02 
t ranspor t  was within the range of 5-16 kcal/mole which 
Lebovits (10) states is typical of most permeat ion proc- 
esses, such as 02 transport ,  that  occur by molecular diffu- 
sion. Activation energies for 02 transmission through 
films conditioned 0 days and 35 (lays did not differ signif- 
icantly (P _< 0.05). Stearyl alcohol films condit ioned 14 
days, however, displayed an E that, was significantly 
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TABLE 1 

Activation energies  and parameters  of  regression equat ions  for res istance of  stearyl 
alcohol-WS0 f i lms  to the transmiss ion of  oxygen and water  vapor as affected by prior 
tempering at 48C- 

Resistance b Tempering Regression ~ Regressionr Correlation Activation 
(sec.m 1) time constant, a coefficient,b coefficient energy ~ 

(days) 

(E) 
0 4.38 1513.17 0.9987 7.0 d= 0.3 ̂  

r(O2) 14 2.56 2105.21 0.9987 9.5 + 1.5 B 
35 5.29 1319.87 0.9941 6.1 d= 0.8 ̂  

(Eapp) 
0 9.92 -1624.35 -0.9982 -7.4 d= 0.8 A 

eft r(HzO ) 14 10.43 -1762.58 -0.9970 -8.0 + 1.1A 
35 10.23 -1665.71 -0.9917 -7.6 =l= 0.9 A 

aStearyl alcohol was in the/3' polymorphic form throughout the study. W-50 is Whatman 
50 filter paper. Lipid coverage was 4.0 =t= 0.2 mg (X d: SD)/cm 2 of W-50 filter paper. 

bResistance to water vapor transmission is expressed in terms of effective resistance [eft 
r(H20)] and resistance to oxygen transmission is simply r(O2). 

cRegression equation is log r = b ( l /T)  + a. Regression lines are plotted in Fig. 1 and Fig. 2. 
a'tinits of E for resistance to oxygen transmission and Eap p (apparent activation energy) 
for resistance to water vapor transmission are kcai/mole; data are means =1= SD; within 
each group (i.e., 02 or H20), values with different superscript letters are significantly 
different (P _ 0.05). 

l a rge r  t h a n  t h o s e  o b t a i n e d  a t  0 d a y s  a n d  35 days .  This  
o b s e r v a t i o n  is puzzl ing  a n d  no e x p l a n a t i o n  is obvious.  

A r r h e n i u s '  p lo t s  for  w a t e r  v a p o r  t r a n s m i s s i o n  dis-  
p l a y e d  nega t ive  s l opes  (F igu re  2); t he re fo re ,  a p p a r e n t  
a c t i va t i on  ene rg ies  (E~DD; Table 1) we re  a lso  negat ive .  
This  h a s  p r ev ious ly  been  d e s c r i b e d  as  a c o n s e q u e n c e  of  
t h e  m o i s t u r e  s o r p t i o n  b e h a v i o r  of  t h e  hyd roph i l i c  sup -  
p o r t i n g  m a t r i x  (2).  T h e r e  is no s ign i f i can t  d i f f e rence  
b e t w e e n  Eap p va lue s  for  t h e  t h r e e  t e m p e r i n g  t r e a t m e n t s  
(Table  1). 

SEM m i c r o g r a p h s  o f  s t e a r y l  a l coho l -W50  f i lms cond i -  
t i o n e d  a t  48C for  0, 14 a n d  35 d a y s  a r e  p r e s e n t e d  in 
F igu re  3. The  u n t e m p e r e d  film (F igu re  3A) d i s p l a y e d  a 
l a y e r e d  l ipid m o r p h o l o g y  wi th  la rge  p l a t e l e t s  p a r t i a l l y  
p r o j e c t i n g  ou t  of  t h e  bu lk  l ipid.  This  was  a lso  r e p o r t e d  in 
a p r e v i o u s  s t u d y  (1).  In fact ,  t h e  effect ive r e s i s t a n c e  o f  
s t e a r y l  a lcoho l  to  t h e  t r a n s m i s s i o n  of  02 a n d  w a t e r  
vapo r ,  r e la t ive  to  o t h e r  l ipids,  w a s  a t t r i b u t e d  to  t h e  
e x t e n s i v e  l aye r ed  s t r u c t u r e ,  m u c h  o f  wh ich  is o r i e n t e d  
h o r i z o n t a l l y  to  t h e  film sur face .  A c c o r d i n g  to  Fox  (5),  
l ip ids  wi th  s izeable  p l a t e  c r y s t a l s  o r i e n t e d  p e r p e n d i c u l a r  
to  t h e  d i r e c t i o n  o f  gas  o r  v a p o r  f low exh ib i t  t he  g r e a t e s t  
r e s i s t a n c e  to  gas  a n d  v a p o r  t r a n s p o r t .  

SEM m i c r o g r a p h s  o f  t e m p e r e d  f i lms show a p r o g r e s -  
sive i n c r e a s e  in t h e  n u m b e r  a n d  size of  f a t t y  a l coho l  p la-  
t e l e t s  wi th  i n c r e a s e d  t e m p e r i n g  t i m e  (F igu res  3B a n d  
3C). G r o w t h  of  la rge  c rys t a l s  a t  t h e  e x p e n s e  of  s m a l l e r  
ones  is t h e r m o d y n a m i c a l l y  f avo rab l e  a n d  can  be in te r -  
p r e t e d  as  m o v e m e n t  t o w a r d  a s t a t e  o f  lower  free energy.  

A l t h o u g h  t h e  m e c h a n i s m s  by  wh ich  t e m p e r i n g  im- 
p r o v e s  t h e  b a r r i e r  p r o p e r t i e s  of  s t e a r y l  a l coho l  to  oxygen  
a n d  w a t e r  v a p o r  a r e  n o t  known,  a t  l eas t  two  f ac to r s  a r e  
p r o b a b l y  involved.  The  f i rs t  r e l a t e s  to  hea l ing  of  bo th  f i lm 
i m p e r f e c t i o n s  a n d  c r y s t a l  l a t t i c e  d i s l oca t i ons  wh ich  a r e  
be l ieved to  ex i s t  in all  c rys t a l l i ne  ma te r i a l s .  Pa r t i a l  hea l -  
ing o f  t h e s e  f laws d u r i n g  t e m p e r i n g  w o u l d  logical ly  

i n c r e a s e  r e s i s t a n c e  to  gas  a n d  v a p o r  t r a n s m i s s i o n  by 
r e d u c i n g  t h e  effect ive d i f fus ion  c o n s t a n t s  for  t he  respec-  
t ive p e r m e a n t s .  

A s e c o n d  f ac to r  l ikely c o n t r i b u t i n g  to  e n h a n c e d  resis-  
t a n c e  o f  s t e a r y l  a lcoho l  to  gas  a n d  v a p o r  t r a n s p o r t  du r -  
ing t e m p e r i n g  is g r o w t h  of  l ipid c rys ta l s .  This  cou ld  have  
o c c u r r e d  by  r e c r y s t a l l i z a t i o n  ( c o n v e r s i o n  of  smal l  crys-  
ta l s  to  l a rge r  ones  o r  by a g rowing  t o g e t h e r  of  c rys t a l s )  or  
by c rys t a l l i za t ion  of  p r e v ious ly  unc rys t a l l i zed  mate r ia l .  
Both  even t s  p r o b a b l y  o c c u r r e d  s ince  t h e y  a r e  c o m m o n  in 
m a n y  k i n d s  o f  s amples .  The  poss ib i l i t y  t h a t  the  c rys ta l -  
l ine f r ac t i on  o f  t he  s a m p l e  i n c r e a s e d  d u r i n g  t e m p e r i n g  is 
l ikely b e c a u s e  t he  high v i scos i ty  o f  t h e  s a m p l e  would  
t e n d  to  p r e c l u d e  a c h i e v e m e n t  of  so l id - l iqu id  equi l ibr ium 
d u r i n g  t h e  ini t ia l  so l id i f ica t ion  process .  

Fox  (5 )  a t t r i b u t e d  t h e  i m p r o v e d  w a t e r  v a p o r  b a r r i e r  
p r o p e r t i e s  o f  pa ra f f in  w a x  fi lms fol lowing t emper ing ,  in 
p a r t ,  to  g r o w t h  of  c rys t a l l i ne  p l a t e l e t s  p o s i t i o n e d  pa ra l -  
lel to  t h e  f i lm sur face ,  i.e., p e r p e n d i c u l a r  to  the  d i rec i ton  
of  v a p o r  flow. A l t h o u g h  SEM did,  indeed ,  show an  
i n c r e a s e  in t he  size a n d  n u m b e r  of  s t e a r y l  a lcohol  pla-  
t e le t  s t r u c t u r e s  wi th  i n c r e a s e d  t e m p e r i n g  t ime,  it  
a p p e a r s  f rom the  m i c r o g r a p h s  t h a t  t h e  visible p l a t e l e t s  
( t h o s e  on t h e  s u r f a c e )  a r e  no t  u n i f o r m l y  a r r a n g e d  per -  
p e n d i c u l a r  to  t he  d i r e c t i o n  of  gas  a n d  v a p o r  flow (Fig- 
u res  3B a n d  3C). However ,  no th ing  is k n o w n  a b o u t  t he  
a r r a n g e m e n t  o f  c rys t a l s  be low the  sur face .  F u r t h e r m o r e ,  
it  is poss ib l e  t h a t  t hose  p l a t e l e t s  c ry s t a l s  n o t  a l igned per -  
p e n d i c u l a r  to  t he  d i r ec t ion  o f  gas  o r  v a p o r  flow also p ro-  
v ide  effect ive r e s i s t a n c e  to  t r a n s p o r t .  In  this  r egard ,  
leaves  a n d  f ru i t s  pos se s s  s u r f a c e  d e p o s i t s  of  l ip ids  t h a t  
a r e  c ruc i a l  for  con t ro l l ing  w a t e r  loss. In  m a n y  ins tances ,  
t he se  l ip ids  a s s u m e  t h e  fo rm of  rods ,  t ubu l e s  o r  o t h e r  
c ry s t a l l i ne  s t r u c t u r e s  t h a t  p r o j e c t  o u t  f rom the  su r f ace  
a n d  y e t  f u n c t i o n  as  effect ive  b a r r i e r s  to  w a t e r  v a p o r  
m o v e m e n t  (11,12).  F o r  e x a m p l e ,  P o s s i n g h a m  (13)  
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r e p o r t e d  t h a t  l ipids on the  sur face  of s u l t a n a  g rapes  are  
a r r a n g e d  in an  e l abora te  series of ove r l app ing  p la te le t s  
o r i en t ed  in all d i rec t ions ,  i nc lud ing  m a n y  wi th  the i r  
ma j o r  p l a n e s  p e r p e n d i c u l a r  to the  surface.  Conse- 
quent ly ,  it is qui te  r ea sonab l e  to suggest  t h a t  the  several  
"pro t rud ing"  types  of c rys ta l l ine  lipid s t r u c t u r e s  j u s t  
m e n t i o n e d ,  i nc lud ing  those  on  the  sur face  of the  s teary l  
a lcohol  film, c a n  c o n t r i b u t e  effectively to the  ba r r i e r  
p rope r t i e s  of a lipid layer  by inc reas ing  the  length  a n d  
t o r t u o s i t y  of the  gas or va po r  diffusion pa thway .  The ne t  
effect would  be a r educ t ion  in the  effective diffusion con-  
s t a n t  of the  p e r m e a n t  (14). l )rolfferat ion of these  s t ruc-  
t u re s  on the  sur face  of the  s tearyl  alcohol  film ( lur ing 
t e m p e r i n g  ma y  be an  i m p o r t a n t  mechanLsm by which 
res i s t ance  to 02 a n d  w a t e r  vapor  t r a n s p o r t  is increased .  
It  Ls likely, however,  t h a t  this m e c h a n i s m ,  a n d  heal ing  of 
c rys ta l l ine  imper fec t ions  a nd  growth  of lipid crys ta ls  all 
a re  involved in improv ing  the  g a s / v a p o r  ba r r i e r  p roper -  
tics of s tearyl  alcohol  films d u r i n g  temper ing .  
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FIG. 3. SEM m i c r o g r a p h s  o f  s t e a r y l  a l coho l -WS0 f i l m s  t e m p e r e d  
at  48 • 2C for  0 ( A ) ,  14 ( B )  and  35 ( C )  days .  A m o u n t  o f  l ip id  p e r  
un i t  a r e a  o f  f i l m  w a s  4.0 m g / c m  2. M i c r o g r a p h s  w e r e  t a k e n  at  a 
45 ~ a n g l e  to  t h e  f'flm s u r f a c e .  T h e  w h i t e  b a r s  are  10/~m in  l eng th .  
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