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Abstract. For the high content of carrageenan in some seaweed and the low cost and easy 

availability of semi refined carrageenan (SRC), SRC resin powder was selected as our research 

object. Due to its water solubility, a solution casting method was adopted to form film, hoping 

to prepare food packaging materials that partially replace petroleum based resin. The pure SRC 

resin casting film is very brittle and cannot be formed. Therefore, 40wt% glycerol was added to 

the formula to plasticize and improve the flexibility and demoulding ability of SRC. The 

plasticized SRC film still has limitations. Soluble petroleum based polymer poly(vinyl alcohol) 

(PVA) resin was used as a blending modifier, cinnamaldehyde (CIN) as a crosslinking agent for 

acetal reaction with hydroxyl groups, boric acid (BA) as a provider of acidic environment and 

an auxiliary agent for generating partial hydrogen bonds with hydroxyl groups. Eight 

experimental research formulas were designed and FTIR, XRD, thermodynamic properties and 

mechanical properties of the modified films were analyzed. Both microscopic and macroscopic 

analyses have shown that under the acidic conditions of BA, CIN undergoes an acetal reaction 

with SRC and PVA, therefore mass ratio of the formula that SRC/glycerol/PVA/CIN/BA is 

100/40/33.3/10/10, the film has the best tensile strength of 34.85Mpa, higher than that of other 

films. It has been proven that CIN does indeed act as a crosslinking agent in the formula, forming 

a network structure that enhances it. 

1.  Introduction 

Carrageenan is one of the polymers that can be obtained by extraction from certain species of seaweeds 

such as Eucheuma cottonii. It consists of α-(1-3)-D-galactose and β-(1-4)-3,6-anhydro-D- or L-galactose 

alternatively co-polymerized as a water-soluble sulfated linear polysaccharide [1]. These sulfate groups 

on the disaccharide repeating unit determine the classification into one of three major carrageenan types: 

lambda (λ), kappa (), and iota (ι) as depicted in Figure 1 [2]. It is becoming increasingly recognizable 

as a novel and promising candidate of renewable biomaterial for that is a substitute for the conventional 

synthetic plastics. Its renewable, biodegradable, good biocompatibility and film-forming properties, 

allowing the production of biodegradable films or hydrogels for food packaging and biomedical 

applications [3]. The production of petroleum-based films is dependent on petroleum resources, which 

are becoming increasingly scarce over time [4, 5]. The purpose is to prepare a blend film to reduce    the 

cost of PVA films Secondly, forming a co-crosslinking structure through acetal reaction with hydroxyl 

group of PVA and carrageenan, improving the compatibility of the film, and thereby improving water 
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resistance and mechanical properties. Carrageenan casting film has great advantages over traditional 

petroleum-based film. Solution cast method is a common method for film production [6]. This method 

involves the preparation of the film-forming solution, spreading the prepared solution on a mold made 

of glass plates and evaporating the solvent after cooling [7]. This method has the advantages of low cost 

and simplicity of operation [8]. And PVA resin melt processing difficulties, cast into the film using 

water as a solvent, which solves the problem of processing is also more environmentally friendly. 

Carrageenan is extracted from natural resources such as seaweed and is renewable. It can be decomposed 

by microorganisms in the natural environment and eventually converted into CO2 and H2O, which makes 

carrageenan-based films more environmentally friendly [9]. 

 
(a) λ-carrageenan                (b) -carrageenan                 (c) ι-carrageenan 

Figure 1. Chemical structure of carrageenans 

Daei [10] et al. added red beet extract and plantain gum to the blend, the film gained improved 

antioxidant performance and shortened biodegradation time. However, the lack of desired mechanical, 

thermal and water solubility of carrageenan has resulted in the limited application in the food packaging 

industry [11]. To overcome these limitations, reinforcing agent and crosslinker are incorporated into 

biopolymer films [12]. 

Petroleum-based resin poly (vinyl alcohol) (PVA) is widely used in the manufacture of packaging 

film due to its good film-forming property, optical transparency, gas barrier and mechanical properties. 

It is readily consumed by microorganisms and enzymes when exposed to natural environment. PVA is 

suitable to be used as biodegradable packaging materials to reduce accumulation of synthetic petroleum-

based polymer solid wastes. PVA films have better gas barrier properties, effectively isolating the 

permeation of oxygen and other gases. This is important for protecting food and other products that are 

susceptible to oxidation, and PVA films have better barrier properties than polyethylene (PE) films, 

providing a better barrier to oxygen. PVA films have better light transmission than polypropylene (PP) 

films, making packaged products more attractive. But the price of PVA is quite expensive [13]. In order 

to make PVA more economical to use, a small ratio of PVA can be added into carrageenan. Carrageenan 

possesses similar functionality as PVA which is biocompatible and consumable by microorganisms as 

well [14-16]. Bajpai [17] studied the hygroscopic behavior and water vapor permeability of 

glutaraldehyde cross-linked carrageenan/ polyvinyl alcohol films. The moisture permeation study 

reveals that carrageenan/ polyvinyl films are suitable for the wounds which are having low exudates. 

When PVA and carrageenan are blended together [18], the presence of hydroxyl groups (–OH) tend to 

form strong hydrogen bonding among the molecules and subsequently lead to synergistic stability and 

better system integrity to improve the mechanical property, as showed in Figure 2. 

 
Figure 2. Chemical structure of PVA 

In order to make the film more hydrophobic, aldehyde compounds were introduced into the blend. 

Cinnamaldehyde (CIN) is a phenylpropanoid that is naturally synthesized by the shikimate pathway 

[19]. This pale yellow, viscous liquid occurs in the bark of cinnamon trees and other species of 

the genus Cinnamomum. There are two isomers of CIN, cis and trans isomers. At present, the natural 

https://en.wikipedia.org/wiki/Phenylpropanoid
https://en.wikipedia.org/wiki/Shikimate_pathway
https://en.wikipedia.org/wiki/Viscosity
https://en.wikipedia.org/wiki/Bark_(botany)
https://en.wikipedia.org/wiki/Tree
https://en.wikipedia.org/wiki/Genus
https://en.wikipedia.org/wiki/Cinnamomum
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CIN found in nature exists in trans structures showed in Figure 3. CIN’s aldehyde end group may react 

with the hydroxyl of Carrageenan and PVA in acidic environment as showed in Figure 4 [20]. 

 
Figure 3. Chemical structure of CIN 

                     
(a) Acetal reaction products with carrageenan     (b) with PVA    (c) with carrageenan and PVA 

Figure 4. Acetal reaction products of CIN 

Boric acid (BA) was considered to provide the acidic environment and was another crosslinker of  

PVA showed in Figure 5. 

 
Figure 5. Chemical structure of BA 

Under certain conditions, BA exhibits a rather strong interaction with PVA, leading to a rapid 

precipitation of the polymer complex from the solution [21]. This gives us reason to assume that their 

interaction is a chemical bond (Figure 6 a). Another concept refers to the H-bond between BA and PVA 

(Figure 6b) [22]. Recently, a third structure has been proposed, which represents a hybrid interpolymeric 

complex (Figure 6 c) [23]. 

         
(a) chemical bonding         (b) H- bonding        (c) a hybrid inter polymeric complex 

Figure 6. Suggested structures of PVA-BA complex 

It appeared that the water resistance, oxygen resistance, thermal stability and mechanical properties 

of PVA film added with BA have been improved, which showed a very promising application in 

biomedical materials. Therefore, this experiment further improves the thermal stability and mechanical 

properties of the film by adding BA, which can enable the film to obtain a wider range of applications. 

 
Figure 7. Glycerol 
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2.  Experimental section 

2.1.  Materials 

SRC extracted from the seaweed Eucheuma cottonii was purchased from W-Hydrocolloids, Inc. 

Philippines; PVA (PL032, Degree of Hydrolysis 86 - 90%, Mw<100,000) was purchased from Chem-

supply Pty Ltd. Australia; Glycerol (molecular weight of 92.09 g /mol) was purchased from Sigma 

Aldrich Australia; CIN (natural >95%, Mw=132.16) was purchased from Sigma Aldrich Australia; 

BA(AR grade, Mw =61.83g/mol)was purchased from Merck Pty Ltd Australia; Milli-Q water was used 

as the solvent in the film preparations. 

2.2.  Film preparation 

Disperse the SRC in Milli-Q water at a concentration of 0.02 g/ml. After dissolving at room temperature, 

the mixture was heated to 80°C-90°C in a magnetic stirrer and stirred for 15 minutes. The hot solution 

was then poured onto a glass plate and allowed to gel at room temperature for 30 min and heated in an 

oven at 60-70 °C for 1 day to dry. The rationale for heating the solution of a concentration of 0.02 g/mL 

at 80-90℃ for 15 minutes is to ensure that SRC exists in dilute solution form in water and simultaneously 

avoid moisture evaporation and ensure complete reaction. This is the preparation of pure SRC film. PVA 

was dispersed in Milli-Q water at a concentration of 0.04 g/mL, it was heated at and stirred until 

complete dissolution. Then the same procedure as the pure SRC film. Glycerol (gly) as shown in Figure 

7, 40 % with respect to SRC, was added to the mixture as plasticizer. PVA 33 % with respect to SRC, 

was added as reinforcing agent. BA 10 % with respect to SRC, was dispersed in Milli-Q water at a 

concentration of 0.01 g/mL as acidic environment provider. CIN, 10 % with respect to SRC, was added 

directly to the mixture as crosslinker.The composition of the formulation for this experiment is shown 

in Table 1. 

Table 1. The formula composition of this experiment 

sample content mass ratio 

Formula 1 SRC powder 100 

Formula 2 SRC /glycerol film 100/40 

Formula 3 SRC / glycerol/CIN film 100/40/10 

Formula 4 SRC / glycerol/ BA film 100/40/10 

Formula 5 PVA film 33.3 

Formula 6 PVA/ BA film 33.3/10 

Formula 7 SRC /glycerol/PVA film 100/40/33.3 

Formula 8 SRC /glycerol/PVA/CIN 100/40/33.3/10 

Formula 9 SRC / glycerol/PVA/CIN/BA 100/40/33.3/10/10 

The mixture solution was also heated at 80℃-90℃ and stirred to ensure complete reaction. 

2.3.  Film structural characterization 

Fourier Transform Infrared Spectroscopy (FTIR)was used to characterize the presence of specific 

chemical groups in the materials. Very thin films were obtained and analysed by PerkinElmer FTIR 

Spectrometer Frontier. The sample was cut to the size of 10 mm × 10 mm and the film thickness was 

measured using a smart thickness gauge, and a film with a thickness of 40 μm was selected for 
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measurement. It was measured in the attenuated total reflectance mode in the wave number range of 

4000 to 600-1, 32 scans per test. Results were recorded in duplicate. Data were analyzed using OMNIC 

software and plotted using Origin software. 

DSC analysis was done by Mettler-Toledo DSC1 STAR system. Samples were weighted into 

standard aluminium pans. A sealed empty pan was used as reference material while nitrogen gas was 

purged at 20 ml/min during experiments. Each sample was carried out with temperature ranging from 

60℃ to 300℃ at scanning rate of 10 ℃/min. 

XRD patterns were recorded at room temperature on a rigaku mini flex 600 diffraction system, using 

Cu Kα (λ = 1.5406 Å) radiation. The sample is cut into 10mm x 10mm size and adhered to the plate, 

then placed on the sample holder of the diffractometer. The samples analysis over 2θ covered a range 

of 2° - 70° with a sampling interval of 0.02°. The scan speed is 2°/min. Data were analyzed using Jade 

software and plotted using Origin software. 

2.4.  Film properties measurement 

The mechanical properties of the films were measured by using an Instron Universal Testing Instrument 

(Model 4465) with a 5 kN load cell. The films were cut into strips (100 mm × 15 mm) and their Tensile 

Strength (TS) and percent elongation at break (EB) were measured. An initial gauge length of 50 mm 

and a cross-head speed of 10 mm/ min were used for each sample. A minimum of five strips of film (10 

× 1.5 cm) were measured for each sample to obtain an average value for each of the measured properties. 

3.  Results and discussion 

3.1.  FTIR characterization analysis of modified films 

FT-IR spectra are used to detected the changes in hydroxyl groups in material structure. Table 2 showed 

the peak positions corresponding to the movement of hydroxyl groups [24]. From 3650cm-1 to2500cm-

1 denotes the stretching vibration of hydroxyl groups. From 1275cm-1 to 1000cm-1 denotes the stretching 

vibration of carbonyl groups. 

Table 2. Characteristic peak of hydroxyl group 

Hydroxyl type O-H, ν C-O(H), ν 

Free hydroxyl group 3650-3580 1275-1000 

Primary alcohol 3650-3630 1075-1000 

Secondary alcohol 3635-3620 1130-1030 

Tertiary alcohol 3620-3600 1210-1100 

Phenol 3610-3590 1275-1150 

Intermolecular associ

ation 
3550-3200 —— 

Intramolecular associ

ation 
3600-2500 —— 

Crystal water 3600-3100 —— 
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(a) SRC powder and films 

 

(b) PVA films 

 

(c)  SRC/PVA blend films 

Figure 8. FT-IR spectra for various film samples 

From Figure 8 (a), curve1 is the FT-IR spectra of SRC powder, only the primary and secondary 

hydroxyl groups of SRC are present in the structure. Curve2 is the spectra of SRC film plasticized with 

glycerol, the tertiary alcohol groups of glycerol, the intermolecular and intramolecular associations 

caused by hydration shift the peak height to the right. Compared with Curve2, Curve 3 and Curve 4 

show sharper and higher peak at 1275cm-1 -1000cm-1, it can be inferred that the products of the structures 

in Figure 4 and Figure 6 have been generated. More carbonyl groups are reflected in the FT-IR spectra. 

From Figure 8 (b), compared with curve 5 of pure PVA film,  curve 6 exhibited a new broad peak at  

1290 cm-1-1270 cm-1, corresponding to the stretching vibrations of B-O-C [25]. Moreover, the intensity 

of the peak at 3650 cm-1-3000 cm-1 (the stretching vibration of hydroxyl groups of PVA) in modified 

PVA films was reduced. This can be attributed to the structural changes that occur during the 

crosslinking reaction, where the free -OH groups interact with BA, thereby changing the hydrogen-

bonded hydroxyl group. 

From Figure 8 (c), comparing the three curves of SRC/PVA blend films, the reduced intensity of the 

peak at 3650 cm-1-3000 cm-1 and the strong absorption peaks at 1150 cm-1 -1060 cm-1 ( the stretching 

vibrations of aliphatic ether C-O-C) [26] means that high conversion rate of acetal reaction occurred in 

the present of BA(curve 9). 
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3.2.  XRD characterization analysis of modified films 

 

  

(a)  SRC powder and films 

 

 

(b) PVA based films 

 

 

(c) SRC/PVA blend films 

Figure 9. XRD spectra for various film samples 

Figure 9 shows the XRD spectra of various thin films and the crystallinity of various thin films obtained 

through Jade software fitting analysis. The analysis of the crystallinity of the film provides side evidence 

of the cross-linking of the film. The restriction of molecular rearrangement after cross-linking leads to 

a decrease in crystallinity. The crystallinity of SRC is the three-dimensional regular structure of SRC, 

calculated based on the same principle as crystallinity. It is calculated by the following equation: 

amorphcrystal

crystal
c

AA

A
X

+
=  
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where Acrystal is the area of the crystalline region and Aamorph is the area of the non-crystalline region. 

From the XRD spectrum of SRC powder and films in Figure 9 (a), there are obvious diffraction peaks 

at 14.2 °, 17 °, and 18.6 ° [27]. Crystallinity calculation results indicate that plasticizing (Formula 2), 

adding CIN (Formula 3) and adding BA (Formula 4) fully reduced the crystallinity of the film, especially 

CIN. The acetal reaction with SRC did not show significant structural changes in XRD spectrum, but 

only disrupted the degree of crystal regularity of SRC. 

In the XRD spectrum of Figure 9 (b), both curves are at 2θ= 17.3 ° displays the typical characteristic 

peak of PVA. The film of PVA added with BA (Formula 6) has the low crystallinity than pure PVA  

(Formula 5)film which indicate the same reason as SRC [28]. 

According to Figure 9(c), the crystallinity of SRC and PVA decreased after simple blending (Formula 

7) because of the formation of a large number of hydrogen bonds that disrupt their original regular 

structures. After adding CIN (Formula 8), the crystallinity increased, which may be due to CIN as an 

heterogeneous nucleating agent increasing the crystallization in the PVA membrane [29] Formula 9 

indicated that under acidic conditions of BA, there was a marked drop in  crystallinity which also be 

attributed to chemical reactions. 

3.3.  Thermodynamic characterization analysis of modified films 

The DSC curves at the second temperature rise measured at a temperature rise of 10°C/min are shown 

in Figure 10 and the calculated results are listed in Table 3. 

 

(a) SRC- based films 

 

(b) PVA-based films 

 

(c)  SRC/PVA blend films 

Figure 10. DSC thermal curve of heating trend of various film samples 

From Figure 10 (a), it can be seen that all samples exhibit exothermic peaks (Td) at 210-280 ℃, 

which corresponds to the cleavage of glycosidic bonds. The exothermic peak shifts towards a higher 

temperature, which may be due to the formation of chemical bonds between the additive and SRC. Based 
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on the data in Table 3, in the first three formulas, the addition of CIN results in a relatively high Tg and 

Td values for SRC film. 

 In Figure 10 (b), pure PVA (Formula 5) has a melting peak (Tm) at around 218℃, which is formed 

by the melting of the crystalline portion of PVA and the heat absorbed by the decomposition of a small 

amount of PVA molecules. After adding BA (Formula 6), the Tg increase and the Tm almost disappears, 

which respectively corresponding to the stability of molecular structure caused by H-bonding and the 

less melting of crystalline phase [30]. 

 According to Figure 10 (c) and Table 3, comparing three blending formulas, Tg and Tm continues 

to rise. This increase in thermal stability may be due to the acetal structure formed in the film [31]. 

Table 3. Thermal properties for various film samples 

sample 

DSC 

Glass transition point 

Tg (℃) 

Endothermic 

peak 

temperature Tm 

(℃) 

Exothermic 

peak 

temperature Td 

(℃) 

Formula 2 138.2 —— 233 

Formula 3 144.4 —— 274 

Formula 4 139.2 —— 266 

Formula 5 111.3 218 —— 

Formula 6 121.4 —— —— 

Formula 7 139.1 263 —— 

Formula 8 140.2 266 —— 

Formula 9 145.5 268 —— 

3.4.  Characterization and analysis of mechanical properties of modified films 

Preparing casting films of various modified ingredients and preparing tensile specimens according to 

the requirements of 2.4, the result of TS and EB of the films were shown in Figure 11. 

       
(a)                                          (b)                                       (c) 

Figure 11. Comparison Chart of Different Tensile Strength and Elongation at break Values 

From Figure 11 (a), it appears that, compared to the plasticized SRC film, the addition of CIN and 

BA reduces the TS and EB of the modified film, but the mechanical properties of the film with BA 
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decrease more significantly, which is related to the incomplete molecular interaction formed and is 

consistent with the previous microscopic analysis. 

Figure 11 (b) shows a comparison of the mechanical properties of films between pure PVA and PVA 

added with BA. It can be seen that the addition of BA increases the TS and EB. And the thermal analysis 

in Table 3 shows an increase in heat resistance after the addition of BA, which is consistent with the 

mechanical property data and serves as a unified verification. Based on the infrared spectrum analysis 

in Figure 8 (b), it can be inferred that the acetal reaction of BA forms a stable cross-linking network 

structure with the hydroxyl groups of linear PVA, enhancing the rigidity of the material and reducing 

its ductility. 

Figure 11(c) shows a comparison of the mechanical properties of the SRC/PVA blend films using 

different additives. It can be seen that formulation 9 with CIN and BA acting together has the highest 

TS value and the lowest EB value compared to the pure carrageenan film and the pure PVA film. Sedayu 

[27] used sodium benzoate solution as a photosensitizer to photocrosslink the surface of semi-refined 

carrageenan (SRC) film samples with UV light, and the EB values of the prepared cross-linked films 

were significantly lower than those of the control. This is the same trend as that obtained for the cross-

linked membranes in this experiment. The infrared spectrum analysis of Figure 8 (c) verifies that under 

the acidic conditions provided by BA, CIN has the highest probability of acetal reaction with SRC and 

PVA, resulting in high cross-linking degree, denser cross-linking network, and high macroscopic 

performance low toughness. The crystallinity analysis in Figure 9 (c) verified the decrease in 

crystallinity of the blend caused by cross-linking, while the thermal analysis in Table 3 showed an 

improvement in the heat resistance of the cross-linked structure, which is consistent with the mechanical 

property data and plays a unified role in verification. Compared with formulas 7 and 9, formula 8 lacks 

an acidic environment and has a low degree of acetalization of CIN, forming a loose network structure. 

Macroscopically, it exhibits a higher EB value. Compared to formula 2 and formula 5, formula 7 

indicates that the mechanical properties of SRC/PVA blend films with simple blending are lower than 

those of plasticized SRC films and PVA films, indicating poor compatibility and lack of synergistic 

effect between these two resins. 

4.  Conclusions 

Due to the difficulty of casting pure SRC into a film, compared with pure SRC powder, the 

microstructure of several formulas of modified SRC films prepared through the casting process in an 

aqueous solution at 80℃-90℃ are investigated. The micro-characterization methods include infrared 

spectroscopy, XRD and DSC. The changes of molecular structure, crystallinity and thermal properties 

of the films are analysed respectively. The macroscopic mechanical properties are characterized by 

tensile experiments of constant thickness films. 

The results indicate that from a macro perspective, the mechanical properties of plasticized 

carrageenan film and modified carrageenan film with additive are not as good as those of PVA film and 

modified PVA film. So PVA resin used as a blending modifier for SRC films. Under the mass ratio of 

SRC/glycol/PVA/CIN/BA=100/40/33/10/10, both microscopic and macroscopic analyses have shown 

that under the acidic conditions of BA, SRC undergoes acetal reaction with PVA and CIN, resulting in 

a tensile strength of 34.85 MPa and an elongation at break of only 3.8% for the prepared film. The 

formula without adding BA has a low incidence of acetal reaction, a tensile strength of 16.96 MPa, and 

an elongation at break of 13.6%. Its mechanical properties are superior to those of simple blend films. 

This research provides a new approach and idea for developing high-performance SRC packaging 

films, which can effectively improve the tensile strength and other properties of SRC films, thus 

expanding their application scope and market share in food packaging. In the future, the addition of CIN 

and BA can be adjusted within a certain range according to the requirements of stiffness and toughness, 

and the ratio of acetal and cross-link density can be adjusted under a microscope. As an environmentally 

friendly and biodegradable material, they can be applied in the food packaging industry. There are still 

limitations in this study, as carrageenan is very hydrophilic, resulting in slow drying of cross-linked 

films, and the fast drying of carrageenan-modified films can be a research direction in the future. 
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