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A B S T R A C T

Sodium alginate (SA) films show strong potential as biodegradable plastic alternatives because of their trans
parency, mechanical properties, and biodegradability. However, films composed solely of SA are limited in 
tensile strength and elongation properties. Incorporating biologically-sourced plasticisers can enhance these 
qualities, producing stronger or more stretchable films. In this study, selected plasticisers from distinct molecular 
classes (celluloses, polyols, carbohydrate sugars and oils) were combined with liquid SA, and the resulting 
formed films assessed for tensile strength, elongation, transparency at 600 nm, and thickness. Additionally, al
iquots of SA-plasticiser solutions were dropped into calcium chloride to form insoluble beads, which were tested 
for water barrier properties. Overall, plasticisers improved SA film performance. Cellulose increased tensile 
strength, while polyols enhanced elongation but reduced tensile strength. Carbohydrates produced moderate 
improvements in both properties but to a lesser degree. Additions of plasticisers typically produced higher tensile 
strength or elongation properties compared to 2.5% (w/v) SA film alone (tensile strength 42.4 MPa; elongation to 
break 4.2%); for example, in SA films containing 10% (w/v) cellulose nanocrystals (tensile strength of 80.5 MPa); 
or in SA films containing 2% (w/v) fructose and 4% (w/v) xylitol (elongation to break 137.0%). All films were 
below the maximum thickness threshold for plastic classification (<0.25 mm), confirming uniformity and suit
ability for future applications. These findings highlight the potential of multi-plasticiser formulations to enhance 
the mechanical and barrier properties of SA films, supporting their development as sustainable, comparable 
alternatives to petroleum-derived plastics.

1. Introduction

Plastic films in the food industry consist mainly of fossil-fuel derived 
materials [1]. In 2022, 400.3 mt of plastic was produced globally [2]. 
Bioplastics currently make up 0.5% of global plastic production, 
equating to 2180 kt in 2023, with the production of bioplastics predicted 
to rise to 7430 kt by 2028 [3]. Bioplastics have been explored as alter
natives to fossil fuel–derived plastics since the early 20th century, 
beginning with the development of cellulose-based materials such as 
celluloid and cellophane. [4,5]. Now, plastic packaging, including films, 
are moving to a bio-based material composition, made from plant-based 
materials including starch, cellulose, oils, lignin, proteins and poly
saccharides. More natural bases for packaging will help reduce the effect 
plastic pollution is having on the environment [6]. For example, sodium 
alginate (SA) films would have advantages over fossil fuel-derived 
synthetic films if the synthetic film properties can be mimicked [7,8]; 

with a key advantage being the rapid biodegradability of the SA film 
[9–11].

Alginate is the main structural polysaccharide found in the cell wall 
and intracellular matrix of brown seaweeds (Phaeophyceae) [12] where 
it provides strength and flexibility to the alga. It is currently extensively 
used as an ingredient within the food, pharmaceutical and cosmetic 
industries, with further potential for use as a major contributor to 
biodegradable food packaging [13]. Synthetic films have dominated this 
market to date, but interest in sustainable and circular products is 
increasing [7], following consumers' demand for more eco-friendly 
packaging [14]. Alginic acid consists of 1,4-linked β-D-mannuronic 
acid (M) and α-L-guluronic acid (G), with the unbranched polymer 
containing homopolymorphic M or G blocks joined by hetero
polymorphic MG blocks [15]. The structural conformation between M- 
M, M-G and G-G molecules include the ‘egg box’ structure seen in poly-G 
blocks as shown in Fig. 1. This structure enables chelation of poly-G 
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blocks with divalent metal cations, such as calcium (Ca) ions [16–18], to 
create tightly held junctions, forming a gel at scale. MG blocks can also 
create weak junctions, meaning that the higher the G proportion, the 
stronger the gel [18]. The addition of Ca2+ ions can either be through the 
addition of ions within the alginate solution, and a pH change to slowly 
release the cations [19]; or by diffusing Ca into the alginate solution 
from an external source e.g. by bathing the film in a solution of multi
valent cations [20]. This insoluble Ca-alginate gel is typically produced 
from stable, soluble sodium (Na)-alginate [21], with the Na+ ion being 
exchanged for Ca2+ ions during these processes. However, though 
binding with Ca2+ has been repeatedly shown to improve water solu
bility [18,22] and tensile strength [23,24], other properties such as 
transparency, elongation at break and water vapour permeability are 
not typically reported, indicating a current gap in our knowledge of this 
resource [18].

A major challenge for SA films in the packaging industry is the 
limitations of their mechanical properties. SA films exhibit low tensile 
strength and poor elongation at break measurements [9,25,26]. A 
plasticiser is a material added to a base compound, typically making it 
softer or more pliable, especially in reference to plastics or elastomers 
[27]. If incorporated into a biodegradable film, it can alter the me
chanical and/or biodegradable properties, and must be included in the 
definition when referring to developed films [28]. SA films can rapidly 
dissolve in water and will degrade in soil composting systems. This is an 
additional end-of-life scenario which provides circular disposal advan
tages in certain environments where recycling infrastructure is lacking 
or if the films are contaminated e.g. with food residues. Literature shows 
a range of plasticiser compounds that have been trialled with SA and 
other carbohydrate polymers, with the main mechanical property/ies 
enhanced by their inclusion summarised in Table 1. To improve a film's 
tensile strength, cellulose, proteins, sugars, alcohol sugars (polyols) and 
crosslinkable ions are commonly used. Elongation properties are less 
frequently enhanced, often achieved using polyols and the poly
saccharide “cashew tree gum” [28,29]. Previous thin-film property as
sessments characterise and test on the basis of a single performance 
improvement, but this does not reflect the dynamic chemistry of plas
ticiser and polymer interactions. Table 1 therefore also shows a potential 
knowledge gap of overall performance improvements associated with 
plasticiser incorporation into the films.

This work aimed to determine and assess the properties and func
tionality of alginate-based films by systematically trialling combinations 
of plasticisers with SA, with the goal to identify more environmentally 
friendly alternatives to fossil fuel-derived films.

2. Materials and methods

2.1. Materials

Commercial grade sodium alginate (12,000–14,000 molecular 

weight, viscosity 5–40 cP; no M/G given) (Sigma, Gillingham, Dorset, 
UK) formed the main chemical component of the films produced. The 
additional plasticisers explored in this study were the following: i) cel
luloses: cellulose nanofibrils supermass colloider (CNF Smc), cellulose 
nanofibrils high-pressure homogeniser (CNF Hph), cellulose nanofibrils 
prepared using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO), and 
cellulose nanocrystals (CNC) (all Cellulose lab, Fredericton, New 
Brunswick, Canada); ii) polyols: glycerol (Sigma), xylitol and thymol 
(Alfa Aesar, Heysham, Lancashire, UK); iii) carbohydrate sugars: fruc
tose and mannose (both Sigma); and oils: sunflower oil, vegetable oil, 
extra virgin olive oil, and rapeseed oil (all WM Morrisons Supermarkets, 
Bradford, UK). All oils used in this study were commercially available 
food grade vegetable oils intended for human consumption. Detailed 
fatty acid compositions were not available due to normal batch-to-batch 
variability associated with retail food products. Combinations and pro
portions of each plasticiser blend mixed with alginate solutions are 
detailed in Table 2, which also summarises the films used in each of the 
reported studies below. All films consisted of a SA backbone at 2.5% (w/ 
v), with plasticisers added; with the exceptions of SA-only films, which 
were also made containing 2% and 3% sodium alginate (w/v). The 
plasticiser additions were grouped into celluloses (at 2.5%, 5%, 10% w/ 
v addition), polyols (1%, 2%, 4% w/v addition), carbohydrates (1%, 2%, 
3%, 4% w/v addition) and oils (0.1%, 0.2%, 0.4% w/v addition). 
Combinations of two plasticisers together, crossing different plasticiser 
types (e.g. carbohydrate-polyol; polyol-oil) were also made, as were 
selected combinations of three plasticisers (e.g. carbohydrate-polyol- 
cellulose).

2.2. Preparation of silicone moulds

Replicate silicone moulds were produced pouring liquid silicone 
rubber combined with a tin catalyst (ProMold, Epideco LTD, Plymouth, 
UK) into 90 mm2 petri dishes. An area measuring 60 mm × 50 mm was 
removed from the centre of each mould to be used for casting and drying 
the films. The silicone moulds were then placed onto plate glass sheets 
measuring 400 mm2 to create a glass casting surface. Following casting 
the glass plates and silicone moulds were rinsed and cleaned using hot 
tap water and a microfibre cloth to remove any film residue that 
remained before air drying and recasting.

Fig. 1. Alginic acid molecular structure, showing (a) linear polymer formation 
and (b) block distribution. M = mannuronic acid, G = guluronic acid. Note the 
‘egg box’ structure which would occur with multiple guluronic acids forming a 
‘G-block’. Reproduced from [18].

Table 1 
Plasticiser assessments in biodegradable films, considering film mechanical 
properties.

Plasticiser 
(Biodegradable film base)

Film Backbone 
Material

Mechanical 
Property Enhanced

References

Calcium chloride 
crosslinking

Sodium alginate Tensile strength [23,24]

Cashew tree gum Sodium alginate Elongation [29]
Cations and anions as 

crosslinking agents: 
FeCl2, FeCl3, FeSO4

Sodium alginate Tensile strength [23]

Cellulose Sodium alginate Tensile strength [9,48]
Cellulose nanofibrils and 

nanocrystals
Sodium alginate Tensile strength [49]

Fructose Pullulan Tensile strength [28]
Glycerol Sodium alginate, 

Pullulan
Tensile strength 
and Elongation

[28,35,50]

Hemicellulose Sodium alginate Tensile strength [25]
Nanocrystalline cellulose Sodium alginate Tensile strength [26]
Silver nano particles Agar Tensile strength [51]
Sorbitol Pullulan Elongation [28]
Soy protein isolate Dialdehyde 

Starch
Tensile strength [32]

Xylitol Pullulan Elongation [28]

FeCl2 = Iron (II) chloride, FeCl3 = Ferric chloride, FeSO4 = Iron (II)sulphate.
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Table 2 
Plasticiser additions to film solutions.

Sodium alginate 
(w/v)

Added plasticiser (w/v) Plasticiser grouping title Film inclusion within study:

Film 
Screening

Film 
Transparency

Film 
Thickness

Mechanical 
Testing

Water Barrier 
Properties

2% – - (low sodium alginate) Yes Yes Yes Yes
2.5% – - (sodium alginate 

control)
Yes Yes Yes Yes Yes

3% – - (high sodium alginate) Yes Yes Yes Yes
2.5% CNF Smc 2.5% Cellulose Yes Yes Yes Yes
2.5% CNF Smc 5% Cellulose Yes Yes Yes Yes
2.5% CNF Smc 10% Cellulose Yes Yes Yes Yes
2.5% CNF Hph 2.5% Cellulose Yes Yes Yes Yes
2.5% CNF Hph 5% Cellulose Yes Yes Yes Yes
2.5% CNF Hph 10% Cellulose Yes Yes Yes Yes
2.5% CNF TEMPO 2.5% Cellulose Yes Yes Yes Yes
2.5% CNF TEMPO 5% Cellulose Yes Yes Yes Yes
2.5% CNF TEMPO 10% Cellulose Yes Yes Yes Yes
2.5% CNC 2.5% Cellulose Yes Yes Yes Yes
2.5% CNC 5% Cellulose Yes Yes Yes Yes Yes
2.5% CNC 10% Cellulose Yes Yes Yes Yes
2.5% Fructose 1% Carbohydrate Yes Yes Yes
2.5% Fructose 2% Carbohydrate Yes Yes Yes Yes Yes
2.5% Fructose 4% Carbohydrate Yes Yes Yes
2.5% Sucrose 1% Carbohydrate Yes Yes Yes
2.5% Sucrose 2% Carbohydrate Yes Yes Yes
2.5% Sucrose 3% Carbohydrate Yes Yes Yes
2.5% Mannose 0.5% Carbohydrate Yes Yes Yes Yes
2.5% Mannose 1% Carbohydrate Yes Yes Yes
2.5% Mannose 2% Carbohydrate Yes Yes Yes
2.5% Mannose 4% Carbohydrate Yes Yes Yes
2.5% Sunflower oil 0.1% Oil Yes Yes Yes
2.5% Sunflower oil 0.2% Oil Yes Yes Yes
2.5% Sunflower oil 0.4% Oil Yes Yes Yes
2.5% Vegetable oil 0.1% Oil Yes Yes Yes
2.5% Vegetable oil 0.2% Oil Yes Yes Yes
2.5% Vegetable oil 0.4% Oil Yes Yes Yes
2.5% Extra virgin olive oil 0.1% Oil Yes Yes Yes
2.5% Extra virgin olive oil 0.2% Oil Yes Yes Yes
2.5% Extra virgin olive oil 0.4% Oil Yes Yes Yes
2.5% Rapeseed oil 0.1% Oil Yes Yes Yes
2.5% Rapeseed oil 0.2% Oil Yes Yes Yes
2.5% Rapeseed oil 0.4% Oil Yes Yes Yes
2.5% Thymol 1% Polyol Yes
2.5% Mannitol 1% Polyol Yes Yes
2.5% Mannitol 2% Polyol Yes Yes
2.5% Mannitol 4% Polyol Yes Yes
2.5% Glycerol 1% Polyol Yes Yes Yes Yes Yes
2.5% Glycerol 2% Polyol Yes Yes
2.5% Glycerol 4% Polyol Yes Yes
2.5% Xylitol 1% Polyol Yes Yes
2.5% Xylitol 2% Polyol Yes Yes
2.5% Xylitol 4% Polyol Yes Yes Yes Yes Yes
2.5% Fructose 0.5%, Xylitol 1% Two plasticiser 

combinations
Yes

2.5% Fructose 1%, Xylitol 2% Two plasticiser 
combinations

Yes

2.5% Fructose 0.5%, Mannose 
0.125%

Two plasticiser 
combinations

Yes

2.5% Fructose 1%, Mannose 0.25% Two plasticiser 
combinations

Yes

2.5% Fructose 2%, Mannose 0.5% Two plasticiser 
combinations

Yes

2.5% Fructose 0.5%, Vegetable oil 
0.0025%

Two plasticiser 
combinations

Yes

2.5% Fructose 1%, Vegetable oil 
0.05%

Two plasticiser 
combinations

Yes

2.5% Fructose 2%, Vegetable oil 
0.1%

Two plasticiser 
combinations

Yes

2.5% Mannose 0.125%, Xylitol 1% Two plasticiser 
combinations

Yes

2.5% Mannose 0.25%, Xylitol 2% Two plasticiser 
combinations

Yes

2.5% Mannose 0.5%, Xylitol 4% Two plasticiser 
combinations

Yes

2.5% Mannose 0.125%, Vegetable 
oil 0.025%

Two plasticiser 
combinations

Yes

(continued on next page)
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2.3. Film preparation

A film-forming solution was made from 2.5% (w/v) sodium alginate 
(SA) based on Rhim [24]. Replicates of each plasticiser at the concen
trations shown in Table 2 were incorporated into the SA solutions using 
magnetic stirring at 400 rpm for 30 min at room temperature. Aliquots 
of 9 mL of each film-forming solution were then cast into silicone moulds 
placed on glass plates (detailed in 2.2). The films were dried at 40 ◦C for 
24 h in a Genlab Prime fan oven (Genlab Ltd., Widnes, Cheshire, UK) 
positioned within a dry laboratory environment but without humidity 
controls. Once dried, the films were removed from the glass plate and 
stored in individual polyethylene zip lock bags, each containing a silica 
gel sachet to avoid rehydration prior to removal for analysis; with zip 
lock bags stored in a dark, dry, ambient environment matching that of 
the experimental laboratory. For each formulation, three independently- 
cast films were prepared. Each film was cut into three tensile strips (15 
mm × 60 mm), resulting in n = 9 samples per formulation.

Films were excluded from further analysis if they exhibited: (i) 
visible phase separation or oil vesicle formation under ×40 microscopy, 
or (ii) consistent microcrack formation across replicate films, indicating 
loss of functional integrity.

2.4. Visual and structural imaging

One sample of each plasticiser and concentration variation (60 mm 
× 50 mm) was observed and photographed using a Canon EOS 90D 
(32MP) camera coupled with electro-focus short-back focus 18–55 mm 
f/ 3.5–5.6 image stabiliser stepping motor lenses; within a photo box 
with consistent lighting. Each film was photographed using a £1 coin as 
a control, behind or half behind the film, to assess visual film clarity 

(examples shown in Supplementary Fig. S1). One sample of each plas
ticiser and concentration variation (60 mm × 50 mm) was observed 
under a systems microscope (Olympus BX 40, Japan) at x 40 magnifi
cation and diameter of 100 μm to identify variations in the films such as 
microcracks or plasticiser immiscibility. Any film samples showing 
variations were further examined with at least two other replicate film 
samples to confirm consistency within that plasticiser combination.

2.5. Film transparency at 600 nm

The absorbance of films was measured using a Jenway 6715 UV/ 
visible scanning spectrophotometer (Cole-Parmer, Cambridgeshire, UK) 
at 600 nm wavelength [30]. Films were cut into 1 cm width strips and 
inserted into cuvettes. An empty cuvette was used as the blank control.

2.6. Film thickness

Film thickness was measured using a digital micrometre with a res
olution of 0.001 mm (Quanta mike, Mitutoyo Co., Japan) following 
methodology in ASTMD6988–21 [31]. Five thickness measurements 
were taken per film at set positions over the film surface, as detailed in 
Rhim [32]. All films were 50 mm × 60 mm, with the first thickness 
measurement taken at the centre (30 mm from the top x 25 mm from 
each side). The remaining four points were taken at 15 mm from the top 
or bottom edge x 12.5 mm from each side edge. Triplicate films were 
analysed for each plasticiser combination.

2.7. Tensile properties

When drying, the cast film adhered to the mould, meaning that a 

Table 2 (continued )

Sodium alginate 
(w/v) 

Added plasticiser (w/v) Plasticiser grouping title Film inclusion within study:

Film 
Screening 

Film 
Transparency 

Film 
Thickness 

Mechanical 
Testing 

Water Barrier 
Properties

2.5% Mannose 0.25%, Vegetable oil 
0.05%

Two plasticiser 
combinations

Yes

2.5% Mannose 0.5%, Vegetable oil 
0.1%

Two plasticiser 
combinations

Yes

2.5% Xylitol 1%, Vegetable oil 
0.025%

Two plasticiser 
combinations

Yes

2.5% Xylitol 2%, Vegetable oil 
0.05%

Two plasticiser 
combinations

Yes

2.5% Xylitol 4%, Vegetable oil 0.1% Two plasticiser 
combinations

Yes

2.5% Fructose 2%, Glycerol 1% Two plasticiser 
combinations

Yes Yes Yes Yes

2.5% Fructose 2%, Xylitol 4% Two plasticiser 
combinations

Yes Yes Yes Yes

2.5% Fructose 2%, CNC 5% Two plasticiser 
combinations

Yes Yes Yes Yes

2.5% Mannose 0.5%, Glycerol 1% Two plasticiser 
combinations

Yes Yes Yes Yes

2.5% Mannose 0.5%, Xylitol 4% Two plasticiser 
combinations

Yes Yes Yes

2.5% Mannose 0.5%, CNC 5% Two plasticiser 
combinations

Yes Yes Yes Yes

2.5% Glycerol 1%, CNC 5% Two plasticiser 
combinations

Yes Yes Yes Yes

2.5% Xylitol 4%, CNC 5% Two plasticiser 
combinations

Yes Yes Yes

2.5% Fructose 2%, Glycerol 1%, 
CNC 5%

Three plasticiser 
combinations

Yes Yes Yes Yes

2.5% Fructose 2%, Xylitol 4%, CNC 
5%

Three plasticiser 
combinations

Yes Yes Yes

2.5% Mannose 0.5%, Glycerol 1%, 
CNC 5%

Three plasticiser 
combinations

Yes Yes Yes Yes

2.5% Mannose 0.5%, Xylitol 4%, 
CNC 5%

Three plasticiser 
combinations

Yes Yes Yes

CNF smc - Cellulose nanofibrils supermass colloider, CNF Hph - Cellulose nanofibrils high-pressure homogeniser, CNF TEMPO - Cellulose nanofibrils prepared using 
2,2,6,6-tetramethylpiperidine-1-oxyl, CNC - Cellulose nanocrystals.
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raised edge occurred around each film produced. To standardise the 
films, this was removed using sharp scissors prior to further analysis. 
Each plasticiser combination film for analysis was cut into a further 
three pieces each 15 mm × 60 mm as required for ASTM D882–18 [33]. 
Tensile measurements were conducted using an Instron Universal 
Testing Machine (Instron Engineering Corporation, Canton, MA). The 
initial grip separation used was 35 mm at 25 mm min−1 crosshead speed 
with a 500 N load cell. Each film was assessed to failure and the elon
gation at break and tensile stress at maximum force were recorded.

2.8. Water loss assessment

The film-forming SA solution plus each plasticiser and plasticiser 
blends were trialled in their initial aqueous form to conduct a water loss 
test. Individual droplets (20 μL) of each film solution, excluding the oil- 
containing films, were immersed into an excess of 1% (w/v) calcium 
chloride solution. The calcified droplets formed near-spherical beads, 
which were removed, patted dry to eliminate excess calcium chloride 
solution on the outer surface, and weighed. For each formulation, five 
beads (n = 5) were prepared and weighed at each time point. The beads 
were stored at ambient temperature and reweighed after 24, 48 and 72 
h. This assay provides an indirect, comparative assessment of water 
retention in crosslinked alginate systems without directly measuring 
water vapour permeability.

2.9. Statistical analysis

Analysis of variance (ANOVA) and Multivariate analysis of variance 
(MANOVA) were conducted using SPSS 25 software (IBM, Armonk, NY, 
USA) after initial data collation and review using Excel (Microsoft 365, 
Redmond, WA, USA). ANOVAs were used to compare tensile properties 
(tensile stress at maximum force and elongation at break); and the film 
thicknesses as the response variables. Factors considered the variation of 
plasticiser type (Table 2) as a category and within this the plasticiser 
type's concentration (Table 2). A MANOVA was used to compare the 
weight loss of the water loss assessment over time. Factors considered 
were the number of plasticisers incorporated into the film (none, one, 
two and three) and the plasticiser type incorporated into the SA films. 
All assumptions for ANOVA, including normality, homogeneity of var
iances, and independence were tested and satisfied. For the water loss 
assessment, bead weights were the response variables. The significance 
of the mean values was separated (P < 0.05) with Tukey's Highest Sig
nificant Difference. For the MANOVA, the dependent variables were 
bead weight measured at 24, 48, and 72 h. Measurements were analysed 
as fixed time points rather than repeated measures; therefore, sphericity 
assumptions were not applicable.

3. Results

3.1. Visual and structural limitations

Films produced with SA and no plasticiser appeared as 
polypropylene-like films, being fully transparent. When cellulose or 
sugars were added to the solution, this also produced polypropylene-like 
films due to their transparency.

Films with plasticiser combinations which consistently generated 
non-homogeneous films were excluded from further studies. Examples 
of non-homogeneous film characteristics included: reduced trans
parency to the point where it could not be seen through with the naked 
eye; and inconsistent plasticiser formation within the film or on the film 
surface. Film visual examples are seen in Supplementary Fig. S1.

Film microcracks were also a prevalent problem, frequently observed 
in films containing glycerol as the plasticiser, with 4% (w/v) glycerol 
resulting in microcrack formation most frequently (see Fig. 2a). Micro
cracks were present in other polyol films including 4% (w/v) mannitol 
and 1% (w/v) thymol; film combinations with detected microcracks 

were removed from further study. Films containing oils as a plasticiser 
resulted in lower clarity, producing a film with oil vesicles clearly seen 
by microscopy (Fig. 2b) and a visually decreased quality (Supplemen
tary Fig. S1) but were retained in the study for the thickness and 
transparency study following initial screening (3.2). Films containing 
1% (w/v) glycerol did not form microcracks and were included in sub
sequent property trials. Films containing celluloses and carbohydrates 
did not exhibit any visual or structural impairments and were also 
included in later studies.

For assessing transparency, the variation of absorbance at 600 nm 
compared to a blank control was used as a measure of opacity. Here, 
plasticiser incorporation resulted in a range of absorbance changes, from 
0.043 to 0.281. Fig. 3 shows the range of absorbances at 600 nm, colour- 
coded to differentiate between plasticiser types. The majority of the 
cellulose and carbohydrate-containing films grouped around the refer
ence film (2.5% (w/v) SA) absorbance (0.069) were not significantly 
different in absorbance to the reference or each other. Polyols, cellulose, 
and films containing a combination of two plasticisers had absorbance 
values both above and below the reference value. Films containing three 
plasticisers had absorbances of 0.056–0.281, almost the full range, 
though three of the four tested were in the highest quartile, including the 
highest absorbance value (0.281, for the SA film containing 2% (w/v) 
fructose, 4% (w/v) xylose and 5% (w/v) CNC). Also giving high absor
bance values, indicating greater opacity, were films containing rapeseed 
oil (0.194), vegetable oil (0.186) and the two plasticiser combination of 
4% (w/v) xylitol and 5% (w/v) CNC, (0.135).

3.2. Film thickness

Film thicknesses varied between 0.022 mm and 0.149 mm (Fig. 4), 
again colour-coded by plasticiser type. The SA control (2.5% SA only) 
was among the thinnest of the films (0.028 mm) with only a 5% (w/v) 
CNC film (0.026 mm) and the 2% (w/v) SA film (0.022 mm) thinner 
(Fig. 4); which was also significantly lower (P < 0.05) than the 2.5% (w/ 
v) SA film.

Of the films assessed, almost all were thicker than the control film 
made with just 2.5% (w/v) SA. This difference was statistically signifi
cant for the thirteen thickest films (P < 0.001, F-stat = 14.13, df = 102, 
n = 3). Five of these films contained a polyol, another five contained the 
highest concentration of cellulose plasticiser (10%) and the remaining 
three contained oils.

Sugar carbohydrate plasticiser thicknesses varied between 0.030 and 
0.096 mm, with an average of 0.057 mm. Oils acting as plasticisers 
exhibited less variation (0.029–0.071 mm) and were thinner on average 
(mean thickness 0.049 mm).

The addition of polyols as plasticisers resulted in thicker films on 
average being created (0.073 mm) than the SA control and other single 
plasticiser-containing films. Relatedly, by including polyols as part of a 
plasticiser combination, thicker films were also produced than if the 
polyol were not included.

The incorporation of three plasticisers into a single SA film, as 
detailed in Table 2, resulted in significantly thicker films than in the SA 
control, with thicknesses ranging between 0.067 and 0.122 mm. How
ever, crucially, all mean film thicknesses remained well below the 
standard for classification as a thin plastic film, 0.25 mm [31].

3.3. Tensile and elongation to break property assessments

SA films containing different forms or concentrations of plasticiser 
resulted in a change in the mechanical properties of the film. Tensile 
strength was quantified as tensile stress at maximum force (MPa), while 
film elasticity was assessed by elongation to break (%). A combination of 
different plasticisers has also shown to impact the resultant film's me
chanical properties, as summarised in Fig. 5 with the mechanical 
property change predominantly either to an increased tensile strength or 
to greater elongation capacity compared to SA alone, with only the 0.5% 

L. Ford-Barnett et al.                                                                                                                                                                                                                           Algal Research 95 (2026) 104658 

5 



(w/v) mannose, 5% (w/v) CNC SA film having both a comparatively 
reduced tensile strength and reduced elongation. Three-plasticiser films 
containing xylitol were not measured for these parameters due to the 
properties of the films themselves. With high adhesion properties, they 
would not sit equally on the grips and manipulation to try to get them to 
led to the films being stretched or torn before analysis could be con
ducted, losing their integrity.

Celluloses, when used as a plasticiser, produced films with high 
strength, up to 80 MPa and consistently between 50 and 75 MPa. Films 
containing cellulose and a second plasticiser typically increased tensile 
strength more than films containing only that second plasticiser (e.g. SA 
films containing 2% (w/v) fructose or 1% (w/v) glycerol increased in 
tensile strength when 5% (w/v) CNC was also included). There were no 
notable differences in elongation when celluloses alone were 

incorporated compared to the control film. However, for some two 
plasticiser combinations of plasticiser films, a change in both mechani
cal properties was seen compared to the single plasticiser SA alterna
tives. For example, the 1% (w/v) glycerol, 5% (w/v) CNC SA film with a 
tensile strength of 25.2 MPa and an elongation to break of 31.4% had a 
distinct changes in strength and elongation properties compared to both 
SA single-plasticiser alternatives (1% (w/v) glycerol SA film had the 
mechanical properties of 11.1 MPa and 37.1% elongation to break; 5% 
(w/v) CNC SA film had 55.8 MPa and 5.8% elongation respectively).

When polyols were used as plasticisers, this increased the elastic 
traits to create a film of great elongation compared to the other films; up 
to 137% elongation, meaning that the initial 35 mm gauge was extended 
by a further 48 mm before breakage. This is compared to the 5.1% 
elongation before break seen with 2.5% (w/v) alginate only. This 

Fig. 2. Microscope images of sodium alginate films containing non-suitable plasticisers at x40 magnification. a = sodium alginate film containing 4% (w/v) glycerol, 
containing microcracks within it. b = sodium alginate film containing 0.4% (w/v) vegetable oil, showing oil vesicles affecting film consistency.

Fig. 3. Sodium alginate-based films containing plasticisers ranked by absorbance at 600 nm indicating transparency. Sodium alginate at 2.5% (w/v), the reference =
black; sodium alginate with calcium chloride = black/white striped; Sodium alginate ‘others’ (2% and 3% w/v) = grey. Remainder = sodium alginate and plasticiser, 
where carbohydrates = red; oils = yellow; polyols = green; celluloses = blue; 2 plasticisers = violet; 3 plasticisers = orange. * Significantly different from sodium 
alginate reference absorbance (P < 0.05). n = 3, error bars = SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)

L. Ford-Barnett et al.                                                                                                                                                                                                                           Algal Research 95 (2026) 104658 

6 



increase in extension, however, was paired with a low degree of tensile 
strength (all polyols <12 MPa compared to 42 MPa for 2.5% (w/v) SA 
only).

Carbohydrates as plasticisers resulted in a balanced mixture of me
chanical properties, with tensile stress and displacement scores around 
30 MPa and 8% elongation, respectively. The elongation capacity is less 
than half of the polyols elongation to break, and just over half the tensile 
strength capabilities of the celluloses, generating a stronger, more elastic 
film.

Tensile stress at maximum force and displacement at maximum force 
showed significant differences between the groups assessed including a 
significant difference when compared to 2.5% (w/v) SA. This occurred 
with the displacement at maximum force (P < 0.001, F-stat = 45.64) and 
tensile stress at maximum force (P < 0.001, F-stat = 24.73, df = 27, n =
6) measurements. Elongation measurements showed film blends con
taining any number of plasticisers (1–3) added to the alginate prepara
tion generated some films which were significantly more extendable 
prior to break than the control film. Tensile stress at maximum force 
showed films containing one, two and three plasticisers had eight, five 
and zero number of significantly stronger films respectively; and two, 
three, and two weaker films, respectively. Collectively this shows that 
the inclusion of plasticisers creates films which can be significantly more 
extendable and stronger, or weaker, than the SA films alone; depending 
on the plasticiser used.

3.4. Water loss assessment

A variety of single and combined plasticisers were produced in liquid 
SA solution, then dripped into 1% calcium chloride solution to form 
equal-sized beads which lost internal water (measured as weight loss) 
over time. Weight loss in this way indicates film barrier potential and 
showed overall that a more complex film structure increases water 

resistance. Water loss was greater in the first 24 h than in the following 
time periods for all film beads (Fig. 6), though all the beads lost water 
over between each time period assessed. Film beads containing one 
plasticiser had the lowest average weights through all the time points, 
indicating a lower ability to bind water initially; and films containing 
three plasticisers had the highest average weights through all the time 
points indicating more water was included and retained in the beads at 
each assessment compared to the control film beads. For weight loss at 
24 h, no significant differences were seen in the number of plasticisers 
used. For 48 h there was a significant difference between single and two 
plasticisers (p < 0.05). At 72 h, films with single plasticisers showed a 
significantly lower rate of weight loss than those with two or three 
plasticisers (p < 0.05). No significant difference was observed between 
two- and three-plasticiser treatments.

4. Discussion

A key characteristic of alginate-based films is their high transparency 
[15,17]. In food packaging, transparency is vital for many films to see 
the contained food product. Variation in the absorbance values for the 
films generated in this study was due to the effect of specific plasticisers 
added to the SA solution before casting, as seen by the reduced absor
bance values (Fig. 3) and visual quality decrease (Supplementary 
Fig. S1) for oil additions; with absorbance values increasing or 
decreasing based on the plasticiser concentration. Although films were 
dried at 40 ◦C for 24 h, a condition commonly used in alginate film 
preparation to allow controlled solvent evaporation while minimising 
film cracking and excessive crystallinity development [34]; microcracks 
did occur with high glycerol content films. Here, the drying process 
caused phase separation of the polyol from the water-based film, 
mimicking other studies with alginate-glycerol films [35]; these were 
removed from subsequent studies.

Fig. 4. Sodium alginate-based films containing plasticisers ranked by thickness. Sodium alginate at 2.5% (w/v), the reference = black; sodium alginate ‘others’ (2% 
and 3%) = grey. Remainder = sodium alginate and plasticiser, where carbohydrates = red; oils = yellow; polyols = green; celluloses = light blue; 2 plasticisers =
violet; 3 plasticisers = orange. Dashed line = maximum thickness required to be classified as a plastic film. * Significantly different from sodium alginate reference (P 
< 0.05). n = 5 measurements × 3 replicates, error bars = SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

L. Ford-Barnett et al.                                                                                                                                                                                                                           Algal Research 95 (2026) 104658 

7 



The incorporation of plasticisers into a SA film solution also increases 
intermolecular bonding, offering opportunities for additional binding of 

water molecules [36] and viscosity [37]. This in turn results in more 
water being retained in the film [37], generating a thicker film as the 

Fig. 5. Elongation to break (%) and Tensile stress at maximum force within different sodium alginate and plasticiser-based films. n = 5 per plasticiser type and 
concentration, error bars show standard error. SA = 2.5% (w/v) sodium alginate only, rest SA and plasticisers: CNF smc - Cellulose nanofibrils supermass colloider, 
CNF Hph - Cellulose nanofibrils high-pressure homogeniser, CNF TEMPO - Cellulose nanofibrils prepared using 2,2,6,6-tetramethylpiperidine-1-oxyl, CNC - Cellulose 
nanocrystals.

Fig. 6. Water loss assessment as comparison of average plasticiser film type (2.5% (w/v) sodium alginate beads containing one, two or three plasticisers) after 
crosslinking using a 1% (w/v) calcium chloride solution over time. n = 5, error bars show standard error.
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plasticiser concentration or quantity is increased. This is seen in Fig. 4, 
with only a lower-concentration SA film (2% (w/v)) and 5% (w/v) CNC 
being thinner than the SA-only film control; and films with multiple 
plasticisers dominating the range of thicker films. CNC has shown pre
vious capabilities to reduce film thickness due to its strong interaction 
between CNC nanoparticles and polymer structures, showing a more 
efficient molecular arrangement [38] which created this decrease in film 
thickness. With the addition of the other, more polar plasticisers, 
increased hydrogen bonds are formed between these molecules and 
water molecules; and to the alginate polymer chain [35,39], both 
increasing the film thickness. However, all of the SA-based films were 
consistent with being thinner than the maximum required thickness for 
being classified as a plastic film (0.25 mm; Fig. 4) according to ASTM 
D883 [40]. This result means that all films in this study are suitable for 
consideration as a thin bioplastic film.

Both mechanical properties being assessed (tensile strength and 
elongation to break) were also affected through the addition of plasti
cisers to the film mix. For the majority of the plasticisers trialled (cel
luloses, polyols and plasticiser combinations) the mechanical property 
change was predominantly either to an increased tensile strength or to 
greater elongation. When cellulose was incorporated into an SA film, 
this resulted in a film able to resist higher tensile stress than as an SA film 
alone. Cellulose addition is known to increase tensile strength of SA 
films due to its fibrous contents [2], [14–16], but this has a secondary 
effect of brittleness, with elongation remaining as it was or decreasing 
slightly for these films.

The use of polyols in a SA film causes the film to become more 
extendable and elastic prior to break [28]. This occurs because the 
plasticiser tends to create hydrogen bonds through the hydroxyl groups 
present on neighbouring polymeric molecules [41]. The use of sucrose 
and mannose increased the tensile strength in SA-based films in a similar 
manner to fructose addition as described by Tong et al. [28]. Carbohy
drates such as fructose and mannose contain multiple hydroxyl groups, 
which can act as intermolecular bridges by binding with carboxylate and 
hydroxyl groups on the alginate chain. Their small molecular size means 
that they can increase the free volume between the alginate chains, 
reducing the intermolecular forces between the chains directly; thus 
increasing the mobility of the polymers and improving its elongation 
capacity [42]. However, when three plasticisers were used for film 
preparation, no significantly stronger films were identified. With both 
three-plasticiser combinations measured, each containing a carbohy
drate sugar, 1% (w/v) glycerol and 5% (w/v) CNC, these films had a 
decrease in tensile strength compared to their two-plasticiser alterna
tives (sugar x glycerol; sugar x CNC; glycerol x CNC). The causes of this 
decrease are considered to be a) the additional water contained within 
these thicker films, which acts as a plasticiser to the alginate itself, 
reducing alginate chain bond formation, as seen in [43]; and b) the 
increased proportion of plasticisers in the films which form hydrogen 
bonds to the alginate, diminishing the strength of the inter-polymer 
chain bonds, matching that in [44]. As a secondary property, by 
providing increased mobility between the polymer chains, the films 
frequently demonstrate greater elongation [42].

Separate comparison of plasticiser type is required to further 
breakdown the direct causation of tensile strength and elongation value 
increase; however, when a plasticiser typically improved elongation in 
SA on its own, this property was also observed when the same plasticiser 
was combined with a tensile strength improving plasticiser in SA. This 
tends to be at the detriment of tensile strength in the combined film e.g. 
glycerol and CNC individually improved elongation properties and 
tensile strength respectively but when combined only had an elongation 
enhancement and reduced tensile strength. One possible explanation for 
this behaviour is that glycerol disrupts the hydrogen-bonding network 
between cellulose nanocrystals and the alginate matrix, thereby 
reducing the reinforcing efficiency of CNC. At the same time, glycerol 
increases alginate chain mobility by acting as a low molecular weight 
plasticiser, promoting chain slippage and increased ductility at the 

expense of tensile strength. When glycerol increases the free volume 
between the CNC and the alginate network, this can reduce the effective 
stress transfer seen when only CNC is present [42].

Cellulose nanocrystals particles are short and rod-shaped, whereas 
cellulose nanofiber particles are composed of longer fibres; so though 
both have the same chemical composition they differ in morphology, 
particle size and crystallinity; with further variation potentially arising 
depending on the method of synthesis [45]. The morphology provides 
all cellulose forms their increased strength characteristics when incor
porated into films, with the inclusion of cellulose fibrils giving the 
resultant films greater tensile strength than those with the cellulose 
nanocrystals.

The water loss studies, giving indications regarding water vapour 
permeability (WVP), are commonly conducted on biopolymer films 
where WVP typically decreases when more plasticiser is added [46]. It is 
further reported that measurement temperature increases can cause the 
WVP to decrease [24]. As a higher weight was maintained through the 
initial time points in this study for beads produced from SA with three 
plasticiser combinations of carbohydrate (2% (w/v) fructose, 0.5% (w/ 
v) mannose), polyol (1% (w/v) glycerol, 4% (w/v) xylitol) and 5% (w/v) 
CNC, it suggests that the more plasticiser content in the film, the more 
water loss is reduced [36]. This same result was not shown by the beads 
produced from SA with combinations of two plasticisers; or in beads 
produced from SA and a single plasticiser, where a lower initial weight 
of water in the beads resulted in a similar weight of water loss over the 
same time period. It has been suggested that plasticiser molecular 
weight can be an important factor in plasticiser embedding into the 
alginate network [36]. The best plasticiser combination for water 
retention, indicating water barrier potential in this study, was when 
using three plasticisers; however, not including any plasticisers resulted 
in a stronger interaction between SA and calcium chloride, enabling 
better crosslinking. This suggests that the increased resistance to water 
might be because of plasticiser quantity in the film over plasticiser type. 
This is reflected in the literature where the same result is seen for spe
cific plasticisers like glycerol but not in others like sorbitol [36]. SA's 
consistent carboxyl group presence enables divalent ion binding [47]; 
however, these groups must be free and could be partially impeded by 
some of the plasticisers, resulting in a decrease in water retention over 
time [16]. This was shown at the 72 h sampling point where water loss 
was attributed to its evaporation through the film surface.

5. Conclusions

Sodium alginate films present a unique ability to create transparent, 
strong and extendable films consistent with the physical characteristics 
of oil-derived plastics. The addition of other chemicals, such as plasti
cisers, enhances film strength and elongation properties and can alter 
the film's transparency or thickness. For example, using 10% (w/v) 
cellulose nanocrystals with a 2.5% (w/v) SA will produce a film nearly 
twice as strong (80.5 MPa) as 2.5% (w/v) SA film alone (42.4 MPa). 
Conversely, a combination of 2% (w/v) fructose and 4% (w/v) xylitol in 
a 2.5% SA solution will produce a film over x30 more elastic (137.0% 
elongation before break) than a 2.5% (w/v) SA solution alone (4.2% 
elongation before break). The incorporation of bio-derived plasticisers 
such as cellulose and polyols significantly enhances the mechanical 
performance of SA films without compromising transparency or thick
ness. Future work should focus on quantitative biodegradation testing 
under standard industrial composting conditions to better align material 
performance with functional use and end-of-life requirements.
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