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The effect of moisture content and film composition on biodegradability is the focus of this study.
Flexible films were first characterized for the effect on water sorption isotherms of relative humidity,
temperature, zein content, and the addition of the plasticizers stearic acid, poly(ethylene glycol), or
etoxylated ricine oil. Zein/ethylcellulose (EC) mixture films had a behavior between that for pure zein
and EC films, which had the lowest water sorption. For films with plasticizer, the lowest water sorption
at 25 °C was observed for those with stearic acid. Biodegradability of zein/EC films, evaluated using
bacterial cultures selected for their zein proteolytic activity and isolated from a local solid waste landfill
and a lagoon, showed no plasticizer effect even though its effect on moisture content was significant.
Large differences were observed at different film zein concentration with the highest biodegradability
for 100% zein. However, biodegradability did not mimic the water sorption behavior of zein/EC mixture
films.
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INTRODUCTION

Food quality can deteriorate during storage due to losses/
gains of moisture and volatile aromas; however, this can be
prevented by an adequate selection of food packaging and edible
coatings. Efforts to extend shelf life using modified atmosphere
packaging require packaging films that are adequate moisture
and gas barriers. The barrier properties of protein-, polysac-
charide-, and lipid-based films have been widely investigated
(1-5). However, the observation that edible coatings and
biodegradable packaging used to protect foods are less damaging
to the environment when discarded by end consumers has not
been fully studied (6). The functionality of these materials can
be enhanced by adding antimicrobial agents, antioxidants,
nutrients, oxygen and carbon dioxide absorbers, enzymes, and
other active compounds (7-10). For example, foods can spoil
by surface growth of microorganisms, which can be controlled
by edible coatings containing antimicrobial agents (5, 7, 11,
12).

The absorption of water vapor by biopolymers can result in
conformational changes in macromolecular structure modifying

their resistance to gas and vapor permeability (13). Coating
composition and morphology play an important role in control-
ling water sorption and gas transport properties. Compositional
factors include addition of plasticizers; polymer properties such
as saturation degree, presence of lateral chains, and polymer
cross-linking; and those that involve polymer heterogeneity such
as crystalline and amorphous regions (14). Biopolymers films
have excellent oxygen and carbon dioxide barrier properties
when compared with many conventional plastic packaging;
however, their resistance to water vapor is limited due to their
hydrophilic nature (15). Lipid-based films are moisture resistant,
but their mechanical properties are inferior to protein- and
polysaccharide-based films. Multicomponent films have been
developed combining the advantages of lipid- and biopolymer-
based films.

Sorption isotherms describe the equilibrium relationship at
constant temperature between water activity (aw) and water
content for a given product. Most food sorption isotherms have
a sigmoid curve (16). Sorption isotherms are extremely impor-
tant because they can be used to predict food stability and to
select packaging materials (17). The moisture sorption isotherm
represents the combined hygroscopic properties of the individual
components in an edible coating or film. Water sorption
isotherms must be determined at different temperatures to fully
study plasticizer and other composition effects on the film
properties (18). Plasticizers are used to reduce brittleness and
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modify the mechanical properties of the film. In general,
plasticizers are low molecular weight components that work as
spacers among polymer chains decreasing intermolecular forces,
increasing flexibility and extensibility, and lowering the glass
transition temperature (Tg) of amorphous or partially crystalline
polymeric films. Compounds typically added for this purpose
are glycerol, sorbitol, propylene glycol, and poly(ethylene
glycol) (19). In hydrophilic materials, water interacts with the
biopolymer acting also as a plasticizer. Addition of plasticizers
usually increases permeability of gases and water vapor due to
an increase in the free volume between chains (4, 20, 21).

The objectives of this work were to determine the effect of
film composition including plasticizer type on the water sorption
isotherms of zein and ethylcellulose (EC) films and to relate
the effect of these parameters to film biodegradability by local
bacterial strains selected for their ability to biodegrade zein.

MATERIALS AND METHODS

Materials. Zein and EC were purchased from Sigma Chemical Co.
(St. Louis, MO). The plasticizers poly(ethylene glycol), stearic acid,
and etoxylated ricine oil (Emulgin) were purchased from a local
chemical distributor (Drogueria Cosmopolita, Mexico, DF). Ethanol
and salts used to maintain desiccators with constant relative humidity
for the determination of sorption isotherms were purchased from J. T.
Baker Inc. (Phillipsburg, NJ).

Film Preparation. A 2.5 g amount of EC, zein, or zein/EC blends
was dissolved in 50 mL of ethanol and kept at 75°C for 20 min while
stirring (22,23). To prepare films containing plasticizers, propylene
glycol, stearic acid, and Emulgin were added as 25, 12.5, and 12.5%
v/w based on the film forming polymer, respectively. Stearic acid and
Emulgin were first melted and mixed with 3% w/w Tween 80. Films
were cast on glass plates (20 cm× 20 cm) using a thin-layer
chromatography spreader set at 0.75 mm (24). Coated plates were then
air-dried in a 75°C oven for 15 min. After they were dried and cooled,
films were removed from the plates, placed in plastic bags, and stored
at room temperature in desiccators over silica gel and used within 72
h.

Determination of Moisture Adsorption Isotherms. Moisture
sorption studies at 4, 25, or 35°C followed the static microclimate
method (25) with some equipment modifications. Airtight glass jars (1
L) containing saturated solutions of lithium chloride, potassium acetate,
magnesium chloride, potassium carbonate, sodium bromide, strontium
chloride, potassium chloride, and barium chloride withaw values as a
function of temperature ranging from 0.11 to 0.90 (25, 29) were used
to keep film samples for 7 days in a thermostatically controlled water
bath. Equilibrated samples were weighed with 0.0001 g precision and
then placed in an oven at 105°C for 5 h todetermine their dry weight.

Mathematical Models.The Brunauer-Emmet-Teller (BET, eq 1)
and the Guggenheim-Anderson-de Boer (GAB, eq 2) models were
used to calculate parameters describing sorption isotherms.

whereaw ) water activity (no units),X ) water content at a specific
water activityaw (g water/g dry matter),Xm ) water content of the
monolayer (g water/g dry matter),C ) constant (kJ/mol), andk )
constant (no units).

BET and GAB parameters were estimated by fitting the correspond-
ing equation to the experimental data using nonlinear regression. The
linear form of the BET model was used to obtain initialXm and C
values to solve its nonlinear form. For the GAB equation, the
polynomial form was used to obtain starting values for the estimation
with the nonlinear form (Statistica ver. 4.0, Stat Software). The relative
deviation modulus (DM) used to quantify the fitting of the model to

the experimental data was calculated as follows:

whereVi andVp are the observed and the predicted values, respectively.
A very good fit corresponds to DM< 5, a good fit to 5eDMe10, and
a poor fit to DM > 10 (16).

Film Biodegradability. In preliminary studies, soil samples from a
local solid waste landfill and a lagoon were inoculated on nutrient-
salts agar (Difco, Becton, Dickinson and Co., Franklin Lakes, NJ) and
incubated aerobically at 30°C for up to a week (26). In this first
screening, 120 colonies capable of aerobic growth on this minimal
nutrients medium were identified. Further strain selection was done
by observing every 24 h and up to a week the halo formed on Petri
dishes in the same minimal media but with 2% (dry basis) zein added.
The halo reflected the zein proteolytic activity of a particular isolate.
The 46 bacterial strains, identified in this second screening as having
zein proteolytic activity, were characterized as Gram+, nonsporulating,
mesophilic bacilli that grew on simple culture media. Of these, 15 strains
were further identified as having proteolytic activity for zein in film
form. This third screening was done by placing rectangular film samples
(1.5 cm× 5 cm) on the media surface and measuring biodegradation
by assigning a score of 0 for no change and 4 when degradation
produced near total translucence (over 90%) of the film sample. Score
values of 1, 2, and 3 corresponded to less than 25, 25-50, and 51-
90% change in sample translucence, respectively (26). Film samples
on uninoculated medium were used as controls.

Testing conditions for the determination of zein film biodegradability
were optimized using two strains from the local solid waste landfill
and two from the lagoon having the highest biodegradability activity.
The variables included growing media form (solid or liquid), added
glucose concentration (0, 0.05, and 0.1%), and incubation time before
adding the zein film piece (0, 48, and 96 h). The liquid media test
consisted of film pieces in test tubes containing 9 mL of minimal media
without agar. On the basis of these studies, conditions for film
biodegradability evaluation were selected as follows: three film pieces
(1.5 cm × 5 cm) on the surface of nutrient-salts agar with 0.05%
glucose, incubation at 30°C for 48 h, separate Petri dishes for each
bacterial strain, and three film pieces (1.5 cm× 5 cm) on uninoculated
dishes as controls.

Zein/EC films were formed from solutions with no pH adjustment
(pH 7 ( 0.1) or adjusted to pH 4.4 and 9.4. Biodegradability of
rectangular film samples placed on the media surface was measured
by visual changes in film opacity assumed to be caused by microbial
activity of the bacterial strains selected. This change was measured
daily during 21 days using the 0-4 scoring scale previously described
(26). The sum of the average daily score (DS) for the two bacterial
strains from each of the two sources (solid waste landfill and lagoon)
was then normalized and reported as a biodegradability percentage index
(BPI) defined as follows:

where DS) average daily score based on readings for each of the
four strains.

RESULTS AND DISCUSSION

Experimental data for moisture sorption at 25°C for zein,
EC, and equal zein/EC mixture films without plasticizer are
shown inFigure 1. Because the BET model is applicable only
in the lowaw range, the GAB model was used to generate curves
for the entire isotherm (Figures 1-3). As shown by DM values,
experimental data for blended film were the only ones that gave
a poor fit to the GAB model (Table 1). The lowest water
sorption values were observed for EC films, which is charac-
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teristic of films that are not hydrophilic. The moisture content
for zein films at highaw was three times higher than the values
for pure EC films. Mixture films had a behavior between that

for pure zein and EC films. The moisture content values
observed in this work (Figure 1) agree with those reported in
one study (15) but are lower than values reported by others (4).
A comparison with values reported for pure EC films (27)
showed that the moisture values obtained in this study were
comparable.

Monolayer moisture (Xm) and heat of sorption (C) values
calculated for water activity values up to 0.57 when using the
BET equation (Table 2) and using all experimental data when
using the GAB equation (Table 1) are shown in decreasing order
of water vapor affinity. In addition, the GAB model provided
information on the number of water layers as reflected in the
parameterk. The monolayer value (Xm) for films without
plasticizer at 25°C obtained from the GAB equation was higher
than those calculated using the BET equation (Table 1). In both

Figure 1. Water sorption isotherms at 25 °C for zein, EC, and equal zein/EC mixture films without plasticizer. Parameters for the GAB equations fitted
to the experimental data are provided in Table 2.

Figure 2. Effect of plasticizer on the water sorption isotherms at 25 °C for equal zein/EC mixture films. Parameters for the GAB equations fitted to the
experimental data are provided in Table 2.

Table 1. GAB Equation Parameters for the Water Sorption Isotherms
at 25 °C for Films without Plasticizera

film composition
Xm (g/100 g
dry matter) C (kJ/mol) K DM R 2

zein 3.57 9.05 0.851 8.38 0.992
equal zein/

EC mixture
2.24 9.14 0.840 12.33 0.979

EC 0.87 11.26 0.909 6.19 0.988

a Xm ) monolayer value, C and k ) GAB model constants, and DM ) relative
deviation modulus.
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models, theXm values for equal zein/EC mixture film, 1.71
(Table 2) and 2.22 g water/100 g dry matter (Table 1) calculated
from the BET and GAB equations, respectively, were close to
the midpoint of theXm values for the pure zein and EC films,
1.73 and 2.22 calculated from the BET and GABXm values,
respectively. The trend for higherXm values obtained from the
GAB model has been observed for starch (28), fish flour, and
cornmeal (29). A similar behavior has been observed for
methylcellulose but not for EC at the same temperature (27).

The GAB model constantk varies from 0.56 to nearly 1 for
a large number of food constituents with values for proteins
falling in the 0.8-0.9 range (30). In this study, ak value of
0.851 was found for zein and 0.84 and 0.909 for equal zein/EC
mixture and EC films, respectively. The value for the equal zein/
EC mixture films was closer to the value of the pure zein. The
parameterC as calculated by the GAB (Table 1) and BET
(Table 2) models was higher for the EC films while the value
for the equal zein/EC mixture films was again closer to the value
for the pure zein films.

Plasticizers used to improve the mechanical properties of films
can also affect their moisture uptake.Figure 2 shows sorption
isotherms at 25°C for equal zein/EC mixture films containing
the plasticizers with the hydrophilicity values reported inTable
3. Films with poly(ethylene glycol) gave the highest water
absorption reflecting the higher hydrophile-lipophile balance
(HLB) value for this plasticizer (Table 3). Significantly lower
but similar values were obtained for etoxylated ricine oil
(Emulgin) and stearic acid. The latter was therefore selected
for further studies on the effect of temperature (Figure 3). Table

4 shows the expected decrease in the BET monolayer value
with temperature, which was not observed with the GAB model.
This deviation from expected behavior is frequently observed
in nonlinear regressions, especially where functions having three
or more parameters are involved. This has been attributed to
the observation that in the calculation of model parameters
unique solutions are not always guaranteed (31).

A statistical analysis of film biodegradability data showed
no effect of the plasticizer and pH of the film forming solution
(data not shown) even though the plasticizer effect on moisture
content was significant (Figure 2). The data presented in
Figures 4 and5 correspond to biodegradability tests for zein/
EC mixture films containing stearic acid. Significant differences
in film biodegradability were observed for films containing
different zein concentrations. BPI values as a function of
incubation time with the lagoon (Figure 4a) and local solid
waste landfill (Figure 4b) bacilli strains selected for this study
showed a high biodegradability for 100 and 75% zein films and
a much lower level at 50% zein. The biodegradability of samples
with 25% zein differed little from the low values observed for
pure EC films, which showed no biodegradation signs for 4-5
days and only minimum biodegradation after the 21 day testing
time used in this study. This biodegradability behavior did not

Figure 3. Effect of temperature on the water sorption isotherms of equal zein/ethyl cellulose mixture films containing stearic acid. Curves drawn using
GAB equations fitted to the experimental data.

Table 2. BET Equation Parameters for the Water Sorption Isotherms
at 25 °C for Films without Plasticizera

film composition
Xm (g/100 g
dry matter) C (kJ/mol) R 2

zein 2.75 16.41 0.975
equal zein/

EC mixture
1.71 17.37 0.962

EC 0.71 21.07 0.914

a Xm ) monolayer value and C ) BET equation constant.

Table 3. HLB Values for the Plasticizers Used to Elaborate Films

plasticizer HLB value

stearic acid 14.2
poly(ethylene glycol) 15.7
emulgin (etoxylated ricine oil) 14.4

Table 4. Effect of Temperature on BET Sorption Isotherms
Parameters for Equal Zein/EC Mixture Films Containing Stearic Acida

temperature (°C)
Xm (g/100 g
dry matter) C (kJ/mol) R 2

4 3.63 23.35 0.909
25 1.99 16.51 0.900
35 1.58 10.87 0.948

a Xm ) monolayer value and C ) BET equation constant.

Biodegradability of Zein/Ethylcellulose Films J. Agric. Food Chem., Vol. 52, No. 8, 2004 2233



mimic the water sorption behavior of the zein/EC mixture films.
As shown inFigure 1, the moisture content of equal mixture
films was approximately the midpoint of the pure film com-
ponents for the entireaw range covered in this study. The same
was true when the water sorption behavior was analyzed in terms
of Xm values as previously noted. The values for the parameters
C (BET and GAB models) andk (GAB model) for the equal
zein/EC mixture films were very close to the value for the pure
zein films while the biodegradability did not follow this
behavior. These results suggest that the water sorption isotherms
do not explain the biodegradability behavior of zein/EC mixture
films.

BPI values at day 21 were plotted as a function of zein content
showing again the high biodegradability of 75 or 100% zein
films and the consistent behavior in biodegradation for the two
bacilli sources used in this work (Figure 5). The low and similar
biodegradability of 0, 25, and 50% zein films suggests that zein
is not accessible to microorganisms when it is not the major
film constituent.

CONCLUSIONS

Plasticizers improve the mechanical properties, and in the
case of edible films, they have the additional functionality of
increasing their moisture barrier. This study showed that for
EC/zein films, stearic acid appears to be the most appropriate
plasticizer as it had the lowest moisture adsorption effect,
particularly at the highaw found in fresh food applications. The
moisture content over the entireaw range was approximately
equal to the average of the moisture content for the pure
component films. The zein content effect on the biodegradability
of zein/EC films was not the average of the two component
films. Films containing 0, 25, and 50% zein had low biodegrad-
ability while 75 and 100% zein films had similar high
biodegradability. It was interesting to note thataw, moisture
content, and zein concentration of the composite films did not
explain biodegradability and it appears that EC in composite
films limits access to zein by the four biodegradability test
microorganisms selected on the basis of their zein proteolytic
activity. The lack of a relationship between microbial biodeg-
radation and film composition, particularly zein content, was
unexpected.
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