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A B S T R A C T

The current consumer demand for fresh food and the interest in caring for the environment have driven the
development of biodegradable film packaging to replace synthetic films to preserve the integrity of food. The
objective of this work was to evaluate the effects of starch modifications (oxidized, cross-linked, and dual:
oxidized/cross-linked), starch concentration (1 and 2%), and glycerol concentration (5 and 15%) on water vapor
permeability (WVP), mechanical properties (tensile strength and elongation), optical, and structural properties of
films based on “hawthorn” yam starch. The WVP of the films was 4.4 � 10�10 to 1.5 � 10�9 g/m*s*Pa, where the
films with oxidized yam starch showed a 58.04% reduction concerning the native starch. The tensile strength of
oxidized yam starch films showed a decrease of 17.51% with an increase in glycerol concentration. For the 1%
starch concentration, elongation increased by 17.03% when the glycerol concentration was increased from 5 to
15%. Modification of starch, starch concentration, and glycerol have a significant effect on the barrier, me-
chanical, physical, and structural properties of films made with yam starch, where films made with oxidized yam
starches at a concentration of 1% starch and 5% glycerol showed the best responses of the properties evaluated.
1. Introduction

Edible films offer an alternative method of food preservation.
Biodegradable materials are used in their elaboration to mitigate the
environmental pollution caused by the large quantity of synthetic or
petroleum-derived packaging and containers. The materials used in the
production of edible films and coatings are proteins, lipids, and poly-
saccharides. One of the most widely used biopolymers is starch, which
has the advantage of being odorless, colorless, and presenting a high
barrier to gases [1, 2, 3].

Starch is composed of amylose (linear) and amylopectin
(branched), whose composition varies according to the biological
source. The amylose/amylopectin ratio defines the functional
properties of starches. Gelling temperature, paste viscosity, and gel
formation are associated with amylose, while retrogradation is
associated with amylopectin. The amylose/amylopectin ratio pro-
vides specific properties for the development of edible films,
amylose being the most relevant one [4]. Yam starches have a
du.co (R. Andrade-Pizarro).
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higher amylose content (29–40.75%) than potato, rice, and cassava
starches [5, 6].

Native starch-based edible films have limitations due to their poor
water vapor barrier, low flexibility, cracking, and decreased wettability
[7, 8]. To overcome the deficiencies presented by native starches,
chemical modifications can be made (oxidized, hydroxypropyl,
cross-linked, and a combination of these) that can improve the barrier
properties and mixed with plasticizers such as glycerol, mechanical
properties and appearance, such as color, can be improved [5, 7, 9, 10].

Edible films made from hydroxypropyl starches of cassava and potato,
as well as phosphate yam starch plasticized with glycerol, tend to
decrease water vapor permeability and increase their percentage of
elongation and fracture stress in comparison to those made from native
starches [11, 12]. Potato and banana oxidized starch films plasticized
with glycerol show differences in the behavior of their mechanical and
barrier properties; while in oxidized potato starch films the water vapor
permeability and fracture stress decrease, in those made from oxidized
banana starch, these properties increase [13].
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To further improve the properties of biodegradable films, dual
modification of starches has been introduced. It has been found that films
obtained with doubly modified starches, such as those made from rice
starch (hydroxypropylation-crosslinking) [14], cassava starch (cross-
linking-oxidation and oxidation-crosslinking) [15], potato starch (ace-
tylation-crosslinking) [16], maize starch (debranching -
hydroxypropylation) [17], sweet potato (cross-
linking-hydroxypropylation) [18], and achira starch (acid
hydrolyzation-succinylation) [19] show better behavior in some prop-
erties, presenting a decrease in water vapor permeability and an increase
in the percentage of elongation and fracture stress in comparison to films
made from single-modified starches. Besides, filmogenic solutions of
dual-modified starches from potato and oats, as well as rice and elephant
foot yam (Amorphophallus paeoniifolius) exhibit reduced viscosity, retro-
gradation, increased solubility, stability, and clarity of the pastes [14, 20,
21].

The properties of edible films made from starches are determined by
many aspects including the type of starchmodification, the concentration
of modifying agents, as well as the source of the starch used. Therefore,
this work aimed to evaluate the barrier, mechanical, optical (color and
opacity), and structural (FTIR) properties of films made with double
modified yam starch and plasticized with glycerol.

2. Materials and methods

2.1. Raw materials

“Hawthorn” yam (Dioscorea rotundata) from the farm “El Raicero”
(Corozal, Sucre, Colombia) was used. Yams were selected with a good
physiological and microbiological condition. Analytical grade glycerol,
sodium hypochlorite (NaOCl), and sodium trimethaphosphate (STMP)
were used.

2.2. Extraction of starch

The process of extraction of starch from yam was carried out
following the procedure described by Fu et al. [22], using a system of
mucilage separation and starch extraction on a pilot scale, in which phase
separation occurs due to the injection of air and the subsequent gener-
ation of mucilage-laden bubbles, thus allowing native starch to be ob-
tained. The starch was dried in a forced convection oven at 40 �C for 16 h,
to a humidity of approximately 10%; it was then macerated and passed
through a 100-mesh sieve.

2.3. Modification of yam starch

2.3.1. Oxidized yam starch
The oxidation process of native starch was followed according to

Wang andWang [23] and Dias et al. [24], with somemodifications. 200 g
of yam starch was dispersed in 500 mL of distilled water in a 2000 mL
beaker. The starch dispersion was heated at 35 �C and pHwas adjusted to
9.5 using 2 N NaOH. Then NaClO with effective chlorine from 1.5%
(relative to dry starch) was slowly added to the suspension and mixed for
30 min. The pH value of the mixture was maintained at 9.5 by adjusting
with 1 N NaOH and finally was adjusted to 7 with 1 N H2SO4. The
oxidizing process was terminated after 1.5 h. The product was washed
several times to remove extra chemicals, then dried in a forced-air oven
at 40 �C for 16 h to a water content of 10%, this was macerated and
passed through a 100-mesh sieve.

2.3.2. Cross-linked yam starch
The cross-linking of yam starch with sodium trimetaphosphate

(STMP) was carried out using the methodology described by Woo and
Seib [25] and Liu et al. [26], with some modifications. The maximum
concentration of the modifying agent allowed by the FDA for starches
intended for the food industry (3% w/w of STMP with respect to the
2

weight of the starch) was used. A suspension was prepared using 100 g of
starch (dry basis) in 150 mL of distilled water, 3% w/w of STMP was
added until a complete mixture was achieved. Then the pH was adjusted
to 10.0 by the addition of NaOH 1N with constant stirring. The suspen-
sion was heated to 45 �C for 3 h maintaining the agitation, the pH was
adjusted to 6.5 with a 10%HCl solution. Then the starch was washed four
times with an equal volume of distilled water and separated by centri-
fugation at 3000xg for 5 min. and then dried at 50 �C for 24 h, macerated,
and passed through a 100-mesh sieve.

2.3.3. Dual modified yam starch
The dual modification of yam starch was carried out by first oxidation

of native yam starch followed by cross-linking, according to the meth-
odology described above.
2.4. Preparation of yam starch-based films

The filmogenic solutions were prepared according to the methodol-
ogy described by [13], with somemodifications. The amount of each type
of starch (1 and 2%) and glycerol (5 and 15% w/w starch base) were
added to 500mL of distilled water according to the experimental design.
The suspensions were heated at 90 �C for 5 min until complete gelati-
nization of starch. The edible films were made by the casting method by
spreading 60 g of the filmogenic solutions on square Teflon coated molds
of approximately 210 cm2 and then dried at a temperature of 25 �C for 24
h and stored in a desiccator at 25 �C and relative humidity of 52% for 48
h for further analysis.
2.5. Characterization of yam starch films

2.5.1. Film thickness
The thickness of the film samples was measured with a precision

digital micrometer with an accuracy of 0.01 mm. Mean thickness values
for each sample were calculated and used in water vapor permeability
(WVP) and tensile strength (TS) calculations.

2.5.2. Optical properties of films

2.5.2.1. Color parameter. The color of the films was determined using a
colorimeter (KONICA Minolta, Japan), and the D65 (daylight) CIELab
scale was used to determine the parameters L* (L, from black (0) to white
(100)), a* (a, from green (-128) to red (127)), and b* b, from blue (-128)
to yellow (127)). The color of the film was expressed as the color dif-
ference (ΔE*) according to Eq. (1).

ΔE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔL*Þ2 þ ðΔa*Þ2 þ ðΔb*Þ2

q
(1)

where ΔL*, Δa*, and Δb* are the differences between the sample color
parameter and the white plate color standard (L*¼ 94.8, a*¼ -0.78, b*¼
1.43), which is used as the background for determining the color film.

2.5.2.2. Opacity (%). Film opacity was determined according to ASTM
D523 (1999). Opacity was calculated as the relationship between the
opacity of the film superposed on the black standard (Opb) and the film
superposed on the white standard, Opw (Eq. 2).

Opf ¼ Opb
Opw

� 100 (2)

2.5.3. Fourier Transform Infrared Spectroscopy, FTIR
The yam starch films were scanned in an infrared spectrometer (FTIR

THERMO, Model NICOLE IS 5). The samples were measured in a glass
cell with ZnSe. The spectra were performed in the regions 4000–400
cm�1. The films were conditioned in a dryer with silica gel for 7 days at



G. Narv�aez-G�omez et al. Heliyon 7 (2021) e06644
room temperature. The crystalline and amorphous areas were deter-
mined by processing the spectra with the Omnic 9 program.

2.5.4. Mechanical properties of the films
An Instron Universal Testing Machine (Model 3400, Instron Corpo-

ration, Canton, MA, USA) was used to assess the mechanical properties of
the film. The mechanical properties of the films were evaluated by
determining the tensile strength (TS) and elongation at break (%). Before
testing, films were conditioned for 4 days at 55% RH (saturated potas-
sium carbonate solution), and 22 �C. Films were cut into 25 mmwide and
100 mm lengthwise strips. Film strips were then held between two
clamps of the universal testing machine, with a grip-to-grip separation of
50 mm, and a crosshead speed of 1 mm/s. The TS was calculated by
dividing the maximum breaking load by the cross-sectional area of the
initial sample. The elongation was calculated by dividing the extension at
break of the sample by the initial reference length of the sample and
multiplying by 100.

2.5.5. Film barrier properties
Water vapor permeability (WVP) was determined gravimetrically at

22 �C according to the methodology described by Gontard et al. [27],
with some modifications. Yam starch films without visual defects (no
bubbles or fractures) were selected, cut to a set diameter, and placed in a
glass cell containing distilled water. Silicone grease was used to seal the
film to the cell. The cells were placed in a desiccator containing silica gel
(~0% RH) and kept at 22 �C in a laboratory oven (DiES, model TH53).
The cells were weighed on an analytical balance every 2 h for the first 8 h
and then at 24 h. The water vapor transmission rate (WVTR) was defined
as the slope (S) divided by the transfer area (At) and this was calculated
by Eq. (3).

WVTRm ¼ s
At

(3)

The existence of a layer of stagnant air inside and above the cell
generates a significant resistance to water vapor transport; therefore, the
WVP value was corrected according to the methodology proposed by
Gennadios et al. [28], and this was determined according to Eq. (4).

WVP¼ 1:157� 10�5 WVTRc *L
ΔPa

(4)

where: WVTRc is the corrected water vapor transmission rate, L is the
film thickness,ΔPa is the pressure drop between the above and below the
film, and 1.157 � 10�5 is the conversion factor of the units.
Table 1. Matrix of factorial experimental design of modified yam starch-based
films.

Treatment Starch type Yam starch, % Glycerol, %

T1 Native 1 5

T2 Native 1 15

T3 Native 2 5

T4 Native 2 15

T5 Oxidized 1 5

T6 Oxidized 1 15

T7 Oxidized 2 5

T8 Oxidized 2 15

T9 Cross-linked 1 5

T10 Cross-linked 1 15

T11 Cross-linked 2 5

T12 Cross-linked 2 15

T13 Dual 1 5

T14 Dual 1 15

T15 Dual 2 5

T16 Dual 2 15
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2.6. Experimental design and data analysis

The experiment was conducted under a completely randomized
design and a 4 � 2 � 2 factorial arrangement structure. The factors
evaluated were: type of starch: native, oxidized, cross-linked, and dual-
modification (oxidized/cross-linked); starch concentration: 1 and 2%,
and glycerol concentration: 5 and 15% based on starch weight (Table 1).
To establish whether there is an effect of the independent variables on
the dependent variables, an analysis of variance (ANOVA) was applied at
a significance level of 5%. Tukey's multiple range test was used to
compare mean values, using the free version of the statistical package R
3.2.1. The experiments were performed in triplicate for each treatment.

3. Results and discussion

3.1. Optical properties of films

3.1.1. Film color parameters
Table 2 shows the values of the color parameters of edible films made

from native and modified yam starch.
The luminosity (L*) of the yam starch films was between 94 and 95,

very close to the values of the standard white plate where the sample was
placed (L¼ 94.8), indicating that yam starch films tend to be transparent.
Furthermore, these values are similar to those of oxidized potato starch
films, 95.7–97.18 [29], and edible agar-based films reinforced with
nano-bacterial cellulose, 96.59–96.94 [30].

The a* color parameter was between 1.17 and 1.41 (Table 2), which
indicates that the films have a low intensity of red color, particularly the
dual-modified starch (oxidized/cross-linked) which presented the lowest
values of this parameter (1.17–1.22). These values are similar to those
reported for edible films with tea polyphenols, 0.3–1.5 [31], but higher
than the biodegradable films produced from cordia myxa, -1.76 and -0.63
[32], and oxidized potato starch films, -5.41 and -5.13 [29], which pre-
sented a green color tone. The values for parameter b* were between
6.54 and 7.02 (Table 2) indicating a low intensity of the yellow color
shade. These results are similar to those reported for oxidized potato
starch films, 7.7–7.23 [29], and edible films based on eggplant flour and
corn starch, 7.3–7.9 [33].

The values for total color difference (ΔE*) of films made from native
starch and modified yams were in the range of 0.70 and 1.59 (Table 2).
These results indicate a clear coloration in all samples evaluated [34].
These values are similar to those obtained in oxidized potato starch films,
0.65–3.09 [29], and edible films based on agar reinforced with
nano-bacterial cellulose, 0.29–0.79 [30].

The ANOVA shows that starch concentration (p ¼ 0.001) and starch
type (p ¼ 0.0000) significantly affected the color parameter ΔE. The
decrease in starch concentration causes a reduction in ΔE of 29.23%, due
to the decrease of solids in the film-forming suspension [35]. Films made
with dual-modified starch showed the lowest average value (ΔE ¼ 0.88)
and a decrease of approximately 25.4%with respect to native starch. This
may be due to the effect of the modifying agents (NaOCl and STMP) on
the amylose structure, preventing intermolecular or intramolecular as-
sociation within the starch granules, leading to a light color of the films
[35]. The color of the film is one important parameter since it has a direct
impact on the appearance of the product and acceptance for consumers.

3.1.2. Opacity (%)
The opacity values (%) of films made with yam starch were be-

tween 10.26 and 12.33% (Table 2), which are similar to those re-
ported for films of native wheat starch, 11.46% [36], oxidized potato
starch film (11.38–11.93%) [29], and polysaccharide from Anacar-
dium occidentale L [37]; but lower than those of modified corn starch
films with beeswax (20.81–41.15%) [38], and films based on cassava
starch and polyvinyl alcohol (23.8–42.9%) [39]. Opacity showed that
starch type (p ¼ 0.0000), starch concentration (p ¼ 0.0000), and
interaction between starch type and starch concentration (p ¼



Table 2. Color parameters of modified yam starch-based films.

Treatment L* a* b* ΔE* Opacity, %

T1 94.46 � 0.02abcd 1.37 � 0.03fg 6.54 � 0.05a 1.22 � 0.02bcdef 10.26 � 0.32a

T2 94.64 � 0.11bcde 1.41 � 0.02g 6.54 � 0.05a 1.38 � 0.09cdef 10.33 � 0.25ab

T3 94.40 � 0.03abcd 1.34 � 0.02defg 6.94 � 0.04b 1.03 � 0.06abcde 12.33 � 0.47e

T4 94.47 � 0.06abcd 1.32 � 0.02def 6.99 � 0.04b 1.07 � 0.06abcde 12.33 � 0.51e

T5 94.79 � 0.05cde 1.31 � 0.02cdef 6.93 � 0.01b 1.43 � 0.07ef 10.60 � 0.26ab

T6 94.68 � 0.12cde 1.36 � 0.02efg 7.01 � 0.11b 1.28 � 0.12bcdef 10.63 � 0.15ab

T7 94.24 � 0.08ab 1.28 � 0.04bcde 6.98 � 0.02b 0.86 � 0.07ab 12.1 � 0.36de

T8 94.37 � 0.09abc 1.31 � 0.02cdef 6.93 � 0.01b 0.96 � 0.08abc 12.2 � 0.34e

T9 94.82 � 0.05de 1.31 � 0.02cdef 6.91 � 0.04b 1.42 � 0.05def 11.13 � 0.25abc

T10 94.99 � 0.40e 1.32 � 0.02def 7.02 � 0.04b 1.59 � 0.40f 11.23 � 0.15bcd

T11 94.36 � 0.11abc 1.31 � 0.02cdef 6.98 � 0.09b 0.97 � 0.09abc 12.0 � 0.20cde

T12 94.47 � 0.12abcd 1.29 � 0.05a 6.96 � 0.02b 1.09 � 0.15abcde 12.23 � 0.20e

T13 94.52 � 0.19abcd 1.22 � 0.02ab 6.94 � 0.05b 1.12 � 0.18abcde 10.9 � 0.40ab

T14 94.40 � 0.22abcd 1.23 � 0.03abc 6.99 � 0.02b 0.99 � 0.22abcd 10.86 � 0.20ab

T15 94.12 � 0.04a 1.17 � 0.03a 7.00 � 0.07b 0.72 � 0.04a 12.23 � 0.20e

T16 94.09 � 0.10a 1.26 � 0.05bcd 7.02 � 0.07b 0.70 � 0.09a 12.1 � 0.25de

Means in the same column with different letter are significantly different (Tukey's test, p < 0.05).
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0.0260) significantly affect opacity. Increasing starch concentration
(1–2%) increased opacity to 12.09, 13.68, and 14.44% for films of
double modified, native, and oxidized starches, respectively, while for
films of cross-linked starches the increase in opacity was only 8.34%.
This increase is because the opacity of yam films depends on their
thickness [40], and therefore on the percentage of starch, which led to
more opaque films. The opacity of starch films is of great importance
when they are used to display the packaged food to the consumer as
food surface coatings.
Figure 1. FTIR spectrum of modified yam starch-based films (T1 to T16 represent th
with 1% yam starch and 15% glycerol, (c) films with 2% yam starch and 5% glycer
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3.2. Fourier Transform Infrared Spectroscopy

Figure 1 shows Fourier Transform Infrared Spectroscopy (FTIR) for
yam starch films with different concentrations of starch and glycerol. In
the region 500 to 4000 cm�1, a variation in the stretch absorbance signals
of all films made with modified starch was shown with respect to those
made with native starch. In the region between 3000 and 3900 cm�1, a
peak was observed for all starch films indicating stretching in the
absorbance of the hydroxyl group, attributable to a higher presence of
e different treatments). (a) Films with 1% yam starch and 5% glycerol, (b) films
ol, (d) films with 2% yam starch and 15% glycerol.



Table 3. Tensile strength and elongation (%) of modified yam starch-based films.

Treatment Tensile strength, MPa Elongation, %

T1 2.52 � 0.24ab 13.91 � 0.31h

T2 2.21 � 0.29a 16.62 � 0.65i

T3 2.93 � 0.12b 13.02 � 0.22gh

T4 2.70 � 0.22b 13.88 � 0.22h

T5 5.42 � 0.17g 11.55 � 0.19def

T6 4.17 � 0.24c 13.33 � 0.30gh

T7 5.60 � 0.29gh 9.94 � 0.31bc

T8 4.92 � 0.29de 10.72 � 0.42cd

T9 5.64 � 0.26gh 10.36 � 0.69bcd

T10 5.39 � 0.21fg 12.41 � 0.41efg

T11 6.09 � 0.31i 8.49 � 0.39a

T12 5.97 � 0.26hi 10.25 � 0.51bcd

T13 4.98 � 0.29ef 11.19 � 0.43cde

T14 4.53 � 0.26cd 12.66 � 0.47fgh

T15 6.01 � 0.24hi 9.10 � 0.15ab

T16 5.42 � 0.26g 10.55 � 0.71cd

Means in the same column with different letter are significantly different
(Tukey's test, p < 0.05).
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these groups by the incorporation of glycerol and water [41]. A peak
located in the 2930 cm�1 band is related to the stretching of the C–H
group of the glucopyranose ring. For the region between 900 – 1100
cm�1, no differences were found in the position of the peaks (band
lengthening) for each of the films made with native, oxidized,
cross-linked, and dual-modification (oxidized/cross-linked) starches.

For films made from a mixture of 1% yam starch and 5% glycerol
(Figure 1a), characteristic peaks of 932.3, 995.6, and 1151.8 cm�1 starch
were observed, which can be attributed to the stretching of the C – O
bond. The band between 991 and 1158 cm�1 can be said to be associated
with crystalline and amorphous structures of native starch [42, 43].
Similar results were obtained for films made with banana oxidized starch
[44]. For the region between 500 and 900 cm�1, there was a difference
with the disappearance of several peaks corresponding to 529 cm�1,
575.6 cm�1, and 582 cm�1 for the film of oxidized starch compared to
that of native starch. This could be attributed to the formation of new
functional groups (carbonyl) by the action of the modifying agent
(NaOCl) [44], which is reflected in the increased absorbance for the
peaks in the band from 900 – 1200 cm�1.

Crosslinked and dual modified starch films showed the appearance of
a peak in the 582.3 cm�1 bands attributed to the pyranoid ring [45]. For
films made with a mixture of 1% yam starch and 15% glycerol
(Figure 1b), changes were observed in the oxidized starch films with
respect to native starch, with partial disappearance of the peaks located
in the band from 500 – 763 cm�1 which could be attributed to increased
absorbance of the peaks located in the band from 900 – 1250 cm�1

corresponding to the carbonyl group.
On the other hand, the crosslinked and dual modified starch films

showed a partial disappearance in the values located in the band between
528 and 763 cm�1 with the films of native starch. This could be attrib-
uted to the formation of new functional groups by the action of the
modifying agent (STMP) [45], which can be reflected in the increase in
absorbance in the 1646.6 cm�1 bands corresponding to the bending of
the O–H and C–O functional groups. Similarly, an increase in absorbance
was noted for the values located in the band of 1366.6 cm�1, this change
can be attributed to the bending of the C–H functional group that could
be generated by the effect of the modifying agent. In the band located
between 900 and 1250 cm�1, there was a variation in the signal at 1050
cm�1, whichmay be caused by the stretching of the C–O–C group. For the
double modified starch-based films, a change was noted in the region
around 567.7 cm�1, this value could be assigned to the vibration
generated by the glucopyranose ring [45].

For the films made with a mixture of 2% oxidized and oxidized/cross-
linked starch with 5 (Figure 1c) and 15% glycerol (Figure 1d), an in-
crease in the absorbance values was observed in the peaks located in the
wavelength of 3000 to 3900cm�1, the peaks in the band of 2930, 1645,
1382 cm�1, and the peaks located along with the band of 1250 to
500cm�1, generated by the modifying agents (NaOCl and STMP). Also,
the cross-linked starch films showed the highest values of absorbency
along with the entire band from 3900 to 500cm�1. Likewise, a disap-
pearance of the characteristic peaks of starch in the region of the
fingerprint (1250–500 cm�1) was observed, this can be associated with
the concentrations of starch and glycerol used for the treatments that
correspond to the highest levels of both factors.

3.3. Mechanical properties of the films

Table 3 shows the tensile strength and elongation values of films
made from yam starch. Tensile strength is between 2.18 and 6.09 MPa,
while elongation is between 8.49 and 16.62%. These values are similar to
those reported for sorghum-based [8], and dual-modified films and
dual-modified corn starch-based films [17].

The ANOVA shows that starch type (p ¼ 0.0000), starch concentra-
tion (p ¼ 0.0000), glycerol concentration (p ¼ 0.0000), and the inter-
action starch type–glycerol concentration (p ¼ 0.0025) significantly
affected the tensile strength of yam starch films. An increase in starch
5

concentration results in a 13.76% increase in tensile strength. This is
because a higher concentration of solids generates a greater thickness of
the film and therefore more strength is needed to break it.

An increase in the glycerol concentration produces a reduction in the
tensile strength for starch films, which depends on the type of starch
used. For cross-linked yam starch films this decrease was 3.15%, dual
modified (oxidized/cross-linked) and native yam starch films were be-
tween 9.46 and 9.9%, while for oxidized yam starch films the reduction
in tensile strength was 17.51%. This reduction in the oxidized starch
films could be because during the processing of the films the crystalline
structure of the starch was destroyedmainly by the high temperature and
the shear force, becoming an amorphous phase that favors the penetra-
tion of glycerol (plasticizer) into the matrix [46].

The reduction in the tensile strength values of yam starch films with
the increase of glycerol is because the plasticizer interferes in the asso-
ciation of the polymer chain facilitating its sliding and improving its
flexibility as it decreases the rigidity of the net, producing a less ordered
film structure and increasing the movement capacity. Furthermore, the
addition of glycerol tends to provide additional water to thematrix due to
its hygroscopic nature [47]. Similar results were obtained in films with
pre-gelatinized corn starch [48].

The analysis of variance shows that the factors studied and the
interaction starch concentration–glycerol concentration (p ¼ 0.0034)
significantly affected the elongation (%) of yam starch films. For films
made with modified starches, there is a percentage of elongation that
varies between 10.38 and 11.38%, while for native starch the value was
14.3%. The effect of the type of starch on elongation for modified starch
films could be due to the incorporation and formation of functional
groups. By analyzing the interaction, it can be established that for a low
level starch concentration (1%), elongation of films made with yam
starch has an increase of 17.03% when the glycerol concentration in-
creases from 5 to 15%, while the same increase in glycerol concentration
causes an increase of only 11.93% for a high level (2%) starch concen-
tration. This could be because an increase in starch concentration gen-
erates a decrease in the interactions between starch and glycerol, making
them more rigid [49].

3.4. Water vapor permeability

Table 4 shows the values for water vapor transfer rate (WVTR) and
water vapor permeability (WVP). The average values of the measured
water vapor transfer rate (WVTRm) and the corrected water vapor



Table 4. Water vapor permeability of modified yam starch-based films.

Trat. WVTRm, g/m2*día WVTRc, g/m2*día Error, % Thickness, μm WVP, 10�10 (g/m*s*Pa)

T1 1080 2392.6 54.9 33 � 0.84fg 9.16 � 1.24ef

T2 877 1534.5 42.8 34 � 0.94gh 6.63 � 0.40bcd

T3 1080 2272.5 52.6 58 � 0.70b 7.50 � 0.43bcd

T4 1220 3219.0 62.2 60 � 1.10bc 12.57 � 0.47fg

T5 783 1298.3 39.7 36 � 0.14ef 4.50 � 0.62a

T6 949 1821.3 47.8 28 � 0.58a 5.00 � 0.26ab

T7 899 1628.9 44.8 62 � 0.92h 10.26 � 1.04ef

T8 1010 1991.3 49.1 55 � 0.12cd 6.26 � 0.25bc

T9 933 1699.3 45.1 35 � 0.97g 6.78 � 0.63bcd

T10 1210 3078.7 60.7 37 � 0.43j 5.24 � 0.21ab

T11 899 1648.1 45.4 59 � 1.59bc 15.09 � 0.33g

T12 1110 2435.7 54.3 98 � 5.06d 14.07 � 1.33g

T13 1050 2257.7 53.4 35 � 1.05i 9.10 � 0.97ef

T14 1100 2413.7 54.3 33 � 0.86e 8.55 � 1.64cde

T15 1190 3007.6 60.4 67 � 0.72bcd 13.60 � 1.09g

T16 1200 3004.2 60.1 55 � 0.40b 10.61 � 0.59ef

Means in the same column with different letter are significantly different (Tukey's test, p < 0.05).
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transfer rate (WVTRc) show an error ranging from 39.7 to 62.2%. High
error rates may be associated with the height of the air space within the
capsule used for the permeability measurement. The higher the WVP rate
through a film, the more important the air space resistance is, and the
greater the error produced. The WVP of yam starch films was between
4.5 � 10�10 and 1.5 � 10�9 g/m*s*Pa, which is lower than reported for
single and dual modified sorghum starch films of 1.1–2.5 � 10�9 g/
m*s*Pa [8], but higher than those reported for dual-modified corn starch
films of 0.78–1.05 g*mm/m2*h*kPa (2.1–2.9 � 10�10 g/m*s*Pa) [17],
dual-modified cassava starch of 15.95–22.19 g*mm/m2*day*kPa
(1.84–2.57 � 10�10 g/m*s*Pa) [15], dual-modified rice starch films,
1.62–1.83 g*mm/m2*day*kPa (1.88–2.12 � 10�11 g/m*s*Pa) [14], and
films made from native and modified cush-cush yam and cassava starch
(1.8–3 � 10�11 g/m*s*Pa) [50]. It should be noted that several of these
studies do not report the correction of water vapor permeability due to
stagnant air in the cell, which is about 50%.

The ANOVA shows that starch type (p ¼ 0.0000), starch concentra-
tion (p ¼ 0.0000), starch type–starch concentration interaction (p ¼
0.0000) and starch type–glycerol concentration interaction (p ¼ 0.0015)
significantly affected the WVP of yam starch films. The water vapor
permeability of films was in the order of oxidized starch film < native
starch film ¼ cross-linked starch film ¼ dual-modified starch film. The
oxidation reduced the WVP of yam starch film by 51.5% compared to
native starch film when 1% starch was used. These results were similar to
those reported for the oxidized starch film from cassava [15] and
oxidized starch film from sorghum [51]. The changes in water affinity
resulting from starch oxidation can be explained by a replacement of
hydrophilic hydroxyl groups by more hydrophobic aldehyde groups;
therefore, the capacity of the film to absorb water vapor for oxidized
starch film was reduced [15, 52].

An increase in starch concentration produces an increase in WVP of
about 25% in native and dual modified starch films, while for cross-
linked and oxidized starch films, the increase was about 50%. The in-
crease in WVP with starch concentration has been reported for films
made from native and modified sorghum starch [51]. This increase in
WVP is related to the increase in film thickness [40, 53]. When the
starch–glycerol concentration interaction is analyzed, when going from
low (5%) to high (15%) in the glycerol concentration, there was a
decrease in the WVP of about 15%, for dual starch films (oxi-
dized/cross-linked), while for films of native starch it presented an in-
crease of 13%. The increase in WVP of native yam starch films is because
as the concentration of glycerol increases, the permeability also increases
6

due to the high degree of hygroscopicity of glycerol [54], in addition to
the fact that the OH polar groups along the plasticizer chain develop
hydrogen bridges between starch and glycerol [55]. While the reduction
in WVP values of modified starch films is due to the incorporation of
phosphate groups and the formation of carboxyl and carbonyl groups,
they seek to replace functional OH groups by making the modified yam
starch films less related to water molecules [23, 29, 56].

4. Conclusion

The type of starch, starch concentration, and glycerol concentration
have a significant effect on the color, structural, mechanical, and water
vapor permeability properties of films made from modified and native
yam starches. Films made with native and modified yam starches show
differences in the FTIR, due to the formation or incorporation of
functional groups in different ways according to the type of modifi-
cation and starch concentration used. The tensile strength of films
made with native yam starches and modified with glycerol is reduced
as the concentration of glycerol is increased because it interferes with
the starch chains causing a decrease in the rigidity of the films which
allows them to increase elongation. The water vapor permeability of
edible films is affected by the relationship between starch modifica-
tion, starch concentration, and glycerol concentration. A lower con-
centration of oxidized starch and glycerol causes the formation of
functional groups that have no affinity with water, allowing a reduc-
tion in water vapor permeability, which is essential for food
preservation.
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