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ABSTRACT 

The development of biodegradable packaging materials using naturally occurring, renewable biopolymers has gained 

attraction due to consumer demand for high-quality products and concerns about environmental waste problems. 

However, the inferior mechanical properties and low water resistance of packaging materials based on natural polymers 

pose a significant obstacle to their wider use. One of the ways to improve the properties of biopolymer-based packaging 

materials is the addition of plasticizers during their synthesis. In this work, the influence of the type and concentration 

of plasticizer on the properties of new biopolymer films based on wild flax (Camelina sativa) was investigated. Camelina 

sativa oil cake (CSoC) remains after edible oil cold pressing as a by-product. One of the possibilities for its valorization 

is the synthesis of biopolymer materials. During the synthesis, different plasticizers - glycerol and polyethylene glycol 

400 - were added in different concentrations - 20%-60%. The obtained CSoC-based biopolymer films were analyzed for 

the following properties: Moisture content, solubility, thickness, tensile strength, elongation at break, and water vapor 

permeability. The results obtained showed significant differences when different plasticizers were applied at different 

concentrations. The biopolymer film with optimal properties was obtained by adding glycerol at a concentration of 40%. 
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1. INTRODUCTION 

Recent research has concentrated on creating eco-friendly, edible, and biodegradable materials due to 

growing concerns about the quality and shelf life of food products as well as awareness of environmental 

problems associated with plastic materials disposal [1]. Renewable resources including polysaccharides 

(starch, alginates, pectin, carrageenans, chitosan), proteins (casein, whey, collagen, gelatin, corn, soy, wheat), 

and lipids (fat, wax, oil) are commonly used to create biopolymer materials [2]. Reducing the environmental 

damage caused by non-biodegradable plastic waste is largely dependent on new biodegradable films 

manufactured from biopolymers [3]. Furthermore, there is significant interest in the field of bio-based 

polymers derived from different agricultural and food commodities/waste in creating materials with film-

forming and packaging attributes that could be used for food safety and shelf-life prolongation [4]. Therefore, 

the cakes remaining after the cold pressing of the edible oil can be valorized as an ideal substrate for obtaining 

biopolymer films. Their advantage is a rich nutritional profile in terms of bioactive compounds, but also a 

composite composition. One of the top contenders to be employed in the future bio-economy is Camelina 

sativa, an annual oilseed crop in the Brassicaceae family [5]. Camelina sativa has been gaining attraction 

because of many advantages over traditional oilseed crops, including significant agrotechnical and industrial 

benefits [6] and its extremely rich nutritional profile: oil (30%-49%), proteins (24%-31%), tocopherols, 

phytosterols, phenolic compounds, 𝜔-3 and 𝜔-6 acids, and other substances [7-9]. The US Food and Drug 

Administration has granted camelina seed oil the Generally Recognized as Safe (GRAS) designation [10]. 

After oil is extracted, large amounts of by-products (such as cakes) are left over. About 10% fat, 45% crude 

protein, 13% fiber, 5% minerals, and a few other ingredients make up camelina cake [11]. 
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Applications for composite films are numerous, and one of them is food packing since composite films can 

unite two different kinds of biopolymers, each with unique properties, so that the resulting biopolymer-

derived films may protect a wider range of food products [12]. Films made from biodegradable biopolymers 

exhibit certain disadvantages in terms of their mechanical, barrier, and physicochemical properties compared 

to their plastic counterparts. To enhance these, lipids, plasticizers, nanoparticles, and antibacterial substances 

can be added. One of the directions of biodegradable materials for food packaging design looks to optimize 

film properties by studying the effect of plasticizers. Low molecular weight chemicals are typically utilized 

as plasticizers since they must be miscible in the biopolymer [13]. To modify the functional qualities of films 

by enhancing their extensibility, dispensability, flexibility, elasticity, stiffness, and mechanical properties, 

plasticizers are added to biopolymer materials [14]. Since polyols, such as glycerol, sorbitol, mannitol, and 

xylitol, are especially effective at plasticizing, numerous researchers have concentrated on their application. 

Additionally, monosaccharides like glucose, mannose, fructose, and sucrose could also act as plasticizers. 

Films have also been produced using fatty acids as plasticizers [15]. The IUPAC defines a plasticizer as a 

material added to a material to improve its workability, flexibility, or distensibility [16]. Reducing the relative 

number of polymer-polymer connections causes the polymer to become more malleable by lowering the 

rigidity of the three-dimensional hard structure and permitting the polymer to bend without rupturing. Thus, 

plasticizers enhance polymers' flexibility, processability, durability, and, in certain situations, cost [17]. 

Plasticizers enable processing on various types of machinery (extrusion, calendering, injection molding), and 

reduce extrusion pressure and mixing time. They also improve fracture and impact resistance while 

decreasing physical attributes like hardness and elastic modulus. The flexibility of the polymer chain also 

affects viscosity, density, and dielectric constant [18]. 

Edible films have been synthesized using a range of widely used polyol-plasticizers; a tiny amount of these 

plasticizers can be simply injected between polymer chains [2]. Because of its three hydroxyl groups, 

glycerol is a simple polyol that is soluble in water, polar, non-volatile, and tolerant of high temperatures and 

is recognized by the Food and Drug Administration as a food additive, for the plasticization of biodegradable 

films [18]. It is a little hydrophilic molecule that can be placed between polymer chains increasing 

intermolecular space while decreasing intermolecular hydrogen bonding. The distance between the matrix 

chains grows and the number of direct interactions decreases as glycerol is inserted into the matrix network. 

By increasing the concentration of plasticizers in a film-forming solution, less stiff, less rigid, and more 

flexible films are synthesized [15]. Polyethylene Glycol (PEG) is a biocompatible, hydrophilic, and anti-

fouling plasticizer. Compatibility, mechanical qualities (tensile and elongation strength), and thermal 

stability are all enhanced by the inclusion of PEG in film-forming structures. Furthermore, because PEG is 

hydrophilic, it can also degrade bioplastics quickly when added. PEG 400 has the advantage of creating 

biopolymers that are firm and elastic when compared to other plasticizers, like glycerol, and it can raise the 

strain value [19].  

This work aims to answer the question of which of the two plastificators - glycerol or PEG 400 - is more 

suitable for optimizing the mechanical, barrier, and physico-chemical properties of biopolymer films based 

on Camelina sativa oilseed cake. 

2. MATERIALS AND METHODS 

2.1. Materials 

Camelina sativa seeds were kindly supplied by the Institute of Field and Vegetable Crops (Novi Sad, Serbia). 

The remained cake after the seed's cold pressing was used as a film-making substrate. All other reagents used 

in this study were of analytical grade.  
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2.2. Biopolymer film synthesis 

Laboratory casting method was applied when synthesizing biopolymer films based on Camelina sativa 

oilseed cake (CSoC): Filmogenic suspension was prepared by dispersing CSoC (5 %, w/v) in distilled water 

with the addition of plasticizers glycerol and PEG 400 in various concentrations (20% -60%) accounted on 

the weight of CSoC. In this way, 10 samples were obtained labeled as 20%G, 30%G, 40%G, 50%G, 60%G, 

20%PEG, 30%PEG, 40%PEG, 50%PEG, and 60%PEG. Further, all of the sample's pH was adjusted to pH 

12 by adding NaOH solution. pH was determined using a pH meter (Metrohm AG, Switzerland). The 

obtained suspension was incubated in a water bath at 100 °C for 20 min. Finally, the obtained film-forming 

suspension was passed through a nylon filter to remove the undissolved particles and poured onto Petri plates, 

covered with Teflon. Biopolymer films based on CSoC were obtained after 5-day drying at room conditions 

(23±2 °C; 50±5 % RH) and processed for further analysis. 

2.3. Biopolymer film characterization 

Mechanical properties – tensile strength and elongation at break 

Instron Universal Testing Instrument 4301 (Instron Engineering Corp., Canton, MA, USA) was used for 

mechanical properties (tensile strength (TS) and elongation at break (EB)) determination according to 

standard method EN ISO 527-3:2018 [20]. The initial distance between the instrument clamps was set to 50 

mm and the test speed was set to 50 mm/min. The result was expressed as the mean value of three 

independent measurements ± SD, for each sample. 

 

Barrier properties - water vapor permeability  

The water vapor permeability (WVP) of the biopolymer film samples was determined according to the 

standard gravimetric (dish) method ISO 2528:2017 [21] as absorbed moisture (the difference in the mass of 

the silica gel before and after treatment) divided by the surface area of the film sample. The results were 

expressed as grams per square meter per hour (g/m2h). The result was expressed as the mean value of three 

independent measurements ± SD, for each sample. 

 

Physico-chemical properties 

Moisture content 

Film samples were cut into squares (1cm2), weighed at analytical balance (m1), and dried in an air-circulating 

oven at (105±2)°C (Instrumentaria, Zagreb, Croatia) to assess constant weight (m2). The moisture content 

(MC) was determined as the percentage of weight reduction after film drying, expressed on the total weight 

of the film: 

MC (%) =
m1−m2

m1
 · 100    (1) 

The result was expressed as the mean value of three independent measurements ± SD, for each sample. 

 

Film solubility 

Dried film samples (m1), after moisture content determination, were immersed in 30 ml of deionized water 

and left for 24h at room conditions. After 24 h, the water was decanted and the films were dried again in an 

air-circulating oven (Instrumentaria, Zagreb, Croatia) at (105 ± 2)°C to a constant mass (m2). The total 

solubility of the films (%) was calculated as:  

S (%) =
m1−m2

m1
 · 100    (2) 

The result was expressed as the mean value of three independent measurements ± SD, for each sample. 
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2.4. Statistical analysis -standard scores 

Standard scores were assessed by ranking 10 samples by comparing their raw data (TS, EB, WVP, MC, and 

S) to extreme values. The ranking depended on sample data and the highest and lowest values observed for 

each output value. The lowest values of WVP, MC, and S, and the highest values of TS, and EB were set as 

optimal output variable values. 

 

3. RESULTS AND DISCUSSION 

Mechanical properties – tensile strength and elongation at break 

The results of the mechanical properties of biopolymer films based on Camelina sativa oilseed cake, 

depending on the type and concentration of added plasticizers, are shown in Tab. 1. The obtained TS values 

were in the range of 2.61-3.54 MPa with glycerol addition and in the range 0.83-4.56 MPa with PEG 400 

addition. The obtained value ranges are following the nature of the raw material from which the films were 

obtained – oilseed cakes. Literature findings point to 1.37 MPa for biopolymer films based on pumpkin 

oilseed cake [22]; 4.37 MPa for sunflower oilseed cake [23]; and 1.7 MPa for cardoon seed oilseed cake 

[24]. Obtained low values direct application of these materials in the form of packaging coatings rather than 

film. Plasticizers have an impact on the biopolymer film's tensile strength, or its capacity to bear stresses 

without breaking. The TS of biopolymer films decreased as plasticizer concentration increased. This could 

be explained by the fact that the plasticizer weakens the solid dispersion system, which lowers the stability 

of the internal hydrogen bonds in the intermolecular bonds. As a result, the produced material has poor 

mechanical properties, which lowers the tank strength of the bioplastics produced [19]. Reduced TS values 

were more pronounced in samples with added PEG.  

The EB values in this paper ranged from 3.74% to 10.25% with glycerol addition and in the range of 0.62-

1.35 % with PEG 400 addition. The obtained EB values were in correlation with literature values for EB 

values of films based on other oilseed cakes: about 5% for films based on pumpkin oilseed cake [25]; about 

10-20% for films based on rapeseed oilseed cake [26]; and 20-30% for films based on sunflower oilseed cake 

[23]. The addition of plasticizers increased EB values which is favourable and more pronounced in samples 

with added glycerol. Plasticizer addition disrupts hydrogen bonds (intermolecular and intramolecular) 

positioning itself between the polymer molecules thereby interfering with the interaction of the polymers and 

increasing the flexibility of the film [15, 19]. The hygroscopic nature of glycerol contributed more 

plasticization effect compared to any other plasticizer, thus increasing the mobility of polymer chains and 

leading to increased stretchability and flexibility of films [27]. It can be concluded that by providing 

flexibility and stretchability, lowering intermolecular pressures, and boosting polymer chain mobility, 

plasticizers help to reduce brittleness in films and make them easier to handle and store [28]. Film mechanical 

qualities are all directly impacted by the use of plasticizers; the higher the concentration, the greater the 

elongation at break and the lower the tensile strength [13]. 

Table 1. Characterization of the obtained CSoC-based film properties regarding the addition of glycerol and PEG 400 in various 

concentrations 

Plastificator 
Tensile 

strength (MPa) 

Elongation at 

Break (%) 

Water vapor 

permeability (g/m2h) 

Moisture content 

(%) 

Solubility 

(%) 

20%G 3.54 3.74 5.13 20.38 34.72 

30%G 3.78 5.42 5.44 27.96 38.59 

40%G 3.84 6.46 6.17 19.77 39.68 

50%G 3.07 7.24 9.17 30.55 51.41 
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Plastificator 
Tensile 

strength (MPa) 

Elongation at 

Break (%) 

Water vapor 

permeability (g/m2h) 

Moisture content 

(%) 

Solubility 

(%) 

60%G 2.61 10.25 13.05 22.85 54.32 

20%PEG 4.56 0.62 4.71 18.40 43.64 

30%PEG 3.22 0.94 5.10 10.34 46.15 

40%PEG 1.62 1.00 7.19 19.79 52.39 

50%PEG 1.26 1.25 8.72 10.28 54.49 

60%PEG 0.83 1.35 9.75 13.89 59.16 

 

Barrier properties – water vapor permeability 

One of the permeability characteristics is water vapor permeability (WVP). Lower WVP values indicated 

better water vapor barrier properties of the films. The obtained values for films with glycerol addition were 

in the range (5.13-13.05 g/m2h), and for films with PEG 400 addition were in the range (4.71-9.75 g/m2h) 

(Tab. 1) and aligned with literature findings for sunflower oil cake-based films (8.62-11.63 g/m2h) [23], 

pumpkin oil cake-based materials (14.7 g/m2h) [29] and argan seed protein concentrate (7.5 g/m2h) [30]. The 

increase in the concentration of both added plasticizers was directly correlated with the observed increases 

in WVP which could be explained by networks biopolymers create that are not dense, which makes them 

more permeable after the addition of plasticizers. These increase free volume and lower the vitreous 

transition temperature of the system by weakening the intermolecular interactions between neighboring 

macromolecular chains [13]. Further, water vapor permeability is in correlation with water vapor adsorption. 

Films with no added plasticizer had the lowest monolayer value while films containing gradually higher 

plasticizer concentration had gradually higher monolayer value, which is a measure of the number of sorption 

sites in a film and indicates the maximum amount of water that can be absorbed in a single layer of dry film 

[31]. Adding plasticizers provides more active sites via exposure of hydroxyl groups, where water molecules 

can be absorbed. 

 

Physico-chemical properties 

According to the obtained results (Tab 1.), moisture content (MC) exhibited higher values for biopolymer 

films based on Camelina sativa with the addition of glycerol as the plasticizer (in the range 19.77-27.96%) 

compared to biopolymer films based on Camelina sativa with the addition of PEG 400 (in the range 10.28-

19.79%). The obtained results were in agreement with MC found in the literature for other films based on 

oilseed cakes: sunflower oilseed cake-based films (13.76-20.47 %) [23], pumpkin oilseed cake-based films 

(19.78 %) [22] and of cardoon protein-based films (17 %) [24]. 

Water solubility values were in similar ranges (34.72-54.32%) and (43.64-59.16%) for biopolymer films 

based on Camelina sativa with the addition of glycerol and PEG 400 as the plasticizers, respectively. The 

addition of both plasticizers caused solubility to increase which was a negative consequence since higher 

water solubility signifies lower water resistance. Anyway, the obtained values are relatively low, which was 

confirmed by the fact that at the end of exposure of film samples to water for 24 hours, as required by the 

test method, the entirety of the film was preserved, and there was no dissolution or dissolution of parts of the 

film. 
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Standard score analysis 

The standard score (SS) was obtained by summing the normalized scores for each variable (TS, EB, WVP, 

MC, S) to determine of ideal plastificator and the optimal concentration applied. The total Z-score values, 

which mathematically summarize all segment Z-scores, display the best combination of all tested responses. 

SS function approach to a value of 1 suggests a higher chance that the processing inputs that were examined 

were optimal. Process optimization relies on standard score results.  

 

  

Figure 1. Z-Score Analysis of the obtained CSoC-based film properties regarding the addition of glycerol and PEG 400 in various 

concentrations 

According to the results of the standard score analysis (Fig. 1), the highest SS value was obtained for the 

sample with the addition of 40% glycerol. The obtained SS value reached 0.713. This samples output variable 

values were: TS = 3.84 MPa; EB = 6.46 %; WVP = 6.17 g/m2h; MC = 19.77 %; and S = 39.68 %.   

 

4. CONCLUSIONS 

In each step of the synthesis of the film-forming solution, it is possible to vary the process parameters, as 

well as the type and amount of added auxiliary components. The ultimate goal was the valorization of agro-

industrial waste - Camelina sativa oil cake, the residue leftover after cold pressing of the oil to obtain 

biopolymer films, where in this step the properties of the films were optimized depending on the type and 

concentration of the added plasticizer. For this purpose, films were synthesized with 20-60% added glycerol 

and PEG 400. The obtained results showed that the addition of both plasticizers affected the mechanical 

properties – tensile strength decrease and elongation at break increase. Water vapor permeability was 

negatively affected by plasticizer addition since the WVP values increased by plasticizer addition and caused 

higher film permeation. This result was in agreement with solubility results in which the addition of both 

plasticizers caused solubility to increase which was a negative consequence since higher water solubility 

signifies lower water resistance. Standard score analysis indicated sample with the addition of 40% glycerol 

was optimal in film-making synthesis to be applied as packaging material for further research. 
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