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Abstract
Purpose  Agro-industrial waste, being biodegradable and environmentally-benign, is a sustainable resource for edible film 
production. Edible films were fabricated from by-products, prickly pear peel mucilage (PPM) and potato husk starch (PHS), 
and characterised for their physical–chemical properties.
Methods  Various films were prepared by varying the PPM, PHS and glycerine (plasticiser) while maintaining a constant 
amount of vinegar (acidifying agent).
Results  Results showed that the formulation composition influenced the properties of the films. High concentrations of PPM 
and glycerine led to films with higher thickness, opacity, moisture and water retention capacity (WRC), and the percentage 
of water solubility (% WS) was influenced by the PHS content. All edible films presented very low water permeability (WP), 
and thereby good barrier properties. The WS, WRC and WP were closely associated with the PPM and glycerine contents. 
Consequently, the FTIR and SEM analyses showed similarities between the spectra and images.
Conclusion  The preparation of edible films from agro-industrial wastes, along with their specific application in food pack-
aging, especially for fresh fruits and vegetables, contributes to sustainable alternatives due to the recovery and reuse of the 
processing residues.
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Statement of Novelty

This paper demonstrates the feasibility of obtaining edible 
films from polymers extracted from agro-industrial by-prod-
ucts, such as prickly pear peel mucilage and potato husk 
starch.

Introduction

In the forthcoming era of bio-economy, there has been a 
growing interest in the use of biodegradable, edible films, 
mainly for environmental reasons, as an alternative to con-
ventional petroleum derivative plastics [1, 2]. Edible films 
act as a barrier against the transfer of moisture, oxygen, CO2, 

and the loss of lipids and flavour components to maintain 
quality and extended the shelf-life of food products [3–5]. 
Numerous studies have shown the effectiveness of edible 
films in the preservation of diverse products [6, 7]. Besides 
acting as a barrier, edible films can also be used as carriers 
of flavourings and functional ingredients, such as nutraceuti-
cals, antimicrobials, antioxidants, and vitamins and minerals 
[2, 7–9].

Edible films are fabricated from natural biopolymers, 
mainly polysaccharides, carbohydrates, proteins, lipids or 
combinations and blends of these components [1, 3, 4, 10]. 
Among the most commonly used polysaccharides are cel-
lulose derivatives, chitosan, starch, alginates, carrageenan 
and pectin due to their good film-forming properties.

For applications, it is necessary to characterise the 
films for their physical–chemical attributes, such as water 



323Waste and Biomass Valorization (2021) 12:321–331	

1 3

solubility (WS), water absorption/desorption, thickness, 
microstructure, crystallinity, biopolymers compatibility, 
thermal behaviour, barrier properties [gas and water vapour 
permeability (WVP)], mechanical properties and optical 
properties [10].

As the attention towards renewable materials grows 
[11], there is great emphasis on fabricating edible films 
from unconventional sources of hydrocolloids [12–19]. 
Even biopolymers obtained from agro-industrial waste, like 
bagasse, fibre, cake, peels, husk, pits and seeds, are consid-
ered. This approach seeks to harness the full potential of 
residues and materials produced as by-products of the agro-
industries and reduce environmental pollution [20]. Edible 
films have been prepared from banana peel [21], fruit and 
vegetable residues [11, 22], cranberry pomace extracts [23] 
prickly pear mucilage [24, 25], whey protein isolate [26], 
commercial fish skin gelatine [27], soybean cake, cassava 
bagasse, turmeric dye extracted from waste flour, among 
others [20].

In 2017, worldwide potato production was 388 million 
metric tons [28]. Potato husk is a zero-value waste from 
potato processing plants [29] that has been traditionally 
used in animal feed and as an organic soil fertiliser [30]. 
The husk represents between 15 to 40% of the tuber [29], 
and the maximum starch content [29, 31] is 52.14% on a 
dry weight basis [29]. Likewise, prickly pear production in 
2018 was 500 thousand metric tons [32]. Opuntia fruit peel 
represents up to 69% of the fruit, and is a valuable source of 
natural biopolymers, particularly polysaccharides, like muci-
lage [33], obtaining a 7.3% yield based on the dry matter of 
prickly pear peels [34].

Thus, the valorisation of these agro-industrial by-prod-
ucts in the development of edible films motivated the pro-
posed methodology of fabricating edible films from the 
biopolymers present in prickly pear peel mucilage (PPM) 
and potato husk starch (PHS). The films were characterised 
for their physical–chemical properties, including thickness, 
opacity, moisture, water retention capacity (WRC), WS, 
WVP, matrix interaction by Fourier-transform infrared red 
(FTIR) spectroscopy and morphology by scanning electron 
microscopy (SEM).

Methodology

Raw Material

Purple prickly pear (Opuntia ficus-indica L. Mill) and 
white potato (Solanum tuberosum) were purchased from a 
local market of Abancay, Apurímac, Perú, transported to 
the laboratory and stored under refrigeration at 4 °C until 
application.

Prickly Pear Peel Mucilage (PPM) Extraction

Mucilage from prickly pear (O. ficus-indica L. Mill) peel 
was extracted by adapting the method described by Allegra 
et al. [6] and Koubaa et al. [33], such that the peels of prickly 
pear were cut into 2 cm × 2 cm pieces. To extract the muci-
lage, peels were crushed in an Osterizer blender (Sunbeam. 
Miami, FL, USA) and homogenised with distilled water 
(1:1, w/v) at room temperature. The homogenate was filtered 
through medium-mesh and fine-mesh strainers to collect 
the filtrate. The fibre retained on the mesh was discarded, 
and the filtrate containing the mucilage was centrifuged in 
a C2 series (Centurion Scientific Ltda, West Sussex, UK) 
at 3000 rpm for 21 min. The supernatant was boiled in a 
water bath (WNB10, Memmert GmbH & Co. KG, Schwa-
bach, Germany) at 75 °C for 30 min until the liquid mucilage 
reached 6°Brix. It was then cooled and maintained under 
refrigeration (4 °C) until use.

Potato Husk Starch (PHS) Extraction

Potato (S. tuberosum) husk starch was extracted according to 
Valcárcel-Yamani et al. [35]. Initially, potato husks of 2-, 3- 
and 5-mm thickness were cleaned, selected, disinfected with 
2% sodium hypochlorite solution, manually cut into small 
pieces of 2 cm × 2 cm and ground in a blender with distilled 
water (1:2, w/v) for 3 min. The homogenate was filtered 
through a thin membrane of cotton and washed with distilled 
water (four times) to collect the filtrate. The residue retained 
on the membrane was discarded, and the filtrate contain-
ing the starch was resuspended in distilled water (1:4, w/v). 
Afterwards, the starch was separated from the supernatant 
and resuspended again in water until the starch settled. This 
washing procedure was repeated approximately four times 
to obtain a white starch and a translucent supernatant. The 
starch was collected and dried in a UN30 oven (Memmert 
GmbH & Co. KG) at 40 °C for 8 h. The dry starch was stored 
in bags at room temperature until use.

Edible Films Preparation

The edible films were prepared by the casting or plate cast 
method reported by Debeaufort et al. [1] and García et al. 
[10]. Formulations were prepared with varying PPM, PHS 
and glycerine (GLY; Table 1) contents, keeping the amount 
of vinegar (acidifying agent) constant. Initially, the PHS and 
PPM were mixed with GLY, immediately homogenised for 
5 min, then commercial vinegar with 2.5% acidity was added 
to reduce the pH. Next, the solution was placed in a water 
bath at 82 °C and stirred for 1 min. Finally, was cast in a 
plate and oven-dried at 45 °C for 24 h. The dried films were 
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carefully peeled from the plate, and placed in hermetical 
polyethylene bags before storing at room temperature until 
analysis.

Physical–Chemical Characterisation of Biofilms

Thickness

The edible films thickness was determined, according 
to Espino-Díaz et al. [36], using a digital stainless-steel 
micrometric device with 0.01-mm sensitivity (Truper en 
Edo., Jilotepec, Mexico). The thickness measurements were 
recorded in ten different sections of the film, and the average 
of the measurements was reported.

Density

The edible films apparent density was determined from the 
ratio between the weight and volume. The film samples were 
cut into 2 cm × 2 cm pieces and weighed on an analytical 
scale (Entris 224-IS, Sartorius Lab Instruments GmbH & 
Co. KG, Göttingen, Germany). The volumes of the samples 
were calculated from the area and thickness. The experi-
ments were performed in triplicate, and mean values were 
reported according to Pelissari et al. [37].

Opacity

The edible films opacity or transparency was calculated 
using Eq. (1), as reported by Gómez-Estaca et al. [38]. The 
edible films were cut into rectangles and placed directly in 
the UV–Vis G10S spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA) test cell, using an empty test 
cell as the reference.

(1)Opacity =
absorbance at 600 nm

film thickness (mm)

Moisture Content

The edible films moisture content (%) was determined 
according to the Association of Official Analytical Chem-
ists method 934.01 [39]. The moisture content of the films 
is defined as the percentage of water removed from the ini-
tial mass sample. It was analysed gravimetrically by drying 
the samples at 105 °C for 24 h in a UN30 oven (Memmert 
GmbH & Co. KG) and then recording the weight using an 
analytical scale (Entris 224-IS, Sartorius Lab Instruments 
GmbH & Co.) in triplicate.

Water Solubility (WS)

The WS was evaluated as described by Romero-Bastida et al. 
[12] with modifications. For this, previously dried square 
films (2 cm × 2 cm) were weighed (initial dry weight) on an 
analytical scale (Entris 224-IS, Sartorius Lab Instruments 
GmbH & Co.) and then placed into test beakers with 80 mL 
of distilled water. The samples were maintained under con-
stant agitation in H3 (Ingenieurbüro CAT, M. Zipperer 
GmbH, Dottingen, Germany) for 10 min at room tempera-
ture (approximately 25 °C). The remaining pieces of film 
were soaked, then dried again in an oven (UN30, Memmert 
GmbH & Co. KG) at 60 °C until constant weight. The WS 
percentage was calculated by weight difference, according 
to Eq. (2). All samples were analysed in triplicate.

Water Retention Capacity (WRC)

The WRC or swelling was evaluated as detailed by 
Nouraddini et al. [16] and Basiak et al. [40] with modifica-
tions. The film samples were cut into 2 cm × 2 cm pieces, 
weighed (initial weight) on a scale (Entris 224-IS, Sarto-
rius Lab Instruments GmbH & Co.) and then immersed in 
a flask with distilled water for 10 min. After recovering the 
samples from the flask, excess water was removed by wip-
ing them with filter paper, and each sample was weighed 
(final weight). The WRC was calculated by Eq. (3). All 
samples were analysed in triplicate.

Water Vapour Permeability (WVP)

The WVP was measured in accordance with the standard 
ASTM E96-95 [41] and Gennadios et al. [42] with some 

(2)%WS =
initial dry weight−final weight

initial dry weight
× 100.

(3)%WRC =
final weight−initial weight

initial weight
× 100

Table 1   Biofilms formulation

PPM prickly pear peel mucilage, PHS potato husk starch, GLY glyc-
erine

Formulation PPM (mL) PHS (g) GLY (g) Vinegar 
(mL)

F1 20 2 1.96 1
F2 20 1 1.75 1
F3 10 2 1.12 1
F4 10 1 1.05 1
F5 15 2 1.47 1
F6 15 1 1.40 1
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modifications. The previously-weighed sample was sealed 
in the open mouth of a test-tube containing 6 mL of dis-
tilled water and then the assembly placed under controlled 
conditions (24 °C for 24 h) in a desiccator. The test-tube 
was weighed every 8 h to obtain the slope of the variability 
of weight per unit of time (J), and thereby determine the 
rate of water vapour circulation from the water through the 
sample under the controlled conditions. To determine the 
WVP, Eqs. (4), (5) and (6) were used:

where WVTR is the water vapour transmission rate (g 
s−1 m−2); J is the slope of the weight loss in the linear region 
of the plot (g s−1); A is the effective area for water vapour 
transmission (m2); Pw1 is the water vapour partial pressure 
on the film surface (face oriented towards the inside of the 
tube; Pa); Pw2 is the water vapour partial pressure on the 
film surface (face oriented outward of the cell; Pa); L is the 
film thickness (m); im is the initial mass (g); fm is the final 
mass (g), and t is the time (s).

The ASTM E96-95 method establishes that resistance to 
water transport, through the air space between the surface 
of the water and the film, is negligible (Pw0 = Pw1). How-
ever, for hydrophilic films, this is not true and can induce 
significant errors in the calculated permeability. In order to 
consider the effect of the air-tight layer on the WVP meas-
urements, the Pw1 value was calculated by the following 
equations:

where Tp is the total system pressure (Pa); Pw0 is the water 
vapour saturated pressure at the working temperature (Pa); 
Nw is the water flow in the film (g mol cm−2 s−1); hi is the 
distance between the distilled water and film (m); C is the 
total molar concentration of air and water vapour (g mol 
cm−3); D is the water vapour diffusivity in the air (cm2 s−1); 

(4)J =
fm − im

t

(5)WVTR =
J

A

(6)WVP =
WVTR

Pw1 − Pw2
× L

(7)Pw1 = Tp − (Tp − Pw0)e

(

Nwhi

CD

)

(8)Nw = (6.43 × 10−11)WVTR

(9)C =
Tp

RT

(10)D = 0.26
(

T

298

)1.8

T is the working temperature (K), and R is the universal gas 
constant (Pa cm3 mol−1 K−1).

Fourier‑Transform Infrared (FTIR) Spectroscopy

The functional groups present in the components and edi-
ble films were characterised by FTIR in attenuated total 
reflection (ATR) mode using a Nicolet IS10 spectrometer 
(Thermo Scientific, Madison, WI, USA) to supplement the 
microstructural characterisation of composite films, by pro-
viding insight into the interactions between different films 
components [10]. The spectra were recorded at a wavenum-
ber range from 4000 to 400 cm−1, at room temperature, 
using 16 accumulated scans and 4-cm−1 resolution.

Scanning Electron Microscopy (SEM)

The film morphology was evaluated by SEM using a Jeol 
JSM-7600F (Jeol Ltd., Tokyo, Japan) field-emission scan-
ning electron microscope. The dehydrated samples were 
first placed in a sample holder and then coated with pal-
ladium–gold in a Q150R ES rotary pump ion-jet coater 
(Quorum Technologies Ltd., USA) and then subjected to 
an electron beam reflecting surface topography at 5 kV. The 
images were captured at different magnifications to find the 
best resolution.

Statistical Analysis

Data were processed by analysis of variance, and the means 
were compared by Duncan’s test at p < 0.05, using InfoStat 
student version 2011, as per Di Rienzo et al. [43].

Results and Discussion

Polymers Extract and Film Formation

Extraction of the biopolymers from the by-products yielded 
5 g of starch/100 g of potato husk, which was less than that 
reported by Arapoglou et al. [29], who indicated that the 
yield is influenced by several factors, such as the extraction 
conditions. The yield of 64 mL of purple liquid mucilage 
at 6°Brix/100 g of prickly pear peel was obtained, which, 
when dehydrated, yielded 0.18 g/100 g of prickly pear peel, 
and its less than that obtained from the aqueous extract [34].

The edible films were transparent, flexible in appearance, 
sparkly, with a slight purple hue due to the PPM influence 
(Fig. 2a).
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Thickness

The films thickness varied from 0.09 to 0.22 mm (Table 2) 
and differed between each treatment (p < 0.05). Similar 
results were obtained in banana peel-based films, with a 
thickness of 0.11–0.17 mm [21], but slightly lower than 
native starch tapioca films of 0.20–0.44 mm [18]. Generally, 
the thickness of films is less than 0.33 mm [4].

The films thickness is related to the content of solids in 
the film-forming solution, which is mainly represented by 
starch and mucilage [17], and associated with the ratio of 
the polymers used to form the mixture, since in this study, 
the PPM and GLY contents were more influential than PHS 
because the formulations F6 and F1 had a greater thickness 
than F3 and F4, and this it could arise from differences in the 
space between biopolymer chains, favouring the interaction 
of hydrophilic groups between different polymers [44].

Density

The apparent density of the films varied from 1.00 to 
2.06 g cm−3 (p < 0.05; Table 2). These data are similar to 
those made from salep glucomannan, with densities ranging 
from 1.12 to 1.27 g cm−3 [14], and eggplant flour films with 
corn starch that presented densities of 1.221–1.444 g cm−3 
[16]. These results were also influenced by the formulation 
composition and the thickness of the films. Accordingly, 
treatments that produced films of greater density were also 
thinner films (e.g., F3), while films with lower density pre-
sented greater thickness, such as F6, and this film had more 
PPM and GLY than the other formulations.

Opacity

The opacity or transparency of the films varied from 0.089 to 
0.541 (p < 0.05; Table 2). These results are close to obtained 
in others studied, like tuna gelatine films combined with anti-
oxidants extract, showing opacities between 0.479 to 0.804 
[27], and commercial fish gelatine films, which displayed 

opacities below 1.0 [38], This property is affected by the 
formulation composition, and mixtures with more than one 
component, especially lipids, reduce the films transparency 
[26]. Here, the results were influenced by the presence of 
PPM and GLY, and also, the thickness. As a result, films 
that presented higher opacity were thinner, as exemplified 
by formulation F4, in agreement with previous work [27] that 
higher values of opacity indicate a lower degree of transpar-
ency. Consequently, F4 film was the most transparent, and 
F1 was the opaquest. The transparency of food packaging is 
desirable because the consumer wants to observe the prod-
ucts through the packaging [45], but the opacity could be an 
excellent barrier to prevent UV light-induced lipid oxidation 
when applied in food systems [27], as in this research.

Moisture Content

The moisture content of the films was in a range of 
10.079–12.462% (p < 0.05; Table 2). These results are con-
sistent with other studies, such as non-conventional starch 
films obtained by thermal and cold gelatinisation, obtaining 
moisture contents of 5.86 and 21.34%, respectively [12], and 
tapioca starch–GLY films that presented moisture contents 
of 15.7–19.8% [9]. The composition again influenced the 
results because moisture contents were higher for films F1, 
F2 and F4 than the other films. Such differences might be 
attributed to their different chemical structures and hygro-
scopic properties. Hydrophilic plasticisers [14] can reduce 
water loss from the film by increasing the amount of bound 
water [46]. GLY is a highly hygroscopic plasticiser bearing 
many hydroxyl groups, which easily retain water in the film 
matrix during the drying process and storage at 50% relative 
humidity [25].

Water Solubility (WS)

The films WS percentages varied in a range of 
39.676–54.430% (p < 0.05; Table 2), similarly to babassu 
starch films of 22.5–41.1% [19], and slightly higher than 

Table 2   Physical–chemical characteristic of prickly pear peel mucilage and potato husk starch edible films

Data are the average of three repetitions. Values followed by the same letters in each column correspond to similar groups according to Duncan’s 
comparison of means, p < 0.05
WS water-solubility, WRC​ water retention capacity, WVP water vapour permeability

Film Thickness (mm) Density (g cm−3) Opacity Moisture (%) WS (%) WRC (%) WVP (g m−1 s−1 Pa−1)

F1 0.16 ± 0.015b 1.56 ± 0.1319bc 0.089 ± 0.002a 12.314 ± 0.312c 42.471 ± 0.133b 23.647 ± 0.221c 3.3 × 10–16 ± 3.3 × 10–17ab
F2 0.11 ± 0.016a 1.83 ± 0.1582cd 0.500 ± 0.043c 11.996 ± 0.351c 53.151 ± 0.374d 77.860 ± 0.251e 1.2 × 10–15 ± 1.3 × 10–16c
F3 0.09 ± 0.006a 2.06 ± 0.1440d 0.325 ± 0.013bc 10.079 ± 0.328a 43.984 ± 0.235c 19.704 ± 0.244a 1.2 × 10–16 ± 7.5 × 10–18a
F4 0.09 ± 0.017a 1.66 ± 0.1914bc 0.541 ± 0.037bc 12.462 ± 0.252c 54.430 ± 0.465e 21.462 ± 0.352b 5.7 × 10–16 ± 2.3 × 10–16b
F5 0.11 ± 0.032a 1.37 ± 0.1494b 0.481 ± 0.065c 11.328 ± 0.212b 39.676 ± 0.222a 21.447 ± 0.393b 2.0 × 10–16 ± 5.8 × 10–17ab
F6 0.22 ± 0.038c 1.00 ± 0.1513a 0.244 ± 0.035ab 11.263 ± 0.324b 52.698 ± 0.225d 63.205 ± 0.080d 2.5 × 10–15 ± 5.0 × 10–17d
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banana peel films, with values from 7.21 to 27.57% [21]. 
The formulation, specifically the PPM, PHS and GLY 
ratios, influenced the results, as exemplified by the relatively 
higher solubility of F2, F4 and F6 treatments. The number 
of free hydroxyl groups present in the biopolymer matrix 
can directly influence the water solubility of the film, by 
facilitating the establishment of hydrogen bonds between 
the biopolymer and water molecules [17], as demonstrated in 
this work. The film solubility is an important attribute in the 
film characterisation. It enables understanding the behaviour 
that the film presents when it comes in contact with water. 
This parameter directly depends on the application and pur-
pose of the material. Films should be of low solubility when 
used in a product with high moisture [17], such as fresh 
fruits and vegetables.

Water Retention Capacity (WRC)

The WRC or swelling index of films varied from 19.704 
to 77.860% (p < 0.05; Table 2), consistent with chitosan 
films [47] and chitosan–starch–gallic acid films [48], which 
exhibited WRC values of 23.494–320.361% and 79–158%, 
respectively. The influence of the composition, specifically 
the PPM and GLY ratios was evident, as the treatments with 
comparatively higher WRC presented more mucilage and 
GLY (F2 and F6). The swelling index refers to the film’s abil-
ity to retain water in the matrix, which, in turn, is related to 
the presence of hydrophilic groups, such as carboxylic and 
hydroxyl groups, in its structure (as in the current formula-
tions) because of the preferential interactions between these 
groups and water molecules [49]. This property is an impor-
tant parameter to analyse, as it indicates the supposed behav-
iour of the material in different environments [17]. It also 
predicts the preservation quality of the packaging during 
the food products packaging and storage [50]. Sometimes, 
a high WRC may be desirable to absorb the excess water on 
the surface of food with a high moisture content [7], like 
minimally processed fruits and vegetables, and cheese.

Water Vapor Permeability (WVP)

T h e  W V P  v a r i e d  f r o m  1 . 2  ×  1 0 – 1 5  t o 
5.7 × 10–16 g s−1 m−1 Pa−1 (p < 0.05; Table 2). In general, 
these results are lower than those reported in other studies, 
such as tapioca starch films, which showed a permeability 
of 5.8–11.0 (× 10–10) g s−1 m−1 Pa−1 [9], and babassu starch 
films, with permeabilities of 1.3–5.5 (× 10–10) g m−1 s−1 Pa−1 
[19]. Among the films, those with greater permeability were 
F2 and F6, corresponding to treatments with more PPM and 
GLY and less PHS. The barrier properties of edible films 
are greatly affected by the film composition and structure, 
as well as the environmental conditions [14, 46]. The results 
possibly indicate a high interaction of the polymer chains in 

the starch with the polysaccharides present in the PPM and 
GLY, which makes the film more compact and more resist-
ant [17]. It could also be related to structural modifications 
to the starch network produced by the plasticiser, and to the 
hydrophilic character of GLY, which favours the absorp-
tion and desorption of water molecules to promote perme-
ability [10]. A low permeability may indicate that a film is 
resistant to the interactions with water molecules in the form 
of vapour and has structural uniformity, which hinders the 
vapour´s passage [17]. Films with low permeability can be 
used for food applications that resist small changes in water 
vapour in the environment during storage [45], like fresh 
fruits and vegetables. The lower the WVP, the greater the 
efficiency of the film as a barrier material [45]. The films 
WVP should be as low as possible to reduce the moisture 
transfer between food and the surrounding atmosphere [14].

Fig. 1   FTIR spectra of a separate components: prickly peel muci-
lage (PPM), potato husk starch (PHS) and glycerine (GLY), and b six 
films
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Fourier‑Transform Infrared (FTIR) Spectroscopy

Figure 1a displays the FTIR spectra of the film components, 
namely, PPM, PHS and GLY, presenting characteristic pat-
terns of biopolymers [51–53]. Figure 1b provides the FTIR 
spectra of the six different edible films, highlighting the 
similarity between them, evidenced by the same number 

of peaks and peak positions, indicating that in all cases, 
there were the same interactions between the components 
underlying the films formation. All the spectra displayed 
a wide band between 3000 and 3500 cm−1, corresponding 
to the stretching vibration of O–H [24, 25] associated with 
inter- and intramolecular bonds of hydroxyl groups of nearby 
molecules that constitute the main conformation of starch [9, 

Fig. 2   Images a photographs of six films, b SEM surface of six films
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54], and the binding of hydrogen bonds between the polysac-
charide chains, GLY and water molecules [24]. The bands 
between 2920 and 2830 cm−1 correspond to the stretching 
vibration of C–H [55, 56] and C–H2 vibration [25] due to 
GLY addition [53].

The films band between 1700 and 1600 cm−1 also sug-
gest the presence of water absorbed by PHS, PPM and 
GLY (plasticiser) molecules because of the observed modi-
fications of this band relative to the component’s spec-
tra (Fig. 1a). Such changes are due to the interactions of 
biopolymers with absorbed water molecules [14, 17, 53–55], 
leading to a decrease in the intensity of the mucilage peaks 
(1594 cm−1) and a shift to the left (1615 cm−1), likewise, the 
signal at 1407 cm−1, besides the shift to the right when com-
pared with the starch spectrum (1641 cm−1; Fig. 1b). Cou-
pling and disappearance of peaks indicate the involvement 
of the corresponding functional groups in some reactions or 
interactions [57]. There is a fingerprint region spanning 1200 
to 800 cm−1, unique for each component [58]. Two peaks 
within that region, close to 1151 and 1024 cm−1, are related 
to stretching of C–O present in glycosidic bonds between 
monosaccharide units [17, 59]. Van Soest et al. [60] indicate 
the bands between 1100 to 900 cm−1 are considered char-
acteristic of saccharides and are attributed to the stretching 
of C–C and C–O bonds, with some contribution from C–H 
bonds of the polymer components that shape the films. Most 
carbohydrates are neutral, while some gums are negatively-
charged due to the large numbers of hydroxyl groups or other 
hydrophilic moieties in the neutral carbohydrate structure. 
Hydrogen bonds play the main role in film formation and 
characteristics [46].

Scanning Electron Microscopy (SEM)

In Fig. 2b, the SEM images (×500 magnification) are pre-
sented in which it can be seen that in all treatments the films 
tended to present a smooth, regular, homogeneous and con-
tinuous surface in the polymeric matrix that could be attrib-
uted to polymer–plasticiser interactions by hydrogen bonds. 
One of the functions of the plasticiser is to reduce inter-
molecular forces between polymer chains, increasing their 
mobility and flexibility [61], which facilitates the integration 
of the components, without any microphase, and enhancing 
the mechanical properties of the film [24, 61]. Conversely, 
the appearance of tiny bubbles or small pores, mostly in 
F4 and F5, indicate incomplete dissolution/gelatinisation of 
starch granules linked to the solubilised–gelatinised fraction 
of starch [62]. No cracks or breaks are seen, which could 
indicate that the films would be useful for food protection 
when used as a coating for fresh fruits and vegetables.

Conclusions

Edible films were obtained from polymers extracted from 
two agro-industrial by-products, PPM and PHS. The differ-
ent compositions of the formulations influenced the physi-
cal–chemical characteristics of the films, such as thickness, 
moisture, opacity, solubility and WRC, mainly due to the 
mucilage and GLY contents rather than the starch. Films 
were obtained with good barrier properties due to the low 
WVP observed in all treatments. As a result, these films 
would be particularly useful as packaging for fresh fruits and 
vegetables. Molecular interaction of the components through 
hydrogen bonds was evidenced by FTIR and SEM.
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