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High  amylose  starch–glycerol  (HAG)  films  were  produced  incorporating  beeswax,  candelilla  wax and
carnauba  wax  in the  presence  and  absence  of  Tween-80  in  order  to determine  the  distribution  of  wax  in
the  films  during  the  film  formation  process.  The  distribution  of  these  waxes  within  the  film  was  studied
using  Synchrotron  based  Fourier  Transform  Infrared  Spectroscopy  (S-FTIR)  which  provided  2D  mapping
along  the  thickness  of  the film.  The  incorporation  of  5%  and 10%  wax  in  HAG  films  produced  randomly
distributed  wax  or wax-rich  domains,  respectively,  within  these  films.  Consequently,  the  addition  of
igh amylose starch
ilms
atural wax
ynchrotron-FTIR
urface hydrophobicity

these  waxes  to  HAG  increased  the  surface  roughness  and  hydrophobicity  of  these  films.  The  addition
of  Tween-80  caused  variations  in  wax-rich  bands  within  the  films.  The  HAG  +  carnauba  wax  + Tween-80
films  exhibited  domed  wax-rich  domains  displayed  with  high  integrated  CH2 absorption  value  at  the
interior  of  the  films,  rougher  surface  and  higher  contact  angle  values  than  the  other  films.  The  S-FTIR
2D  images  indicated  that the distribution  of  wax  in starch–wax  films  correlated  with  the  roughness  and
hydrophobicity  of  the  starch–wax  films.
. Introduction

With the continuous depletion of fossil fuel resources and the
ccelerating environmental problem of disposing of petroleum-
ased plastics, there is an increasing research interest in developing
iodegradable packaging form renewable natural resources (Rhim

 Ng, 2007). Such renewable resources include polysaccharides
nd lipids (Bourlieu, Guillard, Vallès-Pamiès, & Gontard, 2008). If
tand-alone or primary packaging can be developed by a judi-
ious combination of polysaccharides and lipids they can become
n alternative to the synthetic polymer based packaging (Rhim &
hellhammer, 2005; Zhang & Han, 2006).

Although starch has been used to develop flexible packaging
lms, the inherent characteristics of starch such as sensitivity to
ater, brittleness and relatively poor flexibility have limited the
tilization of its full potential. Lipids are incorporated in the matrix

f starch films to improve the water barriers properties and water
epelling properties in starch-based films. This is because lipids
ring in hydrophobicity and starch–lipid films possess low surface
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energy (Han & Gennadios, 2005). The oil-in-water (O/W) emulsion
is one of the commonly used methods in producing starch–lipid
composite films. In these starch–lipid composite films the lipid
component is responsible for providing a better water barrier, while
the starch provides a selective barrier to oxygen and carbon diox-
ide and the necessary supporting backbone (Perez-Gago & Krochta,
2005).

The O/W emulsion method is an one-step technique where the
lipid is dispersed into the gelatinized starch solution prior to film
casting. During drying of this starch–lipid emulsion, two types of
films having quite different physical structures can be formed. One
type of film is produced when the continuous phase (i.e. gelatinized
starch solution) cannot stabilize the emulsion therefore phase sep-
aration occurs causing the lipid to migrate to the surface of film
forming a lipid-rich surface layer (Perez-Gago & Krochta, 2005). The
other type of film formed during drying is when the lipid material is
randomly or uniformly dispersed throughout the gelatinized starch
continuous phase.

With the recent progress in infrared (IR) spectroscopy, which
includes combination of IR spectroscopy with microscopy, has
improved the spectral quality and reproducibility of infrared

measurements in small or thin film samples. The advent of a syn-
chrotron light source has enabled researchers to obtain high quality
infrared spectra at diffraction-limited spot sizes using commercial
infrared microscope systems. The synchrotron is of great advantage
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hen ultra-high spatial resolution is required near the diffrac-
ion limit of 3–10 �m (Holman et al., 2002; McNaughton, 2005;
u, 2004) since the brightness of the synchrotron infrared source
llows more photons to be detected in a given interval (Dumas,
ockalingum, & Sule′-Suso, 2007). Synchrotron-based IR imaging
as made it possible to obtain the detailed spatial distribution of
hemical compounds in materials by the generation of chemical
mages at a rapid data acquisition (Ali, Das, Lu, Kundapur, & May,
011).

All biopolymers have unique molecular chemical-structural
eatures which contribute to their own unique IR spectrum.
ipids contain both carbonyl C O ester as well as CH2 and CH3
unctional groups. The unique IR spectral features in lipids are
bserved at 1738 cm−1 (C O stretch, i.e. ester carbonyl functional
roup, COOH), 1470 cm−1 (CH bending), 2961 cm−1 (antisym-
etric CH3 stretching), 2925 cm−1 (antisymmetric CH2 stretching),

871 cm−1 (symmetric CH3 stretching), and 2853 cm−1 (symmet-
ic CH2 stretching) (Yu, 2004, 2012). Then the IR spectral features
f corn starch consists of its major structure between 3000 and
600 cm−1 due to OH stretching (Coates, 2000; Zhang & Han, 2006).
he sharp peak at 2924 cm−1 is characteristic of C H stretching
CH2) (Park, Im,  Kim, & Kim, 2000). The peak occurring at 1641 cm−1

s associated with the tightly bound water present in the starch
Zhang & Han, 2006) due to the hygroscopic nature of starch. The
eaks at 1409 and 1433 cm−1 are related to the C H bending of
H2. Peaks at 1240, 1299, and 1333 cm−1 are associated to O H
ending due to the primary or secondary alcohols (Coates, 2000).
hese characteristic IR spectra of the starch and lipid can assist in
haracterizing a composite film by the evaluation of interactions
etween these two components in starch–lipid composite films.

The synchrotron-based Fourier transform infrared spectroscopy
S-FTIR) is capable of providing important information such as dis-
ribution of the chemical constituents and functional groups of wax
ithin the starch–wax composite films. This information helps to

ain fundamental understanding of how chemical functional com-
onents (for example that of wax) are distributed at the micron
cale in the films produced through O/W emulsion method (Yu,
004). The chemical imaging capability of S-FTIR simultaneously
rovides both the morphological and chemical information within
uch composite films.

To the best of our knowledge, the chemical imaging capabil-
ty of S-FTIR has not been applied to investigate the structural
eature and the distribution of natural wax in high amylose
tarch–glycerol (HAG) films produced using the O/W emulsion
ethod. The S-FTIR is also capable of providing important insights

n the structural–chemical features created due to the interactions
mong the components (wax, HAG matrix, water and the emulsi-
er) of the composite films.

In this context, the objective of this study was  to apply the S-
TIR 2D mapping to determine the distribution of wax and starch
ithin the thin HAG–wax films produced through the (O/W) emul-

ion method, i.e. to observe whether or not a uniform wax layer can
e formed on top of the starch matrix. The information obtained
hrough S-FTIR 2D imaging was compared with the contact angle
ata of the film to correlate between the distribution of wax on
he film surface with the measured film hydrophobicity (through
ontact angle) and its surface topography.

. Materials and methods

.1. Materials
High amylose (HA) corn starch (Gelose 80) containing 70–80%
w/w) amylose was purchased through Penfolds (Australia) and
onstituted the continuous matrix of the starch–wax films. Glycerol
ymers 102 (2014) 125– 135

(G) was used as a plasticizer and was purchased from Consolidated
Chemical Company (Melbourne, Australia). Tween-80 was used as
an emulsifier and was purchased from Sigma Aldrich (Australia).
Three natural waxes, i.e. beeswax (BW), candelilla wax  (CL) and
carnauba wax  (CB), were purchased from New Directions Aromat-
ics Inc. (Australia). The Certificate of Analysis of these waxes was
provided by this company. All the materials were used as received
and the moisture content of the raw materials was measured and
was compensated for while preparing the slurry mixture before
gelatinization.

2.2. Methods

2.2.1. Suspension preparation, film casting and conditioning
The high amylose starch (HA) and glycerol (G) were added to

distilled water maintaining a total solid concentration of 5% (w/w).
The HA:G dry solid ratio of 80:20 was  maintained to produce good
flexible films as reported in our previous study (Muscat, Adhikari,
Adhikari, & Chaudhary, 2012).

The HAG suspension was gelatinized using a high
temperature–high pressure laboratory autoclave (Amar Equipment
Company, Mumbai, India). The HAG suspension was gelatinized
at 140 ◦C using 500 rpm agitator speed. The suspension was held
for 30 min  at 140 ◦C before cooling down to below 100 ◦C. While
maintaining a temperature above 85 ◦C by using a hot plate (Framo
Geratechnik, Germany), Tween-80 (20% w/w)  was added to the
fully gelatinized HAG dispersion and thoroughly stirred. In pro-
ducing the HAG–wax film using the (O/W) emulsion method, the
dispersion was kept heated above 85 ◦C before the molten waxes
were added. The beeswax (BW), candelilla wax (CL) and carnauba
wax (CB) were added individually at two different concentrations
of 5% (w/w)  and 10% (w/w) with and without Tween-80. To
ensure a thorough mixing of molten wax  droplets within the
HAG dispersion, coarse homogenization was  carried out using a
high-shear mixer (Ultra-Turrax, Model T25, IKA-Works, USA) at
15,000 rpm for 3 min. Further intense homogenization was  carried
out at 22,000 rpm for 5 min  using the same homogenizer.

The films were produced by casting method by syringing 10 mL
of the suspension into plastic polystyrene dishes having 90 mm
diameter. Films were dried overnight at 20 ± 1 ◦C, in an air con-
ditioned room. These films were stored in a desiccator containing
magnesium nitrate (52.9% RH (aw = 0.529) at 20 ± 1 ◦C) for at least
48 h for conditioning before further analysis.

2.2.2. Interaction among the film components
To identify the specific spectral “signatures” of these natural

waxes (BW, CL and CB) solid samples of each wax were analyzed by
FTIR spectroscopy. The specific spectral “signatures” of these natu-
ral waxes were determined by using a universal attenuated total
reflectance (UATR) FTIR spectrometer (Perkin Elmer, FrontierTM,
USA) having diamond coated zinc selenide crystal probe (reflection
plate with pressure arm). Perkin-Elmer spectrum software (ver-
sion 6.3.4) was used for FTIR analysis. The spectra were obtained
between 1100 cm−1 and 4000 cm−1 wavenumbers at 4 cm−1 step.

2.2.3. Film structure analysis
Film surface topography was  examined by using scanning elec-

tron microscopy (SEM, JEOL-JSM 6300, Japan). Films were mounted
onto a double sided adhesive carbon tape set on aluminium stubs,

which were gold coated under vacuum. The gold coated samples
were analyzed at 5 kV, 4500× magnification and at an angle of 25◦ to
the surface in order to allow better observation of the cross section
of the film.
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Fig. 1. Schematic diagram of film preparation for synchrotron-based IR analysis.

.2.4. Contact angle
The contact angle (CA) is the most common measure of wettabil-

ty or surface hydrophobicity. The static sessile drop method where
he angle formed at triple solid–liquid–air was used to determine
he contact angle of the HAG + wax + Tween-80 films. The contact
ngle apparatus used has been reported in our previous study
Muscat, Adhikari, McKnight, Gio, & Adhikari, 2013). It consisted of

 microscope optical system (Zeiss, Carl Zeiss Microscopy GmbH,
ermany) connected to a high resolution digital camera (EOS 60D,
anon, USA). Software to capture the digital image was  part of the
amera hardware and images were captured in a personal com-
uter. A horizontal beam held the microscope parallel to the surface
nd was positioned on a three-axis moving platform. To provide
ighting, a bank of LEDs was mounted behind the sample holder

ith a white background.
The film was mounted to a stainless steel block with double

ided tape. The drop (7 �L) of Milli-Q water was carefully placed
n the horizontal surface of the film with the aid of an auto pipette
Finnpipette, 0.5–10 �L). The CA values were determined using
mageJ program (Rasband, 2012) with a plug-in program for con-
act angle measurement (Brugnara, 2006). The plug-in program fits
he profile of the drop using an edge detection algorithm to find the
rop edge (Williams et al., 2010) and calculates the contact angle
sing the sphere approximation or the ellipse approximation. In
ur study, the both BestFits selection gave consistent results for
ontact angles >30◦ and the sphere selection was used for drops
ith contact angles <30◦ (Brugnara, 2006; Williams et al., 2010).

he reported contact angle values are the mean value of five mea-
urements taken at least four different positions on the film.

.2.5. Preparation of films for S-FTIR microspectroscopy
A section of the film sample was inserted between two

olystyrene portions to establish a firm assembly for cutting (Fig. 1).
he embedded film sample was cut into thin cross-sections along
he film thickness (ca. 8 �m thick) using a rotary microtome
4060RE, Triangle Biomedical Sciences, Inc., USA) at the Australian
ynchrotron (Clayton, Victoria) 24 h prior to its analysis using S-
TIR. The cross-sections were mounted onto CaF2 windows (size:
3 mm × 1 mm disk; Cyrstran Limited, UK) for transmission mode
-FTIR analysis.

.2.6. Molecular spectral data analysis and imaging of molecular
hemistry
The S-FTIR measurements were performed on the FTIR beam-
ine at the Australian Synchrotron (Clayton, Victoria). Spectra were
ollected with a Bruker Hyperion 2000 IR microscope (Bruker Optik
mbh, Ettlingen, Germany) equipped with a liquid nitrogen cooled
ymers 102 (2014) 125– 135 127

HgCdTe (MCT) detector with a 36× IR objective. The Hyperion
2000 microscope was  coupled to a Bruker Vertex 80 spectrome-
ter. Spectral maps and line scans were collected in transmission by
scanning the computer-controlled microscope stage at an aperture
of 5 �m × 5 �m,  and an x–y spatial step size of 2 �m.

The spectra data of the films were collected in the mid-IR range
4000–1100 cm−1 using a CaF2 window (Miller, 2002), at a reso-
lution of 4 cm−1 with 64 scans co-added. The stage control, data
collection and the background correction of the spectra were per-
formed using Opus 6.5 (Bruker, Optik Gmbh, Ettlingen, Germany)
software version 2.0. Data were saved as Opus Spectrum files for
single spectra and Opus Multiple files for 2D IR map  files. Opus
Multiple files contain all spectral and x–y spatial information for a
two dimensional grid map  as well as the captured images. Opus 7.0
(Bruker, Optik Gmbh, Ettlingen, Germany) software was equipped
with video mapping capability and it was  used to generate and
analyze 2D absorbance maps and the data were converted into 3D
chemical maps.

2.2.7. Selection of an IR band in natural waxes to quantify wax
distribution in the studied films

Spectra of the natural waxes were analyzed by the UATR FTIR
spectrometer to identify functional groups present in these waxes
(Fig. 2). The most intense vibrations in the infrared spectra of lipid
systems are the CH2 stretching vibration regions. The CH2 antisym-
metric and symmetric stretching modes observed at 2916 cm−1 and
2848 cm−1, respectively, are generally the strongest bands in the
IR spectra of lipids (Stuart, 2004). These IR bands are associated
with the presence of alkanes. The IR spectra of both HAG films
and Tween-80 are also presented in Fig. 2 for comparison. Fur-
thermore, it can be seen from Fig. 2 that the IR absorption peak
at 2848 cm−1 is only observed in the IR spectra of natural waxes
and not in that of HAG. Plotting the integrated area of the antisym-
metric CH2 peak, as a function of position across each sample, it was
possible to assess the wax distribution in each microtomed section.
To generate infrared absorbance maps, the integrated area of the
CH2 antisymmetric peak at 2848 cm−1 was calculated for each pixel
within each data set, with the integration calculated above a base-
line between two  points on the spectral curve at 2860 cm−1 and
2830 cm−1. No additional baseline correction to the spectra was
undertaken prior to calculation of the integrals. It can also be seen
from Fig. 2 that the IR spectrum of Tween-80 also shows character-
istic IR absorption peaks at 2916 cm−1, 2848 cm−1 and 1736 cm−1

which is similar to the characteristic peaks in the spectra of natural
waxes. Therefore, the chemical images and chemical intensity scale
of HAG + wax + Tween-80 films at 2848 cm−1 (Figs. 6 and 7) would
be influenced due to the presence of Tween-80 and wax.

The chemical intensity scale displays a range of colours from
blue to pink or white to make it easier to interpret the distribu-
tion of wax  within the films under the peak centred at 2848 cm−1

showing CH2 stretching of the wax. As shown in Figs. 3–7 the blue
suggests the absence of wax, whereas pink and/or white denotes
the presence of wax at a high concentration. From the chemical
intensity scale one is able to understand and reveal the pattern of
wax distribution within these films.

2.2.8. Statistical analysis
Statistical analysis was  performed using two-tailed Student’s t-

tests at 95% confidence level using Minitab 15 software (Minitab,
Australia). A p value ≤0.05 was  set for statistical significance.
3. Results and discussion

The S-FTIR technique could be used in order to reveal
the distribution of natural waxes within the HAG + wax and
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Fig. 2. Typical spectra of natural wax (beeswax (BW), candelilla wax  (CL), carnauba wax  (CB)), high amylose and glycerol (HAG) film and Tween-80 in the IR range. The natural
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axes  have characteristic C H stretching vibration at 2916 cm−1 and 2848 cm−1, 

ending at 1465 cm−1 and C O stretching at 1172 cm−1. The HAG and Tween-80 s
hat  the wavenumbers 2848 cm−1 and 1736 cm−1 are unique characteristic to waxe

AG + wax + Tween-80 films. As discussed above, the spatial dis-
ribution and S-FTIR intensity of the functional group of lipid (wax)
an be used to determine the distribution of the natural wax in the
lm. S-FTIR provides the mapping of specific functional groups of
iopolymers including lipids. The chemical images of wax compo-
ents from the cross-section of the HAG, HAG + wax 5%, HAG + wax
0%, HAG + wax 5% + Tween-80 and HAG + wax 10% + Tween-80
lms are shown in Figs. 3–7, respectively. Figs. 3–7 show the fol-

owing 3 important aspects in starch–wax films: (1) chemical map
ith colour codes to indicate presence of wax and/or Tween-80;

2) CH2 absorbance intensity scale; (3) CH2 distribution profiles
f wax across the thickness of the film at the 2848 cm−1 wave
umber.

The HAG film was used as a control, as the specific functional

roup which exhibits the IR absorption at 2848 cm−1 is not present
n the spectrum of this film (Fig. 2). The chemical map  shown in
ig. 3 clearly indicates that there was no trace of wax  in HAG film
s expected.

ig. 3. The functional-group image of wax component within a cross-section of the HAG fi
2)  CH2 absorbance intensity scale; (3) CH2 distribution profiles of wax  across the thickne
istribution and intensity. (For interpretation of the references to colour in this figure leg
tretching (i.e. ester carbonyl functional group) at 1736 cm−1 and 1708 cm−1, C H
 are displayed to identify similar peaks to the waxes spectra. This figure indicates

 Tween-80.

3.1. The distribution of wax in HAG + wax films

The addition of 5% BW,  CL and CB to HAG film matrix (Fig. 4)
revealed that each wax was  fairly evenly distributed within these
films as can be seen from the CH2 distribution profiles. The vari-
ation in CH2 absorbance intensity within each of these samples
was less than 50% with HAG + 5% BW showing variation in the
CH2 peak integrated area from 4.6 (dark pink shading) to 6.2 (light
pink shading) and HAG + 5% CL showing variation from 5.2 (orange
shading) to 7.6 (pink shading). The map  of HAG + 5% CB showed
that at most locations the integrated CH2 absorbance ranged from
0.75 (green shading) to 1.10 (red shading). A single higher concen-
tration domain was observed in the HAG + 5% CB sample with an
integrated absorbance value of approximately 1.35. This observa-

tion suggests that at 5% concentration all of these waxes crystallized
at an earlier stage of the drying process within the composite films,
i.e. before the completion of the film formation. This is due to the
fact that the temperature of the cast emulsion decreased to the

lm. (1) Chemical map  with colour codes to indicate presence of wax and Tween-80;
ss of the film. Area under peak centred at 2848 cm−1 showing CH2 stretching, lipid
end, the reader is referred to the web version of this article.)
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Fig. 4. The functional-group images of wax component within a cross-section of the HAG + 5% wax films. (1) Chemical map  with colour codes to indicate presence of wax
and/or  Tween-80; (2) CH2 absorbance intensity scale; (3) CH2 distribution profiles of wax across the thickness of the film. Area under peaks centred at 2848 cm−1 showing
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H2 stretching, lipid distribution and intensity. (For interpretation of the references

mbient temperature (20 ◦C) soon after the drying started which
acilitated the random crystallization of the wax. The melting points
f beewax, candelilla wax and carnauba wax are 62–64 ◦C, 66–71 ◦C
nd 83–86 ◦C (Lusas, 2007; Shellhammer & Krochta, 1997), respec-
ively. As these melting point temperatures are significantly higher
han the designated drying temperature (20 ◦C) of the cast emul-
ion, these waxes have propensity of rapid crystallization when
he temperature of the cast emulsion is dropped. The temperature
f the cast emulsion was found drop as low as 15 ◦C at the early

tage of drying due to evaporative cooling. The rapid crystalliza-
ion of these wax seemingly resulted into their random distributed
ithin these films. As these natural waxes were solidified and were

mbedded within the HAG matrix during the course of drying, the
lour in this figure legend, the reader is referred to the web version of this article.)

anticipated preferential migration of wax  to film surface did not
materialize.

When 10% of these waxes were added to the HAG matrix, the
distribution of these waxes within the film matrix were differ-
ent compared to their respective distribution at 5% concentration
(Fig. 5). The presence of 10% of wax in the cast emulsion resulted
into the formation of micron scale wax-rich domains in the interior
of the dried HAG + wax  film, as shown in Fig. 5. In each example
where wax  is present at 10% in the HAG + wax film, the wax-

rich locations showed integrated absorbance values two or more
times higher than the base CH2 absorption values within that sam-
ple. For example HAG + 10% CB (Fig. 5) showed a background CH2
absorbance value of around 3.0 (green shading) while wax rich
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ig. 5. The functional-group images of wax component within a cross-section of th
nd/or  Tween-80; (2) CH2 absorbance intensity scale; (3) CH2 distribution profiles 

H2 stretching, lipid distribution and intensity. (For interpretation of the reference

omains show integrated absorbance values of around 7.0 (light
ink shading). This observation suggests that if the concentration
f wax is higher they tend to form solid wax crystal particles much
aster.

It seems that the blending of these waxes at 5% and 10% con-
entrations into a HAG matrix is unlikely to create a wax-rich (or
ydrophobic) layer on the surface of these films. As stated earlier,
he natural waxes were found to solidify and crystallize randomly
nd fairly rapidly due to which their preferential migration to the
urface did not appear to occur.
.2. The distribution of wax in wax + Tween-80 films

The distribution of wax within the HAG + 5% wax + Tween-
0 films and HAG + 10% wax + Tween-80 films are illustrated in
 + 10% wax  films. (1) Chemical map with colour codes to indicate presence of wax
x across the thickness of the film. Area under peaks centred at 2848 cm−1 showing
lour in this figure legend, the reader is referred to the web version of this article.)

Figs. 6 and 7, respectively. The addition of Tween-80 to HAG + wax
had altered the wax distribution within these films compared to the
distribution of wax within HAG + wax films. At these two  concen-
trations and in the presence of Tween-80 the three natural waxes
were found to form wax-rich domain to the interior of the HAG
matrix of these films. The presence of both the wax and Tween-80
resulted into confined distribution of wax towards the centre of
these films. This distribution can be observed in the CH2 distribu-
tion profile as a domed wax-rich domain in the interior of these
films. The CH2 absorbance intensity scale showed that the concen-
tration of wax  progressively decreased towards the surface of these

films. Although the wax  distribution are similar for all these waxes,
the wax-rich location within both of the CB films showed integrated
absorbance values displaying higher CH2 absorption values than
the 5% and 10% of BW and CL in the presence of Tween-80. For
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ig. 6. The functional-group images of wax  component within a cross-section of 

ax  and/or Tween-80; (2) CH2 absorbance scale; (3) CH2 distribution profiles of w
tretching, lipid distribution and intensity. (For interpretation of the references to c

xample HAG + 5% CB + Tween-80 (Fig. 6) showed a wax-rich
omain with an integrated absorbance value of 4.5 (light pink
hading) while 5% BW and CL displayed lowered integrated
bsorbance values of 1.44 and 2.59, respectively. This suggests CB is
istributed at a higher integrated absorbance value within this film.

n Fig. 7, HAG + 10% CB + Tween-80 film had a wax-rich domains
ith an integrated absorbance value of 10.7 (light pink shading)

ompared to HAG + 10% CL + Tween-80 film with a value of 4.76
light pink shading). As seen in Figs. 6 and 7 the films containing 5%
nd 10% CB + Tween-80 not only exhibited a dome pattern similar to

he other waxes, but additionally demonstrated higher integrated
bsorbance values. These factors could cause the HAG (continuous
hase) to be unable to stabilize the emulsion, resulting in wax and
ween-80 phase separation occurred during drying (Perez-Gago &
AG + 5% wax + Tween-80 films. (1) Map  with colour codes to indicate presence of
oss the thickness of the film. Area under peaks centred at 2847 cm−1 showing CH2

in this figure legend, the reader is referred to the web version of this article.)

Krochta, 2005) therefore causing the migration of wax  + Tween-80
towards the surface of the films at which the evaporation occurred.

3.3. The distribution of wax and surface hydrophobicity of films

Figs. 4–7 illustrate the chemical maps and integrated
absorbance values of HAG + wax  and HAG + wax + Tween-80 as
stated in Sections 3.1 and 3.2, respectively. The contact angle values
of these films are presented in Fig. 8 in order to relate the dis-
tribution of wax  with film hydrophobicity. The chemical maps of

these films and their corresponding contact angle values shed some
interesting light on the hydrophobicity of these films.

The contact angle values of these films, whose chemical maps
showed that their wax component was either somewhat randomly
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Fig. 7. The functional-group images of wax component within a cross-section of the HAG + 10% wax + Tween-80 films. (1) Chemical map with colour codes to indicate presence
o profil
s eferen
a

d
t
F
H

d
d
fi
t
o
B
t
t

f  wax and/or Tween-80; (2) CH2 absorbance intensity scale; (3) CH2 distribution 

howing CH2 stretching, lipid distribution and intensity. (For interpretation of the r
rticle.)

istributed or remained in the centre region, ranged from 20.7◦

o 65.6◦. The observation of S-FTIR chemical maps presented in
igs. 4–7 explained why such low CA values were obtained in
AG + wax and HAG + wax + Tween-80 films (Fig. 8).

The HAG + BW films at 5% and 10% wax concentrations showed
ifferent S-FTIR images. The HAG + 5% BW film showed largely ran-
om distribution of BW within the film, whereas the HAG + 10% BW
lm showed a wax-rich domain in the centre of the film. The con-
act angle values of the HAG + 5% BW and HAG + 10% BW films were

f 44.5◦ and 65.6◦, respectively. It appears that the presence of 5%
W in HAG + 5% BW film does not increase the CA value (compared
o the CA of HAG film) (p > 0.05) due to the random distribution of
he wax in the interior of the HAG matrix. When the concentration
es of wax across the thickness of the film. Area under peaks centred at 2847 cm−1

ces to colour in this figure legend, the reader is referred to the web version of this

of BW is increased to 10% to the HAG matrix the CA value increased
to 65.6◦. It can be seen from the S-FTIR map  (Fig. 5) that the BW
created a wax-rich domain in the interior (towards the centre) of
the film. Although the formation of wax-rich domain in the interior
of the films is unlikely to increase the contact angle unless a part is
protruded to the surface; however, as shown in SEM images of sur-
face morphology (Section 3.4) the formation of wax-rich domains
greatly increased the surface roughness of the films. This increased
surface roughness seemingly increases the contact angle of the film

due to ‘Lotus Effect’ like phenomenon. The incorporation of CL to
HAG matrix had a similar S-FTIR chemical map  to those of HAG + BW
films. It can be seen from the chemical maps of HAG + 5% CL and
HAG + 10% CL (Figs. 4 and 5, respectively) that the distribution of
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Fig. 8. The SEM images (at 10 �m)  and contact angle (CA) values of HAG, HAG + wax and HAG + wax + Tween-80 films (Muscat et al., 2013).
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% CL formed largely random distribution of CL within the film,
hereas the HAG + 10% CL showed wax-rich domain within the
lm. In Fig. 8, the SEM images showed an increase in surface rough-
ess and CA values for the HAG + CL films. The CA values of 54.5◦

nd 46.5◦ for HAG + 5% CL and HAG + 10% CL, respectively, were sig-
ificantly higher CA (p < 0.05) than the CA value of HAG film. The
ddition of 5% CB to the HAG matrix displayed a wax-rich domain
cross the film, as observed in the S-FTIR chemical map (Fig. 4).
his rich-wax domain had significantly increased (p < 0.05) the CA
alue compared to that of HAG film. When the concentration of CB
n the HAG matrix was increased to 10% this film exhibited signs
f starch and wax phase separation during drying (Muscat et al.,
013) causing the CB to form visible droplets on the HAG matrix
nd displayed a low CA value of 17.8◦. This addition of 10% CB to
AG matrix did not form a homogenized film comparable to the
ther films studied so the CA value of this film will not be included
n this study.

The S-FTIR visual maps for the HAG + 5% wax + Tween-80 and
AG + 10% wax + Tween-80 films are presented in Figs. 6 and 7,

espectively. The addition of Tween-80 appeared to cause the wax-
ich domains to be domed in the interior of these films. Although
hese waxes had similar wax distribution pattern across the films,
he CA values of the HAG + CB + Tween-80 films were significantly
igher (p < 0.05) at 87.6◦ and 80.0◦ (5% CB and 10% CB) compared
o 43.7◦ for HAG film. As discussed in Section 3.2, both these
B + Tween-80 films showed high integrated CH2 absorption values
han 5% and 10% of BW and CL in the presence of Tween-80.

These observations suggest that chemical maps and integrated
H2 absorption values obtained from S-FTIR can assisted with the
ydrophobicity of HAG + wax and HAG + wax + Tween-80 films. The
-FTIR chemical maps; help explain why the incorporation of BW,
L in HAG matrix does not result into segregation of wax  towards
he surface of the films and fails to increase the surface hydropho-
icity in these films. The S-FTIR image maps and integrated CH2
bsorption values also help explain that in the case of CB certain
xtent of wax segregation occurred on the film surface and hence,
reatly increased hydrophobicity.

.4. The distribution of wax and surface topology of the films

The SEM images for HAG, HAG + wax and HAG + wax + Tween-80
lms are shown in Fig. 8. These SEM images illustrate the surface
opography of the studied films. As can be seen from these SEM
mages, the HAG film has a smoother surface compared to other
lms. The HAG + wax films exhibited rougher surface compared to
he HAG film. This rough surface was created by aggregation of wax
roplets and subsequent recrystallization during film drying. The
-FTIR visual images help explain the fact that the random distri-
ution of these natural waxes within these films contributed to the

ncreased surface roughness of the HAG + wax films.
The introduction of Tween-80 to the HAG + wax  films resulted

nto different surface topography in these films (Fig. 8). The addi-
ion of Tween-80 to HAG + 5% BW,  and HAG + 5% and 10% CB had

odified the recrystallization of these fat crystals to increase the
urface roughness and the CA values of these films. It is apparent
he CA value of HAG + 5% BW film increased from 44.5◦ to 59.6◦ with
he addition of Tween-80 to this matrix. This was also evident with
he 5% and 10% CB + Tween-80 films, presenting CA of 87.6◦ and
0.0◦, respectively. The S-FTIR IR absorbance images of these films
Figs. 6 and 7) not only displayed the wax formed a dome pattern
ithin these films but also presented higher integrated absorbance

alues compared to the other wax + Tween-80 films. Such high

ntegrated absorbance values proved to consequently increase the
urface roughness of these films, thus producing higher CA values.
lthough films HAG + 5% BW + Tween-80 and HAG + CB + Tween-
0 exhibited a greater degree of surface roughness compared to
ymers 102 (2014) 125– 135

the other wax  + Tween-80 films, their CA values vary due to the
main constituents present in each wax. Castelli, Uccella, Trombetta,
and Saija (1999) reported CB comprised of 12–20% cinnamic
and hydroxyl-cinnamic acid esters which are known for their
unique hydrophobicity properties. The presence of these esters and
Tween-80 in the HAG + CB + Tween films contributed to the higher
hydrophobicity of these films. Therefore the combined effect of
increase film surface roughness, the highly hydrophobic nature
of the CB in the presence of Tween-80 increased the CA value of
HAG + CL + Tween-80 films to a hydrophobicity level.

4. Conclusions

The results presented in this study show that S-FTIR could be
used to determine the distribution of natural wax  and/or Tween-
80 within HAG + wax films. The chemical maps generated by the
S-FTIR were found to provide information regarding the distri-
bution of waxes within the films. It was found that these waxes
were either randomly crystallized within the films at 5% concen-
tration. When 10% of these waxes were added to the HAG matrix,
the distribution of these waxes formed wax-rich domains within
these films as attained from the S-FTIR chemical maps. The CH2
absorption value was implemented in providing an understanding
of the intensity of each wax within each film and how this relates
to the surface hydrophobicity from the SEM images. By utilizing
the chemical maps and CH2 absorption values from S-FTIR, contact
angles values and the SEM images one can provide a reasonably
link between the distribution of wax, the surface hydrophobic-
ity (contact angle) and surface morphology (topography) of the
HAG + wax and HAG + wax + Tween-80 films. From this study it has
been showed how a domed wax-rich domain towards the interior
of the film, high CH2 absorption value and increase surface rough-
ness in HAG + 5% and 10% CB + Tween-80 films resulted into a high
surface hydrophobicity of 80.0–87.6◦, respectively.
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