Effect of antioxidant active films on the oxidation of soybean oil
monitored by Fourier transform infrared spectroscopy
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ABSTRACT

An active film prepared from waterborne polyurethane incorporated with different concentrations of
butylated hydroxytoluene (BHT) and a-tocopherol was developed, and the films' antioxidant character-
istics were studied using soybean oil as food model. The release behavior of additives from such films was
studied using isooctane as a simulant fatty food. Antioxidant activity of the films into soybean oil at three
experimental conditions was monitored by FTIR spectroscopy. Induction time and the kinetics of the oxi-
dation process were followed using different bands of the FT-IR spectra. Films incorporated with 2 wt.% of
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BHT or o-tocopherol showed enough antioxidant activity to preclude oil oxidation during 60 days at
60 °C in the dark. The results showed that this type of active films could be used for food preservation
as part of a packaging containing oils or oily related products.

1. Introduction

The active packaging is one of the most novel concepts that has
arisen in the food package industry, answering to the continuous
demands of the consumers for more fresh products and of the pro-
ducers with extended shelf life (Vermeiren et al. 1999; Brody et al.,
2001; Ahvenainen, 2003).

Beneficial interactions between food and package are based on
the regulation of the headspace content (0,, CO,, ethylene), the
control of humidity, the action of diverse enzymes, liberation of
antimicrobial or antioxidant substances, among others. This
approach can reduce the addition of large amounts of food addi-
tives that are usually incorporated into food.

Originally, inside the package only physicochemical changes
occurred due to the natural evolution of the product, with this
new technology the headspace environment will be improved
owing to the package (Rooney, 2005).

Oxidation of lipid compounds in the packaged foods could be
controlled by the use of antioxidant additives. If antioxidants are
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included in the matrix of the packing material and a controlled
slow liberation is achieved, the contained product will see its shelf
life increased, without adding unnecessary quantities of the anti-
oxidant. Synthetic antioxidants such as butylated hydroxyanisole
(BHA) and butylated hydroxytoluene (BHT) although very effec-
tive, are not without side-effects (Shlian and Goldstone, 1986)
and therefore it should be limited by regulating the dosage (con-
trolled release for example) or by substituting them with natural
antioxidants like tocopherols.

Oils and fat oxidation is one of the most noticeable degradation
processes in food industry, due to the generation of undesirable fla-
vors and changes in nutritional aspects, with consequences on
health, nutritional quality and consumer’s choice (Gomez-Alonso
et al., 2004). During lipid degradation, different processes occur
simultaneously: oxidation of some compounds, hydrolysis of tri-
glycerides and cis/trans isomerization of unsaturated fatty acids
(Li et al., 2013; Velasco and Dobarganes, 2002).

The lipid degradation process occurs at low rate at room tem-
perature, and hence accelerated methods should be employed to
estimate the oxidative stability of the product or the induction
time of the autoxidation reaction in a relatively short period of
time (Frankel, 1993). Several physical or chemical parameters,
such as temperature can be used to increase the rate of the reaction
and, consequently, the development of rancidity. In the literature,
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several approaches to predict oil oxidative stability can be found
depending on the interest in storage stability or processing perfor-
mance. Oils are treated at 100 °C or lower to evaluate storage sta-
bility; in contrast, higher temperatures are used to evaluate oil
performance in food processing such as frying (Climaco-Pinto
et al, 2010; Guillén and Cabo, 1999; Innawong et al., 2004;
Moros et al., 2009; Moya-Moreno et al., 1999; Vlachos et al., 2006).

Infrared spectroscopy has been proven to be an important tool
in the assessment of the quality and composition of various edible
oils, as well as in the monitoring processes in the food industry due
to low cost, excellent performance and ease of use compared with
other methods (Maggio et al., 2009; Van de Voort, 1992). Bands in
the infrared spectrum have been reported for edible oils in differ-
ent studies (Guillén and Cabo, 1999, 2002; Innawong et al., 2004;
Lerma-Garcia et al., 2010). The studies also describe how they
are modified through the process of oxidation. Following these
changes in the spectra, a qualitative and quantitative determina-
tion of the progress of oxidation is possible.

BHT-impregnated film has shown that retards lipid oxidation of
a packaged oatmeal cereal through its migration from the product
via an evaporation/sorption mechanism (Lee et al., 2004). BHT is a
small molecule that exhibits high mobility and therefore has a ten-
dency to migrate rapidly from packaging materials into foods
(Wessling et al., 1998). Slow release of BHT from the package will
help extend the shelf-life of the food product. The use of antioxi-
dant packaging has also been proposed to reduce lipid oxidation
in milk (Granda-Restrepo et al., 2009).

Polyurethanes (PUs) are versatile polymers prepared from con-
densation of polyisocyanates and polyols. The properties of these
raw materials and their ratio, expressed as NCO/OH, determine
the final properties. PU based materials were not used for contact
in foods probably due to migration of different components and
additives used during their manufacturing. However, several poly-
meric materials were tested by Gramiccioni et al. (1986) using
olive oil and isooctane as a liquid simulant for fatty foods and they
found that the global migration values obtained with olive oil and
isooctane for polyurethane were much lower than those for the
PVC based materials. This situation is currently changing as a con-
sequence of gained knowledge on PU synthesis and the availability
of new raw materials. General properties of polyurethanes can be
modified without using plasticizers or additives just selecting the
raw materials, reducing in this way the global migration and
allowing them to be used in contact with food. The urethane moi-
ety is a suitable functional group to promote interactions with
other molecules and in particular with active principles capable
of forming hydrogen bonds, modifying in this way their releasing
behavior. On the other hand, polyolefin polymers like polyethyl-
ene, used frequently in food industry, do not have this possibility.

Bearing in mind all these facts, in this work, polyurethane films
were added with different concentrations of BHT or a-tocopherol
and immersed in soybean oil. The progress of the oxidation under
different conditions was evaluated by FT-IR/ATR spectroscopy. The
kinetics of the antioxidant release from the polyurethane films was
also studied using isooctane as liquid simulant for fatty foods.

2. Materials and methods
2.1. Active films preparation

Polymer films were prepared from a waterborne polyurethane
dispersion synthesized in our laboratory as described in previous
papers (Pardini and Amalvy, 2008; Peruzzo et al., 2010). The
mechanical and thermal properties of the polyurethane matrix
were also discussed in the above mentioned works. Incorporation
of the active agent to the polymeric matrix was made by dissolving

the antioxidant compound in the minimum amount of acetone and
by adding this solution, drop by drop, to the polymer dispersion
under magnetic stirring at room temperature for about 10 min.
The dispersion was then placed on a Teflon® plate for casting.
Evaporation of water and acetone was made at room temperature
and in the darkness; this process took about 24 h. The formed film
was cured at 60° C for 48 h to ensure the complete coalescence of
the polymer.

Samples containing 1, 2 and 5 wt.% on final film of antioxidant
compound were prepared.

2.2. Oxidation studies

Twenty-five mL of commercial soybean oil were placed in glass
bottles of 50 mL with an open surface area of 12 cm?in a dry place.
The oil samples were exposed to air and active films of 3.5cm
diameter and 200 um thickness containing 1, 2 or 5wt.% of the
active component (BHT or a-tocopherol) were immersed in the
oil samples. A control sample (PU film without antioxidant) was
also included and experiments were run by triplicate.

It has been shown that oxidation of vegetable oils is promoted
by light, temperature and oxygen availability (Pignitter et al,
2014). In order to evaluate how these factors affect the oxidation
degree, samples were kept opened under three different environ-
mental conditions at RH 60-70%:

1. Dark place at 25 °C.

2. In a transparent glass bottle (25 °C) exposed to ambient room
light at day time for 10-12 h/day.

3. Dark place at 60 °C.

2.3. FT-IR spectra acquisition and data analysis

Periodically, with previous agitation of the bottle, the infrared
spectrum of the soybean oil was collected. Spectra were acquired
against air reference using a Spectrum One spectrophotometer
(Perkin Elmer, USA) equipped with a KBr beam-splitter and DTGS
detector. A 100 pL oil drop was deposited on the diamond single
reflection ATR accessory. The wavenumber range measured was
4000-650 cm " with 4 cm ™' resolution and 32 scans accumulated.
EZ OMNIC 7.4.127 software (Thermo Electron Corporation) was
used for data treatment. The ATR crystal and its surroundings were
thoroughly cleaned between samples.

Vibrational spectra of oils were compared to the control zero
time oil. The appearance or modification of certain bands allows
determining the development of oxidative process.

2.4. Determination of the induction time by the Quality Control tool

With the purpose of avoiding experimental errors in the deter-
mination of the moment where the spectra begin to change as
compared to the “zero time” sample, Quality Control tool of the
EZ Omnic7.4.127 software was used. This tool allows a rapid deter-
mination of induction times without processing spectra. The fin-
gerprint region (1500-650 cm™') of the IR spectra was used to
compare the fresh oil with the other samples. The critical value
of correspondence was 95%.

2.5. Determination of kinetic parameters from infrared data

Kinetic parameters and induction times were calculated using
the values of absorbance of different bands associated to species
formed during the oxidation processes. At moderate temperatures,
the lipid autoxidation follows a pseudo-first-order kinetic, inde-
pendent of the oxygen pressure (Velasco and Dobarganes, 2002;
Frankel, 1998; Roman-Falcé et al., 2012). If other oxidation
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processes follow the same kinetic order, pseudo-first-order coeffi-
cient (k) and induction time (t;,q) could be easily calculated, using
the method given by Roman-Falco et al. (2012). There, specific
band signals in the infrared spectra are related to concentration
of species by means of the Beer-Bouguer-Lambert law using the
following expression:

In(S:) = In(So) — k(t — tin) )

where S; and S, are the reactant signal at time t and the apparent
initial signal obtained from the straight line when In(S,;) is plotted
versus time. From the slope of the adjusted line the pseudo-first-
order coefficient k is obtained and the induction time (tina) could
be calculated by:

gl In(S,) _—kln(so) 2

Another expression is used when an increase in the absorbance
is observed and the signal reaches a plateau in the signal:

In (S‘S—‘S) = k(e ~ tios) 3)

xc

where S__ is the product signal at time infinite.
2.6. Antioxidant release from active films

In order to study the availability of the antioxidant to prevent
oil oxidation, the release behavior of films in an experimental
setup (equal films dimensions and liquid volume) similar to that
used for the oxidation tests, but using isooctane as a simulant oil
substrate was determined (EC, 2007). The release of the additives
was followed by using UV spectroscopy at 282 nm for BHT at
287 nm for a-tocopherol.

Fick’s second law was used to determine the diffusion coeffi-
cient (D), according to the Eq. (4), presented by Ritger and
Peppas (1987). Also, exponential factor nin Eq. (5), which is indic-
ative of the transport mechanism, was determined.

M, Dt\'?
w-=4(p) @
A% = kt" ()

3. Results and discussion
3.1. Effect of additive concentration

As expected, for all conditions, the control oil sample (film with
no-additive) was the most affected by the oxidizing atmosphere.
The soybean oil with the 1wt.% antioxidant film showed an
improvement in oil stability, and the protective effect was more
evidenced in the films containing 2 and 5 wt.% of additive, with
no significant differences among these concentrations in both
cases (BHT and o-tocopherol). Under the studied conditions, for
each additive, a 2 wt.% concentration in the film was enough to
provide the best antioxidant effect. Unless otherwise stated, the
results for the films are expressed with this percentage of additive.

3.2. Induction time using the Quality Control tool

As seen in Fig. 1, when the oil samples were stored in the dark-
ness and at 25 °C, the soybean oil control sample and the oil in
which the films loaded with both BHT and o-tocopherol were
immersed, did not show differences compared with the fresh oil
up to about 95 days. These three samples were not significantly

Darkness 25°C

Light 25°C

Darkness 60 °C

Time (days)
g

—+—Control

- -BHT2 wt.%
40 4

wobe- G-Toc2wt.9%
20 4

0

Fig. 1. Induction time of the oxidation process for samples in different storage
conditions.

different from each other. The control sample showed differences
with the fresh oil 60 days after the bottles had been kept at 25 °C
and exposed to the day-light. Active films samples extended this
period of time up to about 80 days with no differences between
BHT and o-tocopherol containing films. Detectable changes were
obtained in the control sample after 4 days storage at 60°C. o-
tocopherol active film retarded onset of changes in the infrared
spectrum to 40 days. Oil samples in which BHT loaded films were
immersed do not present changes in the fingerprint region of the IR
spectra up to about 80 days under darkness conditions and at
60 °C.

Unless otherwise stated the discussion is based on results of
condition 3 due to the adequate times for kinetics analysis.

3.3. Analysis of infrared data

Table 1 shows Infrared band assignments and modifications
observed throughout oxidation process.

When a compound in a mixture is at a very low concentration,
unless it has a very characteristic band of high absorptivity, it will
produce a very weak band in the IR spectrum and will be hardly
detectable. This phenomenon is observed in the band associated
with OH stretching vibration of the hydroperoxide group, located
around 3444 cm~', which is not observable in non-oxidized oil
samples, but it can be seen as increases in intensity as oxidative
process progresses (Innawong et al., 2004). This band should not
be confused with the band present around 3470 cm™', assigned
to an overtone of the glyceride ester carbonyl absorption (Guillén
and Cabo, 2002).

Fig. 2 shows the changes in the percentage of transmittance
(T%) produced in the region from 3600 to 3200 cm™"' in the control
sample for the condition 3 (dark, 60 °C). It is possible to see how
the peak grows and the wavenumber shifts to lower values due
to the appearance of hydroperoxide groups. In addition to the
increase of the area, this band suffers deformations overtime. In
the last stages, the appearance of new bands (approximately at
3530 cm™') attributed to alcohols and other secondary products
of oxidation are observed along the decreasing of the hydroperox-
ides concentration and the shift towards the band to values of
wavenumber near to those of the non-oxidized sample. Guillén
and Cabo (1999) assigned different stages of the oxidation process
of olive oil to the changes in this band. Briefly, the first stage (FS)
was related to the period of time in which the sample is under oxi-
dative conditions, and this spectral region remains unaltered. The
second stage (SS) is related to the time interval in which hydroper-
oxides or primary oxidation products are being formed in apprecia-
ble proportions and so, the wavenumber of the maximum
absorbance of the band begins to change from the original values
to lower ones. Finally, in the third stage (TS) the concentration of



46

Table 1
Infrared band assignments and modifications observed throughout oxidation process.
Experimental Functional group Main vibration Wavenumber  Bandwidth Peak absorbance
wavenumber (cm ') variation variation variation
3560-3360 0O—H hydroperoxides, alcohols, and other O—H v Variable Increase Increase
secondary oxidation products
3009 cis double bond of FA C—Hv No change No change Decrease
2923 Aliphatic (CH3) C—H asymmetrical v No change No change No change
2854 Aliphatic (CH,) C—H symmetric v No change No change No change
1800-1700 Carbonyl compounds C=0v Decrease Increase No change
987 trans-trans conjugated dienic system C—H s No change No change After an
increase,
decrease
982 cis—-trans conjugated dienic system C—H s No change No change After an
increase,
decrease
967 trans isolated olefins C—Hs Increase Variable Increase
914 cis double bond of FA C—H s No change No change Decrease
723 Aliphatic (CH,) Overlapping CH> p and out-of-plane 5 of ~ Slight increase  Decrease No change

cis disubstituted olefins

v = stretching, & = bending, p = rocking.

3 0
FS 10
1 30
3
g ss 40
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Fig. 2. FTIR-ATR spectra in the 3600-3200 cm ™' region of control sample throughout the oxidation process.

hydroperoxides in the sample begins decreasing with the conse-
quent shifting of the wavenumber of the absorbance maximum
of the band back to 3444 cm™'.

Control sample shows FS values of 17 days, SS between 18 and
39days and TS from 40 days. In oil sample with o-tocopherol
loaded film, no changes in wavenumber of the band are observed
despite the increase in the intensity of the band. In the BHT con-
taining sample, no increase of the band is observed, highlighting
the excellent ability of this additive as primary antioxidant.

The band located at 1743 cm™' was assigned to the stretching
vibration of C=0 ester triglyceride. This band shows a decrease
in its wavenumber and a moderate broadening during the oxida-
tion process due to the formation of secondary products (such as
aldehydes and ketones). These products have bands at approxi-
mately 1728 cm ™', which overlap with the bands of the ester caus-
ing those features (Guillén and Cabo, 2002).

As shifts in this band are related to degradation processes
involving secondary products of oxidation, a longer induction time
is expected. Fig. 3 shows t;,q of about 9 days in control sample and
almost 50 days in o-Toc 2 wt.% sample. In BHT sample analysis the
integration area of the band was not modified significantly.

Fig. 3 shows that in the control oil sample the wavenumber of
the maximum of the band decreases rapidly, while oil samples

1744
iy g i % by
:é 1743 4 q %
g I
3 ¥
E x
c
Q 47424 . Control {
g D a-Toc 2% I
“BHT2% I ]
1741
0 15 30 45 80 7% 90
Time (days)

Fig. 3. Changes in the carbonyl ester band wavenumber throughout the oxidation
process. Error bars indicated standard deviation (SD).

with a-tocopherol film do not show changes in this value up to
45 days. Samples with BHT film did not show changes in the wave-
number of this band for at least three months.
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The wavenumber of the band assigned to the cis double bond
(C=C—H) will vary with the oil fatty acids pattern. For soybean
oil, the band attributed to this functional group is centered at
3009 cm™!, while for extra virgin olive oil this band is located at
3006 cm "' (Vlachos et al., 2006). The band at 914 cm™' provides
similar information to the band at 3009 cm ™' but with lower inten-
sity, so it is less used to assess oxidative processes.

During the oxidation process, a decrease in the amount of cis
double bonds, either for reaction (saturation of fatty acids) or by
isomerization to the trans isomer, is observed. Thus, infrared spec-
troscopy allows following the fatty acids pattern during the oxida-
tion process. Mainly two sections of the spectrum are useful for
this purpose. The first one is the located at approximately
3009 cm™! corresponding, as stated above, to the CH stretching
band of the cis double bond (Vlachos et al., 2006) and the second
one, through the set of bands between 930 and 995 cm™' corre-
sponding to vibrations of the double bonds of the fatty acids with
trans configuration. Isolated trans double bond absorbs in the infra-

Transmittance (%)

L

red region at a wavenumber of 967 cm " as a result of deformation
out of plane of the adjacent CH bonds (Sherazi et al., 2009). When
the sample exhibits a conjugated double bond system (i.e. CLA,
conjugated linoleic acid), at approximately 987, 982 and
946 cm™' three specific absorption peaks were recorded from the
conjugated trans-trans, cis/trans or trans/cis bond, respectively
(Kadamne et al., 2009).

Fig. 4 shows the temporal evolution in the control sample set of
bands corresponding to the configuration of trans fatty acids. The
band corresponding to conjugated trans-trans bonds (987 cm™")
resulted from a free radical chain reaction and/or an intramolecu-
lar [1,3]-sigmatropic rearrangement during the linoleic oil heat
treatment (Destaillats and Angers, 2005) and accumulation of this
isomer, which is more stable than the cis—cis or cis-trans configura-
tion. After having a maximum value at 30 days, this band began to
fade probably due to subsequent oxidation (saturation, degrada-
tion) or by volatilization, since oxidation products are volatile
and tend to escape from the oil (Climaco-Pinto et al, 2010)

] A p—

ome1

Fig. 4. Temporal evolution in the control sample (upper), »-Toc 2 wt.% (middle) and BHT 2 wt.% (bottom) for the set of bands corresponding to the configuration of trans fatty

acids.
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although the latter option is less probable at test temperature
(60 °C).

The band originally located at 967 cm ' appeared at high wave-
numbers and became more intense throughout the oxidation pro-
cess; the shift in the wavenumbers up to 973 cm~' could be
assigned to the accumulation of secondary oxidation products such
as aldehydes or ketones supporting isolated trans-double bonds
(Guillén and Cabo, 1999). The results reveal that over the oxidation
process cis double bonds are transformed to trans isomer and
finally saturated compounds are formed.

The modification of these bands was the first change in the oxi-
dation experiment observable in the fingerprint region of infrared
spectrum, and was due to an isomerization process. Same results
were obtained by Guillén and Cabo (1999) in samples with a signif-
icant proportion of linolenic acyl groups such as walnut, rapeseed,
and soybean oils.

Fig. 4 also shows that the intensity of the band assigned to the
cis double bond at 914 cm~! decreases.

Although the change in the spectrum of sample BHT 2 wt.% was
not enough to produce a significant difference compared with the
fresh oil sample, spectrum of the BHT 2 wt.% at 20 days revealed a
shoulder at 983 cm ! (CLA cis-trans diene), that was not observed
in the control sample, probably due to the rate of change in cis—
trans to trans—trans configuration. In light-exposed samples (room
temperature) the appearance of this shoulder was also observed in
the control sample.

3.4. Determination of kinetic parameters from infrared data

Table 2 shows the values of the kinetic coefficients (k) and the
induction times (t,q) calculated from Egs. (2) and (3) for the differ-
ent bands in the infrared spectra related to oxidative processes.

The disappearance of the peak at 3009 cm~! is explained by a
pseudo-first-order kinetic both in the control sample, and in the
o-Toc 2 wt.%. In sample BHT 2 wt.%, although there was a trend,
a very high dispersion of values occurred. Using Eq. (2), induction
times of 1.5 days and of about 24 days were obtained for the sam-
ple with the control film and for the sample film with a-tocoph-
erol, respectively. In the sample of the film containing BHT as
additive the induction time was 42 days and the constant k was
one order of magnitude smaller than that in the other samples.

The increase in the height of the peak located at 987 cm™ !,
assigned to trans—trans double bonds conjugated system, followed
a pseudo-first-order kinetics, with high values of the coefficient of
determination (R? > 0.98).

In the control sample, linearity was achieved in a relatively
short period of time (4-24 days). The observed induction time for
the appearance of this band was 2.6 days in the control sample,
14.6 for the sample where the film was a-Toc and 18.5 days for
sample with BHT active film.

It is interesting to note that while t;,q value was similar for sam-
ples with BHT and a-Toc, k coefficient, related to the kinetics of the
process, was much lower in the first case, indicating a slow oxida-
tive process of the oil.

The band assigned to the C=0 bond showed, among those stud-
ied in this case, the largest induction time, with values of 9 days for
the control sample and 49 days for the a-Toc sample, and no tj,q
value for BHT sample at the assayed times. This result was
expected, since molecules that modify the carbonyl band are sec-
ondary oxidation products.

In the control sample exposed to daylight and at 25 °C, the band
at 987 cm~! showed an induction time of 78 days, being the only
band that could be used to perform a kinetic at the studied times.

Interesting enough is the fact that BHT containing films were
more effective than a-tocopherol ones. It could be associated with
a synergic effect of BHT with a-tocopherol (Marteau et al.,, 2014),

Table 2
Kinetic coefficients (k) and induction times (ti,q) of oxidative processes using
associated functional groups.

Associated functional Sample k ting (days)

group (wavenumbers, cm ')

C=C cis (3009) Control -0.01 1.5
o-Toc 2% —0.061 24
BHT 2% —-0.00147 42

C=C trans (987) Control 0.023 4
o-Toc 2% 0.008 16
BHT 2% 0.0018 20

C=0 (1810-1670) Control 0.122 8.9
o-Toc 2% 0.0047 49
BHT 2% n/d n/d

n/d: not determined.

since soybean oil contains naturally 75-120 ppm of a-tocopherol,
and around 1000 ppm of total tocopherols (o-, y- and §-) (Ahmed
et al., 2005).

3.5. Antioxidant release from active films

The migration of additives from the polymer matrix to the med-
ium depends on, among other things, the affinity of the solute with
the solvent, the matrix, temperature, characteristics of the film
(pore size, free volume, T;) and the additive (molecular size).

Table 3 shows the diffusion coefficient (D) values and the expo-
nent n, indicative of the release mechanism of the additive, calcu-
lated using the equations (Egs. (4) and (5)) reported by Ritger and
Peppas (1987).

The D coefficient increases with increasing percentage of addi-
tive incorporation. In the o-Toc series, this increase could be
related to an arrangement in small aggregates due to the limited
compatibility between the additive and the polymer. a-tocopherol
phytyl chain and relatively large molecular size of the o-Toc do not
bind strongly to the mainly polar polymer chains under study, but
they are “physically trapped” in the matrix below a critical concen-
tration. When a greater percentage is incorporated, the size and/or
possibility of connection between these aggregates will be
increased and thus the migration rate will be higher. In films
loaded with BHT, no significant differences were observed by vary-
ing the amount of additive incorporated. The high value of D
observed for a-Toc 5 wt.% films was due to the significant surface
segregation of the additive, as observed in SEM images (see Supple-
mentary data, Fig. S2) and for that reason this sample was excluded
from the systematic analysis.

Similar values of D were reported for BHT for other types of
polymer (Chang et al., 1982; Schwope et al., 1987). For a-tocoph-
erol the values found in this work were lower than those reported
in other polymeric films (Zhu et al., 2012; Koontz et al., 2010). The
greater rate of diffusion of BHT respect to those of a-tocopherol is
also related to the smaller size of the first antioxidant molecule.
This feature makes the molecules diffuse more rapidly through
the polymer matrix. The effectiveness of BHT as antioxidant for
certain foods was probably due in good part to its high solubility
in fats and its extremely low solubility in aqueous environments

Table 3
Diffusion coefficients (D) and n values for active films in fat simulant.

Sample D (x 10"%) (cm?[s) n

BHT 1% 745 0.80
BHT 2% 7.59 0.80
BHT 5% 8.64 0.72
o-Toc 1% 0.79 093
o-Toc 2% 133 0.73
o-Toc 5% 31.5° 0.61

* See text for discussion.
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(Phipps, 1973). Wessling et al. (1998) also found that the migration
of a-tocopherol in food simulants was slower than that of BHT.

The BHT release in isooctane from the PU film should be almost
complete because it is not limited by solubility. Although solubility
data for BHT in isooctane is not available, this additive has good
solubility in organic solvents (Schwope et al., 1987), much higher
than the total amount of BHT incorporated into the film. However,
as observed in previous works (Anbinder, 2011), BHT interaction
with the polymer form hydrogen bonds between the phenolic
OH groups of BHT molecules and the nitrogen of the urethane
groups, —N(H)—C(0)O—, of polyurethane (see Supplementary
material), affecting the total release of the additive (Bart, 2005).
The effect of the molecular size on the rate of diffusion of these
additives was also reported by Miltz and co-workers (1988) in
HDPE. The mechanism that governs the release of the additives
in all cases is anomalous according to Ritger and Peppas (1987)
with values of n between 0.5 and 1. When the additive was BHT
the value of the exponent n was not modified by their concentra-
tion. Furthermore, in films loaded with o-tocopherol, the value of
n depends on the concentration. In these films the release mecha-
nism has a diffusive contribution and dependent relaxation of the
chains. Diffusive contribution becomes more important when the
molecules are more likely to pass through the film as in o-Toc
5 wt.% while, in a-Toc 2 wt.%, and even more in a-Toc 1 wt.%, the
release process requires polymer chain relaxation.

4. Conclusion

The developed active film could be used to maintain the nutri-
tional quality and extend shelf life of oils and related products,
avoiding the addition of large amounts of food additives. Under
the studied conditions, for each additive, a 2 wt.% concentration
in the film was enough to provide the greatest antioxidant effect.

The Quality Control tool of the used software seems to be an
interesting way to determine the induction time of degradation
of edible oils. The 3009 cm™' band, assigned to cis double bond,
was the most sensitive in the determination of induction times
using the pseudo-first order kinetics approach. In the set of bands
corresponding to conjugated double bonds, only the trans-trans
configuration band (987 cm™') was observed in the 60 °C condition
even at short times in the control sample, indicating a high rate
isomerization of cis-trans and trans-cis isomers to the trans—trans
form.

BHT delays oil oxidation more efficiently than o-tocopherol,
probably due to a synergic effect of the first one with the naturally
occurring vitamin E in the soybean oil.

Results suggest that BHT releasing behavior depends on the
hydrogen bonding interaction with the urethane group and it could
be the aim of future works.
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