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Abstract
This study reports on the use of whole seaweed biomass to obtain bio-based films for food packaging applications. Specifi-
cally, four different species of agarophytes (Gelidium corneum, Gracilaria chilensis, Gracilaria tenuistipitata and Gracilari-
opsis longissima) were minimally processed by melt blending and compression molding, and the effect of their composition 
and cell wall structure on the final performance of the films was investigated. The seaweed biomass was mainly composed 
of carbohydrates (35–50%), but significant amounts of proteins and ashes were also detected. Temperature-resolved SAXS 
experiments and microscopy analyses evidenced that a higher temperature of 130 ℃ is required to promote the release of 
agar from the tougher cell walls from G. corneum and G. tenuistipitata. The higher cellulose content of G. corneum (ca. 
15%) resulted in films with higher mechanical resistance and water vapor barrier capacity, while the higher agar content of 
G. chilensis improved the elongation capacity of the films. The results from this work evidence the potential of red seaweed 
biomass to generate food packaging materials in a cost-effective and environmentally friendly way.
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Introduction

Plastics are one of the materials most widely used due to 
their low cost, good processability and wide range of bar-
rier and mechanical properties. However, conventional 
petroleum-based plastics are not biodegradable and therefore 
accumulate in natural ecosystems for up to several thousand 
years after disposal, causing serious environmental prob-
lems [1–3]. As a more sustainable alternative, biodegrad-
able polymers obtained from renewable natural resources, 
i.e. biopolymers, are being studied [4–6]. However, the 
properties of biopolymers are not yet comparable to those 
of benchmark synthetic polymers, especially in terms of 
mechanical and barrier properties. Even though for cer-
tain applications the properties of some biopolymers may 
be acceptable, their high production costs are one of the 
main factors precluding their commercialization. Moreover, 

the raw materials generally used for biopolymer production 
come from land-based crops, competing with their tradi-
tional use, the food sector. This is why, as an alternative, 
aquatic biomass sources such as marine plants or seaweeds 
are being explored [2, 4, 6–8].

Macroalgae are classified into three groups: Ochrophyta, 
Phaeophyceae (brown seaweeds), Chlorophyta (green sea-
weeds) and Rhodophyta (red seaweeds) [9–11] and their 
composition and cell wall structure is strongly dependent 
on the species. In particular, red seaweeds are rich in min-
erals and vitamins, as well as some bioactive compounds 
such as proteins, carotenoids, phenols or lipids [11, 12]. 
Furthermore, their high polysaccharide content makes them 
an abundant source of biopolymers. Of particular interest 
is agar, which is the main structural component of the cell 
walls in some red seaweed species [13]. It is composed 
of two main fractions: agarose, responsible for its gelling 
capacity, which consists of repeating units of alternating β- 
D -galactopyranosyl and 3,6-anhydro-α-L-galactopyranosyl 
groups; and agaropectin, which has a similar structure, but 
contains several substituent groups such as sulphates, methyl 
ethers and pyruvates [13, 14]. Due to its high gelling capac-
ity, agar is widely used in the food and pharmaceutical 
industry [14, 15]. However, due to its excellent film-forming 
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ability, in recent years its use in the production of food pack-
aging materials has also been studied [16–19]. Although 
to a lesser extent, these seaweeds also have other polysac-
charides of interest, such as cellulose, which also has a high 
potential for the development of bio-based food packaging 
[4] since, due to its semi-crystalline structure, it has excel-
lent mechanical and barrier properties. However, due to the 
limited processability of cellulose, it is generally used as a 
filler to improve the properties of other biopolymers [4, 20].

The industrial processes for the extraction of agar and 
cellulose are time and energy consuming [13, 21]. To obtain 
biopolymeric materials for food packaging applications in 
a more energy efficient way, this study proposes to skip 
these extraction steps and produce packaging materials 
directly from seaweed biomass. This represents an innova-
tive approach since, to the best of our knowledge, no previ-
ous works have reported on the production of pure seaweed 
based films before. To this end, four different species of 
agar-producing red seaweeds (Gelidium corneum, Graci-
laria chilensis, Gracilaria tenuistipitata and Gracilariopsis 
longissima) have been minimally processed using the melt 
blending technique combined with compression molding, to 
produce films. The effect of the composition and cell wall 
structure of each seaweed species on the final performance 
of the films has also been investigated as a strategy for the 
optimization of these materials.

Materials and Methods

Raw Materials

The four red seaweeds [Gelidium corneum (formerly Gelid-
ium sesquipedale), Gracilaria chilensis, Gracilaria tinuis-
tipitata and Gracilariopsis longissima (formerly Gracilaria 
verrucosa)] were kindly donated by Hispanagar S.A. (Bur-
gos, Spain). The dried seaweeds were ground to powder of 
particle size < 250 μm before further processing. Glycerol 
was purchased from Panreac Quimica, S.A. (Castellar Del 
Vallés, Barcelona, Spain).

Compositional Analysis and Antioxidant Properties

All the determinations were performed in triplicate, as 
follows.

Carbohydrate Analysis

Carbohydrate composition was determined by reductive 
hydrolysis following the protocol established by Steven-
son & Furneaux with slight modifications [22, 23]. Briefly, 
10 mg of dry sample was dissolved in a 5 mL aqueous 
rhamnose solution (0.5 mg/mL) for 40 min at 95 °C. Then, 

0.5 mL of the solution was placed in Pyrex tubes and dried. 
A pre-hydrolysis step was conducted with 50 μL of 4-meth-
ylmorpholine-borane and 200 μL of 3 M trifluoroacetic acid 
were added to the tubes and placed in a heat block at 80 °C 
for 30 min. After cooling, 50 μL more 4-methylmorpholine-
borane solution was added and the samples were dried. For 
the main hydrolysis, 200 μL of 2 M trifluoroacetic acid were 
added to the tubes and kept at 120 °C in the thermoblock 
for 1 h, followed by the addition of 100 μL of 4-methyl-
morpholine-borane and drying at 50 °C. After drying, the 
samples were resuspended in 1 mL H2O, filtered through 
0.45 μm syringe filters and transferred to chromatography 
vials. The monosaccharides were then analyzed using high-
performance anion-exchange chromatography with pulsed 
amperometric detection (HPAEC-PAD) on an ICS-6000 
(Dionex, ThermoFisher Scientific, Sunnyvale, CA, USA). 
Control samples of known concentrations of mixtures of 
glucose, galactose, rhamnose, 3,6-anhydro-L-galactose and 
6-0-methyl-D-galactose were reduced to their corresponding 
alditols and used for calibration.

Protein Content

The protein content was estimated from the nitrogen content 
determined through the Dumas method, using an Elemental 
Analyser Rapid N Exceed (Paralab S.L., Spain), as described 
in [4]. The nitrogen content was multiplied by a factor of 
6.25.

Ash Content

The mineral content of the dried seaweeds was determined 
by dry biomass calcination, according to the standard TAPPI 
T211 om-07 method, as described in [4].

Lipid Content

The lipid content of the dried seaweeds was determined 
gravimetrically according to AOAC method 991.36 [24] 
with some minor modifications, following the procedure 
described in [4].

Total Phenolic Content

The Folin-Ciocalteu technique was used to determine the 
total phenolic content of the dried seaweeds [25], following 
the protocol described in [4].

ABTS·+ Radical Cation Scavenging Activity

The dried seaweeds’ ABTS·+ radical cation scavenging 
capacity was assessed according to [26], as detailed in [4].
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Production of Seaweed‑Based Films

Films based on seaweed biomass were prepared by melt 
compounding, followed by compression molding, using for-
mulations based on mixtures of seaweed powder and water, 
with the addition of glycerol as a plasticizer (30% w/w with 
respect to the amount of seaweed powder in the mixture). 
For G. corneum, G. chilensis and G. tenuistipitata films, 
the seaweed powder: water ratio used was 1:4 (w/w), while 
a lower ratio of 1:5 (w/w) was used for the G. longissima 
film. These ratios were chosen based on preliminary tests 
to maintain a suitable balance between the generated films' 
mechanical integrity and proper processability. The different 
mixtures were melt-mixed in a Brabender Plastograph (Bra-
bender GmbH, Duisburg, Germany) internal mixer at a tem-
perature of 130 °C and 60 rpm for 4 min. These conditions 
were selected based on preliminary trials. Subsequently, 4 g 
of the obtained blends were spread evenly on Teflon films 
and placed in a compression mold (Carver 4122, USA) at a 
pressure of 16 tons and 130 °C for 4 min to form one film. 
The films were then stored in cabinets equilibrated at a rela-
tive humidity of 53% and 25 °C for at least 7 days.

Temperature‑Resolved Small Angle X‑ray Scattering 
(SAXS) Experiments

Small angle X-ray scattering (SAXS) experiments were car-
ried out in the Non-Crystalline Diffraction beamline, BL-11, 
at ALBA synchrotron light source. The same formulations 
used to prepare the films were placed into sealed 1.5 mm 
quartz capillaries (Hilgenburg Gmbh, Germany) and ana-
lyzed. The energy of the incident photons was 12.4 keV or 
equivalently a wavelength, λ, of 1 Å. The SAXS diffraction 
patterns were collected by means of a Pilatus 1 M photon 
counting detector with an active area of 168.7 × 179.4 mm2, 
an effective pixel size of 172 × 172 μm2 and a dynamic 
range of 20 bits. The sample-to-detector distance was set 
to 7570 mm, resulting in a q range with a maximum value 
of q = 0.19 Å−1. An exposure time of 1 s was selected based 
on preliminary trials. Samples were heated from 30 °C to 
130 °C at a heating rate of 0.5 °C/min and frames of 1 s, 
followed by a period of 239 s in which the samples were 
protected from the beam by a local shutter. Each data frame 
corresponds to a temperature increase of 2 °C. The data 
reduction was treated by pyFAI python code (ESRF) [27], 
modified by ALBA beamline staff, to perform on-line azi-
muthal integrations from a previously calibrated file. The 
calibration files were created from a silver behenate stand-
ard. The radially averaged intensity profiles were then rep-
resented as a function of q using the IRENA macro suite 
[28] within the Igor software package (Wavemetrics, Lake 
Oswego, Oregon).

Optical Microscopy

The seaweed aqueous solutions were analyzed by optical 
microscopy. Images were captured using a Nikon Eclipse 
90i microscope with a 5-megapixel Nikon Digital Sight 
DS-5Mc cooled digital color microphotography camera 
(Nikon Corporation, Japan). Images of the materials were 
also captured using a fluorescent filter UV-2A (Excitation 
330–380 nm, Dichroic Mirror 400, and LongPass 420 nm 
for emission). Nis-Elements Br 3.2 Software was used to 
analyze, and process acquired pictures (Nikon corpora-
tion, Japan).

X‑ray Diffraction (XRD)

XRD measurements were performed using a Bruker dif-
fractometer model D5005. The instrument was equipped 
with a secondary monochromator and a Cu tube. The con-
figuration of the equipment was θ–2θ, and the samples 
were examined over the angular range of 3°–60° with a 
step size of 0.02° and a count time of 200 s per step. Peak 
fitting was carried out using the Igor software package 
(Wavemetrics, Lake Oswego, Oregon), using the same 
protocol described in a previous work [13]. The obtained 
values from the fitting coefficients are those that minimize 
the value of Chi-squared, which is defined as:

where y is a fitted value for a given point, yi is the measured 
data value for the point and �i is an estimate of the standard 
deviation for yi . The curve fitting operation is carried out 
iteratively and for each iteration, the fitting coefficients are 
refined to minimize �2 . The crystallinity index was deter-
mined from the obtained fitting results by applying the fol-
lowing equation:

where ATotal is the sum of the areas under all the diffraction 
peaks and ΣACrystal is the sum of the areas corresponding to 
the crystalline peaks.

Thermogravimetric Analyses (TGA)

Thermogravimetric curves (TG) were recorded with a TA 
550 (Waters- TA Instruments, New Castle, EEUU). Under 
an oxygen environment, the samples (5 mg) were heated 
at a rate of 10 °C/min from 30 to 800 °C. Derivative TG 
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curves (DTG) express the weight loss rate as a function 
of temperature.

Scanning Electron Microscopy (SEM)

SEM experiments were carried out using a Hitachi S-4800 
microscope with an accelerating voltage of 10 kV and a 
working distance of 8–16 mm. Before their morphology was 
evaluated, small sections of the seaweed films were sputtered 
with a gold–palladium combination under vacuum for 2 min.

Contact Angle Measurements

Contact angle measurements were carried out in a DSA25 
equipment (Krüss, Hamburg, Germany) equipped with 
image analysis AD4021 software at ambient conditions. 
Using a precision syringe, a water droplet (3 μL) was placed 
on the film's surface. Contact angle values were obtained 
by analyzing the shape of the water drop after it had been 
placed over the film for 10 s. Results were obtained from an 
average of at least 5 measurements.

Water Vapor Permeability (WVP)

Direct permeability to water was determined from the slope 
of the weight gain versus time curves at 24 °C, following 
the same method described in [4]. The tests were done at 
least in triplicate.

Water Sorption

The water sorption capacity of the films was evaluated by 
registering the weight gain, using an analytical balance, 
when placing the samples in a cabinet equilibrated at 25 °C 
and 100% RH. Square samples with a total surface area of 
6.25 cm2 were cut from the films and their initial weight was 
registered. The assays were carried out at least in triplicate.

Mechanical Properties

Tensile tests were performed at ambient conditions on a uni-
versal test Machine (Instron, USA), according to the method 
described in [4]. The stress–strain curves were used to deter-
mine the elastic modulus (E), tensile strength (TS), and elon-
gation at break (εB) of the films. At least, three specimens of 
each film were tested.

Statistics

The average ± standard deviation has been used to represent 
all the data. Different letters show significant differences 
in both graphs and tables. (p ≤ 0.05). Analysis of variance 
(ANOVA) followed by a Tukey-test were used.

Results and Discussion

Compositional Characterization of the Dried 
Seaweeds

To understand the impact of the seaweed choice on the pro-
cessability and functional properties of the films obtained 
by minimal processing, the composition and the antioxidant 
capacity of the different agarophytes were investigated.

As observed in Table 1, all seaweeds were mainly com-
posed of structural carbohydrates (i.e., agar and cellulose), 
ashes and proteins. When comparing the four seaweeds, it 
could be observed that G. corneum presented the highest 
protein content (ca. 19%) and the lowest carbohydrate (ca. 
35%) and lipid content (ca. 5%). It should be highlighted that 
despite its lowest carbohydrate content, the amount of cellu-
lose was the highest in this seaweed (ca. 14%). Interestingly, 
although the agar content (ca. 21%) was the lowest compared 
to the other seaweed species, almost 97% of it consisted 
of agarose, i.e., the fraction that provides gelling capacity. 
Although a detailed characterization of the composition of 
Gelidium corneum is not available in the existing literature, 

Table 1   Composition and antioxidant capacity of the dried seaweeds

Values within the same column with different letters are significantly different (p ≤ 0.05)
* The value in brackets corresponds to the percentage purity in agarose of each agar fraction as determined by HPAEC-PAD after reductive 
hydrolysis

Protein (%) Mineral (%) Lipid (%) Carbohydrate (%) Polyphenol (mg 
GAE/g sample)

Antioxidant capac-
ity ABTS (mg TE/g 
sample)Agar* Cellulose

G. corneum 19.4 ± 0.5d 9.2 ± 0.05a 4.7 ± 0.6a 21 ± 0.5 [97]a 14.2 ± 1.2c 15 ± 0.9d 3.8 ± 0.5a

G. chilensis 18.6 ± 0.06c 9.6 ± 0.1a 9.1 ± 0.9c 43.7 ± 6 [77]d 5.9 ± 0.2a 11.1 ± 0.3c 12.6 ± 0.6c

G. tenuistipitata 15.5 ± 0.09b 23.3 ± 0.4b 4.8 ± 1a 30.7 ± 4 [92]b 6.1 ± 0.02a 6.3 ± 0.3b 7.6 ± 0.6b

G. longissima 8 ± 0.04a 28 ± 1.3c 6.9 ± 0.6b 29.7 ± 3.7 [74]c 9.5 ± 0.4b 1 ± 0.2a 9.4 ± 0.05d
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other Gelidium species have been reported to have a similar 
composition [29, 30].

Despite belonging to the Gracilaria genera, the other 
three seaweed species showed significant differences in their 
composition. Gracilariopsis longissima presented the high-
est cellulose content (ca. 10%) and the lowest agar content 
(ca. 30%), with almost 26% of it constituted by agaropectin. 
G. chilensis and G. tenuistipitata exhibited very similar cel-
lulose (ca. 6%) and protein (ca. 19 and 16%, respectively) 
contents, but significantly differed in their agar concentra-
tion. In fact, G. chilensis was the species with the highest 
agar content (ca. 44%), although its agaropectin fraction 
was also quite high (ca. 23%). In contrast, G. tenuistipitata, 
showed a lower agar content (ca. 31%), but consisted of 
almost 93% agarose. Also noticeable was the high mineral 
content of all species, in agreement with previous values 
reported for red seaweeds, being significantly higher in G. 
tenuistipitata and G. longissima (ca. 23 and 28%, respec-
tively). The lipid content, constituting up to ca. 9% of G. 
chilensis composition, was higher than the values previously 
reported for several Gracilaria species [29]. However, it 
should be noted that a great variability in the composition 
of the different species of the Gracilaria genera has been 
reported in the literature [29, 31–33]. This is also related 
to the fact that the chemical composition of seaweeds does 
not only vary according to the species, but also due to other 
aspects such as habitat, seasonality, maturity and environ-
mental conditions [12, 34, 35]. Phenolic compounds, which 
are known to present antioxidant properties, have also been 
reported to be present in red seaweeds (up to ca. 20 mg 
GAE/g sample for extracts of various species of the Graci-
laria genera [36–38], or up to 14.1 mg GA/g sample for 
species of the Gelidium genera [39], although it is difficult to 
find consistent values on their antioxidant capacity. Regard-
ing polyphenol content, G. corneum showed the highest one 
(ca. 15 mg GAE/g sample), followed by G. chilensis and G. 
tenuistipitata with ca. 11.1 and 6 mg GAE/g sample respec-
tively, while G. longissima presented the lowest content (ca. 
1 mg GAE/g sample). However, although the antioxidant 
capacity of seaweeds is usually linked to the presence of 
polyphenols, our results evidence that the antioxidant capac-
ity may be also linked to the presence of other bioactive 
compounds such as sulphated polysaccharides (e.g., agaro-
pectin) and lipids. In particular, G. chilensis, presenting the 
highest agar and lipid content from all the species, showed 
the highest antioxidant capacity (12.6 mg TE/g sample), 
while the lowest antioxidant capacity was obtained for G. 
corneum, the seaweed with the lowest agar and lipid content.

Structural Effects of Processing Temperature

To determine the optimal processing conditions for the pro-
duction of the films, preliminary tests were carried out in 

which aqueous dispersions of the four seaweeds were sub-
jected to temperatures from 30 °C up to 130 °C and their 
nanostructure was characterized by means of SAXS. The 
scattering patterns obtained at selected temperatures were 
graphically represented in Kratky plots to enhance the visu-
alization of structural features.

As observed in Fig.  1, the temperature had a clear 
effect on all seaweeds, with the scattering intensity gener-
ally increasing as the temperature was raised. This may be 
explained by the diffusion of agar from the interior of the 
cell walls towards the liquid medium when increasing the 
temperature, hence increasing the scattering length density 
of the whole suspensions. In fact, a shoulder feature centered 
at q = 0.015 Å−1 was detected in the G. corneum suspen-
sion heated at 130 °C. Similar features have been previously 
detected in the SAXS patterns from agars [40] and although 
their origin is still uncertain, they have been hypothesized 
to be originated by a form factor effect associated with the 
length of the agarose double helices. Interestingly, in G. chil-
ensis and G. longissima, the scattering intensity decreased 
when raising the temperature from 110 to 130 °C. This 
may be originated by the disruption of the double helical 
structure in the agarose fraction when reaching high tem-
peratures. The semi-crystalline structure of agarose double 
helices is thought to provide higher scattering contrast with 
the solvent than the amorphous agaropectin domains. It is 
reasonable to hypothesize that the smaller fraction of semi-
crystalline agarose in these two seaweed species is disrupted 
more quickly when increasing the temperature, hence pro-
ducing a decrease in the scattering intensity.

In addition, several small scattering peaks were detected 
within the high q region in all samples. In G. corneum, i.e., 
the seaweed with the highest cellulose content, a weak peak 
centered at ca. 0.14 Å−1 (corresponding to a real distance 
of ca. 4.5 nm) was observed in the suspension at 30 °C and 
shifted towards lower q values when heating above 90 °C. 
The shape and position of this peak is very similar to that 
previously reported for other cellulose-rich sources, such as 
cotton, in the dry state [8]. This interference peak has been 
related to the center-to-center distance between the cellu-
lose microfibrils, which in the dry state are closely packed 
together. The fact that this peak could be observed in the 
aqueous suspensions indicates a high degree of packing 
even in the hydrated state, in contrast to other cellulosic 
sources were water can easily penetrate the space between 
the microfibrils and increase their interspacing distance [8, 
41]. This weak peak was also observed in G. chilensis and 
G. tenuistipitata, although its position was slightly different 
depending on the species. In the case of G. tenuistipitata, the 
peak appeared at 0.08 Å−1 (corresponding to a real distance 
of ca. 8.1 nm) for the suspension at 30 °C, while it shifted 
towards higher q when raising the temperature (being cen-
tered at 0.09 Å−1 when the sample reached 130 °C).
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Fig. 1   SAXS Kratky plots of seaweed aqueous dispersions processed at different temperatures from 30 to 130  °C. The arrows point towards 
structural peaks, which are more clearly visualized in the insets
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In G. chilensis, two peaks were detected at temperatures 
up to 90 °C; the first one was located at 0.10 Å−1 (real dis-
tance of ca. 6.5 nm) at 30 °C and shifted towards higher q 
when increasing the temperature, whereas the second peak 
was located at 0.14 Å−1 (real distance of ca. 4.5 nm). In 
G. longissima, a sharper and more intense peak, located at 
0.14 Å−1, was detected for temperatures up to 110 °C. The 
sharper appearance of this peak in G. longissima may be 
explained by the relatively high cellulose content of this sea-
weed (as compared to the other species) and its low agarose 
content, thus originating higher contrast between the crystal-
line cellulose and the amorphous agaropectin.

It should be noted that while an interfibrillar distance of 
4.5 nm corresponded to the species with the highest cel-
lulose content (i.e., G. corneum and G. longissima), which 
is very similar to the values previously reported for dry cot-
ton and bacterial cellulose [8, 41], greater distances were 
detected for the other two species, which was presumably 
due to the presence of other polysaccharides interacting with 
cellulose and increasing the distance between microfibrils. 
Furthermore, increasing the temperature in the suspensions 
may have promoted the penetration of water within the 
interfibrillar space and/or affected the conformation of non-
cellulosic polysaccharides, hence modifying the distance 
between the microfibrils.

The effect of temperature on the cell structure of the dif-
ferent seaweeds was also studied through optical micros-
copy. The seaweed aqueous suspensions were examined after 
reaching temperatures of 110 and 130 °C (above the melting 
temperature of agar). Figure 2 shows representative images 
taken with bright light and ultraviolet filters.

The images taken with bright light clearly show changes 
in the morphology of the seaweeds when the temperature 
increased. In particular, the rough edges of the seaweed 
cells became less defined and the cell size increased. This 
swelling effect was less noticeable in G. corneum while it 
was much more evident in G. chilensis and G. longissima. 
The increase in the temperature in the presence of moisture 
is expected to promote the melting of the agar contained 
within the seaweed cell walls, which may be able to diffuse 
towards the liquid medium. It seems that the high cellulose 
content in G. corneum, yielding tough cell walls, together 
with the high agarose/agaropectin ratio, did not favour the 
diffusion of agar. On the contrary, the lower agarose/aga-
ropectin ratio in G. chilensis and G. longissima seemed to 
promote agar diffusion. This is further supported by the 
observation of the samples under the UV filter. While the 
images of the unprocessed native seaweeds were mostly 
dominated by the appearance of bright blue fluorescent 
regions, the images of the processed seaweeds showed 
very faint to no light blue fluorescence. According to com-
positional analyses, it may be hypothesised that the blue 
fluorescent areas correspond to agar-rich regions, which 

disappear almost completely after processing (especially at 
130 °C) indicating the release of agar from the cell walls. 
In all cases it seems that increasing the temperature from 
110 to 130 ºC produced a greater release of the agar, which 
would be, in principle, more optimum for the production 
of the seaweed-based films.

It should be noted that temperatures higher than 130 °C 
were not suitable to process these seaweeds since some deg-
radative processes (Maillard reactions, glycerol thermal deg-
radation, polyphenol degradation, etc.) led to a substantial 
detriment in the mechanical properties of the obtained films.

Characterization of the Seaweed‑Based Films

Once the optimum processing temperature of the seaweeds 
was determined, the films were produced by melt mixing, 
followed by compression molding. Figure 3 shows the visual 
appearance of the films. As expected, due to the variety of 
compounds present in the seaweed biomass, all of them were 
opaque with a brownish coloration, similar to that previously 
observed in films produced from less purified agars extracted 
from G. corneum [17].

The films’ surface morphology was analyzed by SEM 
and representative images are shown in Fig. 3. Due to the 
addition of glycerol, small particles homogeneously distrib-
uted over the whole surface of the films were visible in all 
samples. However, a noticeable morphological difference 
was observed between the films made from G. corneum and 
the films based on Gracilaria species. While the G. corneum 
film exhibited a more homogeneous surface, where only the 
glycerol particles were visible, the films based on Gracilaria 
species showed significantly rougher surfaces, fact which 
could be related to the greater swelling of the cell walls from 
these species, generating larger particles.

TGA analyses were carried out to determine the thermal 
stability of the films. The derivative of the weight loss with 
temperature was plotted and the results are shown in Fig. 4.

The films showed a multistep degradation mechanism, 
which was mostly dominated by a strong peak around 
270–280 °C, attributed to agar degradation [42, 43]. All the 
samples exhibited a small degradation step centered around 
150 °C, which may be attributed to moisture loss and glyc-
erol degradation [19, 42, 44]. The degradation steps centered 
around 230 °C, which may be attributed to the presence of 
proteins [4], and at 330 °C attributed to cellulose [4, 45], 
although present in all samples, were more evident in the 
film made from G. corneum. This indicates that a multi-
phase structure was attained in the films from G. corneum, 
which can be linked to the fact that this seaweed species 
is structurally less affected by the melt mixing tempera-
ture than the Gracilaria seaweeds, as evidenced by optical 
microscopy (cf. Figures 2).
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XRD analyses were carried out to investigate the crystal-
line structure of the produced films and the obtained patterns 
are shown in Fig. 5.

As observed, all the films presented a broad diffraction 
band within the range of 12-25º with a maximum at 19º, 
similar to the patterns reported for agar-based films [13, 46]. 

Fig. 2    Optical micros-
copy images of seaweed aque-
ous suspensions in their native 
state (a, d, g, j) and after being 
processed at 110 ℃ (b, e, h, k) 
and 130 ℃ (c, f, i, l) for G. cor-
neum, (a, b, c) G. chilensis, (d, 
e, f) G. tenuistipitata, (g, h, i) 
and G. longissima (j, k, l). Scale 
bars correspond to 500 μm. Top 
images were taken with bright 
light while bottom images were 
taken using a fluorescent filter 
UV-2A
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Furthermore, in the G. corneum films and also, more subtly, 
in the G. longissima films, a peak centered at 22.5º, related 
to the crystalline structure of cellulose I [47] was also notice-
able. This is consistent with the higher cellulose content 
present in these seaweed species. Several sharp and intense 
peaks could also be observed in the films from G. tenuistipi-
tata and, to a lesser extent, from G. chilensis. These peaks 
may be attributed to the presence of mineral compounds, 
such as silica (SiO2) and weddellite (CaC2O4·2H2O), which 
have been previously detected in the XRD spectra of some 
red seaweeds [13].

The crystallinity of the films was estimated by fitting the 
areas under the diffraction patterns and, as deduced from 
the values shown in Table 2, G. tenuistipitata and G. cor-
neum films presented a more crystalline structure. However, 
it should be considered that, for the calculation of the overall 

crystallinity, other components such as cellulose and miner-
als are also contemplated and, therefore, the values are not 
indicative of the degree of crystallinity of the agar. Looking 
at the values calculated only considering the crystalline peak 
corresponding to agar, it is evident that those seaweeds with 
the greatest agarose/agaropectin ratio (i.e., G. corneum and 
G. tenuistipitata) presented a more crystalline agar structure. 
On the other hand, despite being the species with the great-
est overall polysaccharide content, the film from G. chil-
ensis presented the most amorphous behavior, which may 
be ascribed to the greater proportion of agaropectin in this 
seaweed.

To evaluate the potential of the films as food packaging 
materials, their performance properties were also character-
ized. The mechanical properties were assessed by means 
of tensile testing and the most representative parameters 
obtained from the stress–strain curves are summarized in 
Table 2.

As expected, due to its higher cellulose content, G. cor-
neum resulted in stiffer (E ≈1213 MPa) and more resistant 
(σ ≈ 14.1 MPa) films with a lower elongation at break (εb 
≈ 1.8%). In contrast, the higher agar and lower cellulose 
content of G. chilensis significantly decreased the elastic 
modulus (E ≈ 581 MPa) and tensile strength of the film 
(σ ≈ 9.6 MPa) but improved its ductility (εb ≈ 4.9%). G. 
tenuistipitata and G. longissimaa, showed non-significant 
differences between them in terms of stiffness and elon-
gation at break. However, the higher cellulose content of 
G. longissima improved the tensile strength of the films. 
When comparing the results obtained for seaweed-based 
films with those reported for some reference biopolymers 

Fig. 3   Visual appearance (a–d) and SEM images (e–h) of the seaweed-based films: G. corneum (a, e), G. chilensis (b, f), G. tenuistipitata (c, g), 
G. longissima (d, h)
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such as PLA (E = 3290 MPa, σ = 49.6 MPa, ɛb = 2.4%) [48, 
49] or thermoplastic starch (E = 29.8 MPa, σ = 3.1 MPa, 
ɛb = 62.6%) [50, 51] it can be noted that the minimal pro-
cessing method of seaweeds results in biofilms with an 
intermediate behavior between that from PLA and ther-
moplastic starch in terms of mechanical properties. Fur-
thermore, the mechanical properties are also comparable 

to those reported for agar films processed by casting 
(E = 29–1600 MPa, σ = 6–38 MPa, ƐB = 15–26%) [17, 52].

The water vapor permeability (WVP) of the films was 
also characterized and the results, gathered in Table 2, sug-
gest that the seaweeds with the highest cellulose content 
(i.e., G. longissima and G. corneum) produced films with 
a better barrier capacity. As seen in previous studies, this 

Fig. 5   XRD patterns of the 
seaweed-based films



896	 Journal of Polymers and the Environment (2023) 31:886–899

1 3

may be due, amongst other factors, to the reduced amount 
of free hydroxyl groups due to the interactions established 
between cellulose and agar [4, 17]. As previously reported, 
both agar and cellulose have a high barrier capacity [4, 17, 
45, 53]. Even so, it is surprising that these films, made from 
seaweed biomass without any purification process, presented 
WVP values comparable to those reported for pure cellulose 
films extracted from aquatic biomass sources such as Arundo 
donax (terrestrial angiosperm) [54] or Posidonia oceanica 
(marine angiosperm) [55], as well as films made from unpu-
rified agar-based extracts [17]. Interestingly, the cellulose 
content seemed to be the prevailing factor controlling the 
permeability, rather than the overall crystallinity of the films.

To evaluate the sensitivity of the films to moisture, their 
water sorption capacity was also measured. While the 
films from G. corneum and G. longissima maintained their 
structure throughout the experiment, the films made from 
G. chilensis and G. tenuistipitata disintegrated over time. 
Therefore, in line with the water vapor barrier capacity, this 
indicates that seaweeds with a higher cellulose content result 
in films with a higher structural stability to moisture.

Interestingly, the films made from G. longissima and G. 
corneum, exhibited a slightly more hydrophilic surface than 
the films made from G. tenuistipitata and G. chilensis, as 
evidenced by the contact angle measurements (cf. Figure 6). 

This may be due, amongst other factors, to the higher agar 
and protein content of the two latter species, since, as previ-
ously reported, protein/polysaccharide interactions can have 
a hydrophobising effect on the surface of the films [56]. In 
general, seaweed-based films showed a similar behavior to 
that reported for films based on some polysaccharides such 
as agar (50°) [53] or cellulose nano whiskers (44°) [57].

Conclusions

Four different agarophyte species were minimally processed 
by melt blending combined with compression molding and 
the effect of the composition and cell wall structure of the 
different species on film performance were investigated. 
The seaweed biomass was mainly composed of carbohy-
drates (35–50%), but significant amounts of protein and 
ashes were also detected. G. corneum showed the highest 
cellulose content (ca. 15%) and the lowest agar content (ca. 
21%), although it contained the highest agarose ratio (97%). 
G. tenuistipitata also showed a relatively low agar content 
(ca. 31%) of which almost 93% was agarose. In contrast, the 
agar fraction in G. chilensis and G. longissima contained 
a significant proportion of agaropectin, with the latter one 
having a relatively high amount of cellulose (ca. 10%). The 
greater cellulose content in G. corneum limited the diffusion 
of agar when seaweed aqueous suspensions were processed 
at high temperatures, while the more amorphous character 
of the agar in G. chilensis and G. longissima promoted its 
diffusion towards the liquid medium. In any case, increas-
ing the temperature to 130 °C seemed to promote a greater 
release of agar.

The cellulose content seemed to be the main factor con-
trolling the mechanical and water barrier performance of the 
films. The higher cellulose content of G. corneum resulted 
in stronger films with high water vapor barrier capacity, 
while the higher agar content of G. chilensis improved its 
elongation capacity. The films made from G. longissima 
also showed interesting properties due to the relatively high 
cellulose content, thus offering an interesting alternative to 

Table 2   Crystallinity, 
mechanical and water barrier 
properties of the seaweed-based 
films

XC Crystallinity index; E Young’s modulus; σ tensile strength; εb elongation at break; PH2O water perme-
ability
Values within the same column with different letters are significantly different (p ≤ 0.05)
* The crystallinity values estimated by considering only the agar characteristic peaks are shown between 
brackets

Xc (%)* E (MPa) σ (MPa) εb (%) PH2O·10−13 (kg·m/
s·m2·Pa)

Water sorption (%)

G. corneum 50 [44] 1213 ± 95c 14.1 ± 1.5c 1.8 ± 0.17a 1.6 ± 0.08ab 130 ± 4a

G. chilensis 27 [25] 581 ± 42a 9.6 ± 0.4a 4.9 ± 0.26c 1.9 ± 0.17b –
G. tenuistipitata 62 [46] 748 ± 70b 9.9 ± 1a 2.9 ± 0.06b 1.8 ± 0.05b –
G. longissima 40 [31] 749 ± 10b 11.6 ± 0.7b 2.5 ± 0.2b 1.4 ± 0.02a 152 ± 1b
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produce biopolymeric films. The results from this work evi-
dence the potential of red seaweed biomass to generate food 
packaging materials in a cost-effective and environmentally 
friendly way.
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