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The development of edible films applied to fruits and vegetables postharvest have generated recent advances 

regarding the synergistic effect of components on the shelf life of products. Currently, there are edible films 

made by combining several biopolymers, including chitosan, starch, pectin, alginate, among others. The 

application of physical barriers, such as films, on the surface of fruits can regulate the permeability to O2, CO2, 

and water vapor, delaying the natural process of physiological maturity. The use of films also improves the 

mechanical properties of horticultural products, which are essential in handling them. In the present work, films 

based on chitosan (antimicrobial agent) and pectin (gelling agent) as a biopolymer matrix, as well as glycerol 

(plasticizer) and calcium chloride (cross-linking agent), were prepared. The effect of adding the crosslinking 

agent on the film properties was evaluated by infrared spectroscopy (FTIR), thermogravimetric analysis (TGA) 

and dynamic viscosity testing. 
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INTRODUCTION 

Packaging plays a critical role in food conservation, distribution and marketing. Some of its 

functions are to contain food, and protect it from physical, mechanical, chemical and microbiological 

action. Food packages are classified as primary (films, bags, bottles or boxes); secondary, which come 

in direct contact with the food product (containing one or more primary packages) and tertiary (group 

of primary or secondary packaging containers). Bioplastics used especially in the primary package 

type could be considered an alternative to synthetic plastics, due to their low environmental impact 

and biodegradability. The challenges that researchers must face is the development of materials with 

acceptable mechanical, thermal, gas and water barrier properties for such application. Unfortunately, 

all these properties cannot be found in individual biopolymers, so a combination of them is the 

strategy to achieve acceptable food packages.1  

Chitosan (Q) has received considerable attention from academics and the food industry, due to its 

particular physicochemical properties, chemical stability, high reactivity and film-forming ability, as 

well as biodegradability, biocompatibility and non-toxicity. Most research has focused on cellulose 

and starch as biopolymers for Q compatibilization, and just a few studies have reported on the use of 

gums, pectin (P) and vegetable or animal proteins with the same objective, through graft 

copolymerization, surface coating, composite films, casting, extrusion and cross-linking techniques.1-3 

In Q polymer blending, crosslinking has been reported to achieve physical modifications by 

establishing bonds and electrostatic interaction between two polymer chains, in order to improve the 

individual performance of the polymer. A limited number of crosslinkers are allowed in food 

packaging applications, due to safety considerations. Also, heterogeneous phases are part of the 

problems to attend and overcome, because of the diverse Q–acid or aqueous and/or organic solvents 

interactions, which may prevent the dissolution of both polymers to develop the polymer matrix. 

Unfortunately, to get over the immiscibility phases, it is necessary to add a component that would 

provide functional bond sites.3-4  



Edible films have the ability to work synergistically with other packing materials. The use of edible 

films in food applications and especially in highly perishable products, such as fruits and vegetables, is 

based on certain characteristics, including cost, availability, functional attributes, mechanical 

properties (tension and flexibility), optical properties (brightness and opacity), the barrier effect 

against gas flow, structural resistance to water and microorganisms, and sensory acceptability. Edible 

films are often made up of a preformed thin matrix that is used as a coating for food or to separate 

different components. The film-forming solutions can be made up of a polysaccharide, a compound of 

a protein or lipid nature, or a mixture of these.5-8 Edible films should have good mechanical properties, 

generate a barrier effect against gas transport, and can acquire various functional properties, depending 

on the characteristics of the polymer compounds that form these matrices.5 Previous reports have 

recognized the importance of evaluating preformed matrices, with the task of quantifying various 

parameters, such as mechanical, optical and antimicrobial properties, in order to determine the 

possibilities of their application in packaging.9-10 Film characteristics are influenced by parameters, 

such as the type of material used as structural matrix (conformation, molecular mass, load distribution, 

among others), conditions of film synthesis (type of solvent, pH, components ratios or temperature) 

and type and concentration of additives (plasticizers, crosslinking agent, antimicrobial agents or 

antioxidants).11-15  

Chemical crosslinking involves the formation of covalent bonds between chains and can be 

achieved using multifunctional monomers at low concentrations by coupling radicals generated by 

radiation. In contrast, physical crosslinking is due to non-covalent secondary interactions, such as 

hydrogen bonds, electrostatic interactions, hydrophobic forces, or dipole-dipole interactions.9 

Biopolymer-based packaging films are generally characterized by low resistance. The use of 

crosslinking agents is an option to improve this specific characteristic, as it increases the mechanical 

properties on polymer materials in general. Several kinds of crosslinking agents have been evaluated 

in biopolymer films, where the reaction generates a reticulated structure that provides better resistance. 

It has been reported that even Q acts as ionic crosslinking agent to other polysaccharides, including P 

biopolymer, depending on the charge density and solution medium (pH acidic or basic).16 Several 

kinds of crosslinking agents for polysaccharides have been evaluated with good results, among them 

ferric acid17 for Q. Aldehydes and organic acids also have been reported successfully in crosslinking 

of polysaccharides.18-19 Calcium chloride (CaCl2) has been reported as a crosslinker agent for alginate 

films by addition of divalent Ca2+ cations to establish the bonding linkage. Nonetheless, there are few 

works reporting on the use of calcium chloride as a crosslinking agent for chitosan-pectin films.7,20 

Based on these considerations, in the present work, the addition of CaCl2 as a crosslinking agent in 

a blend of Q/P was evaluated. The films were characterized by means of infrared spectroscopy (FTIR); 

thermal and thermo-mechanical properties of the films were assessed by thermogravimetric analysis 

(TGA) and dynamic mechanical analysis (DMA). Dynamic viscosity was determined for solutions 

before film formation. 

 

EXPERIMENTAL 
Materials 

Low molecular weight chitosan (Q) (degree of deacetylation of 75%), pectin (P) extracted from apples, CaCl2 

with 93% purity and glacial acetic acid were purchased from Sigma-Aldrich. Distilled water was used in the 

experiments.  

For the experimental design, a chitosan-pectin combination was established as the basis of the films, with a 

concentration of chitosan of 2% (constant) and varying concentrations of pectin. The following codes were used 

for identifying the materials: Q-Px, where Q stands for chitosan, P – for pectin, and x represents the P content 

(0.1, 0.35 and 0.5%); and Q-P X-CaCl2 – the films prepared with crosslinking agent, which was added in a fixed 

content of 1 wt%.  

Figure 1 shows the prepared solutions and the appearance of the obtained films. The films were prepared 

mixing the Q solution in 2M acetic acid, with the P solution in water. Once the solutions were homogeneous, a 

constant amount of CaCl2 was added under stirring with an IKA mechanical stirrer (model Ministar 20 digital), 

during 1 h at room temperature. After that, glycerol (0.5 wt%) was added as plasticizer. The films were dried at 

room temperature during 2 days.  

 



 
Figure 1: Chitosan-pectin solutions and appearance of the films 

 

Characterization 

The dynamic viscosity of the solutions was determined before film formation. The principle of operation of a 

rotational viscometer is to drive a spindle immersed in sample through a calibrated spring. The drag of the fluid 

against the spindle is measured by the spring deflection, which is measured with a rotary transducer. The 

measurement range of a rotational viscometer (in centipoise) is determined by the rotational speed of the spindle, 

the size and shape of the spindle; in the container the spindle is rotating, at the temperature of the fluid (in our 

case 25 °C and 60 °C), with a speed of 60 rpm, using a R3 spindle and the full-scale torque of the calibrated 

spring. Each sample was measured 5 times and the average at constant shear was reported. This testing plays a 

crucial role in research, development, and process control of liquid and semi-liquid products.2  

The films were characterized by means of Infrared Spectroscopy, with the aim to evaluate the main 

functional groups and the effect of the addition of the crosslinking agent. For this, Perkin Elmer Spectrum One 

equipment, with an ATR accessory, with SeZn plate, was used. Spectra were obtained in the wavenumber range 

from 4000 to 600 cm-1, with 12 scans, with a resolution of 4 cm-1. The thermal stability of the films was 

evaluated by thermogravimetric analysis (TGA), using TA Instruments Q600 SDT (DSC-TGA) equipment, from 

room temperature to 600 °C, with a heating rate of 10 °C/min in N2 atmosphere. The dynamic mechanical 

analysis (DMA) was carried out using TA Instruments Q800 equipment, in a temperature range from -50 to 200 

°C, at a heating rate of 5 °C/min, and a fixed frequency of 1Hz; the samples were fixed with a film type clamp. 

 

RESULTS AND DISCUSSION 

Dynamic viscosity 

Table 1 reports the dynamic viscosity values of individual solutions of Q and P, at the specified 

concentrations. It is worth mentioning that the dynamic viscosity was measured prior to the formation 

of the films. The data show that Q at 2% has a high viscosity at 25 °C, which decreased when the 

measurement was made at 60 °C. This variation makes sense, since the increase in temperature favors 

the flow of solutions, which is reflected in a decrease of this value with approximately 80%. The 

values found are within the ranges reported in previous works, which indicated that the value of 

viscosity depends on the concentration of Q, its degree of deacetylation and obviously the pH of the 

solution.21 On the other hand, P solutions have low viscosity values, similar to that of regular water, 

and as the concentration increases, an increase in viscosity is observed. This behavior is associated 

with the fact that P is a material that has a stabilizing and thickening capacity.22 As pointed out by 

other authors, it is important to know the flow behavior of P solutions, since gel formation depends on 

a critical concentration, which may affect compatibility with other solutions, when a combination with 

other polysaccharides in intended.23 

The dynamic viscosity values of combined Q-P showed an increase as the P content increased; this 

observation remained true at both temperature levels studied. This behavior is attributed to the 

thickening effect caused by P, when it is combined with Q, presenting much higher values than that of 

individual P solutions, but lower than that of Q solutions.23 

On the other hand, when adding the crosslinking agent (CaCl2) to the Q-P solutions, it can be 

observed that, with a concentration of 0.1P, the value of dynamic viscosity showed an increase of 

approximately 10%. However, when increasing the concentration of P solution, the opposite effect is 

observed, as the dynamic viscosity decreased by 28% and 36% at 25 °C, and by 11% and 7% at 60 °C. 

A slight gelling behaviour was observed in the appearance of the solution, making it slightly less fluid. 

This is evidence of a kind of crosslinking in the polysaccharide structure of the films, where the 

content of P seems to be a limiting key factor that improves the structure of the films. 

 

 

 

 

 



Table 1 

Dynamic viscosity results 

 

Film 
Dynamic viscosity (cP) 

25 °C 60 °C 

Q 1083 212 

P 0.1 7.67 —- 

P 0.35 8.81 —- 

P-0.5 15.0 —- 

Q-P 0.1 132.8 36.52 

Q-P 0.1 CaCl2 146.5 45.33 

Q-P 0.35 261.8 65.8 

Q-P 0.35 CaCl2 188.2 58.2 

Q-P 0.5 314.9 86.88 

Q-P 0.5 CaCl2 200.6 80.2 

 

 

Figure 2: FTIR spectra of Q-P 0.1 and Q-P 0.1 CaCl2
 

 

FTIR characterization 

FTIR analysis was performed to identify the main functional groups and the interactions of 

compounds in the different film formulations, in addition to the formation of new functional groups as 

a consequence of the resulting bonds due to crosslinking. Figure 2 shows the FTIR spectra of the films 

Q-P 0.1 and Q-P 0.1 CaCl2. The main functional groups of Q are present at 3263, 1590, 1405 and 1026 

cm-1, attributed to OH stretching, bending of N-H, angular vibration of -(CH2)- and C-O groups of the 

glycoside ring.18,24,25 This shows that Q is participating as a crosslinking polymer with CaCl2 at low P 

concentration, mainly in the amino group, which is present at 1552 cm-1 (N-H) and a higher intensity 

of the peak is observed. On the other hand, P interacts with alkyl groups in the Q-P polymer blend, 

which corresponds to the signals at 2875 and 1408 cm-1. 

Figure 3 depicts the IR spectra of Q-P 0.35 CaCl2 and Q-P 0.35. A generalized increase in the band 

intensities can be observed in these spectra; mostly, in the crosslinked Q-P film, due to a contribution 

of hydroxyl, carbonyl, carboxylate and glycosidic groups at 3263, 1749-1640, 1408 and 1152 cm-1, 

respectively, attributed to the P structure, which allow an improved bonding process through the 

divalent cation (Ca+2). Concurrently, the contribution of Q is noted through the functional groups at 

2870 cm-1 representing C-H and the amine group at 1554 cm-1 from the amide II group; the latter to a 

higher degree, noted during the crosslinking process.26-27 This behavior suggests non-covalent 

crosslinking in the Q-P blend, especially in P functional groups, in both cases with CaCl2.  

All the spectra show the characteristic peaks for each functional group of Q and P, it is possible to 

observe differences in the intensity of the signals (decreasing) at 3263 and 1026 cm-1, especially when 

increasing the concentration of P, which suggests that ionic crosslinking occurred between P and 

CaCl2, the Q-P bonding was realized through the amino groups, and there were no changes in the 

characteristic functional groups of Q and P. Similar behavior was reported by Li et al.,17 who indicated 

that crosslinking of Q is carried out by non-covalent bonds. On the other hand, Hamdi et al. reported 

that Q interacts with the plasticizer through hydrogen bonds in the OH groups.24 

The shift of OH groups to a higher wavenumber is attributable to the presence of ionic crosslinking 

at higher concentrations of P (Fig. 4). On the other hand, a decrease in the intensity of the peaks is 



observed, this is caused by a lower availability of active binding sites, since these were occupied by 

the bonding of Q and P. This phenomenon is noted primarily in the double band at 1753-1643 cm-1 

(COO-), 1408 (CH3), and 1027 cm-1 (C-O-C), corresponding to carboxylate, alkyl and glucoside 

groups of P, respectively. The strong peak at 1620 cm-1 (amide I) is indicative of interchain 

intermolecular hydrogen bonding and the shift of the peak at 1560 cm-1 (NH) to a lower wavenumber 

is associated with hydrogen bonding. It is important to point out that the band at 1656 cm-1 

corrasponding to the acetyl group (amide I) of Q overlaps with that at 1643 cm-1 of the carboxylate 

group of P, which corroborates the crosslinking process between Q and P. This behavior is attributed 

to intermolecular salt-type bonds.24,28,30 It has been reported that the crosslinking generates an increase 

in intensity of the peaks attributed to glycosidic bonds and better intermolecular interaction, increasing 

the hydrogen bonds.20 

 

 
Figure 3: FTIR spectra of Q-P 0.35 and Q-P 0.35 CaCl2

 

 

 

Figure 4: FTIR spectra of Q-P 0.5 and Q-P 0.5 CaCl2 

 

Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was used to determine the thermal stability of films and 

evaluate the effect of addition of CaCl2 as crosslinking agent on this property. Figure 5 shows the 

TGA thermogram (5a) and the derivative weight loss curve (5b) for Q-P 0.1 and Q-P 0.1 CaCl2. In 

Figure 5a, it is possible to identify three main weight loss stages: the first occurs between 40-150 °C, 

corresponding to 18% weight loss and it is associated with the evaporation of water and solvents; the 

second stage, occurring between 150-360 °C, corresponds to the polysaccharides decomposition and 

plasticizer degradation, besides the cleavage of the OH bonds (41% weight loss),25,30,31 with a 

maximum degradation temperature of 252 °C. There is a third minimal weight loss (6%) after 360 °C 

and up to 590 °C.33 At 600 °C, a residue of 29% remains. It is evident that the film comprising the 

crosslinking agent has a better thermal stability, which suggests that this film has a more complex 

structure that delays the thermal decomposition of polysaccharides, resulting in a high residual content 

at the end of the analysis. 

 



  
Figure 5: TGA thermogram (a) and DTG thermogram (b) for films Q-P 0.1 and Q-P 0.1 CaCl2 

 

  
Figure 6: TGA thermogram (a) and DTG thermogram (b) for films Q-P 0.35 and Q-P 0.35 CaCl2 

 

  
Figure 7: TGA thermogram (a) and DTG thermogram (b) for films Q-P 0.5 and Q-P 0.5 CaCl2 

 

 

These three decomposition steps are more evident in Figure 5b (derivative DTG curve): the first, 

around 100 °C, the second one around 200 °C and the third one – below 300 °C. Also, an interesting 

finding is that the derivative weight quotient is lower in the stages attributed to polysaccharides 

decomposition, which can be associated with the ionic crosslinking that occurred in this structure. 

Also, it is evident that the second stage derivative peak is lower for film Q-P CaCl2 than for the film 

without crosslinker, which confirms the occurrence of crosslinking in the polysaccharide structure,31 

corroborating the findings of FTIR analysis. Some reports have suggested that this increase in thermal 

stability is due high intermolecular interaction between Q and P, which intensifies the hydrogen bonds, 

generating a more compact structure.21,30 Other reports indicated only two main decomposition stages 

for polysaccharides in Q/(polyvinyl alcohol/P), the first from 50 to 150 °C, and the second one from 

250 to 350 °C.5 

The Q-P 0.35 and Q-P 0.35 CaCl2 films (Fig. 6a and 6b) have a similar behavior to that of films Q-

P 0.1, with and without CaCl2, – with the first weight loss of 20% between 40-150 °C, corresponding 

the loss of moisture in the films; the following weight loss (47%), between 130-360 °C, corresponding 

to the degradation of Q and P, where the maximum degradation occurs at 256 °C, and the last weight 

loss (5%) between 360 °C and 570 °C, referring to residue degradation. At 600 °C, a residue of 25% 

of the initial weight remains. Also, it is evident that the film containing the crosslinker has better 

thermal stability, which is attributed to its more complex structure, as discussed above. In Figure 6b 



showing the DTG curve, it is more evident that the quotient of Q-P 0.35 CaCl2 is lower than that of the 

film without crosslinking agent, indicating that its susceptibility to decomposition is lower, due to a 

crosslinked polysaccharide structure. The same behavior was observed for films Q-P 0.5 and QP-05 

CaCl2, with similar weight losses in three stages, and the derivative curve quotient for Q-P CaCl2 

being higher than for Q-P 0.5. This can suggest that crosslinking is carried out mainly in the P 

structure, and due to the increasing concentration of pectin in the film, the quotient is lower, which 

indicates that it is less susceptible to weight loss at that temperature, compared to the reference films, 

where P and Q have higher ratios, which indicates that they degrade more quickly and lose more 

weight. 

 

Dynamic mechanical analysis (DMA) 

DMA analysis was performed to determine the effect of the crosslinking agent, CaCl2, on the 

properties of the Q-P polymeric matrix. The storage modulus measures the absorbed energy and the 

ability of a material to withstand loads or stress (elastic behavior), while tan δ provides information 

related to changes associated with the movement of the polymer chains and also helps to determine 

the glass transition temperature (Tg) and the viscoelastic behaviour. In the present work, the 

properties of the films were evaluated at lower temperature with the aim to find out their suitability for 

a possible application as primary packaging in climacteric foods, such as fruits and vegetables.12 DMA 

has been reported as a useful tool for examining the mechanical properties of biomaterials,24,32 as it 

allows to identify primary and secondary relaxations. 

Figures 8, 9 and 10 allow a comparison of the storage modulus of the Q-P films for each of the 

established formulations, those containing the crosslinking agent and those that did not. The DMA 

thermogram of storage modulus for Q-P 0.1 and Q-P 0.1 CaCl2 (Fig. 8) shows a typical decrease of 

storage modulus for Q with temperature, followed by an increase at higher temperatures, which is 

associated with the release of water and glycerol, the latter of which acts as plasticizer. The decrease 

with temperature reached a minimum value approximately around 90 °C for the films without 

crosslinking agent and 110 °C for the film with CaCl2, and is associated with a softening of the films 

with temperature, related to the thermal transition of molecular chains of polysaccharides.34 Guerrero 

et al.18 reported that this decrease in storage modulus of Q films crosslinked with citric acid by 

thermo-compression is around 20-30 °C, a much lower temperature, compared with the values 

obtained in this work. It can be observed that the storage modulus for the films with CaCl2 shows a 

lower value, compared with the films without crosslinker.18 When these compounds are mixed, P acts 

as a thinner for the Q film, and this is reflected in the decrease of the storage modulus in the films that 

did not contain the crosslinking agent. The crosslinking agent was added into the film composition to 

improve the mechanical properties, which is related to the role of the crosslinking agent in the 

formation of a more stable structure, due to a physical bonding between the components, without a 

chemical reaction taking place. In the viscosity analysis of the film-forming solutions, without the 

crosslinking agent (CaCl2), it was noted that Q had high viscosity, while P had lower values, which 

corroborates the results of DMA. 

 

  
Figure 8: DMA thermogram of storage modulus for 

films Q-P 0.1 and Q-P 0.1 CaCl2 
Figure 9: DMA thermogram of storage modulus for 

films Q-P 0.35 and Q-P 0.35 CaCl2 



 
Figure 10: DMA thermogram of storage modulus for films Q-P 0.5 and Q-P 0.5 CaCl2 

 
Norcino et al.14 reported that Q films show a lower storage modulus than P films, which is 

attributed to the relaxation of polysaccharide chains. This suggests a lower capacity to absorb energy 

as the film is more rigid. Similar behavior was reported for Q films crosslinked with silver 

nanoparticles.35 

It is evident that, with a rising P content in the films (Figs. 9 and 10), the variation of storage 

modulus of the films with and without and CaCl2 is more pronounced, which can confirm the presence 

of a crosslinked structure, confirming the previous discussion regarding thermal stability. This is 

associated with interactions between polymer chains, such as hydrogen bonding, crosslinks and ionic 

interactions within the polysaccharide structure of P.36 

 

CONCLUSION 

In the present work, the preparation of films based on Q and P, with the addition of a crosslinking 

agent, CaCl2, is reported. The solutions of P before film formation showed low dynamic viscosity 

values, and, when combined with Q, there was an increasing trend in dynamic viscosity as the 

concentration of P increased, which is attributed to the thickening effect on this polysaccharide. On the 

other hand, when adding CaCl2 to the solution, an opposite effect was remarked, since the highest 

value of dynamic viscosity was exhibited by the solution with low P content (Q-P 0.1 CaCl2), which 

indicates that P content has a limited role in the value of dynamic viscosity. FTIR analysis showed 

evidence of ionic crosslinking between Q and P, due to variations in the peaks attributed to the 

carboxylate, amine, alkyl and glycosidic functional groups of both polysaccharides. The TGA results 

also confirmed a certain degree of crosslinking in the films, because both the decomposition 

temperature and the material residue at the end of the analysis (600 °C) increased in the films with 

CaCl2. The DTG curves corroborated the greater thermal stability of the Q-P films, since the quotient 

of the curve is lower, which can be associated with lower susceptibility to decomposition of a more 

stable crosslinked structure. Finally, the DMA results corroborated that there is crosslinking between 

Q and P, as the storage modulus is higher in the films with CaCl2, especially in the region between 90 

and 110 °C, where the polysaccharides presented a softening related to the molecular transition of Q 

and P. Thus, the results obtained in the present investigation revealed that the addition of CaCl2 as a 

crosslinking agent to Q-P formulations has a positive effect on the properties of Q-P films. 

 

ACKNOWLEDGEMENT: To Conacyt for the scholarship granted to Eng. Margarita María 

Saldívar Guevara with CVU number 1042663. This research work was carried out within the 

postgraduate program of Master of Science in Chemical Engineering (MCIQ). 

 

REFERENCES 
1 H. Haghighi, F. Licciadello, P. Fava, H. W. Siesler and A. Pulvirenti, Food Packag. Shelf Life, 26, 

100551 (2020), https://doi.org/10.1016/j.fpsl.2020.100551 
2 U. Amin, M. U. Khan, Y. Manjeed, M. Rebezov, M. Khayrullin et al., Int. J. Biol. Macromol., 183, 

2184 (2021), https://doi.org/10.1016/j.ijbiomac.2021.05.182 
3 L. A. M. van den Broek, R. J. I. Knoop, F. H. J. Kappen and C. G. Boeriu, Carbohyd. Polym., 116, 

237 (2015), https://doi.org/10.1016/j.carbpol.2014.07.039. 



4 R. Priyadarshi and J.-W. Rhim, Innovative Food Sci. Emer. Technol., 62, 102346 (2020), 

https://doi.org/10.1016/j.ifset.2020.102346 
5 S. Tripathi, G. K. Mehrotra and P. K. Dutta, Carbohyd. Polym., 79, 711 (2010), 

https://doi.org/10.1016/j.carbpol.2009.09.029 
6 I. Arzate-Vázquez, J. J. Chanona-Pérez, G. Calderón-Domínguez, E. Terres-Rojas, V. Garibay-

Febles et al., Carbohyd. Polym., 87, 289 (2012), https://doi.org/10.1016/j.carbpol.2011.07.044 
7 S. Galus and A. Lenart, J. Food Eng., 115, 459 (2013), 

https://doi.org/10.1016/j.jfoodeng.2012.03.006 
8 B. Hassan, S. A. S. Chatha, A. I. Hussain, K. M. Zia and N. Akhtar, Int. J. Biol. Macromol., 109, 

1095 (2018), https://doi.org/10.1016/j.ijbiomac.2017.11.097 
9 S. Ahmadzadeh and A. M. Khaneghah, in “Encyclopedia of Renewable and Sustainable Materials”, 

edited by S. Hashmi and I. A. Choudhury, Elsevier Inc., 2020, vol. 2, p. 305, 

https://doi.org/10.1016/B978-0-12-803581-8.10576-4 
10 M. Mujtaba, R. E. Morsi, G. Kerch, M. Z. Elsabee, M. Kaya et al., Int. J. Biol. Macromol., 121, 

889 (2018), https://doi.org/10.1016/j.ijbiomac.2018.10.109 
11 M. V. Lorevice, C. G. Otoni, M. R. Moura and L. H. C. Mattoso, Food Hydrocoll., 52, 732 (2015), 

https://doi.org/10.1016/j.foodhyd.2015.08.003 
12 M. Rapa, A. C. Mitelut, E. E. Tanase, E. Grosu, P. Popescu et al., Compos. Part B, 102, 112 

(2016), https://doi.org/10.1016/j.compositesb.2016.07.016  
13 T. Sartori, G. Feltre, P. J. do Amaral Sobral, R. Lopes da Cunha and F. C. Menegalli, Food Packag. 

Shelf Life, 18, 221 (2018), https://doi.org/10.1016/j.fpsl.2018.11.007 
14 B. L. Norcino, J. E. de Oliveira, F. K. V. Moreira, J. M. Marconcini and L. H. C. Mattoso, Int. J. 

Biol. Macromol., 118, 1817 (2018), https://doi.org/10.1016/j.ijbiomac.2018.07.027  
15 P. Cazón, G. Velazquez, J. A. Ramírez and M. Vázquez, Food Hydrocoll., 68, 136 (2017), 

https://doi.org/10.1016/j.foodhyd.2016.09.009 
16 M. Marudova, A. J. MacDougall and S. G. Ring, Carbohyd. Res., 339, 1933 (2004), 

https://doi.org/10.1016/j.carres.2004.05.017 
17 K. Li, J. Zhu, G. Guan and H. Wu, Int. J. Biol. Macromol., 122, 485 (2018), 

https://doi.org/10.1016/j.ijbiomac.2018.10.188 
18 P. Guerrero, A. Muxika, I. Zarandona and K. de la Caba, Carbohyd. Polym., 206, 820 (2018), 

https://doi.org/10.1016/j.carbpol.2018.11.064 
19 H. M. Azeredo and K. W. Waldron, Trends Food Sci. Tech., 52, 109 (2016), 

https://doi.org/10.1016/j.tifs.2016.04.008 
20 M. A. Castro-Yobal, A. Contreras-Oliva, V. Saucedo-Rivalcoba, J. L. Rivera-Armenta, G. 

Hernández-Ramírez et al., E-Polymers, 21, 82 (2021), https://doi.org/10.1515/epoly-2021-0011 
21 E. A. El-Hafian, E. S. Elgannoudi, A. Mainal and A. H. B. Yahaya, Turk. J. Chem., 34, 47 (2010), 

https://doi.org/10.3906/kim-0901-38 
22 W. Wang, X. Ma, P. Jiang, L. Hu, Z. Zhi et al., Food Hydrocoll., 61, 730 (2016), 

https://doi.org/10.1016/j.foodhyd.2016.06.019 
23 B. E. Morales-Contreras, L. Wicker, W. Rosas-Flores, J. C. Contreras-Esquivel, J. A. Gallegos-

Infante et al., LWT, 117, 108641 (2020), https://doi.org/10.1016/j.lwt.2019.108641 
24 M. Hamdi, R. Nasri, S. Hajji, M. Nigen, S. Li et al., Food Hydrocoll., 87, 48 (2018), 

https://doi.org/10.1016/j.foodhyd.2018.07.027 
25 B. Soni, E. B. Hassan, M. W. Schilling and B. Mahmoud, Carbohyd. Polym., 151, 779 (2016), 

https://doi.org/10.1016/j.carbpol.2016.06.022 
26 H. F. G. Barbosa, D. S. Francisco, A. P. G. Ferreira and E. T. G. Cavalheiro, Carbohyd. Polym., 

225, 115232 (2019), https://doi.org/10.1016/j.carbpol.2019.115232 
27 E. E. Santos, R. Ch. Amaro, C. C. Cid-Bustamante, M. H. Andrade-Guerra, L. Catone-Soares et al., 

Food Hydrocoll., 107, 105921 (2020), https://doi.org/10.1016/j.foodhyd.2020.105921 
28 S. S. Rashidova, R. Y. Milusheva, L. N. Semenova, M. Y. Mukhamedjanova, N. L. Voropaeva et 

al., Chromatographia, 59, 521 (2004) 
29 R. H. Al-Amoudi, O. Taylan, G. Kutlu, A. M. Can, O. Sagdic et al., Food Chem., 271, 650 (2018), 

https://doi.org/10.1016/j.foodchem.2018.07.211 
30 M. Liu, Y. Zhou, Y. Shang, C. Yu and S. Cao, Int. J. Biol. Macromol., 70, 3340 (2014), 

https://doi.org/10.1016/j.ijbiomac.2014.06.039 

https://doi.org/10.3906/kim-0901-38


31 J. Kowalonek, Int. J. Biol. Macromol., 103, 515 (2017), 

http://dx.doi.org/10.1016/j.ijbiomac.2017.05.081 
32 J. F. Mano, Macromol. Biosci., 8, 69 (2008), https://doi.org/10.1002/mabi.200700139 
33 M. H. Salim, Z. Kassab, Y. Abdellaoui, A. García-Cruz, A. Soumare et al. Int. J. Biol. Macromol., 

210, 639 (2022), https://doi.org/10.1016/j.ijbiomac.2022.04.220 
34 S. Prateepchanachai, W. Thakhiew, S. Devahastin and S. Soponronnarit, Carbohyd. Polym., 174, 

253 (2017), https://doi.org/10.1016/j.carbpol.2017.06.069 
35 N. G. Madian and N. Mohamed, J. Mater. Res. Tech., 9, 12970 (2020), 

https://doi.org/10.1016/j.jmrt.2020.09.028 
36 L. E. Valencia-Gómez, S. A. Martel-Estrada, C. Vargas-Requena, J. L. Rivera-Armenta, N. Alba-

Baena et al., Int. J. Biol. Macromol., 93, 1217 (2016), https://doi.org/10.1016/j.ijbiomac.2016.09.083 

 

 


