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Various l ip ids ,  m o u n t e d  on a polar  f i l t e r  paper  sup- 
port, w e r e  eva lua ted  as barr iers  to the  t r a n s m i s s i o n  o f  
w a t e r  vapor.  B e e s w a x  w a s  m o s t  r e s i s t a n t  to m o i s t u r e  
t r a n s m i s s i o n  f o l l o w e d  by s t eary l  a lcohol ,  ace ty la ted  
m o n o g l y c e r i d e s ,  tr i s tear in ,  and s t ear i c  acid in order  o f  
d e c r e a s i n g  r e s i s t a n c e .  R e s i s t a n c e  o f  b e e s w a x  to  the  
t r a n s m i s s i o n  o f  w a t e r  vapor  i s  s i m i l a r  to  that  o f  poly- 
e t h y l e n e  t e r e p h t h l a t e  and polyvinyl  ch lor ide .  Temper-  
ature  d e p e n d e n c e  o f  r e s i s t a n c e  to w a t e r  vapor  trans-  
port  w a s  in f luenced  m a r k e d l y  by the  po lar-support ing  
matr ix .  Thi s  w a s  a t tr ibuted  to the  m o i s t u r e  sorpt ion  
charac ter i s t i c s  o f  the  support ,  a f ind ing  that  has  rele-  
vance  to ed ib le ,  l ip id-based  f i l m s  that  conta in  hydro- 
phi l ic  p o l y m e r s  for s tructural  integrity .  

Considerable  research ha,s been conduc ted  on moisture-  
resistant ,  edible films and coatings for foods (1,2). Some 
of these s tudies  have deal t  with limiting mois ture  
ex(:hange between the food and the su r round ing  atmos- 
phere  (3-5),  while o thers  have fi)('used on the more diffi- 
cult  problem of re ta rd ing  in te reomponen t  wa te r  t rans  
por t  in he terogeneous  food p roduc t s  (2, 6-12).  In 
addit ion to macro-scale  films, mieroencapsu la t ion  is 
prac t iced  to p ro tec t  sus(:eptible fi)od ingredients  from 
lnoisture up take  (13). 

Since the pr incipal  function of an edible film or coat ing 
is to impede mois ture  t ransfer ,  lipids are general ly used in 
the film I)ecause of their  hydrorepel lency.  Studies with 
artificial bilayer membranes  and compressed  monolayers  
have ehlci(lated the influence of lipid molecular  s t ruc tu re  
on the transp()rt  of liquid water  or wate r  vapor  across 
lipid films. In general, the ra te  of wate r  t r ans fe r  increa.ses 
as the. lipid hydro('.arbon chain lengtil is decrea,sed and 
the (lcgree of unsa tu ra t ion  or branching  of acyl chains  is 
increased (14-181). This occurs  because la tera l  packing of 
acyl chains is less efficient, causing a reduct ion  in van der  
Waals' in terac t ions  and an increase in hydroca rbon  chain 
mobility (19-21). These molecular  effects ac('.elerate 
water  t r a n s p o r t  by elevating the effective H,,O diffusion 
cons tan t  and  by increasing the soluhility of wate r  in the  
lipid membrane.  

Considerable  l i te ra ture  exists  per ta in ing  to liquid 
wate r  and  wa te r  vapor  harr ier  p roper t i e s  of relatively 
thick ( c o m p a r e d  to mono- and bilayer)  l ipid fihns and 
coatings (4-8, 22-29). Several of ttlese s tudies  have con- 
firmed tha t  the wate r  i)arrier p roper t ies  of thick lipid 
films are  influenced by i lydrocari)on chain length and 
degree of unsa tu ra t i on  in a qual i ta t ively s imilar  fashion 
to tha t  exidbi ted  by lipid mono- and bilayers. Fur ther -  
more, mois ture  res is tance of thick lipid films is influenced 
by the relat ive polar i ty  of the  lipid molecule, tTighly non- 
polar  lipids, such as paraff in wax, are  general ly the most  
effective barr iers .  More hydrophil ie  lipids tend  to be less 
res is tant  to the passage of water.  This is caused  by 
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sorp t ion  of migra t ing  wate r  molecules to po la r  groups  of 
the lipid, t he reby  facil i tat ing wa te r  t r a n s p o r t  (23). 

The objective of this  investigation was to evalua te  the  
res is tance  of var ious  l ipids to the  t r ansmiss ion  of wa te r  
vapor  as inf luenced by t e m p e r a t u r e  and by hydrophi l ic-  
ity of the  suppor t ing  matr ix.  Differences in wa te r  vapor  
t ransmiss ion  p roper t i e s  of the  lipids are  d iscussed in 
relat ion to lipid polar i ty  and sol id-s ta te  surface 
morphology. 

MATERIALS AND METHODS 

Lipids eva lua ted  for res is tance to 02 flux in a previous 
s tudy (30) were investigated for moksture-resistance.  
These were t r i s tear in  (90% pure) ,  s tearyl  alcohol (99% 
pure)  and  s tcar ic  acid (90% pure)  from Sigma Chelnical 
Company, St. Louis, MO; h e x a t r i a c o n t u n e  (98% pure)  
and  white beeswax (commercia l  grade)  from Aldrich 
Chemical Company,  Milwaukee, WI and ace ty la ted  
monoglyeer ides  (acetyl  MG; Myvacet 5-07 dist i l led aeety- 
lated monoglycer ides  from hydrogena t ed  co t tonseed  oil, 
48.5!~i:51.5% acetylat ion,  melting range 41-46C) from 
Eas tman  Chemical  Products ,  Kingsport ,  TN. 

l~lmfilb~"i~:atio~. IApid-coated filter p a p e r  (Wha tman  
No. 50; W50) was p r e p a r e d  according to the  met t lod 
descr ibed in detai l  previously (30). Briefly, this involved 
immersion of a W50 filter pape r  disk in molten lipid 
(100C), d ra inage  at  100C and then cooling it a t  room 
t empera tu re .  Tills p rocedure  added  approx i ina te ly  3 mg 
l ip id /era  2 of filter. An addi t iona l  1 m g / c m  ~ was appl ied  
as a surface layer by spread ing  molten lipid uniformly 
over the sur face  with a pret~eated th in- layer  ch romato -  
graphy  (TLC) spreader .  Total lipid con ten t  per  unit  of 
film area, de t e rmined  by weigidng filter disks before and 
af ter  lipid appl ica t ion ,  was 4.0 • 0.2 mg /cm ~ (X ~ SD). 
Appr()x imate ly  75% of the total  lipid was embedded  
witidn the filter p a p e r  mat r ix  and 25% was  on the  sur- 
face. The thickness  of the comple ted  fihn (he rea f te r  
referred to a,s the  lipid-W50 film) was 0. i 1-0.12 ram. 

I[ydrophil ic  W50 filter pape r  wa~s used as the  suppor t -  
ing mat r ix  in films because it ha,s minimal  res is tance  to 
mois ture  v a p o r  t ransmiss ion  and because  a suppor t i ng  
mat r ix  is needed  to p repa re  modera te ly  thick films of 
lipids t ha t  are  free from major  s t ruc tu ra l  defects.  Fur-  
thermore ,  l ip id-containing edible films often conta in  
polar  hydrocol lo ids  (1, 2, 8-12, 31 ) to achieve adqua te  
fi lm-forming p roper t i e s  and to yield finished fihns with 
a p p r o p r i a t e  durabi l i ty  and integrity. 

To invest igate the influence of polar i ty  of the suppor t -  
ing ma t r ix  on wa te r  vapor  t r a n s p o r t  througt~ lipids, 
po ly te t ra f luoroe thy lene  (PTFE, pore  d i ame te r  10 #m) 
memi)rane filters obta ined  from Millipore Corpora t ion  
(Bedford, MA) wcrc also tes ted  as a s u p p o r t  for acetyl  
MG. Lipid was appl ied  to the hydropobic  PTFE in a 
manne r  s imilar  to tha t  used for the hydrophi l ie  W50 fil- 
ters. Tim only change in p rocedure  was tha t  the d ra inage  
t ime following immersion in the lipid was l imited to 2 mm 
at 100C and the TLC s p r e a d e r  used for i'()rming the lipid 
surfa(:e layer was p rehea t ed  at  50C. The a m o u n t  of lipid 
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per  unit area of film was 4.2 and 5.6 mg/cm 2 for determi- 
nation of water  vapor  and 02 flux, respectively. 

Measurement of water vapor transmission rate 
(WVTR). A Permatran W1A Water Vapor Transmission 
Rate Tester (Modern Controls, Inc., Minneapolis, MN) 
was used to measure WVTR (g H20-~.sec -]) through 
uncoated and lipid-coated filters according to method 
F372 of the American Society for Testing and Materials 
(32). Prior to determining WVTR, all films were equili- 
bated at 25C in a conditioning chamber  (Modern Con- 
trois, Inc.) tha t  maintained a 100% relative humidity 
(RH) gradient across the film. Lipid-coated filters were 
placed in the conditioning chamber  and Permatran  dif- 
fusion cell with the lipid surface exposed to an atmos- 
phere  maintained at 100% RI! with distilled H20. The 
other  side of the film was continuously purged with dry 
air. The Permatran inst rument  was calibrated with a 
s tandard  polyester film supplied by Modern Controls, 
Inc. 

According to the relative barrier  properties of each 
film type, the area of film exposed to water  vapor  was 
varied by using stainless steel masks with openings of 
different sizes. WVTR was determined at 25, 30, 35, and 
40C for most  frims. Following an increase in temperature,  
sufficient time (ca 5-10 hr) was allowed to ensure a sta- 
ble, equilibrium WVTR. At least five replicates of each film 
type were evaluated, except  for the acetyi MG-PTFE film 
which was tested in triplicate. 

All lipids were evaluated by x-ray diffraction (short- 
spacing region) before and after determination of WVTR 
at temperatures  above 25C to confirm the absence of 
polymorphic transitions during the determination 
(30).Trlstearin was not evaluated for WVTR at 40C 
because partial t ransformat ion to a new polymorphic 
form could not be avoided. Acetyl MG was not evaluated 
at 40C because this t empera ture  was too close to its 
melting point range (41-46C). 

Measurement of 02 transmission rate (02TR). An 
Oxtran Model 100 Oxygen Permeability Tester (Modern 
Controls, Inc., Minneapolis, MN) was used to measure 
O2TR (g O2-m-'~-sec -l) through uncoated PTFE and acetyl 
MG-PTFE composite films according to the procedure  
described by Kester and Fennema (30). O2TR was deter- 
mined in triplicate at 25, 30, and 35C and at 0% RH. 

Calculation of resistance to water vapor and 02 trans- 
mission. Resistance of uncoated and lipid-coated films 
to vapor  and gas transmission was calculated from the 
following equation: r = Ac/J  = sec.m -1 where r is the film's 
resistance to vapor  [r(H20) ] or gas [r(O2) ] transmission 
in sec.m -l, Ac is the driving force for vapor or gas trans- 
por t  expressed in terms of a concentrat ion gradient 
across the t'tim is (g.m -3) and J is the steady-state flux 
of water  vapor  (WVTR) or oxygen (O2TR) in units of 
g.m-~.sec-L The water vapor  concentrat ion gradient 
across the film is equal to the density of pure water  vapor 
at  sa turat ion over water. Densities of pure water  vapor  
at 25, 30, 35 and 40C were obtained from Weast (33). 

The above equation for resistance has been cited 
numerous  times in the li terature for evaluating gas or 
vapor  barrier properties of lipid monolayers (14, 34). 
p lant  cuticular membranes  (35-37) and wax coatings on 
fresh fruits (38). It is simply a rearranged form of the 
general equation which characterizes all molecular 

t ranspor t  processes, i.e., the rate of transfer is equal to 
the driving force divided by the resistance (39). 

The steady-state rate of vapor  or gas t ransport  (J) 
through a film is related to the diffusion constant  (D) 
and solubility coefficient (S) of the permeant  in the film 
according to the integrated form of Fick's first law equa- 
tion (40): J = D-S (Ap/AX) where Ap is the gas partial 
pressure differential across the film and Ax is film 
thickness. 

Diffusion of simple gases (e.g., 02, Nz, CO2) through a 
film generally obeys Fick's law, i.e., J is directly propor- 
tional to Ap and D is constant.  However, in the case of 
water  vapor diffusing through a polar film matrix, J will 
increase as Ap is moved up in the vapor  pressure spec- 
trum. This occurs because the sorption isotherms for 
hydrophilic polymers are sigmoidal, causing S to 
increase significantly as vapor  pressure rises. The 
greater amount  of sorbed water  plasticizes the film caus- 
ing D to increase. Hence, Fick's law is not strictly obeyed 
and D is not a constant  for water  vapor migration 
through hydrophilic film matrices. Therefore, when 
moisture-barrier properties of lipid-W50 films were eval- 
uated, the resistance obtained was regarded as an "effec- 
tive" resistance [eft r(H20)], which is correct  under the 
given environmental  conditions (i.e., % RH, tempera- 
ture). For the same reason, tempera ture  dependence of 
resistance to vapor  t ranspor t  should be expressed as an 
"apparen t"  activation energy (Eapp). 

The Student 's t-distribution was used to compute 95% 
confidence intervals for eft r(H20) and r(O2) and to eval- 
uate the statistical significance (P <0.05) between 
apparent  activation energies for tt20 t ranspor t  (41). 

Scanning electron microscopy (SEM). Uncoated and 
lipid-coated filters were examined by SEM as described 
by Kester and Fennema (30). 

RESULTS AND DISCUSSION 

Tristrearin, stearyl alcohol, stearic acid and hexatri- 
acontane were chosen for this s tudy as representative of 
the triacylglycerol, fatty alcohol, fat ty acid and alkane 
classes of lipid molecules. The 36 carbon alkane was cho- 
sen for study, ra ther  than the 18 carbon homologue, 
because its melting point is close to those of the other 
three lipids. Acetyl MG and beeswax were evaluated 
because of the long standing interest in these lipid mate- 
rials as edible moisture-barriers. 

Hydrocarbon chain packing and surface morpholo- 
gies, as revealed by electron microscopy, of the six lipid 
materials have been reported by Kester and Fennema 
(30). Trlstearin and acetyl MG solidified in their lowest- 
melting, least-stable, a-polymorphic states with hexago- 
nal packing of acyl chains. Stearyl alcohol, stearic acid 
and hexat r iacontane  crystallized in their most stable 
polymorphic forms with hydrocarbon chains packed in a 
common or thorhombic orientation. Beeswax also solidi- 
fied with acyl chains arranged in an orthorhombic 
manner.  

Resistance to water vapor tran~mission. The effective 
resistance [effr(HzO)] at 25C of each film type is listed in 
Table 1. Uncoated W50 displayed a low effr(H20) of 0.45 
X 10 3 sec. m-L The porous nature  of the W50 support,  as 
well as its hydrophilic character,  accounts  for its low 
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resistance to water  vapor  migration. Comparison of the 
eft r(H20 ) of uncoated W50 to the corresponding values 
for lipid-W50 composite films (Table 1), reveals tha t  the 
W50 suppor t  accounts  for 0.2 to 11% of the total resist- 
ance to water vapor  flux, depending on the lipid coating. 

Stearic acid was the least resistant of the lipid-W50 
films. Lhnited moisture-barrier properties have been 
repor ted  for long-chain fat ty acids by several investiga- 
tors (4, 5, 22, 24, 27, 29). Fox (23) stated that  polar 
groups in a lipid film sorb water  vapor, thereby assisting 
moisture migration through the I-tim. SEM micrographs 
of these films showed an extensive a r ray  of crystal pla- 
telet~s with apparen t  channels or void regions between 
adjacent platelets (30). It seems likely that  these chan- 
nels contribute to a low elf r(H20) by providing relatively 
low-resistance pathways for vapor  movement. 

Tristearin t'rims were approximately  46% more resist- 
ant  to H~O t ranspor t  than the fatty acid, yielding an eft 
r(H20) of 5.88 X 103 sec-m -1 at 25C. However, this is 
lower than the resistances of all o ther  lipid films, which 
differs from tile comparat ive O2-barrier properties of 
these films as reported previously (30). Tristearin was 
second only to stearyl alcohol in resistance to Ou trans- 
port. Obviously, da ta  on resistance to O2 transmission is 
not reliable for predicting t ranspor t  behavior of water  
vapor. This has also been noted for synthetic polymer 
films (42). The reason for this is tha t  the solubility of the 
easily condesable water vapor in the barrier f'tim is gener- 
ally greater and more dependent  on hydrophilic proper- 
ties of the barrier than is the case with difficult-to-con- 
dense or noncondensable gases (43, 44). Hence, the 
sorption proper ty  of the film matrix tends to be more 
dominant  in governing the net flux of water  vapor 
through the film. The relatively low eft r(H~O) of tristea- 
rin is perhaps attributable, in part, to the significant 
interaction of water vapor with the carbonyl groups of 
the triacylglycerot. The fact that  fluid triacylglycerols can 
be induced to form ordered monolayers on the surface of 
water  ks indicative that  these molecules do interact  with 
water  to a significant degree (45). 

Hexatriacontane-W50 films displayed an eft r(HzO) of 
7.69 x 103 sec .m -1, 30% larger than tristearin and 90% 
greater than stearic acid. This was somewhat  surprising 
because of previously reported electron micoscopic evi- 
dence indicating tha t  pores existed in the hexatr iacon- 
lane f'tims that  were used and that  these pores 
accounted for very poor 02 barrier properties compared  
to those of other lipids tested (30). ttowever, this result 
again highlights the importance of sorption properties 
on resistance to water  vapor  migration. Straight-chain, 
sa turated hydrocarbons are extremely nonpolar:  inter- 
action with water  will be negligible. This probably 
accounts  for the higher eft r(H.~O) of hexat r iacontane  
compared  to the triacylglycerol and fatty acid, despite 
the presence of pores in the alkane film. Many studies 
have, in fact, shown that  alkanes or paraffin wax are the 
most  water-resistant lipid materials when cast in a con- 
t inuous layer (8, 22, 24-27, 29). If the hexat r iacontane  
film could have been cast without pores, its moisture- 
resistance probably would have been greater than that  of 
the other  lipid materials tested. 

Acetyl MG-W50 films were the next most resistant 
among those films tested yielding an eft r(H20) of 9.65 x 

103 sec-m -1. This result ks somewhat  perplexing because 
the melting point of this heterogeneous lipid material  is 
relatively low (41-46C). Thus, acyl chain fluidity at 25C ks 
presumably greater than that  of  tristrearin, which 
should result in greater  moisture sorption and a larger 
effective dfffimion constant  for water  vapor; hence, lower 
resistance to water  migration. A possible explanation for 
this apparen t  anomaly may lie with the physical struc 
ture of the acetyl MG film as observed with electron 
microscopy (30). These films have a relatively smooth 
surface without  any well defined morphological charac- 
teristics. This perhaps results in few low resistance 
routes for vapor  transport ,  such as might exist along the 
interfacial boundaries of crystals or platelets projecting 
from the surface. 

SteaIT1 alcohol was very effective at blocking water 
vapor  transfer. The fatty alcohol was approximately 5 
and 7-fold more resistant, respectively, than were the 
triacylglycerol and fatty acid films. The polar hydroxyl 
group of stearyl alcohol presumably interacts to a cer 
tain extent  with migrating water  molecules, but probably 
less than either the carboxyl group of stearic acid or the 
carbonyl groups of tristearin. Furthermore,  electron 
micrographs of this film showed an extensively layered 
morphology wih numerous  relatively large crystalline 
platelets of about 1/~m thickness projecting out from the 
bulk lipid (30). According to Fox (23), when lipids crys 
tallize as platelets, and these platelets are oriented 
approximately normal to the direction of vapor  flow, 
resistance to vapor flow is usually great. Thus, it seems 
likely thai, the layered s t ructure  of stearyl alcohol pla  
telets contributed, in part, to the high eft r(H20). 

The most effective barrier to water  vapor flux, by a 
large margin, was the beeswax-W50 film. Beeswax has 
been shown to be an excellent moisture-barrier in pre 
vious studies (8, 1 l, 12, 27, 28). The effectiveness of bees 
wax as a mois ture  barrier is likely related to both its 
physical s t ructure  and chemical composition. Electron 
micrographs showed a relatively smooth  surface mor 
phology without  apparen t  crystalline s t ruc ture  (l 1, 30). 
However, x-ray diffraction confirmed that  beeswax is at 
least partially crystalline in nature  and that  hydrocar  
bon chains are packed in an or thorhombic  orientation 
(30). As previously postulated for acetyl MG, the lack of 
well-defined morphological features on the surface may 
contr ibute to a high resistance by minimizing crystal  
boundaries that  otherwise might serve as low resistance 
pathways  for vapor  migration. 

Probably the major reason tha t  beeswax is such an 
effective moisture barrier is tha t  it consists of a blend of 
lipid molecules with desirable nonpolar  properties. Bees- 
wax is comprised of 71% esters of long-chain fatty a l c o  
hols and acids, 15% long chain hydrocarbons,  8% free 
fatt:~" acids, and 6% unidentified components  (46). The 
hydrocarbon group is, of course, very nonpolar. ~Nen 
though a polar group is present  in the wax esters, the 
carboxyi residue of the componen t  fatty acid, it ks buried 
within the molecule and is effectively masked by long 
hydrocarbon chains, thereby contributing little hydro- 
philicity (45, 47). Negligible interacti(m of these m o l e  
cules with water  ks substant ia ted by the fact tha t  esters 
of long chain fat ty alcohols and acids do not spread on 
the surface of water  (45). 
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TABLE 1 

Effect ive  res is tance of  uncoated Whatman 50 t i l ter  paper 
(W50) and various lipid-W50 composite  f'flms to H20 
transmiss ion  (25C).  

Filma eft r(H20) b 
(sec.m-l) 

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

0.45 (0.42, 0.49) x 103 
5.88 (5.20, 6.75) x 103 

29.7 (27.5, 32.5) x 103 
4.02 (3.58, 4.57) x 103 
7.69 (6.85, 8.77) x 103 
9.65 (8.80, 10.7) x 103 

213 (174, 276) x 103 

aAmount of lipid per unit area of lipid-W5O fdms was 4.0 :t: 0.2 rag/ 
cm2('X + SD). 

bData are means of at least five replicates; 95% confidence interval 
limits are in parentheses. 

TABLE 2 

Res i s tance  o f  synthet ic  packaging f i lms  to H=O 
transmiss ion  (25C).  

Film= eft r(H20) b 
(sec-m ') 

Polyvinylldene chloride 6,500 x 103 
Polypropyiene 694 x 103 
Low-density polyethylene 325 x 1 03 
Polyethylene terephthalate 237 x 103 
Polyvinyl chloride 196 x 103 
Nylon 6 43 x 103 
Polystyrene 25 x 103 
Ethylcellulose 2.3 x 103 

~Fnickness of films was 0.025 mm (1 mil). 
bWater vapor permeability data used to calculate r(H20) are from 
Troller and Christian (53), except for nylon 6, polystyrene and 
ethylcellulose which are from Myers et al. (54). 

The c o m p a r i s o n  of the  eft  r (H20 ) of  lipid-W50 films 
(Table 1) to the i r  respec t ive  r(O2) va lues  (30) reveals  t h a t  
the i r  r e s i s t ance  to wa t e r  vapo r  is m u c h  lower t h a n  the i r  
r e s i s t ance  to oxygen.  This agrees wi th  p rev ious  s tud ies  
c o n c e r n i n g  gas a n d  v a p o r  pe rmeab i l i t y  of acetoglycer ide 
(26, 48)  a n d  syn the t i c  po lymer  f i l m s - - a  behav io r  a t t r ib-  
u t ab le  to wa t e r  being more  soluble  t h a n  oxygen in the  
lipid film (43, 44). In the  case of l ipid-W50 films, the  differ- 
ence  in oxygen  versus  wa t e r  vapo r  f lux is magni f ied  
because  the  hydrophi l ic  s u p p o r t  i n t e r ac t s  with w a t e r  
vapo r  bu t  no t  O2. 

Listed in Table 2 are  r (H20)  va lues  for eight syn the t i c  
po lymer  films. These va lues  were  ca l cu l a t ed  f rom w a t e r  
v a p o r  pe rmeab i l i t y  d a t a  in the  l i te ra ture .  The mos t  effec- 
tive lipid bar r ie r ,  beeswax-W50,  was  a b o u t  as r e s i s t an t  to 
m o i s t u r e  t r a n s p o r t  as po lye thy lene  t e r e p h t h a l a t e  a n d  
polyvinyl  cholr ide.  The s teary l  alcohol-W50 film had  an  
eft  r (H20)  i n t e r m e d i a t e  be tween  ny lon  6 a n d  polysty- 
rene.  A l though  these  c o m p a r i s o n s  a re  useful  to concep-  
tual ize  the  relat ive ba r r i e r  p rope r t i e s  of the  lipid-W50 
film, one  shou ld  no t  p lace  too m u c h  e m p h a s i s  on the  
abso lu te  r e s i s t ance  values.  This is because  a polysaccha-  
r ide or p ro t e in  f i lm-former  (e.g., cel lulose ether ,  zein),  
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FIG. 1. Temperature  dependence  of  the  effect ive  resistance to 
water  vapor transmiss ion  [eft r(HzO)] for uncoated Whatman 50 
f i l ter  paper  (A,  W50) and the  fol lowing lipid-W50 composite 
films: b e e s w a x  ( V ) ,  stearyl  alcohol  ( I ) ,  acetyl  MG (O),  hexatri- 
acontane ( A ) ,  tristearin ([7) and stearlc acid (Q) .  Numerals  on 
ordinate have been reduced by a factor of  x 1__00 s. Amount of  lipid 
per unit area o f  f i lm was  4.0 :t: 0.2 m g / c m  = (X :t: SD) .  Each datum 
point is  the  mean  of  at least  f ive replicates.  Vertical bars repre- 
sent  95% conf idence  intervals.  Least-squares regression l ines  
are drawn through each set  o f  data. See  Table 3 for regression 
equat ions  and correlation coeff ic ients .  

when  used  as a s t r u c t u r a l  m a t r i x  in a l ipid-based,  edible 
film, is likely to s o m e w h a t  a l te r  the  r e s i s t ance  of the  lipid 
c o m p o n e n t  to the  t r a n s m i s s i o n  of w a t e r  vapor  as com- 
pa r e d  to t h a t  ob t a ined  us ing the  W50 mat r ix .  

Temperature dependence of eft r(H20). T e m p e r a t u r e  
effects on  the  res i s tance  of l ipid films to the  t r ansmis s ion  
of va po r  or  gas can  be mean ingfu l ly  dep ic ted  by m e a n s  of 
A r r h e n i u s  plots  (30) a nd  these  are  shown  in Figure 1 for 
the  va r ious  films tested.  Equa t i ons  for the  l inear  plots, 
co r re la t ion  coefficients a n d  a p p a r e n t  ac t iva t ion  energies 
(Eap,) for the  t r a n s p o r t  of w a t e r  v a p o r  a re  p r e sen t ed  in 
Table 3. It  is qui te  obvious t h a t  the  t e m p e r a t u r e  depend-  
ence  of w a t e r  va po r  migra t ion  t h r ough  lipid-W50 films is 
very d i f fe rent  f rom t h a t  previous ly  r epor t ed  for 
O2t ranspor t  (30). While the  ma jo r i ty  of lipid films dis- 
p layed posi t ive  slopes for 02 t r a n s p o r t ,  the  slopes of 
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TABLE 3 

Regress ion equat ions  and activation energies  relating to the  temperature  
dependence  of the effect ive  res is tance  to water  vapor transmiss ion  [e l f  r(HzO)l of  
uncoated Whatman 50 f i l ter paper (WS0) and various lipid-W50 composi te  films', 

Film 

Regression Regression Correlation Activation 
constant coefficient coefficient energy b 

(a) (b) (r) (E , , , )  

W50 4.87 -663.85 -0.9542 - 2.9 • ().9 A 
Tristearin W50 8.09 - 1288.10 -0.9905 5.9 • 0.5 n 
StemT1 alcohol-W50 9.92 -1624.35 -0.9982 -7.4 _~ 0.8 (̀  
St caric acid-W50 7.69 - 1218.16 -0.9978 5.6 +_ 0.2 E~ 
Hexatriacontane-W50 8.01 -1234.20 -0.9818 5.7 • ().8 ~ 
Acetyl MG-W50 6.19 -659.40 -0.9153 -.3.0 + (I.5A 
Beeswax-W50 3.76 464.45 0.9592 2.3 • 1.2 l' 

,,Regression equation is Log (err r(tt,eO)] :~ b( 1/'T) * a; amount of lipid per unit area ,)f Ill)i,| 
W50 films was 4.0 _+. 0.2 mg/eln:' (X + SD); regressinn lines for each fihn are plotted in 
Figure 1. 

~'lJnits ofEap p a r e  kcal/mole; data are means • S1); values with different superscript letters 
are signi.ficantly dillbrent (l '  < 0.05 ]. 

r eg ress ion  lines for w a t e r  v a p o r  t r a n s m i s s i o n  a r e  nega-  
t ive for mos t  of  t i le  films, t hus  y ie ld ing  nega t ive  Eap p 
values .  The  on ly  l ipid film wh ich  d i sp l ayed  a pos i t ive  s lope  
was  I)eeswax-W50,  for which  an  Eap p of  2.3 q: 1.2 k c a l /  
mole  was  ob ta ined .  The  fact  t h a t  u n c o a t e d  W50 dksplayed  
a nega t ive  s lope  sugges t s  t h a t  the  s o r p t i o n  be imvior  of  t h e  
p o l a r  s u p p o r t  af fec ts  t he  t e m p e r a t u r e  d e p e n d e n c e  of  
w a t e r  v a p o r  t r a n s m i s s i o n .  

The energW of  a c t i va t i on  for t he  p e r m e a t i o n  of  gases  
a n d  v a p o r s  t h r o u g h  fi lms can  be c o n s i d e r e d  as  t he  s u m  of  
two c o m p o n e n t s  (43, 44):  E - Eo + Alia, w h e r e  Ed ks t he  
ac t i va t i on  enerKy of  t h e  d i f fus ion p r o c e s s  ant i  AH~ is t h e  
I l ea l  of  so lu t ion  of  t h e  p e r m e a n t  in the  film m a t r i x .  F o r  
s imple  gases,  such  as  Oz, E~ is large  and  pos i t ive  a n d  AHs 
is gene ra l ly  smal l  a n d  posi t ive;  thus ,  a pos i t ive  E is 
o b t a i n e d  for  t he  t r a n s p o r t  p rocess .  In t he  t r a n s m i s s i o n  of  
w a t e r  v a p o r  t h r o u g h  p o l a r  fihn ma t r i ce s ,  Ed ks again  pos-  
itive.; however ,  A[t~ is nega t ive  (43, 44).  As t e m p e r a t u r e  is 
i nc reased ,  the  equ i l i b r ium a m o u n t  of  s o r b e d  w a t e r  a t  a 
given %RH is r e d u c e d :  t h e  w a t e r  so lubi l i ty  coef f ic ien t  
d e c r e a s e s  as  t e m p e r a t u r e  r ises.  Since  s o r b e d  w a t e r  a c t s  
as  a p las t ic izer ,  its d e c r e a s e  a t  e l eva ted  t e m p e r a t u r e s  will 
t e n d  to  lessen t h e  t e m p e r a t u r e - i n d u c e d  r ise  in t he  effec- 
tive d i f fus ion c o n s t a n t :  t he  pos i t ive  Ed ks r e d u c e d  in mag-  
n i tude .  The  ne t  effect  for  l ipid W50 fi lms is t h a t  t h e  nega- 
t ive AH.~ e x c e e d s  t h e  pos i t ive  E~, r e su l t ing  in a nega t ive  
E~pp. S imi la r  i n c r e a s e s  in r e s i s t a n c e  (or  dec ' rease  in per -  
meab i l i t y )  wi th  e l eva t ion  in t e m p e r a t u r e  have  been  
r e p o r t e d  for t r a n s m i s s i o n  of  w a t e r  v a p o r  t h r o u g h  poly- 
vinyl a lcohol  (49)  a n d  ce l lu lose  e s t e r  f i lms (50, 51). 

Beeswax-W50  Films d i s p l a y e d  a pos i t ive  E~v p for  w a t e r  
v a p o r  t r a n s p o r t ,  p r o b a b l y  b e c a u s e  of  the  h e t e r o g e n e o u s  
l ipid compos i t i on .  A p p r o x i m a t e l y  4% of  t he  w a x  cons i s t s  
o fc 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 n c i p a l l y  Co,and Caa) 
wi th  re la t ive ly  low mel t ing  po in t s  (46).  As the  t e m p e r a -  
t u r e  ks ra i sed ,  t he  i n c r e a s e d  f lu id i ty  of  the  olefinic c o m p o -  
n e n t s  a n d  o t h e r  l ow-me l t i ng  c o n s t i t u e n t s  w o u l d  t e n d  to  
g rea t ly  i nc rea se  the  effect ive d i f fus ion  c o n s t a n t  of  w a t e r  
v a p o r  t h r o u g h  the  l ipid.  Thus  for beeswax ,  the  pos i t ive  E(~ 
e x c e e d s  t he  nega t ive  AH~ resu l t ing  in a pos i t ive  E,,pp. 

A l t h o u g h  b e e s w a x - W 5 0  d i s p l a y e d  a pos i t ive  Earn, for  
w a t e r  v a p o r  mig ra t ion ,  t he  va lue  is s ign i f i can t ly  s m a l l e r  

t h a n  t h a t  r e p o r t e d  p r e v ious ly  fi)r a b e e s w a x - c o a t e d ,  cel- 
lulose e t h e r  ed ib le  fihn (11 ). A.ssmning t h a t  n e i t h e r  t y p e  
of  film c o n t a i n e d  s t r u c t u r a l  f laws  suf f ic ien t  to have  a sig- 
n i f i can t  in f luence  on t h e i r  b a r r i e r  p r o p e r t i e s - - a  r e a s o n a -  
ble a s s u m p t i o n  b a s e d  on t h e i r  micros t :op ic  a p p e a r a n c e  
a n d  t h e i r  low p e r m e a b i l i t y  to w a t e r  v a p o r - - t h i s  di f fer-  
ence  in Ear p m u s t  i)e an  i n d i r e c t  c o n s e q u e n c e  of  d i f f e r en t  
m o i s t u r e  s o r p t i o n  charac . te r i s t i ( ' s  of  the  h y d r o p h i l i c  sup -  
p o r t  c o m p o n e n t s  of  t h e  two  fihns. The. nega t ive  /~H s for  
bee swax-W50  films must. be g r e a t e r  in m a g n i t u d e  t h a n  
the  c o r r e s p o n d i n g  va lue  for  t he  b e e s w a x - c e l l u l o s e  e t h e r  
ed ib le  film. 

Lipi, ds "mout~ted on a polytetrqfl.'u~n'oethylene (PTFE) 
support .  To t e s t  w h e t h e r  t h e  nega t ive  s lopes  o b s e r v e d  in 
F igure  1 r e su l t ed  f rom the  w a t e r  s o r p t i o n  b e h a v i o r  of  t h e  
p o l a r  s u p p o r t ,  ace ty l  MG was  m o u n t e d  on h y d r o p h o b i c  
VI'FE f i l ters  a n d  e v a l u a t e d  for  r e s i s t a n c e  to w a t e r  v a p o r  
a n d  oxygen  t r a n s m i s s i o n .  Like W50, u n c o a t e d  F I 'FE  fil- 
t e r s  d i s p l a y e d  low r(Oz) a n d  r(il .X)) values :  respec t ive ly ,  
10.8 X l0  :~ a n d  0.37 X 10 '~ s e c - m  -1 a t  25C. I towever ,  PTFE 
f i l ters  a r e  m u c h  t h i n n e r  t h a n  W50 f i l ters  ( c o m p a r e  Fig- 
u res  2A a n d  3A), ant i  t he  m a j o r i t y  of  the  l ip id  was  depos -  
i ted  as  a t h i ck  layer  on t h e  s u r f a c e  (F igu re  2B). In  con- 
t r a s t ,  a p p r o x i m a t e l y  75% of  t he  l ipid was  e m b e d d e d  
wi th in  t he  i n t e r io r  of  t h e  W50 fi l ter  ma t r i x ;  t he  r e m a i n i n g  
25% was  d e p o s i t e d  as  a s u r f a c e  layer  (F igu re  3B). Cer-  
ta inly ,  t he  d i f f e rences  in l ipid d i s t r i bu t i on  b e t w e e n  t h e  
two m o d e l  film s y s t e m s  cou ld  in f luence  t h e  a b s o l u t e  
resks tance  to gas  a n d  v a p o r  flux; howew.'r, ou r  i n t e r e s t  
was  no t  a c o m p a r i s o n  of  a b s o l u t e  r e s i s t ances ,  b u t  r a t h e r  
of  t he  t e n l p e r a t u r e  d e p e n d e n c e  of  r e s i s t a n c e  (Eapp). 

Shown  in F igure  4 a r e  A r r h e n i u s  p lo ts  i nd i c a t i ng  t h e  
t e m p e r a t u r e  d e p e n d e n c e  of  r(O.,) a n d  ef t  r(H~O) for  
ace ty l  MG-PFTE fihns. L i n e a r  r eg ress ion  d a t a  a n d  ca lcu-  
l a t ed  ac t i va t i on  ene rg ie s  of  t r a n s p o r t  a r e  l i s ted  in Table 4. 
The  ac t i va t i on  ene rgy  of  O., t r a n s p o r t  t h r o u g h  ace ty l  MG 
I)TFE is 21.3 • 1.0 k c a l / m o l e .  This  is s o m e w h a t  lower  t h a n  
the  E m e a s u r e d  for  Oe t r ansmkss ion  t h r o u g h  the  ace ty l  
MG-W50 film (27.5 -k 1.5 k c a l / m o l e ) ;  however ,  bo th  va lues  
a r e  of  a p p r o x i m a t e l y  t he  s a m e  m a g n i t u d e  c o m p a r e d  to 
the  o t h e r  l ipid f ihns t e s t ed .  
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A A 
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FIG.  2. S EM m i c r o g r a p h s  o f  an  u n c o a t e d  p o l y t e t r a f l u o r o e t h y l e n e  
m e m b r a n e  t'flter ( A )  a n d  an  a c e t y l  M G - P T F E  f i lm ( B ) .  A m o u n t  o f  
l ip id  p e r  uni t  a r e a  o f  f i lm  in B w a s  4 .2  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  l~flm s u r f a c e .  T h e  e d g e  o f  e a c h  f i lm is  
on  t h e  lef t .  T h e  l ip id  s u r f a c e  l a y e r  in m i c r o g r a p h  B i s  m a r k e d  
w i t h  a b l a c k  b r a c k e t .  T h e  w h i t e  b a r s  are  100 pm in l e n g t h .  

FIG.  3. S E M  m i c r o g r a p h s  o f  u n c o a t e d  W h a t m a n  50 ( W 5 0 )  i~flter 
p a p e r  ( A )  and  an  a c e t y l  MG-W50 f i lm ( B ) .  A m o u n t  o f  l ip id  p e r  
unit  a r e a  off'aim in B 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 i lm s u r f a c e .  T h e  e d g e  o f  e a c h  f i lm is  on t h e  left .  
T h e  l ip id  s u r f a c e  l a y e r  in  m i c r o g r a p h  B is  m a r k e d  wi th  a b lack  
b r a c k e t .  T h e  w h i t e  b a r s  are  100 ~m in l e n g t h .  

Of p a r t i c u l a r  i n t e re s t  in the  s lope of the  A r r h e n i u s  plot  
for wa t e r  vapo r  t r a n s p o r t  t h rough  acetyl  MG-PTFE (Fig- 
ure  4). In c o n t r a s t  to the  lipid-W50 model  l'tim, the  slope 
ks posit ive m e a n i n g  t h a t  r(HzO) decreases  wi th  an  
inc rease  in t e m p e r a t u r e .  The ca lcu la ted  ac t iva t ion  
energy  ks 4.6 :i: 1.2 kca l /mo le  (Table 4), c o m p a r e d  to -3.0 
___ 0.5 kca l /mo le  for the  acetyl  MG-W50 film (Table 3). This 
conf i rms  t h a t  w h e n  a hydrophi l ic  s t r u c t u r a l  po lymer  is 
e m b e d d e d  in a lipid film, the  t e m p e r a t u r e  d e p e n d e n c e  of 
wa te r  vapo r  t r a n s m i s s i o n  is very  s t rongly  in f luenced  by 
the  mo i s tu r e  so rp t i on  behavior  of the  po la r  c o m p o n e n t .  

An in te res t ing  s idel ight  developed as a c o n s e q u e n c e  of 
work ing  with the  hydrophob ic  VIT'E filters. In add i t i on  to 
acetyl  MG, s tearyl  a lcohol  a n d  beeswax  were also appl ied  
to tVl'FE in a s imi la r  m a n n e r .  However, the  ba r r i e r  cha rac -  
ter is t ics  of these  two lipid-VFFE fdms were  ex t r e me l y  

TABLE 4 

R e g r e s s i o n  e q u a t i o n s  a n d  a c t i v a t i o n  e n e r g i e s  r e la t ing  to  t h e  
t e m p e r a t u r e  d e p e n d e n c e  o f  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(oz)]  and  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  [ e f t  
r ( H 2 0 ) ]  o f  a c e t y l  M G - P T F E  f i l m s  a 

Regression Regression Correlation Activation 
constant coefficient coefficient energy a 

(a) (b) (r) (E) 

r(O2) b -7.72 4657.77 0.9797 21.3 :i: 1.0 
eft r(tizO) ~ 0.75 1 0 2 1 . 6 7  0.9884 4.6:1:1.2 

"Regression equation is Log r = b( 1/T) + a; regression lines are plot- 
ted in Figure 4. 

bAmount of lipid per unit area of film was 5.6 mg/cm 2. 
cAmount of lipid per unit are of film was 4.2 mg/cm 2. 
dUnits of E are kcal/mole; data arc means :t: SD. 
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FIG. 4. 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 oxyge l .  
t r a n s m i s s i o n  ( I )  a n d  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  ( Q )  o f  ace ty l  MG-PTFE ~ f i l m s .  N u m e r a l s  on  l e f t  
o r d i n a t e  have  b e e n  r e d u c e d  by a f a c t o r  o f  I X 10 ~ and  on  t im r ight  
o r d i n a t e  by a f a c t o r  o f  I • 10:L A m o u n t  o f  a c e t y l  M G per  un i t  a r e a  
o f  f i l m  w a s  5.6 a n d  4.2 m g / c m  z fur  o x y g e n  a n d  w a t e r  vapor ,  
r e s p e c t i v e l y .  Each  d a t u m  p o i n t  i s  a m e a n  o f  t h r e e  r e p l i c a t e s .  
V e r t i c a 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  Table  4 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  coef -  
f i c i e n t s .  ~PTFE is  p o l y t e t r a f l u o r o e t h y l e n e .  

poor  ( d a t a  no t  shown) .  The reason  for lhis  is ev ident  f rom 
the  e lec t ron mic rog raphs  of the  film surfaces,  which 
showed  the p resence  of ('.racks in the  lipid layer (Figure  
5). This p h e n o m e n o n  was never  observed  with the  lipid- 
W50 fihns. A plausible  e x p l a n a t i o n  develops when  one  
cons iders  differences in lipid d i s t r i bu t ion  be tween  the  
two film types. In the l ipid-gI 'FE system,  a lipid was  pre- 
d o m i n a n t l y  depos i ted  in a s e p a r a t e  layer on the  sur face  
of the  suppor t .  On the  o the r  hand ,  in the  lipid-W50 film 
system, a p p r o x i m a t e l y  75?;; of the  tota l  lipid was  
e m b e d d e d  in the filter mat r ix ,  and  the  r e m a i n d e r  was  on 
the surface.  It seems likely t ha t  the  fibers of the W50 
m a t r i x  provided a s t ah i l~ ing  inf luence  to p reven t  lipid 
f rac ture .  Thks s tabi l iza t ion ks miss ing when  a lipid is de- 
pos i ted  pr inc ipa l ly  on the  surface,  as with the [YI'FE film. 
It is r easonab le  to suggest  t ha t  acetyl  MG can  be success-  
fully cas t  of VFFE wi thou t  f r ac tu re  of the  lipid layer 
because  of its exce l len t  flexibility in the  a -po lymorph ic  
s t a te  (52). 

The observa t ion  t ha t  lipids d isplay marked ly  di f ferent  
p ropens i t i e s  to f r ac tu re  when  depos i t ed  on PTFE a n d  
W50 s u p p o r t s  may be i m p o r t a n t  when  fabr ica t ing  lipid- 
based  edible films. The inc lus ion  of h igh-molecu la r  
weight  polymeric c o m p o n e n t s  into the  lipid film may  be 

B 

FIG. 5. SEM micrographs of stearyl alcohol-PTFE~ (A) a n d  
b e e s w a x - P T F E  (B) films. Amount of lipid per unit a r e a  o f  film 
w a s  4.0 m g / e m  2. M i c r o g r a p h s  w e r e  taken at a 45 ~ a n g l e  to  t h e  
film surface. The w h i t e  b a r s  are  10 pm in length. Cracks in t h e  
l ip id  f i l m s  a r e  i d e n t i f i e d  w i t h  a r r o w s .  
~PTFE i s  p o l y t e t r a f l u o r o e t h y l e n e .  

desirable,  no t  only for a d e q u a t e  f i lm-forming proper t ies ,  
bu t  also for p u r p o s e s  of s t r u c t u r a l  cohes ion  a n d  resist-  
ance  to lipid f r ac tu re  in the  f inished film. A p e r t i n e n t  
obse rva t ion  ks t h a t  fa t ty  acids (Cla-Cls) are  marked ly  
more  r e s i s t a n t  to wa te r  vapor  migra t ion  w h e n  incorpo-  
ra ted  in to  a cellulose e the r  Klm-forming so lu t ion  pr ior  to 
cas t ing  a n d  dry ing  of the  film, t h a n  they are  w h e n  coa ted  
on a p r e f o r m e d  cel lulose e the r  film (8). The p robab le  
explanal . ion  for this  dif ference ks that, f r a c t u r e  of the  lipid 
layer o c c u r r e d  in the  l a t t e r  t'tim, whe reas  in the  fo rmer  
film the  fa t ty  acid layer is i n t e r m i x e d  suff ic ient ly  with the  
ce l lu lose-e ther  po lymer  m a t r i x  to lessen lipid f rac ture .  
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