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Various lipids, mounted on a polar filter paper matrix, 
were evaluated as barriers to 02 transmission. Among 
those lipids tested, stearyl alcohol was most  resistant 
to oxygen transmission, the most  likely reason being 
its ability to crystallize as compactly overlapping plate- 
lets with their planes normal to the direction of O,~ 
diffusion. Tristearin, beeswax, and acetylated monoglyc- 
erides were, respectively, 39, 43 and 61% less resistant 
to 02 transmission than the fa t ty  alcohol. Activation 
energies of O,, t ranspor t  were 7.0, 7.5, 15.0 and 27.5 
kcal/mole, respectively, for s tearyl  alcohol, tristearin, 
beeswax, and acetylated monoglycerides. Stearic acid 
was substant ial ly less resistant  to O,, flux than the 
above four lipids. In addition, the fa t ty  acid was unique 
among the lipids tested in its tempera ture  dependence, 
i.e., resistance to O,, transmission increased with eleva- 
tion of tempera ture  yielding a negative activation en- 
ergy of --17.2 kcal/mole. This was a t t r ibuted to the 
presence of small interplatelet  channels in the stearic 
acid film, which presumably act as the principal route 
for gas t ransport .  Hexatr iacontane displayed poor O~ 
barrier properties compared to the other lipids, a con- 
sequence of relatively large pores in the alkane film. 

I,ipid coatings have historically been used to enrobe 
confectionery products,  fresh fruits, and fresh vegeta- 
bles to retard moisture exchange (gain or loss) with the 
surrounding environment.  I,ipids are also utilized, in 
conjunction with high-molecular weight polymers, for 
microencapsulation of food materials that  are sensi- 
tive to changes in moisture content  (1, 2). The oxygen- 
barr ier  character is t ics  of lipid mater ia ls  are also of 
considerable importance when lipid-based films are used 
to encapsulate food components  tha t  are susceptible 
to oxidation. Furthermore,  thin lipid coatings, when 
applied to the surface of fresh fruits and vegetables, 
will limit O,, influx and retard desiccation. These coat- 
ings can suppress the rate of aerobic respiration, and, 
if this is done to an appropriate degree, post-harvest  
s torage life can be extended (3). 

Blank (4-6) studied the influence of the chemical 
nature  of lipids on O2 t ranspor t  through compressed 
lipid monolayers which had been formed on a water 
surface. The monolayers most  resis tant  to 02 trans- 
mission were formed from saturated,  straight-chain, 
fa t ty  acids, fa t ty  alcohols, and esters containing 16 
carbons or more. Increased oxygen permeabili ty was 
observed as the degree of unsatura t ion or branching 
of the hydrocarbon chain was increased, or chain length 
was decreased. These results are at t r ibutable to a re- 
duction in van der Waals' interactions between adja- 
cent acyl chains, resulting in greater  chain mobility 
and molecular expansion at the air/water interface (7,8), 
both effects facilitating gas t ranspor t  across lipid mono- 
layers. 

Po whom correspondence should be addressed. 

Successful employment  of lipids in protective, ed- 
ible films is hindered by a lack of fundamental  knowl- 
edge concerning the relat ionship of lipid solid-state 
s t ructure  to gas and vapor  barrier properties.  Hence, 
the objective of this invest igat ion was to evaluate the 
resistance of various lipids to 02 t ranspor t  and to as- 
sess the dependence of their barrier propert ies on solid- 
s ta te  morphological characteristics,  as revealed by scan- 
ning electron microscopy. 

MATERIALS AND METHODS 

Tristearin,  s tearyl  alcohol, and stearic acid, were ob- 
tained from Sigma Chemical Company, St. Louis, MO. 
The hexatr iacontane and white beeswax were obtained 
from Aldrich Chemical Company, Milwaukee, WI, and 
ace ty la ted  monoglycer ides  (Myvacet  5-07; distilled 
acetylated monoglycerides from hydrogenated  cotton- 
seed oil. 48.5%-51.5% acetylation) from Eas tman  Chemi- 
cal Products ,  Kingspor t ,  TN. Pur i t ies  of these sub- 
stances, as indicated by the suppliers, are listed in 
Table 1. 

Film fabrication. Lipid films were formed on What- 
man No. 50 ~W50} filter paper ~9,10t. A filler paper 
support  was needed to assist in the formation of lipid 
films that  were acceptably free of s t ructural  defects 
and to enable these films to be handled without  break- 
age. Uncoated W50 filter displayed very low resistance 
to Oe transmission. Other support ing matrices consid- 
ered were glass-fiber filters, mixed-cellulose ester  fil- 
ters, and ethylcellulose films. These were rejected either 
because of inadequate s t rength  (making it difficult to 
apply a continuous and uniform lipid coating) or be- 
cause they displayed inconsistent  rates  of ().~ transmis- 
sion. A consistent  value for O~, t ransmission through 
the support ing matr ix  was, of course, a prerequisite 
for accurate interpretat ion of t ransmission rates through 
lipid-coated matrices. 

The use of hydrophil ic  W50 fil ter paper  as the 
support  for lipids in this s tudy approximates  the for- 
mulation necessary in many lipid-based, edible films, 
i.e., lipids often are used in combination with a polar 
hydrocol loid  Ii1-14}. Inclusion of a h igh-molecu la r  
weight polymer in the film formulat ion is required to 
achieve adequate film-forming propert ies and to yield 
l ipid-based films with appropriate durabil i ty and in- 
tegr i ty  (15). 

Lipid application to W50 filters was accomplished 
by immersing a 9 cm-diameter filter paper disc in mol- 
ten lipid (100~ until sa turat ion was achieved, sus- 
pending the lipid-saturated filter paper in a vertical 
position and allowing it to drain overnight  at 100~ 
and then cooling it to room tempera ture  {25~ The 
immersion-draining procedure resulted in approximately 
3 mg of lipid per 1 cm 2 of filter area. An additional 1 
mg lipid/cm2 was applied as a surface coating. This 
was done by affixing the l ipid-saturated filter paper 
flush on the surface of a glass plate and then applying 
0.5 ml of molten lipid (100~ in a thin line adjacent 
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TABLE 1 

Properties of Lipid Materials Studied for Resistance to 0 2 Transmission. 

Reported 
Reported melting Reported 

purity point or iodine Measured X-ray short 
Lipid (%)a range (~ value spacings b (A) 

Polymorphic 
form 

Crystal system 
(subcell) 

Tristearin 90 54.9 d 0 4.13(vs) 
Stearyl alcohol 99 57.9 d 0 3.65(s),4.12(vs),4.32(m) 
Stearic acid 90 69.6 d 0 3.70(s),4.13(vs),4.34(m),4.67(w) 
Hexatriacontane 98 76.2 d 0 3.73(s),4.12(vs) 
Acetylated 41-46 e 5 e 4.10(vs} 

monoglyceride c 
Beeswax (white) commercial 62-64f 8-11f 3.73(s),4.14(vs) 

g' 
C 

Hexagonal 
Common orthorhombic 
Common orthorhombic 
Common orthorhombic 
Hexagonal 

Common orthorhombic 
aSupplier designation. 
bIntensity scale: vs--very strong, s-strong, m--medium, w=weak. 
CDistilled acetylated monoglycerides from hydrogenated cottonseed oil, 48.5-51.5% acetylation. 
dRef. 49. 
eRef. 17. 
fRef. 54. 

to the filter disc. The molten lipid was immediate ly  
spread  uniformly over  the surface with a preheated 
(150~ thin layer ch roma tog raphy  spreader  to yield a 
finished lipid-W50 composi te  film. Total  lipid content  
per uni t  film area, as determined by  weighing filter 
discs before and af ter  lipid application, was 4.0 _ 0.2 
mg/cm 2 ( ~  +_ SD). Approx imate ly  75% of the total  
lipid was embedded within the filter paper  matr ix  and 
25% was on the surface. Thickness  of lipid-W50 films 
was 0.11-0.12 mm. 

X-ray diffraction. Lipids were scraped off W50 fil- 
ter  suppor t s  for analysis  by x-ray diffraction. Nickel- 
filtered copper  Ko radiat ion (~--1.5418 A) was gener- 
ated by  a Norelco x-ray powder d i f f rac tometer  (Phil- 
lips Electronic Ins t ruments ,  Mt. Vernon, NY). An ac- 
celerat ing vol tage of 40 kv and a current  of 30 m a m p  
were used. A diffracted angle range  of 15-28 ~ was 
scanned at  a rate  of 1 ~ 

Scanning electron microscopy (SEM). Uncoated W50 
filter paper  and the lipid surface of lipid-W50 compos- 
ite f i lms were examined  by  SEM uti l izing a J E O L  
JSM-35C electron microscope. The samples  to be ex- 
amined were mounted  onto a luminum s tubs  and coated 
with gold-palladium alloy (15 nm), us ing a Balzers Un- 
ion SCD 030 s p u t t e r  coater .  The  samples  were ob- 
served us ing  an accelerating vol tage  of 10 kv  and with 
the electron beam directed either normal  to the surface 
or at  a 45 ~ angle. 

Measurement of O~ transmission rate. An Oxt ran  
Model 100 Oxygen Permeabi l i ty  Tes ter  (Modern Con- 
trols, Inc., Minneapolis,  MN) was utilized to measure  
02 t ransmiss ion  ra tes  (O2TR) th rough  W50 filters and 
lipid-W50 films according to method D3985 of the Ameri- 
can Society for Tes t ing  and Mater ia ls  (16). Units  of 
O2TR are g O ~ . m - 2 . s e c - L  The Oxt ran  ins t rument  was 
cal ibrated using a polyes ter  film (Standard Reference 
Mater ia l  #1470) obtained from the Nat ional  Bureau of 
S tandards  (Washington, D.C.). Lipid-W50 films were 
inser ted into the Oxt ran  diffusion cell with the lipid 
surface exposed to oxygen; either pure O2, air (20.95% 
02) or a 1% 02 - -  99% N 2 mixture  depending on the 
barr ier  propert ies  of the film. 

The area of the film exposed to 02 was controlled 
by  means  of stainless steel masks  with openings of 
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various sizes. The area exposed to 02 was smaller for 
films t ha t  were highly permeable  than  it was for films 
tha t  were slightly permeable.  O2TR was determined 
at  25, 30, 35, and 40~ all at 0% relative humidity. 
At  least  four replicates of each film type  were evalu- 
ated for O2TR. 

At  t empera tu res  above 25~ all lipids were exam- 
ined by  x-ray diffraction bo th  before and after determi- 
nation of O2Tr to confirm the absence of polymorphic 
t ransi t ions  at  the new tempera ture .  Tris tear in  and acetyl- 
ated monoglyceride were not  evaluated at 40~ be- 
cause a polymorphic  t ransi t ion was observed in the 
former,  and the la t te r  was  too close to its mel t ing  
range of 41-46~ (17). 

Calculation of resistance to 02 transmission. To 
compare  the 02 barrier  propert ies  of the different lip- 
ids, we chose to express  02 t ranspor t  in te rms of resis- 
tance. Resis tances of uncoated W50 and lipid-W50 films 
to 02 t ransmiss ion  were calculated f rom the following 
equation: 

r(O2)---- [Ac/O2TR] = sec .m-1  [2] 

where hc is the dr iv ing force for gas  t r anspo r t  ex- 
pressed in t e rms  of a concentrat ion gradient  across the 
film (g O2.m-3), O2TR is the s teady-s ta te  gas transmis- 
sion ra te  (g O2*m-2*sec-1), and r(O2) is the film resis- 
tance in uni ts  of secom-~. The above equation defining 
resis tance is s imply a rearranged form of the general 
equation character izing all molecular t ranspor t  proc- 
esses, i.e., the rate  of t ransfer  is equal to the driving 
force divided by  the resis tance (18). This equation is 
often used in the l i terature to express  gas  and vapor- 
barrier  proper t ies  of lipid monolayers  (6, 19-22), cu- 
ticular membranes  of p lant  t issue (23-27), and wax 
coat ings applied to fresh fruit  128). 

The relat ionship of riO2) to the diffusion constant  
(D) and solubility coefficient (S) of 02 in the film can 
be evalua ted  from Fick 's  f irst  law equat ion (29). This 
equat ion s ta tes  tha t  gas  flux is proport ional  to D and 
the gas  concentrat ion gradient  in the direction of flow: 

O2TR ---- -D(dc/dx) 
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Under conditions of s teady-state  gas flux, integration 
of Fick's equation, and application of Henry ' s  solubil- 
i ty law--which states  tha t  concentrat ion is the prod- 
uct of solubility and pressure (29)--yields the following 
equation: 

O2TR = DoS (hp/hx) 

where hp is the 02 partial  pressure differential across 
the film and /~x is film thickness.  O2TR is direct ly  
proportional to D and S, hence from the equation defin- 
ing resistance, r(Q) is inversely related to the same 
parameters .  

The Student ' s  t-distribution was used to compute 
99% confidence intervals for r(O2), and to evaluate the 
statist ical  significance (P ~ 0.05) between calculated 
activation energies for O., t ransport  (30). 

RESULTS AND DISCUSSION 

The properties of the six lipid materials studied are 
presented in Table 1. Tristearin, stearyl alcohol, stearic 
acid, and hexatr iacontane were chosen to represent the 
tr iacylglycerol ,  f a t t y  alcohol, f a t t y  acid, and alkane 
classes of lipid molecules, respectively. An alkane with 
36 carbons was selected instead of the 18-carbon homo- 
logue (octadecane, mp = 28 o C) because its melting point 
is similar to those of the other three lipid types. In the 
solid-state, tristearin, stearyl alcohol, and stearic acid 
all exist  in s t ructures  with 36-carbon chain lengths. 
Tristearin crystallizes in a double chain-length modi- 
fied tuning fork, or chair conformation, with fa t ty  ac- 
ids in positions #1 and #3 pointing opposite to the 
fa t ty  acid chain in position #2 (31). Both stearyl alco- 
hol and stearic acid form hydrogen-bonded dimers in 
the crystalline state. Existence as dimers is, in fact, 
the reason why the 18-carbon fa t ty  alcohol and acid 
have much higher melting points than tha t  of octade- 
cane. 

Tristearin solidified from the melt in its lowest- 
melting, least-stable alpha (a) polymorphic form. This 
crystalline state  was determined from the single, s t rong 
x-ray diffraction short-spacing at 4.13 A (Table 1). In 
this form, the fa t ty  acid hydrocarbon chains are verti- 
cally oriented with respect to the end group planes, 
and molecular packing is in accord with the hexagonal 
sys tem (32). The acyl chains possess a certain degree 
of molecular  freedom, which has been described by 
Larsson (33) as torsional oscillation. 

The x-ray short-spacing pat terns  of stearyl alco- 
hol, stearic acid, and hexatr iacontane (Table 1) match 
previously  published pa t t e rns  for their  most  stable 
polymorphic states (34-36). In each case, the hydrocar- 
bon chains are tilted with respect to the methyl  end- 
group planes, and the lateral chain packing is of the 
common orthorhombic type. 

The two addit ional  lipids inves t iga ted  were dis- 
tilled acetylated monoglyceride (acetyl MG) and white 
beeswax. Acetyl  MG has been studied extensively for 
use as an edible coating (37-39). This material solidi- 
fied in the lowest-melting a polymorphic s tate  with 
hexagonal chain packing (Table 1). The a form of acetyl 
MG is unusually stable and possesses a high degree 
of flexibility. 

Solidified beeswax displayed a pair of s trong dif- 
fraction spacings at 3.73 and 4.14 A (Table 1), indica- 
tive of an orthorhombic cross-sectional arrangement  
of hydrocarbon chains. 

Scanning electron microscopy. Structural  morphol- 
ogy of the surfaces of uncoated W50 and lipid-W50 
films were examined with SEM. Micrographs of the 
various films are shown in Figure 1 A-H. Uncoated 
W50 has a porous s t ructure  in which individual fibers 
and relatively large pores are evident  (Fig. 1A). 

The tristearin-W50 film has a dimpled surface (Fig. 
IB). Similar surface appearances have been observed 
in this laboratory for other  triacylglycerols, including 
tripalmitin and ful ly-hydrogenated vegetable oils. Ex- 
amination at higher magnification confirmed that  the 
indenta t ions  do not  ex tend  down to the under ly ing  
W50 support.  Small discrete crystals  are evident on 
the surface of the tristearin-W50 film. The number and 
size of prot ruding surface crystals  increased with the 
time of storage spent  at room temperature.  Similar 
behavior  was observed with t r ipa lmi t in  and fully- 
hydrogenated vegetable oils when they were solidified 
in the lowest-melting, least-stable, a polymorphic form. 
We assume the projecting surface crystals  are indica- 
tive of an incipient polymorphic transit ion to a higher- 
melting, more stable crystalline form. Per t inent  to this 
assumption, is the observation of several invest igators 
tha t  chocolate bloom, caused by crystalline transfor- 
mation of cocoa but ter  from the desired polymorphic 
form V to the more stable form V I, is associated with 
the appearance  of fat  c rys ta ls  p ro t rud ing  from the 
surface (40-43). 

The stearyl  alcohol film (Fig. 1C) has a morphology 
characterized by layers of crystalline platelets, 1 ~m 
or less in thickness, extending out of the bulk lipid. 
The layered surface s t ructure  is very evident at higher 
magnification (Fig. 1D). Platelet  crystal  growth is com- 
monly observed for straight-chain lipids, such as fa t ty  
alcohols, fa t ty  acids, and alkanes. In the solid-state, 
hydrocarbon  chains of these molecular species are 
aligned with each other and arranged in sheets with 
s trong van der Waals' interactions between laterally 
adjacent chains. At the methyl  end-group planes the 
sheets of molecules are held together  by much weaker 
end-group interactions, which tend to re tard crystal  
growth in the direction of the chain axes (44, 45). 

The platelet morphology of stearic acid is clearly 
evident in Fig. 1E. Although both stearyl  alcohol and 
stearic acid give rise to crystalline platelets, obvious 
morphological  differences exis t  be tween them. The 
stearic acid surface, in cont ras t  to tha t  of the fa t ty  
alcohol, is characterized by channels or void regions 
of varying sizes between the platelets. I t  is impossible 
to know how far these channels extend through the 
film, however, even if they do not t raverse  the entire 
film they reduce the effective thickness of the barrier 
layer. 

Pores exis t  in the lipid surface of the hexatr ia-  
c o n t a n e - W 5 0  film (Fig. 1F). T h e s e  pores ,  h a v i n g  
diameters of approximately 10-20 ~m, extend through 
the ent ire  thickness of the lipid surface layer, ex- 
posing fibers of the under ly ing  W50 filter support .  
Formation of the pores probably results from the ex- 
treme hydrophobici ty  of the 36-carbon alkane, making 
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FIG. 1A & B (Continued). 

it difficult to form a continuous layer on a polar  sur- 
face. 

The acetyl  MG-W50 film has a relatively smooth  
surface wi thout  any well-defined morphological  char- 
acteris t ics  {Fig. 1G). Individual  crys ta ls  are not evi- 
den t  a t  this  magni f ica t ion .  A s s u m i n g  tha t  the out- 
g rowth  of c rys ta l s  on the surface, as was observed 

with a-tr is tearin {Fig. 1B), is caused by incipient poly- 
morphic t ransformat ion,  the appearance  of the acetyl 
MG surface is consis tent  with the fact  that  heteroge- 
neous acetoglycerides are quite s table  in the a form 
{37}. 

The surface appearance  of beeswax-W50 films {Fig. 
1H} is m u c h  like t h a t  of the  a c e t y l  MG f i l m s - -  
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FIG. 1C & D tContinued). 

relatively smooth and devoid of distinctive morpho- 
logical features. 

Oxygen barrier properties. The resistances of each 
film type to 02 transmission [r{Q}] at 25~ are listed 
in Table 2. Uncoated W50 had a very  low r{O2} of 1.1 
X 103 s e c ' m  -1. This was the desired and expec ted  
result. 

The least resis tant  of the lipid-W50 films was hexa- 

triacontane. This is undoubtedly  a t t r ibutable  to the 
relatively large pores present  in the lipid surface layer 
of the alkane film {Fig. 1F). Gas flux th rough  films 
possessing pores, cracks, or other  defects is generally 
orders of magni tude  greater  than tha t  th rough intact  
films {46}. Even  though  hexa t r i acon tane  films were 
substant ial ly less resis tant  than  the other lipids, r(O2} 
of the alkane film is still 300-fold greater  than  tha t  of 
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FIG. 1E & F (Continued). 

uncoated W50. Thus, the lipid provides virtually 100% 
of the total resistance to 02 flux of the lipid-W50 model 
system. Our inability to form a flawless layer of highly- 
hydrophobic hexatriacontane on a hydrophilic matrix 
suggests that film-matrix interactions may have an 
important influence on the barrier performance of fab- 
ricated edible films. 

Stearic acid-W50 was 130-fold more resistant  

to 02 transfer than the alkane. This suggests that  
the channels  or void regions between pla te le ts  
(Fig. 1E) do not traverse the entire depth of the 
fatty acid surface layer. Another possibility is that 
the channels  may be suff ic ient ly  small and 
to r tuous  to offer subs tan t i a l  res is tance  to the 
flow of gases (18). E i t he r  explanat ion  could 
account  for the marked ly  grea te r  r(O2) of the 
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FIG. 1. Electron micrographs of uncoated Whatman 50 filter paper (W50) and various 
lipid-W50 films as viewed from the lipid side. Amount  of lipid per unit area of filter 
paper was 4.0 -4- 0.2 mg/cm 2 (-X +-- SD). Micrograph A was taken with the electron 
beam directed normal to the film surface; all others were taken at a 45 ~ angle. The 
white bar is 100/am in length in micrograph A and 10 /am in length in the remaining 
micrographs. A is uncoated W50 f i l te r  paper; B is tristearin-W50; C, D are stearyl 
alcohol-W50; E is stearic acid-W50; F is hexatriacontane-W50; G is acetylated monoglyc- 
eride-W50; and H is beeswax-W50. 
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fa t ty  acid as compared to tha t  of hexatriacontane.  
The remaining lipid materials (acetyl MG, bees- 

wax, t r is tear in ,  s tearyl  alcohol} did not  possess,  as 
determined by  SEM, any obvious pores or other low- 
resistance routes for 02 flux. Hence, the r{O2) values 
at 25~ were approximately 25, 38, 40, and 66-fold 
larger, respectively, than tha t  of stearic acid {Table 2). 

In the absence of pores, cracks, or other defects in 
the lipid layer, 02 will migrate by molecular diffusion 
as driven by a concentrat ion gradient  {47}. Resistance 
to 02 t ranspor t  is inversely related to D and S, the 
diffusion constant  and solubility coefficient for O~ in 
the film. Of the four lipid materials which displayed 
relatively high r{O2) values, acetyl MG has the lowest 
melting point  {41-46~ and consists of a blend of solid 
and fluid components  at room temperature.  I t  is likely 
tha t  this results in significantly greater  O2 solubility 
compared to lipids which possess greater  solid con- 
tents  at room temperature.  In addition, the greater  
mobility of the fluid hydrocarbon chains would also 
result  in a larger 02 diffusion constant .  Both  factors 
probably account for acetyl MG having a lower r{O2 
{111 X 107 sec�9 than beeswax, tristearin, and stea- 
ryl alcohol. Lovegren and Feuge {39) studied gas per- 
meabili ty through acetylated monostearin films. Con- 
ver t ing their data  on O2 permeabili ty to r{O2) yields a 
value of 108 X 107 sec�9 -1 at 22~ a result very close 
to our value of 111 X 107 sec*m-~. 

The r{O2} values of t r i s tear in  and beeswax-W50 
films were 174 and 164 X 107 sec*m-~, respectively, 
and did not  differ significantly {P<0.05}. Stearyl  alco- 
hol films were the most  resistant  to 02 transport ,  hav- 
ing a riO2) of 286 X 107 sec*m-1 at 25~ The heteroge- 
neous composition of beeswax may account for its r{O2} 
being smaller than that  of the fa t ty  alcohol. Beeswax 
contains approximately 4% unsa tura ted  hydrocarbons 
{48) and, as previously  discussed, fluid acyl chains 
tend to accelerate gas flux through lipids. 

Several possible reasons can be offered to explain 
why tr istearin is less resistant  to the passage of oxy- 
gen than stearyl alcohol. First, the hydrocarbon chains 
of the a polymorph of tr istearin are packed in a hexago- 
nal orientation, which is molecularly less dense than 
the o r thorhombic  lateral  packing of s tearyl  alcohol. 
The mean cross-sectional surface area per hydrocarbon 
chain in the hexagonal packing mode is 20 A 2, com- 
pared to 18.8 A 2 in the orthorhombic lattice {49}. A 
second factor, which is probably related to the first 
point, is tha t  hexagonally-packed polymethylene chains 
possess greater  mobility than chains packed in an orthor- 
hombic orientat ion {33, 36). Gas permeabili ty through 
synthet ic  polymer films markedly increases as the mo- 
bility of chain segments  increases {50). A third reason 
relates to morphological differences between tr istearin 
and stearyl  alcohol {Fig. 1B, C, D). According to Fox 
{51}, large, closely-packed plate crystals  oriented per- 
pendicularly to the direction of gas or vapor flow have 
excellent barrier properties. The layered morphology 
of s tearyl  alcohol {Fig. 1D} appears to correspond more 
closely to this arrangement  than does the s t ructure  of 
tristearin.  

The three factors jus t  mentioned would alter r(O2) 
by changing the effective O,~ diffusion constant.  Al- 
though the relative contribution of each factor is un- 

TABLE 2 

Resistance of uncoated Whatman 50 filter paper {W50) and vari- 
ous lipid-W50 composite films to 02 transmission at 25~ 

riO2) b 
Filma { sec �9 m -  1) 

W50 
Tristearin-W50 
Stearyl alcohol-W50 
Stearic acid-W50 
Hexatriacontane-W50 
Acetyl MG-W50 
Beeswax-W50 

0.00011 (.00010, .00012) X 107 
174 (153, 201) X 107 
286 (265, 312) X 107 
4.31 (3.91, 4.81) x l0 T 
0.0332 (.0233, .0581) X 107 
111 1105, t18} X 107 
164 {150, 182) X 107 

aAmountof lipid per unit area of lipid-W50 films was 4.0 _+ 0.2 
mg/cm 2 (X -4-_ SD). 

bData are means of at least four replicates, except uncoated W50 
which was tested in triplicate; 95% confidence interval limits 
are in parentheses. 

known, permeabili ty studies with the different poly- 
morphic forms of t r iacylglycerol  films sugges t  tha t  
differences in packing densi ty and molecular mobility 
between the hexagonal and orthorhomic orientations 
are of relatively minor importance {52}. Thus, it ap- 
pears tha t  a properly layered morphology with plate- 
lets tha t  compactly overlay one another  is the pre- 
dominant  factor accounting for the high r{O2) of stea- 
ryl alcohol films. 

Comparison of the 02 barrier characteristics of lipid- 
W50 model films with those of synthet ic  packaging 
films {Table 3) reveals tha t  the beeswax, tristearin, and 
stearyl alcohol films are more resistant  to 02 flux than 
all of the syn the t ic  mater ia ls  except  polyvinylidene 
chloride. Acetyl  MG has a resistance approximately 
equal to tha t  of polyethylene terephthalate,  while re- 
sistance of the stearic acid-W50 film is similar to that  
of high-density polyethylene. 

The extremely good 02 barrier characteristics of 
stearyl alcohol and, to a lesser extent,  tristearin, bees- 
wax, and acetyl MG, suggest  tha t  these lipids would 
be useful wall materials for micro- or macroencapsula- 
tion of food components  for the purpose of retarding 
oxidation. 

Temperature dependence of flOe). The influence of 
t empera tu re  on res is tance  to gas or vapor  t ransfer  
across lipid films usually conforms to the Arrhenius 
relationship (5, 19, 21}. An Arrhenius plot of the loga- 
r i thm of r{O2} against the reciprocal of absolute tem- 
perature will normally yield a s traight  line with the 
slope being proportional to the activation energy (Fig. 
2). Table 4 lists the equations flog r(O2)=bI1/T) + a], 
correlation coefficients and calculated activation ener- 
gies for each regression line plot ted in Fig. 2. 

Uncoated W50 and hexatriacontane-W50 exhibited 
little tempera ture  dependence. This is a consequence 
of the pores present  in both  films {Fig. 1A, F). Trans- 
mission of gases through films possessing pores, cracks, 
or other low resistance routes for gas migration occurs 
principally by a convective process and the rate of gas 
t ransport  through such films is often relatively insen- 
sitive to tempera ture  {46, 53). 

The four lipid-W50 films with the best  02 barrier 
character is t ics  d isplayed Arrhenius  plots  with posi- 
t ive slopes and posi t ive act ivat ion energies {Fig. 2, 
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T A B L E  3 

Resistance of synthet ic  packaging films to 02 transmission at 
25~ 

r(O2)b 
Film a (seeom- 1) 

Polyvinylidene chloride 
Polyethylene terephthalate 
Nylon 6 
Iligh-density polyethylene 
Polyvinyl chloride 
Polypropylene 
I,ow-density polyethylene 

1,030 X 107 
103 X 107 

86.4 X 107 
4.3 X 10 z 
2.9 X 10 ~ 
2.2 X 107 
0.95 X 107 

aFilm thickness 0.025 mm (1 mil). 
bOxygen permeability data used to calculate r((),e) values are 
from Troller and Christian (55), except for Nylon-6 and high- 
density polyethylene which are from Karel (,16). 

T a b l e  4). L e b o v i t s  (47) r e p o r t e d  t h a t  a c t i v a t i o n  ener -  
g ies  (E) for m o s t  p e r m e a t i o n  p r o c e s s e s  a re  g e n e r a l l y  
b e t w e e n  5 to  16 k c a l / m o l e .  M o s t  s y n t h e t i c  p o l y m e r  
f i l m s  d i s p l a y  E v a l u e s  fo r  ()2 t r a n s p o r t  w i t h i n  t h i s  
r a n g e  (46). A c t i v a t i o n  e n e r g i e s  for  ():~ t r a n s f e r  t h r o u g h  
s t e a r y l  a lcohol ,  t r i s t e a r i n ,  a n d  b e e s w a x - W 5 0  f i lms  a re  
w i t h i n  th i s  r a n g e .  H o w e v e r ,  t h e  a c e t y l  M G - W 5 0  f i lm 
d i s p l a y e d  an u n u s u a l l y  l a r g e  t e m p e r a t u r e  d e p e n d e n c e  
( E = 2 7 . 5  _ 1.5 kca l /mole ) .  T h i s  is p r o b a b l y  a t t r i b u t -  
ab l e  to  t h e  r e l a t i v e l y  low m e l t i n g  p o i n t  r a n g e  a n d  he t -  
e r o g e n e o u s  c o m p o s i t i o n  of t h e  a c e t o g l y c e r i d e .  A s  t e m -  
p e r a t u r e  is e l e v a t e d ,  t h e  p r o p o r t i o n  of  l i p id  c o m p o -  
n e n t s  in t h e  f lu id  s t a t e  i n c r e a s e s  m a r k e d l y ,  c a u s i n g  a 
r a p i d  d e c r e a s e  in r e s i s t a n c e  to  02 t r a n s p o r t .  L o v e g r e n  
a n d  F e u g e  (39) m e a s u r e d  O:, p e r m e a b i l i t y  t h r o u g h  ace- 
ty l  M G  f i lms  a t  22, 26, a n d  30~  T h e y  d id  n o t  c o m -  
p u t e  an  a c t i v a t i o n  e n e r g y  of  t r a n s p o r t ;  h o w e v e r ,  ca l cu la -  
t i o n s  u s i n g  t h e i r  d a t a  y i e l d s  an  E v a l u e  of  a p p r o x i -  
m a t e l y  24 k c a l / m o l e ,  w h i c h  is v e r y  s i m i l a r  t o  o u r  re- 
su i t .  

B e e s w a x - W 5 0  f i l m s  a l s o  d i s p l a y e d  a r e l a t i v e l y  
s t r o n g  t e m p e r a t u r e  d e p e n d e n c e  ( E = 1 5 . 0  +_ 0 .7  
kca l /mole ) ,  l ike ly  d u e  to  t h e  h e t e r o g e n e o u s  c o m p o s i -  
t i o n  o f  t h e  w a x .  A l t h o u g h  p r i n c i p a l l y  c o m p r i s e d  
o f  s a t u r a t e d  l i p i d s ,  b e e s w a x  d o e s  c o n t a i n  a b o u t  
4% c i s - u n s a t u r a t e d  h y d r o c a r b o n s  ( p r i m a r i l y  C:~l a n d  
C:~:~) w h i c h  g i v e  t h e  w a x  i t s  p l a s t i c i t y  (48). T h e  
e n h a n c e d  f l u i d i t y  o f  t h e  o l e f i n i c  c o n s t i t u e n t s  w o u l d  
a c c e l e r a t e  O,, t r a n s f e r  as  t e m p e r a t u r e  is i n c r e a s e d ,  

TABLE 4 

Z 
0 
Or) 
O0 

O0 
Z 
< - -  

t-- 3"t 
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5.20 5.25 5.50 5.55 

~ X I03 

FIG. 2. Temperature dependence of the resistance to oxygen 
transmission ir(O.))l for uncoated Whatman 50 filter paper (A, 
W50) and the following lipid-WS(I composite films: stearyl alco- 
hol { �9 ), tristearin ( i ), beeswax iV), acetyl MG (O), stearic acid 
( e )  and hexatriacontane (&). All numerals on ordinate have 
been reduced by a factor of 1 X 107. Amount of lipid per unit 
area of film was 4.0 +--_ 0.2 mg/cm 2 (X _--_ SD). Each datum point 
is the average of at least four replicates, except W50 which was 
tested in triplicate. Vertical bars representing 95% confidence 
intervals are shown only when the interval exceeds the size of 
the symbol. Least-squares regression lines are drawn through 
each set of data. See Table 4 for regression equations and correla- 
tion coefficients. 

Regression equations and activation energies relating to the temperature dependence of resistance to 
oxygen transmission [riO2) 1 for uncoated Whatman 50 filter paper (W50) and various lipid-W50 c.ompos- 
ite films a 

Regression Regression Correlation 
Constant Coefficient Coefficient Activatiolx Energy b 

(a) Ib) (r) (E) 

W50 2.77 86.29 0.8434 0.3 • 0.3 A 
Tristearin-W50 3.71 1648.80 0.9989 7.5 • 0.5 I3 
Stearyl alcohol-W 50 4.38 1513.17 0.9987 7.0 -+ 0.3 ~ 
Stearic acid-W50 20.03 -3706.92 -0.9795 -17 .2  +_ 3.1 c 
Hexatriacontane-W50 6.00 -- 144.68 - 0.7144 - 0.7 _+. 0.6 I) 
Acetyl MG-W50 - 11.15 6023.92 0.9920 27.5 +_ 1.5 I': 
Beeswax-W50 - 1.79 3283.95 0.9971 15.0 +_ 0.7 v 

aRegression equation is l,og Ir((),)l=b (1/rl')+a: amount of lipid per unit area of lipid-W50 films was ,1.0 
• 0.2 mg/cm 2 (.~" _+ SI)}; regressi(m lines for each film are ph)tted in Fig. 2. 

bUnits of E are kcal/mole: data are means + SI); E values with different superscript letters are 
significantly different (P40.05L 
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the reby  c o n t r i b u t i n g  to a s ign i f i can t  decrease in r(O2). 
T r i s t ea r i n  and  s tea ry l  alcohol-W50 fi lms d i sp layed  

s imi lar  a c t i va t i on  energies  of 7.5 _ 0.5 and  7.0 • 0.3 
kcal/mole,  respect ive ly .  These  va lues  are no t  signifi- 
c a n t l y  d i f ferent  (P~<0.05). 

The  s tear ic  acid-W50 film exhib i ted  a t e m p e r a t u r e  
dependence  t h a t  was  s t r ik ing ly  d i f ferent  f rom t h a t  of 
the  o ther  lipids. The  A r r h e n i u s  plot  for s tear ic  acid- 
W50  has a n e g a t i v e  slope, and,  therefore,  a n e g a t i v e  
ac t iva t ion  ene rgy  of - 1 7 . 2  • 3.1 kcal/mole (Fig. 2, 
Tab le  4). This  was  repea ted  wi th  a second set  of s tear ic  
acid f i lms and  the  same  resu l t  was  ob ta ined .  A poss ib le  
exp l ana t i on  can  be der ived  from the  S E M  mic rog raphs  
of the  s tear ic  acid-W50 film (Fig. 1E), which show the  
presence  of c h a n n e l s  or void regions  be tween  p la te le t  
s t ruc tu res .  Gas  flow t h r o u g h  a fi lm c o n t a i n i n g  fine 
pores,  capil laries,  or channe l s  occurs  pr inc ipa l ly  t h r o u g h  
these  reg ions .  I t  is conce ivab l e  t h a t  an  i nc r ea se  in  
t e m p e r a t u r e  m a y  cause  c rys ta l l ine  expans ion  suff ic ient  
to close or lessen  the  size of these  in t e rp la t e l e t  chan- 
nels,  effect ively dec reas ing  the O2 di f fus ion c o n s t a n t  
and  caus ing  r{O,~) to  increase  wi th  e leva t ion  in tempera-  
ture.  
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