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Abstract This study considered the effect of the nopal

mucilage (NM) fraction on the physical, barrier and

mechanical properties of citric pectin-based (CP) films.

Pectin aqueous dispersion 75 mL (2.0 g/100 g water) were

mixed with 5 mL of glycerol and 20 mL of NM aqueous

dispersions at different concentrations; namely, 5, 10, 12,

14 16, 18 and 20 g/100 g water. Films containing the

highest NM content (20 g/100 g water) exhibited improved

thermal stability. The addition of NM at relatively low

concentration (0–10 g/100 g water) led to important mod-

ifications of mechanical properties, including elongation to

break, tensile strength, and elasticity. Microstructural

analysis showed that films containing between 14 and 20 g/

100 g water of NM presented rough and fractured surfaces.

As mucilage concentration in films was increased, the

vapor water permeability decreased as result of better

internal cohesiveness of components. The modification of

the physical properties in CP films resulted from molecular

and physical interaction of its components. In general, the

combination of NM and CP for forming edible films led to

enhanced thermal stability and higher water vapor perme-

ability, which are prescribed properties for applications as

food packaging.

Keywords Citric pectin-based films � Nopal mucilage �
Vapor water permeability � Thermal stability � Food
packaging

Introduction

In the recent two decades, extensive research efforts have

been devoted to the development of packages based on

biodegradable materials for the food industry. Blending of

polysaccharides, lipids and proteins have been considered,

leading to economically feasible formulations available in

the nowadays food package market (Han 2014). Although

well characterized biomaterials (e.g., chitosan, and gum

Arabic) have proven to give edible and packing films with

prescribed properties, most focus has been oriented to

exploit biomaterials from alternative botanical sources,

such as pectin and mucilage (Otoni et al. 2017). The

underlying idea is to promote ecological sustainability

while triggering economical activity in geographical

regions with relatively low economical incomes (Espitia

et al. 2014).
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3 Instituto Politécnico Nacional, CICATA, Unidad Querétaro,

Cerro Blanco No. 141, Col. Colinas del Cimatario,

C.P. 76090 Santiago de Querétaro, Querétaro, Mexico

4 Malvern Panalytical, Laguna de Términos No. 221 - Torre A,
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Nopal is a cactus growing and harvested in arid and

semi-arid regions worldwide with diverse potential indus-

trial applications (Saenz et al. 2004). Nopal is widely

cultivated and consumed in Mexico by its nutritional and

presumable medicinal characteristics. Mexico is the first

worldwide producer of nopal for human consumption with

about 750,000 ton per year. Several nopal species are

routinely harvested, with Opuntia ficus-indica being the

specie with the highest commercial importance. Nopal has

been traditionally used for preparing diverse local food-

stuffs, powder, nopal in pickled or brine, juice and syrup.

Nowadays, diverse small-size businesses are engaged in

the production of food products based on nopal. In the

nopal processing, mucilage is separated and removed from

products because the sap may confer undesirable textural

and sensorial properties to the final product. Nopal muci-

lage is composed by a mixture of polysaccharides con-

taining residues of arabinose, galactose, galacturonic acid,

rhamnose, xylose and pectin (Del-Valle et al. 2005;

Dominguez-Martinez et al. 2017). This by-product of nopal

processing is a relatively inexpensive source of natural

polysaccharides, which can be used in combination with

other biopolymers to set up biodegradable polymer matri-

ces. In fact, nopal mucilage has been explored for diverse

applications, including inhibition of steel corrosion (Tor-

res-Acosta 2007), microencapsulation of gallic acid (Me-

dina-Torres et al. 2013), bioremediation of wastewaters

(Nharingo and Moyo 2016), and edible films (Espino-Dı́az

et al. 2010).

Pectin is a natural polysaccharide extracted from plants,

which is highly biodegradable under mild conditions (Sri-

amornsak 2003). This polysaccharide has the ability of

forming gels, crystalline or amorphous structures (Nisar

et al. 2018). Besides, pectin is compatible with most

biopolymers (e.g., chitosan and gum Arabic), a property

that make it quite suitable for the elaboration of biofilms

blended with, e.g., proteins and polysaccharides. This work

evaluated the effect of nopal mucilage on the permeability

and mechanical properties of citric pectin-based (CP) films.

Materials and methods

Extraction and characterization of nopal mucilage

Fresh and tenders nopal (Opuntia ficus-indica) leafs were

selected by discarding those with physical damage or evi-

dent microbial growth. Leafs were disinfected by sub-

mersion in a sodium hypochlorite solution (100 ppm) at

25 �C by 10 min, and cut in pieces of 1.0 9 1.0 cm. About

500 g of cut pieces were incorporated in CaCl2 solution

(20 g/100 g water) and stored during 24 h. Finally, nopal

mucilage was separated by sieve Tyler (number 70) and

stored at 4 �C until further processing. The pH of the nopal

mucilage was measured using pH meter model HI5521

(Hanna Instruments S.L., Azitaingo Industrialdea, Eibar,

Spain). The total soluble solids content of the nopal

mucilage was measured using the Atago Hand-Held

refractometer (model ATC-IE, Brix 0–32%, Bellevue, WA,

USA).

Preparation of films

A citric pectin stock dispersion was prepared by mixing

2.0 g of citric pectin (CP) with 100 mL of distilled water at

40 �C. The dispersion was mixed under magnetic stirring

during 20 min. Subsequently, 75 mL of the CP dispersion

were mixed with 5 mL of glycerol while gently stirring by

3 min. Then, the resulting dispersion was complemented

with 20 mL of nopal mucilage (NM) aqueous dispersion at

different concentrations (5, 10, 12, 14 16, 18 and 20 g/

100 g water) and mixed gently to achieve complete

homogenization. The film solutions were degassed under

vacuum in order to remove the dissolved air. The resulted

homogeneous and clear film solutions were poured onto an

acrylic plate fitted with rims around the edge then dried

overnight at 50 �C. The films were peeled carefully, cut

into test specimens, stored in a desiccator under 52% RH at

25 �C for at least 48 h before analysis. Dimensions of films

obtained were homogeneous with 15 cm of diameter, while

thickness ranged from 0.178 to 0.180 cm. The resulting

films were tagged as Fx, where the symbol ‘‘x’’ denoted the

concentration of the nopal mucilage aqueous dispersions.

Additionally, a NM-free film, denoted as F0, was consid-

ered to contrast the effect of the mucilage fraction on the

properties of the citric pectin-based films.

Characterization of pectin-nopal mucilage films

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) of the different film

formulations was carried out using a NETZSCH model 209

F3 Tarsus (Selb, Germany) thermal analyzer. Around

15 mg of sample were placed in a platinum pan. The

experimental runs were conducted by heating from 30 to

600 �C at a heating rate of 10 �C/min. For temperature

control, the TGA device was equipped with an infrared

furnace, where the loss weight was recorded to determine

the thermal stability of every sample. The nitrogen flow

rate for heating was kept at 50 mL/min.

Differential scanning calorimetry (DSC)

Thermal characteristics were studied using a Mettler

Toledo model 822E differential scanning calorimetry
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(DSC) previously calibrated with indium. The samples

were weighed (4–5 mg) onto an aluminum pan. An empty

aluminum pan was used as reference. Samples were heated

from 30 to 250 �C at a heating rate of 10 �C/min with a

purging stream of dry nitrogen at 50 mL/min. Melt tem-

perature (Tm) and enthalpy (DH) were estimated using the

equipment software.

FTIR analysis

FTIR spectra of the different film formulations were

obtained using a Bruker spectrometer model ALPHA

(Bruker Optics Inc., Billerica, MA, USA). A spectrum of

the empty cell was used as background. The FTIR spectra

were represented as the average of four hundred scans in a

range from 4000 to 400/cm at a resolution of 4/cm.

Water vapor permeability (WVP)

Water vapor permeability (WVP) was determined gravi-

metrically following the ASTM Standard Test Method E96

(ASTM E96-00 1996). To this end, circular film samples

(54 mm diameter) were cut and the thickness was mea-

sured in 10 random points in the film using a digital

micrometer (Mitutoyo Corp., Kanogawa, Japan). Film

samples were conditioned during 5 days at 57.7% HR and

25 �C. To measure the water vapor permeability, the films

were placed between two silicon gaskets in a lid which

allowed a transfer area of 2.05 9 10-3 m2. The lid with the

film sealed the permeability cell containing a saturated

NaCl solution (75.3% RH of equilibrium at 30 �C). The
assembled permeability cell was placed inside of a tem-

perature controlled (30.0 ± 0.5 �C) chamber containing

silica gel. The weight loss of the permeability cell was

recorded automatically every 1 min during 8 h using an

analytical balance with a resolution of 0.0001 g and plotted

as a function of time. WVP (g/day m Pa) was calculated

using the following expression:

WVP ¼ QL

ADP
ð1Þ

where Q is the weight loss of the cell per unit of time

(g/day), A is the transfer area (m2), L is the film thickness

(m) and DP is the water vapor pressure gradient (Pa)

generated by the salt solution.

Solubility

The methodology described by Ghani et al. (2018) was

used for estimating the solubility of the film samples. To

this end, film samples were cut into circles of 2.5 cm in

diameter and dried at 100 �C per 24 h to obtain a constant

weight. Afterwards, the samples were immersed in

100.0 mL of distilled water for 24 h. Finally, the remaining

films were recovered by filtration and dried (100 �C in

stove for 24 h) in order to determine the insolubilized dry

mass. The water solubility of the films was reported as

weight loss (%) by

Weight loss ¼ initial weight� final weight

initial weight

� �
� 100

ð2Þ

Mechanical properties

Mechanical properties, including tensile modulus, tensile

strength and percent of elongation at break, of films were

estimated according to ASTM D638 standard in a Karg

Industrietechnik universal testing machine (Krailling,

Germany) with a type V dumbbell specimen (ASTM D638-

03 2008). The crosshead speed was set at 5 mm/min.

Reported values were obtained from seven measurements

of each film.

SEM analysis

The surface and cross-section of each film were analyzed

using a JEOL scanning electron microscope model JSM-

6380 LV (Akishima, Japan). The films were previously

stored in a desiccator with P2O5 in order to remove mois-

ture. The film samples (5.0 9 2.0 mm) were fractured by

immersion in liquid nitrogen and mounted in copper dies.

The fractured surfaces were coated with a gold film of ca.

50 nm to make them electrically conductive and allow

viewing by SEM. The images were taken using an accel-

eration voltage of 20 kV. Micrographs were presented at

2000 9 magnification.

Statistical analysis

All experiments were performed by triplicate samples and

values were expressed as mean values ± SD. Statistical

analysis was done through the program SPSS Statistics

19.0. To determine the statistically significant difference

between values, analysis of variance one-way (ANOVA)

and Tukey’s test were performed. Differences were con-

sidered statistically significant at P B 0.05.

Results and discussion

TGA

The TGA allows determining the thermal conditions at

which the film samples begin to decompose. All TGA
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curves containing mucilage exhibited similar behavior of

the mass loss (Fig. 1), with three steps of decomposition

displayed. A fast lost of weight was presented in a range

25–120 �C, with a loss of approx. 15.0% from its initial

weight. A second pronounced loss of weight (about 55.0%)

was presented in a range 120–300 �C. Finally, a quasi-

constant loss is observed for relatively high temperature

values. More detailed data are shown in Table 1, which

exhibit the values of initial degradation temperature (Tid)

and the maximum temperature of decomposition (Tm), as

well as the lost weight (%) of all films performed with

different concentrations of NM. An increase in films

decomposition temperature was observed as total solids

content of NM increased in films. Samples with high total

solid fraction contained less water and a more compact

structure that contribute to the material thermal resistance.

Thus, samples made with high percent of mucilage (F20)

showed highest thermal stability as compared with those

without or low percent of nopal mucilage. The effect could

be ascribed to the interaction between citric pectin mole-

cules and nopal mucilage components.

The first decomposition stage was associated with loss

of low molecular weight compounds, such as water and

glycerol. Sample without nopal mucilage (F0) presented

lowest decomposition temperatures and highest weight loss

as result of the highest water content. In the second stage,

the weight loss was attributed at thermal decomposition

mainly by glycerol evaporation (López-Garcı́a et al. 2017),

which is exhibited in the range 150–170 �C for samples

containing and lacking nopal mucilage, respectively. The

third stage corresponds to decomposition of the polysac-

charides. Films performed with nopal mucilage exhibited a

high decomposition temperature (300–310 �C). Sample

F20 showed the higher thermal stability (310 �C), while
that samples without nopal mucilage showed decomposi-

tion around 280 �C (see Fig. 1). As result of high

molecular weight and thermal stability of nopal mucilage,

films composed by nopal mucilage and citric pectin

exhibited a synergic effect. Residual mass at 600 �C is

10–30% in weight, which is related with the nopal muci-

lage content and the 24% correspond to inorganic com-

pounds involved in the mucilage extraction (CaCl2).

Similar shapes of TGA analysis of films performed with

nopal mucilage and 40% (w/w) of glycerol were reported

by Gheribi et al. (2018), but with higher degradation

temperatures than the displayed in this study.

DSC analysis

The degradation temperature and the melting enthalpy

increased in a range from 154 �C to 281 �C as the NM

fraction was increased. This effect was ascribed to the

thermal depolymerization of nopal mucilage and pectin

(Archana et al. 2013; Einhorn-Stoll et al. 2014). Also,

sugars contained in nopal mucilage were crystallized as the

temperature was increasing, thus resulting in a film with

more compact structure (Castaño et al. 2014; Liu et al.

2013). Sample F0 showed two endothermic peaks, and the

corresponding values are shown in Table 1. The first peak

(approx. 125.4 �C) was linked to the amorphous nature of

samples by vaporization of water or a rearrangement of the

polymeric chains of the materials. The second peak was

attributed to depolymerization of materials (Archana et al.

2013; Einhorn-Stoll et al. 2014). These results are in

agreement with those reported in previous studies (Rivera-

Corona et al. 2014), which showed that nopal mucilage can

display several endothermic transitions. Thermograms for

pectin-nopal mucilage blends displayed one well defined

peak (single endotherms), suggesting interaction between

pectin and sugars (constituents from nopal mucilage) by

hydrogen bonds of the hydroxyl groups of both macro-

molecules, allowing an increase in its melting temperature.

As the concentration of nopal mucilage in samples

increased, the degradation temperature also increased and

higher energy to disorganize the molecular structure of

pectin was required. These results suggested that the

addition of the nopal mucilage resulted in an increase of

the pectin transition temperature. The addition of 20% of

nopal mucilage delayed degradation of pectin film by

temperature effect in approximately 20 �C.

FTIR analysis

The FTIR spectra of some film formulations as function of

nopal mucilage fraction are shown in Fig. 2. All samples

exhibited similar behavior than citric pectin-glycerol films,

with differences observed in the intensity of bands by

addition of nopal mucilage. For a clearer analysis, the FTIR

spectra were divided in three characteristic regions
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Fig. 1 Weight loss for films at different concentration of nopal

mucilage (NM)
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(3600–2900, 1700–1300 and 1200–800/cm) and interpreted

as the absorption bands of the pectin and its blends with

nopal mucilage (Table S1). FTIR analysis revealed chem-

ical interactions between pectin and nopal mucilage,

through hydrogen bonds and dipole–dipole interactions,

among other, which may limit the transport of water

through the amorphous regions of the films. The broad

band in the range 3000–3500/cm corresponds to O–H

stretching, and is linked to hydrogen-bond between the

polysaccharide chains, glycerol and water molecules. The

relative intensity of the band was significantly higher for

the formulations F10 and F20, indicating that the incor-

poration of the nopal mucilage improved the water reten-

tion capacity. Indeed, this was the intention of adding the

nopal mucilage fraction into the film formulation.

Polysaccharides contained in the nopal mucilage reinforced

the three-dimensional network of the pristine microstruc-

ture formed by the citric pectin with the plasticizer. A

second band was displayed in the region of Csp3-H

stretching (2800–2900/cm), which is due to methoxyl

groups (CH3O
-) in nopal mucilage (Rivera-Corona et al.

2014). This band presented a shift as the fraction of nopal

mucilage was increased, an effect that can be considered an

indicator of the interactions between the citric pectin and

the nopal mucilage polysaccharides (Rivera-Corona et al.

2014). The spectra also exhibited the typical response of

citric pectin at 1721 and 1650/cm referred to C=O

stretching of esterified carboxylic groups (–COOCH3) and

free carboxylic groups (–COOH), respectively (Fajardo

et al. 2012; Sato et al. 2011). This band was shifted to

lower wavenumber (1642/cm) as the fraction of nopal

mucilage was increased. Nopal mucilage is a complex

mixture of diverse polysaccharides and cellulosic com-

pounds (Sepúlveda et al. 2007). The modification of the

band peak 1650/cm seems to indicate that citric pectin-

nopal mucilage interactions are mediated by carboxylic

groups. Some insight was observed as a decrease of the

intensity of the band representing esterified carboxylic

groups was exhibited. It seems that the region 1630–1640/

cm reflects bonding –OH of pectin and –OH of nopal

mucilage.

The band at * 1220/cm was associated to C–O

stretching of single bond in carboxylic groups and was

shifted to higher wavenumber as the fraction of nopal

mucilage was increased. The shifting of the peak to a lower

frequency range is caused by hydrogen bonding between –

OH and carboxylic groups of the polysaccharides of the

nopal mucilage, such as arabinose, galactose, galacturonic

acid, rhamnose and xylose (Dominguez-Martinez et al.

2017). This effect can be considered as an evidence of the

chemical interaction between polysaccharide chains,

maybe by the intervention of the glycerol molecules
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Fig. 2 FTIR spectra of films at different concentration of nopal

mucilage (NM)

Table 1 Thermal properties of the films by TGA and DSC

Sample Decomposition temperature (�C) Loss weight (%) Degradation temperature (�C) DH (J/g)

Tid Tm 1st peak 2nd peak

F0 80.00 ± 1.60a 290.00 ± 5.80a 93.10 ± 1.86e 125.40 ± 2.51 186.20 ± 3.72b, c 186.50 ± 3.73a

F5 83.00 ± 1.78a, b 293.00 ± 6.05a, b 88.10 ± 1.94d, e 170.60 ± 3.75a 196.70 ± 3.99a

F8 85.00 ± 1.70b, c 297.00 ± 5.84a, b, c 84.82 ± 1.88c, d 176.40 ± 3.91a, b 231.20 ± 4.17b

F10 86.00 ± 1.54b, c, d 302.00 ± 5.66a, b, c 83.40 ± 1.80b, c, d 180.60 ± 3.77a, b 235.18 ± 4.25b

F12 88.00 ± 1.66c, d, e 304.00 ± 6.10a, b, c 82.80 ± 1.90b, c, d 186.90 ± 3.82b, c 237.30 ± 4.32b

F14 90.00 ± 1.82d, e, f 306.00 ± 5.96a, b, c 82.00 ± 1.92b, c 194.40 ± 3.80c, d 243.12 ± 4.44b

F16 92.00 ± 1.80e, f, g 308.00 ± 6.14b, c 78.60 ± 1.87b 196.30 ± 3.94c, d, e 258.60 ± 4.61c

F18 94.00 ± 1.63f, g 309.00 ± 6.01b, c 71.40 ± 1.96a 199.60 ± 3.88d, e 263.20 ± 4.75c

F20 95.00 ± 1.85h 310.00 ± 5.90c 70.80 ± 1.91a 206.10 ± 3.85e 268.10 ± 4.81c

Values are mean ± standard error, of three replicates. Superscripts with different letters in same column indicate significant differences

(P B 0.05)
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(Espitia et al. 2014). The interaction could be limited by

the esterified carboxylic groups whose band does not

undergo shift in its stretch frequency. At lower frequency

(1200/cm), the samples showed high absorbance, which

constitutes the ‘‘fingerprint’’ region specific for each car-

bohydrate. These bands are originated by complex inter-

actions that are difficult to assign to specific group

vibration.

Water vapor permeability (WVP)

Water vapor permeability of films is exhibited in Fig. 3a.

The film F0 showed the higher value of WVP. Glycerol has

the capacity of reducing interactions between polymers,

and increasing intermolecular space. As a result, the water

permeability is also increased. Also, glycerol acts as a

plasticizer formed by hydrophilic molecule with the ability

of improving the adsorption–desorption process of water

molecules (Rodrı́guez et al. 2006). Water permeability is

influenced by the internal structure of each film. This

means that the film F0 presents a compact internal struc-

ture. The increase of the nopal mucilage fraction led to

more hydrophilic and less compact microstructures. Non-

compact structure can be seen in SEM analysis (Fig. 4).

F0 was the film formulation that showed the lowest

WVP value (Fig. 3a). The difference of added water at F0

formulation films is that water interacts with pectin via

hydrogen bonds (Einhorn-Stoll 2017). The effect means

that water cations (H?) interact with total negative charge

pectin, hydroxyl groups of glycerol and negative charges of

nopal mucilage (carboxyl groups), while that anions (O?2)

that are related by positive charges remains available to

interact with the hydrogen of water molecule. Given the

presence of hydrogen bonds, migration of water is resisted,

which in turn is retained in the films with increased

hydration effects. However, the water permeability could

not be influenced by water retention. Probably, when the

sorption sites in films are occupied, the other water mole-

cules that are in movement by the differential of pressure

could be transported easily since there are not adsorption

sites where water can be retained.

For the other film formulations, the WVP decreased as

the nopal mucilage percent increased. The effect was

attributed to the increased water adsorbent capacity of

nopal mucilage (McGarvie and Parolis 1979). The main

factor involved in the WVP decreasing when the nopal

mucilage concentration increased could be related with the

interaction of pectin with water and monosaccharides,

which acted as binders to water molecules. In turn, this

effect resulted in more flexible and plasticizing structures.

Solubility

Figure 3b shows the behavior of the solubility for the

different film formulations. As the concentration of nopal

mucilage increased, the solubility decreased. Films con-

taining up to 20% of nopal mucilage dissolved slowly. This

effect indicated high cohesion citric pectin-nopal mucilage

matrices by numerous hydrogen bonds between these

polysaccharides. Simple sugars present in nopal mucilage

in conjunction with water and glycerol have a plasticizing

effect in films. However, the increase of sugar content led

to a large fraction of available water bonded by sugars,

reducing in this way the possibility of interaction with the

surrounding water. As a consequence, films incorporating

nopal mucilage presented reduced solubility. Besides,

aolubility involves an interaction of film components with

water through hydrogen bonds, after a swelling of hydro-

philic polymers. Also, the penetration of water disrupting

hydrogen and van der Waals forces between polymer

chains affect film solubility (Turhan and Şahbaz 2004).

SEM analysis

The effect of nopal mucilage content on microstructure of

films was analyzed (Fig. 4). The NM-free formulation F0

exhibited smooth and continuous surfaces. The morphol-

ogy can be attributed to the polymer-plasticizer (glycerol

and water) interactions. One of the plasticizer effects is to

reduce the intermolecular forces among polymer chains,

increasing in this way their mobility and thus the film

flexibility (Lin et al. 2000). Some holes or cracks were

observed, resulting in dense films formation. The blending

of pectin-glycerol and nopal mucilage led to noticeable

morphological changes. The incorporation of 5, 8 and 10%

of nopal mucilage content led to a better integration of the

components, as reflected by a compact and smooth
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different concentration of nopal mucilage (NM)
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Fig. 4 SEM micrographs of:

a F0, b F5, c F8, d F10, e F12,

f F14, g F16, h F18, and i F20
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microstructure to form a homogeneous network. Therefore,

the absence of microphases and pores resulted in films with

better mechanical properties since the films achieved the

beneficial solubility and arrangement of the ingredients.

In general, non-homogeneous, non-compact and rough

networks were observed in the films with incorporation of

14–20% of nopal mucilage content. Films with the highest

content of nopal mucilage showed a brittle structure, with a

greater content of voids and irregularities in the surface.

The morphology provided information about lowest solu-

bilization or interaction of elements in order to maintain

the functionality in biopolymer. According to Zhou et al.

(2009), a rough or fractured surface could be due to the

presence of a semicrystalline material. These results agree

with data obtained in the solubility test, where the film

becomes less soluble as the concentration of total solids in

the nopal mucilage increased. In turn, this effect makes

harder the incorporation of the components (citric pectin

and glycerol) for the formation of a homogeneous network,

and therefore a film with structurally optimal characteris-

tics. Higher amount of nopal mucilage particles interrupts

the citric pectin-glycerol matrix, producing discontinuities

in the polymer network. Two biopolymers are mixed in

solution can exhibit two potential interactions: attractive or

repulsive, depending on the solvent, distribution of the

charged group and the presence of hydrophilic or

hydrophobic groups. In this study, the formation of

aggregates could be attributed to electrostatic interactions

between pectin and nopal mucilage.

Mechanical properties

The effect of the incorporation of nopal mucilage in the

tensile properties is shown in Table 2. The tensile prop-

erties included tensile modulus (E), tensile strength (TS)

and elongation at break (EB). The mechanical properties of

films in general are associated with the nature and the

chemical structure of the film forming components.

Mechanical properties provide valuable insights on the

workability and applicability of films (Kaur et al. 2013).

The incorporation of 5–12% of nopal mucilage decreased

the TS and EB of films, an effect that can be ascribed to

weaker interactions between mucilage components and

pectin. Higher TS and EB indicated the presence of new

linkages pectin-nopal mucilage, which can be considered

as an evidence of adequate integration of the components.

This result was supported by the SEM analysis where a

homogeneous and smooth matrix with fewer structural

imperfections was observed. Such structure can be attrib-

uted to a compact structural arrangement of pectin and

mucilage components.

As nopal mucilage concentration increased from 5 to

10%, the elasticity also increased. Films made with 8–10%

of nopal mucilage exhibited high elasticity. This effect can

be ascribed to the additional plasticizing effect introduced

sugars contained in nopal mucilage (Saberi et al. 2017).

The concentration of total sugars in films increased with

the incorporation of nopal mucilage fraction. Glycerol and

sugars interacted with pectin chains to confer major flexi-

bility to films. These results confirm that in the presence of

nopal mucilage components (5–10%), the films corre-

sponded to softer structures. The addition of 12–20% of

nopal mucilage led to decreased mechanical properties of

the film samples. Therefore, the films with higher nopal

mucilage content were stiffer and less flexible. This

behavior can be ascribed to the crystallization of sugars

contained in nopal mucilage forming weak bonds with –

OH groups from pectin, decreasing films elasticity

(Damodaran and Agyare 2013). On the other hand, incor-

poration of nopal mucilage contents higher than 10%,

decreased noticeably the amount of glycerol-free mole-

cules available to interact plasticizer-polymer (Karbowiak

et al. 2006), whereby the ability of glycerol to bind water

molecules to the polymer structure resulted in a decrease in

mobility or free volume between the chains, product of the

highest content of nopal mucilage solids present in the film

Table 2 Mechanical properties

of the films
Sample Tensile modulus (MPa) Tensile strength (MPa) Elongation at break (%)

F0 1.30 ± 0.03b, c 0.42 ± 0.01d, e 42.19 ± 0.84e

F5 1.70 ± 0.07f 0.46 ± 0.01f 41.53 ± 0.80e

F8 1.60 ± 0.05e, f 0.44 ± 0.01e, f 40.80 ± 0.78d, e

F10 1.50 ± 0.04d, e 0.41 ± 0.01d 39.14 ± 0.75c, d

F12 1.40 ± 0.03c, d 0.40 ± 0.01c, d 38.20 ± 0.74c

F14 1.30 ± 0.03b, c 0.38 ± 0.01b, c 29.10 ± 0.66b

F16 1.20 ± 0.02b 0.37 ± 0.01b 28.45 ± 0.64b

F18 1.00 ± 0.01a 0.30 ± 0.01a 26.40 ± 0.60a

F20 0.90 ± 0.01a 0.28 ± 0.01a 25.17 ± 0.58a

Values are mean ± standard error, of three replicates. Superscripts with different letters in same column

indicate significant differences (P B 0.05)
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(Zhang and Han 2006). Mucilage-pectin films displayed

mechanical properties values much lower than protein

based films (Bakshi et al. 2011).

Conclusion

The nopal mucilage addition in the formation of citric

pectin films was evaluated. The increase in concentration

of nopal mucilage up to 20% increased the degradation

temperature, and decreased water vapor permeability and

solubility. FTIR analysis reflected interaction between

functional groups from nopal mucilage and citric pectin.

On the other hand, SEM analysis of films displayed better

integration of the components, compact and smooth

microstructure forming a homogeneous network, when the

concentration of nopal mucilage added was lower than

12%. Overall, it is concluded that nopal mucilage is a

feasible alternative to perform new biomaterials intended

for edible and packaging purposes.
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