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ABSTRACT

Seaweed biorefinery residues are often regarded as cellulose-rich side streams; however, their conversion into
functional films depends on how extraction and post-treatment steps preserve the residual polymer matrix. This
study evaluated Hp0y/UV-assisted pigment removal as both an optical-upgrading strategy and a matrix-
modifying treatment for residue-based films. Solid residues remaining after furcellaran extraction from Furcel-
laria lumbricalis, alginate extraction from Saccharina latissima, and protein extraction from Ulva lactuca were
processed by extrusion and hot pressing before and after pigment removal. The materials were characterized
through compositional, spectroscopic, morphological, scattering, thermal, optical, mechanical, water-affinity,
and barrier analyses. All untreated residues formed self-supporting films, but performance was strongly
residue-specific. Furcellaria lumbricalis residues yielded the most cohesive films, with the highest tensile strength
(8.0 = 0.5 MPa), lowest water vapor permeability (2.4 + 0.1 x 10713 kg m~Pa’1~s’1~m’2), low water uptake
(12.1 £ 1.2%), and effective light shielding. Saccharina latissima residues produced more extensible but weaker
films, whereas Ulva lactuca films showed higher water affinity and permeability. Pigment removal improved
whiteness, but its functional impact depended on matrix architecture. Treated Saccharina latissima failed to form
a continuous film, while treated Ulva lactuca showed the highest permeability and water uptake. These findings
indicate that HyO,/UV-assisted pigment removal should not be regarded only as an optical treatment, since its
impact depends strongly on the organization and composition of the residual polymer matrix: when cohesive
protein-polysaccharide domains were preserved, film integrity and water resistance were maintained; when
these domains were depleted, processability and barrier performance deteriorated. The results provide a
structure-function basis for selecting seaweed biorefinery residues as sustainable film-forming matrices with
packaging-relevant functionality.

1. Introduction

moisture regulation, light protection, and mechanical stability (Thiviya
et al., 2023).

Sustainable films derived from renewable biopolymers have attrac-
ted increasing attention as potential alternatives to conventional food-
packaging materials due to their biodegradability and tunable func-
tional properties (Diaz-Montes, 2022). Among these materials, macro-
algae represent a promising source of structurally diverse
polysaccharides, including sulfated galactans, alginates, ulvans, and
cellulose-rich assemblies, which can contribute to film formation,

Seaweed biorefinery processes generate substantial solid residues
after extracting high-value compounds such as furcellaran, alginate, and
proteins. These residues are often considered low-value side streams,
despite retaining complex polymeric matrices that may contribute to
film formation and packaging-relevant functionality. Unlike purified
polysaccharides, seaweed biorefinery residues contain interacting frac-
tions of cellulose, non-cellulosic polysaccharides, proteins, minerals,

* Corresponding author. Food Safety and Preservation Department, IATA-CSIC, Avda. Agustin Escardino 7, Paterna, 46980, Valencia, Spain
E-mail addresses: hylenne@iata.csic.es (H. Bojorges), mjfabra@iata.csic.es (M.J. Fabra).

https://doi.org/10.1016/j.foodhyd.2026.113247

Received 27 May 2026; Received in revised form 27 July 2026; Accepted 11 August 2026

Available online 14 August 2026

0268-005X/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


https://orcid.org/0000-0002-8811-8665
https://orcid.org/0000-0002-8811-8665
https://orcid.org/0000-0003-3006-4198
https://orcid.org/0000-0003-3006-4198
https://orcid.org/0000-0001-7168-5287
https://orcid.org/0000-0001-7168-5287
https://orcid.org/0000-0001-6469-9402
https://orcid.org/0000-0001-6469-9402
https://orcid.org/0000-0001-6726-4455
https://orcid.org/0000-0001-6726-4455
mailto:hylenne@iata.csic.es
mailto:mjfabra@iata.csic.es
www.sciencedirect.com/science/journal/0268005X
https://www.elsevier.com/locate/foodhyd
https://doi.org/10.1016/j.foodhyd.2026.113247
https://doi.org/10.1016/j.foodhyd.2026.113247
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

H. Bojorges et al.

and minor compounds (Bojorges et al., 2022). This compositional
complexity may be advantageous because residual proteins and amor-
phous polysaccharide fractions can contribute to matrix continuity,
flexibility, and moisture-barrier behavior through
protein-polysaccharide and polysaccharide-polysaccharide interactions
(Athanasopoulou et al., 2024; Bealer et al., 2020).

Although seaweed-derived polysaccharides have been widely
explored as film-forming materials, studies using minimally processed
seaweed biorefinery residues remain comparatively limited. In these
residues, the unresolved question is not whether hydrocolloid networks
affect film properties, which is already well recognized, but how prior
extraction and post-treatment steps alter the residual polymer archi-
tecture that supports film formation. This distinction is particularly
relevant for packaging-oriented films, where mechanical resistance,
moisture sensitivity, and light-barrier properties may depend not only
on cellulose-rich ordered domains, but also on retained non-cellulosic
polysaccharides, proteins, minerals, and minor hydrophobic fractions.
In minimally processed seaweed residues, however, how Hy05/UV-
assisted pigment removal alters this balance and its consequences for
film formation remain insufficiently understood.

For packaging-oriented film development, the intense coloration of
seaweed residues is not a minor aesthetic issue, as it may affect visual
compatibility with packaged foods, consumer perception, and the opti-
cal performance of the final material (Steiner & Florack, 2023). There-
fore, pigment removal is a relevant strategy for broadening the use of
seaweed residues as film-forming matrices. However, in complex bio-
refinery residues, pigments are not isolated components; they coexist
with proteins, sulfated polysaccharides, uronic-acid-rich domains,
minerals, and soluble amorphous fractions that may contribute to matrix
cohesion (Krishnan et al, 2024). Consequently, oxidative
pigment-removal treatments may improve optical appearance while also
modifying structural components of the residual matrix (Chang et al.,
2023; Yao et al., 2023).

In this context, the study was designed around three contrasting
residual matrices: furcellaran-extracted Furcellaria lumbricalis, alginate-
extracted Saccharina latissima, and protein-extracted Ulva lactuca.
These materials were not purified polysaccharides, but residue-specific
polymer architectures shaped by both macroalgal origin and prior
extraction history. Their response to HyO/UV-assisted pigment removal
was therefore expected to depend on whether the treatment preserved or
disrupted the domains responsible for matrix cohesion.

Based on this rationale, this study examined H3O,/UV-assisted
pigment removal as an optical-upgrading strategy for seaweed bio-
refinery residues, with particular attention to its impact on the matrix
cohesion required for film formation. Untreated and pigment-removed
residues were processed by extrusion and hot pressing to evaluate the
effects of treatment on residue-specific matrix organization, water in-
teractions, barrier behavior, and packaging-relevant functionality.

2. Materials and methods
2.1. Materials and reagents

The seaweeds Saccharina latissima and Ulva lactuca were kindly
provided by Porto-Muinos S. L. (Cerceda, A Coruna, Spain) in the form of
dry powders. The industrial solid residue from Furcellaria lumbricalis was
supplied by Seaweesh (Tallinn, Estonia) as a dry powder. According to
the supplier-provided manufacturing documentation, this residue was
generated during industrial furcellaran production from dried, stored,
washed, weighed, and extracted seaweed; after extraction, the liquor
was separated from the remaining seaweed solids. The residue was
supplied as a dry powder, and no additional chemical treatment of the
separated residue stream was indicated in the information provided by
the supplier. Proprietary extraction parameters, including extraction
temperature, extraction time, and solid-to-liquid ratio, were not
disclosed.
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Alginate extraction from S. latissima was conducted following the
procedure described by Bojorges et al. (2022). Briefly, after alginate
recovery, the remaining insoluble fraction was collected, freeze-dried,
and used as a film-forming residue. The protein-extracted residue from
U. lactuca was obtained using a pH-shift extraction process, as previously
reported by Vega-Gomez et al. (2024). The insoluble fraction remaining
after protein extraction was freeze-dried and used for film preparation.
Unless otherwise stated, all residues were stored under dry conditions
until further processing.

2.2. Compositional analysis seaweed residues

The protein content was determined from total nitrogen content
using an Elemental Analyzer Rapid N Exceed (Paralab S.L., Spain),
applying a nitrogen to protein conversion factor of 5.0 (Angell et al.,
2016).

Carbohydrate content and monosaccharide composition were
determined according to the methodology described by Bojorges et al.
(2023). Monosaccharides were quantified using high-performance
anion-exchange chromatography coupled with pulsed amperometric
detection (HPAEC-PAD, Switzerland). Calibration was performed using
analytical standards of fucose, mannitol, rhamnose, arabinose, xylose,
galactose, glucose, 6-O-metilgalactose, 3,6-anhydrogalactose, galactur-
onic acid, glucuronic acid, iduronic acid, mannuronic acid, and gulur-
onic acid. Commercial ulvan and microcrystalline cellulose were also
used as reference controls.

The lipid and ash content were determined, according to the AOAC
Official Methods 991.36 and 920.153, respectively AOAC (1990). All
analyses were carried out in triplicate.

2.3. Hy0,/UV-assisted pigment removal

The residues were subjected to an HyOy/UV-assisted pigment-
removal treatment following the methodology described by Freitas
et al. (2024), with slight modifications. Briefly, the samples were
treated with 4% (w/v) H20; at a solid-to-liquid ratio of 1:20 (g/mL) in
glass Petri dishes to ensure uniform contact between the solid residue
and the treatment medium. Since the pH of the suspensions ranged be-
tween 9.0 and 9.5, no external buffering agent was added. Magnesium
sulfate (MgSOy4, 0.1%, w/w) was incorporated to stabilize the reaction.

The mixtures were exposed to ultraviolet (UV) irradiation for 4 h,
maintaining a distance of 3 cm between the UV lamp and the sample
surface. During treatment, the suspensions were stirred every 20 min to
promote homogeneous exposure to the pigment-removal medium. After
treatment, the residues were washed with distilled water until neutral
pH and freeze-dried prior to further use. The untreated residues from
F. lumbricalis, S. latissima, and U. lactuca were coded as FR, SR, and UR,
respectively. After HyO,/UV-assisted pigment removal, the corre-
sponding treated residues were coded as DF, DS, and DU, respectively.

2.4. Production of algal residue-based films

Algal residue-based films were produced by extruding mixtures of
seaweed residue powder with glycerol as a plasticizer at 30% (w/w)
relative to the total solid content. This glycerol concentration and the
extrusion conditions were selected based on previously reported
seaweed residue-based formulations processed under comparable ther-
momechanical conditions (Hernandez-Garcia et al., 2026; Sanz et al.,
2026). The mixtures were processed using an Xplore Micro
Compounder 15HT (Sittard, The Netherlands) at 130 °C and 100 rpm for
4 min.

For film formation, 3 g of the extruded material was uniformly
distributed onto Teflon sheets and subjected to a three-step compres-
sion-molding process using a hydraulic hot-plate press (Model LP20,
Labtech Engineering, Thailand). The first cycle was conducted at 160 °C
under 30 bar for 3 min, followed by a second cycle at 160 °C under



H. Bojorges et al.

150 bar for an additional 3 min. The final cycle involved cooling to
below 80 °C while maintaining 150 bar for 3 min. The same extrusion
and compression-molding conditions were applied to all formulations to
evaluate the film-forming response of the different residual matrices
under comparable processing conditions.

Films were coded by adding “-Film” to the corresponding residue
code. Thus, FR-Film, SR-Film, UR-Film, DF-Film, and DU-Film refer to
films prepared from FR, SR, UR, DF, and DU residues, respectively. No
DS-Film was obtained because DS did not form a continuous film under
the processing conditions used. Prior to characterization, all film spec-
imens were conditioned at 53% RH and 22 °C for one week using a
saturated magnesium nitrate solution. Unless otherwise stated, the same
conditioning protocol was applied before optical, structural, thermal,
mechanical, surface, water uptake, and water vapor permeability
analyses.

2.5. Physical characterization

2.5.1. Thickness

Film thickness was measured using a digital micrometer (Model
ATO-JZ0-25, Spain) with a resolution of 0.001 mm. Measurements were
taken at six randomly selected positions on each film specimen.

2.5.2. Moisture content

The moisture content of the conditioned films was determined
gravimetrically in accordance with ASTM D644-99 (ASTM, 2007). Film
specimens were weighed, oven-dried at 105 °C for 24 h, and weighed
again. Moisture content was calculated from the weight loss after drying
and expressed as a percentage of the dry film weight.

2.5.3. Antioxidant-related properties

The antioxidant-related properties of the untreated and pigment-
removed residues and their corresponding films were evaluated
through ABTS radical scavenging capacity and total phenolic content.
For the ABTS assay, aqueous extracts were prepared from each sample at
a concentration of 5 mg/mL. The assay was performed following the
Trolox equivalent antioxidant capacity method described by Re et al.
(1999), with minor modifications. Briefly, 20 pL of each sample
extract was mixed with 230 pL of ABTSe" working solution, and the
absorbance was measured at 734 nm after 6 min of reaction. Trolox was
used as the calibration standard, and the results were expressed as pmol
Trolox equivalents (TE)/g dry sample. All measurements were per-
formed in triplicate.

Total phenolic content was determined using the Folin-Ciocalteu
assay, adapted from Singleton et al. (1999). For this analysis, 0.2 mL
of sample extract (5 mg/mL) was mixed with 1 mL of Folin-Ciocalteu
reagent previously diluted 1:10 with distilled water. Subsequently,
0.8 mL of NayCOg solution (75 mg/mL) was added, and the mixture was
incubated at 50 °C for 30 min. The absorbance was then recorded at
750 nm. Gallic acid was used to construct the calibration curve, and the
results were expressed as mg gallic acid equivalents (GAE)/g dry sample.
Analyses were carried out in triplicate.

2.6. Structural and morphological characterization

2.6.1. Scanning Electron Microscopy (SEM)

Film morphology was analyzed using a Hitachi S-4800 scanning
electron microscope operated at 10 kV and a working distance of 8-
12 mm. Film cross-sections were obtained after cryo-fracturing the
samples in liquid nitrogen. The fractured specimens were mounted on
aluminum holders and sputter-coated with a gold-palladium layer under
vacuum prior to imaging.

2.6.2. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of dry residue powders and conditioned film specimens
were recorded using a Bruker Vertex spectrometer equipped with an
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attenuated total reflectance (ATR) accessory. Spectra were collected
over the wavenumber range 4000-400 cm ™! at a resolution of 4 cm ™},
with 64 accumulated scans per sample. Spectra were baseline-corrected
and normalized before comparison. The 1800-1500 cm ™' region was
additionally inspected to evaluate treatment-induced changes associ-

ated with carbonyl, amide, and carboxylate-containing groups.

2.6.3. Small-angle and wide-angle X-ray scattering (SAXS/WAXS)

Combined SAXS/WAXS experiments were carried out in the Non-
Crystalline Diffraction beamline, BL-11, at ALBA synchrotron light
source (www.albasynchrotron.es). The seaweed residues and small
pieces of the films were placed into 2 mm quartz capillaries (Hilgenberg
GmbH, Germany) and sealed before being analyzed. The energy of the
incident photons was 12.4 keV or equivalently a wavelength, A, of 1 A.
The SAXS scattering patterns were collected by means of a photon
counting detector, Pilatus 1M, with an active area of
168.7 x 179.4 mm?, an effective pixel size of 172 x 172 pm? and a
dynamic range of 20 bits. The sample-to-detector distance was set to
6700 mm, resulting in a q range with a maximum value of ¢ = 0.2 A~
Additionally, the WAXS diffraction patterns were collected by means of
a 3 CCD detector Rayonix LX255-HS with an active area of
85 x 255 mm?, an effective pixel size of 44 x 44 pm? and a dynamic
range of 16 bits. In this case, the sample-to-detector distance was set to
105 mm, corresponding to a maximum q value of 7.87 A~L. This detector
was tilted with a pitch of 26.4°. An exposure time of 15 s was selected to
obtain sufficient signal while avoiding detector saturation. Data reduc-
tion was treated by pyFAI python code (ESRF) (Kieffer & Wright, 2013),
modified by ALBA beamline staff, to do on-line azimuthal integrations
from a previously calibrated file. The calibration files were created from
a silver behenate (AgBh) standard. The intensity profiles were then
represented as a function of q using the IRENA macro suite (Ilavsky &
Jemian, 2009) within the Igor software package (Wavemetrics, Lake
Oswego, Oregon).

WAXS peak fitting was performed in Igor, following the procedure
described in a previous work (Martinez-Sanz et al., 2018). The obtained
values from the fitting coefficients were those that minimized the value
of Chi-squared, which is defined as:

2
2 Z (%) )]

where y represents the fitted value for a given point, y; corresponds to
the value of the measured data for that point and ¢; is an estimate of the
standard deviation for y;.

The curve fitting operation was carried out iteratively and, at each
iteration, the fitting coefficients were refined to minimize x2. From the
fitting results obtained, the apparent crystallinity index was determined
by applying Eq. (2):

ZACrysta
Xc(%) :% x 100 )

Total

where Arota) represents the sum of the areas under all diffraction peaks
and ZAcystal corresponds to the sum of the areas corresponding to the
crystalline peaks.

2.7. Optical and surface properties

2.7.1. Optical properties

Film transparency was evaluated from surface reflectance spectra
using a CM-26D spectrophotometer (Konica Minolta, Japan) with an
illuminated area diameter of 10 mm. Three specimens from each film
were analyzed against white and black backgrounds. Transparency (Ti)
was calculated according to the Kubelka-Munk theory for multiple
scattering, using the reflectance of the sample layer over a known white
background and an ideal black background, as described by (Fabra et al.,
2009). Transparency values ranged theoretically from 0 to 100.
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The colorimetric properties of both seaweed residues and films were
determined to minimize the influence of film porosity on optical mea-
surements. Color parameters were measured using a CR-400 colorimeter
(Konica Minolta, Japan) and expressed as lightness (L*), chroma (C*p),
and hue (h*,). The whiteness index (WI) was calculated using Eq. (3).
Measurements were performed in triplicate, with three readings per
replicate.

WI=100 — \/(1007L*)2+a*2 +b2 3)

2.7.2. Water contact angle measurement

The surface wettability of algal residue-based films was evaluated
using a DSA25 goniometer (Kriiss, Germany) equipped with AD4021
image analysis software under ambient conditions. A ~3 pL droplet of
distilled water was deposited onto the film surface, and the contact angle
was determined after 10 s by image analysis of the droplet profile. At
least six measurements were performed for each film formulation.

2.8. Mechanical and thermal properties

2.8.1. Mechanical properties

The tensile strength (TS), elastic modulus (E), and elongation at
break (eb) of the films were evaluated using a universal testing machine
(Instron, USA) according to ASTM standard method D882.10 (ASTM,
2001). Tensile parameters were obtained from stress-strain curves
generated from force-displacement data using film specimens measuring
1 cm x 8 cm. Prior to testing, the films were conditioned at 53 + 2%
relative humidity and 22 + 2 °C. Film thickness was measured before
testing and used to calculate the cross-sectional area of each specimen.
The specimens were mounted in pneumatic film grips and stretched at a
crosshead speed of 50 mm min~! until rupture. At least six replicates
were analyzed for each film formulation.

2.8.2. Thermal properties

Thermogravimetric analysis (TGA) was performed to evaluate the
thermal stability of the seaweed residues using a TA 550 analyzer
(Waters-TA Instruments, USA). Approximately 5 mg of each sample was
heated from 30 to 700 °C at 10 °C/min under a nitrogen atmosphere.
The derivative thermogravimetric (DTG) curves were obtained from the
first derivative of the weight-loss profiles as a function of temperature.

The thermal behavior of the films was further analyzed by differ-
ential scanning calorimetry (DSC) using a TA Instruments thermal
analysis system (New Castle, DE, USA) under a nitrogen atmosphere.
Approximately 3 mg of each sample was analyzed from 20 to 200 °C at a
heating rate of 10 °C min~'. The DSC instrument was calibrated using
indium as a reference standard, and baseline correction was performed
using an empty pan. All analyses were conducted in triplicate.

2.9. Permeability and sorption properties

2.9.1. Water vapor permeability (WVP)

Water vapor permeability was determined gravimetrically at 23 °C
according to the ASTM method (ASTM, 2010) by monitoring weight
gain over time. Film samples were analyzed in triplicate under a relative
humidity gradient of 0-75%.

The films were mounted between the upper and lower sections of
Payne permeability cups (3.5 cm diameter; Elcometer SPRL, Belgium),
with silica gel placed inside the lower chamber. A Viton rubber O-ring
was positioned between the film and the cell to ensure an airtight seal.
The assembled permeability cells were stored in a controlled-humidity
chamber maintained at 75% relative humidity using a saturated so-
dium chloride solution. WVP was calculated from the steady-state
weight gain, exposed film area, water vapor pressure difference, and
measured film thickness.
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2.9.2. Water uptake

The water absorption properties of the films were assessed by
measuring their weight gain over time. Before testing, the samples were
dried at 60 °C until reaching a constant weight. They were then placed in
a humidity-controlled chamber maintained at 75% relative humidity
using a saturated sodium chloride solution. Gravimetric measurements
were conducted until the samples reached a stable weight. At least three
replicates were analyzed for each film formulation. Water uptake was
expressed as the percentage of weight gain relative to the initial dry
weight of the films.

2.10. Statistical analysis

Statistical analyses were performed using SPSS software (IBM Corp.,
USA). One-way analysis of variance (ANOVA) followed by Tukey's post
hoc test was used to determine significant differences among samples at
the p < 0.05 significance level.

3. Results and discussion

3.1. Chemical composition of untreated and pigment-removed seaweed
residues

The chemical composition of the untreated and pigment-removed
residues was analyzed to define the initial composition of the residual
polymer matrices (Table 1). Carbohydrates were the main component of
the untreated residues, ranging from 39.8 + 3.2% in FR to 48.5 + 2.8%
in UR, followed by proteins and ash. FR and SR showed high protein
contents of 38.4 + 0.1% and 39.3 + 0.2%, respectively, whereas UR
contained a markedly lower protein fraction (17.3 £+ 0.5%) and the
highest ash content among the untreated residues (27.2 + 3.4%). These
differences reflect both the intrinsic biochemical diversity of red, brown,
and green macroalgae and the selective nature of the previous extraction
processes used to obtain each residual matrix (Bojorges et al., 2022;
Uranga et al., 2023). In particular, the low protein content of UR is
consistent with its origin as the insoluble fraction remaining after tar-
geted protein extraction.

The monosaccharide profiles further evidenced the residue-specific
composition of the remaining polymer matrices. FR contained
9.7 + 1.8 g/100 g dry basis of 3,6-anhydrogalactose, together with
glucose and 6-O-methyl-galactose, indicating the presence of residual
furcellaran-like galactan domains after extraction. SR was characterized
by alginate-associated uronic acids, including GulA, GlcA, and ManA at
2.2 +0.2,2.0 £ 0.1, and 2.1 + 0.1 g/100 g dry basis, respectively, as
well as fucose (2.7 &+ 0.1 g/100 g dry basis), consistent with residual
alginate- and fucoidan-associated structures. In contrast, UR showed
higher levels of rhamnose, xylose, GlcA, and iduronic acid, with values
of 6.9 + 0.6, 5.1 + 0.4, 3.2 £+ 0.2, and 5.5 &+ 0.4 g/100 g on a dry basis,
respectively, consistent with the presence of ulvan-type polysaccharides.
These compositional fingerprints indicate that each residue retained a
distinct polymeric matrix, with different proportions of cellulose-
associated structural domains and non-cellulosic polysaccharide
fractions.

Once the composition of the untreated residues was established, the
effect of HyO,/UV-assisted pigment removal was evaluated to determine
how this treatment modified the residual matrices. The treatment
induced marked compositional changes, although their extent varied
among residues. Solid yields after treatment ranged from 36.9 + 3.9%
for DS to 51.7 + 4.2% for DF, indicating different susceptibilities of the
matrices to the treatment medium. Protein content decreased in all
treated residues, with the most pronounced reduction observed in
S. latissima, from 39.3 4 0.2% in SR to 16.3 4 0.1% in DS. Smaller de-
creases were observed in F. lumbricalis and U. lactuca, from 38.4 4= 0.1%
to 35.5 + 0.1% and from 17.3 £+ 0.5% to 16.4 + 0.4%, respectively.
These changes are consistent with the susceptibility of proteinaceous
components to oxidative degradation under peroxide-based treatments
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Table 1

Chemical composition of untreated and pigment-removed seaweed biorefinery residues.
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Composition (dry wt. %)

Untreated seaweed residues

Pigment-removed seaweed residues

F. lumbricalis (FR)

S. latissima (SR)

U. lactuca (UR)

F. lumbricalis (DF)

S. latissima (DS)

U. lactuca (DU)

Yield (%) n.a. n.a.

Protein 38.4 +0.1° 39.3+0.2°
Ash 19.3 + 0.7°° 12.6 + 0.2°
Lipids 3.1+ 0.6° <0.5
Carbohydrates® 39.8 + 3.2° 43.6 + 3.6"
of which (g/100 g dry basis)

Fucose n.d. 2.7 +£0.1°
Galactose 2.3 +1.4° 0.5 + 0.1%
Cellulose” 21.7 + 3.3 29.4 + 5.6™
Glucose® 2.6 +£0.1° 3.1 +0.1¢
Xylose <0.5 1.0 + 0.17
GalA n.d. nd.
Rhamnose <0.5 nd.

GulA n.d. 2.2+0.2°
GlcA n.d. 2.0 +0.1°
ManA n.d. 2.1 +0.1°
Iduronic acid nd. n.d.
Mannitol n.d. 0.6 +0.1*
6-0-Me-Gal 1.1+ 0.4 nd.
3,6-AnGal 9.7 +1.8° nd.

na 51.7 + 4.2° 36.9 + 3.9 45.8 +5.1°
17.3 + 0.5 35.5 + 0.1° 16.3 + 0.1 16.4 + 0.4
27.2 + 3.4 25.2 + 2.3% 26.8 + 2.5 29.9 + 1.4
2.4 +0.3° 0.7 £0.2% <0.5 0.8 +0.2°
48.5 + 2.8° 30.8 + 1.8% 44.5 + 2.0° 39.5 + 2.2°
n.d. n.d. 0.6 +0.1% n.d.

4.0 £ 0.7 1.5 + 0.4 0.2 + 0.0° 1.6 + 0.5%°
15.9 + 0.6 23.0 +1.3%° 35.9 + 4.6° 20.3 + 2.7°
5.4 + 0.2¢ 0.5+0.1% 2.8 +0.2° 5.1 +0.24
5.1 + 0.4 n.d. 1.2 +0.1° 3.4 + 0.6"
2.5+ 0.3 n.d. nd. 0.5 + 0.2°
6.9 + 0.6" <05 nd. 3.9 +0.3
n.d. n.d. 0.7 +£0.1% n.d.
3.2+0.2° n.d. 1.0 +0.2° 1.5+ 0.2°
n.d. n.d. 0.5+ 0.1* n.d.

5.5 + 0.4 n.d. n.d. 3.2 +0.5%
nd. n.d. 1.6 +0.3° n.d.

n.d. 1.4 +0.2% n.d. n.d.

n.d. 4.4 +0.5° n.d. n.d.

Values are expressed as means + SD (n = 3). Different letters within the same row indicate significant differences (p < 0.05). n.a., not applicable; n.d., not detected;
<0.5, below the reporting limit. GulA, GlcA, ManA, and GalA denote guluronic, glucuronic, mannuronic, and galacturonic acids, respectively.

# Total carbohydrate content calculated as the sum of all monosaccharides detected by HPAEC-PAD.

b The crystalline cellulose content was quantified as the difference between the Saeman sulfuric hydrolysis method (Saecman, 1945) and the non-crystalline glucose
content obtained through acid methanolysis (Bertaud et al., 2002; Willfor et al., 2009).

¢ Glucose contribution from the non-crystalline fraction.

(Davies, 2016), suggesting partial solubilization or degradation of
fractions that may contribute to matrix cohesion through
protein-polysaccharide interactions. Lipid removal was also observed in
FR and UR, with values decreasing from 3.1 + 0.6% to 0.7 + 0.2% in
F. lumbricalis and from 2.4 & 0.3% to 0.8 + 0.2% in U. lactuca, indicating
that pigment removal also affected minor hydrophobic fractions within
the residual matrix.

Beyond the changes observed in proteins and lipids, the carbohy-
drate fraction provided further evidence that pigment removal modified
the residual polymer matrix. In S. latissima, total carbohydrate content
remained high after pigment removal, and cellulose showed a numeri-
cally higher value in DS than in SR (35.9 + 4.6% and 29.4 £+ 5.6%,
respectively). Although this difference was not statistically significant
(Table 1), it was accompanied by a marked decrease in uronic acids,
indicating a compositional shift toward a relatively cellulose-rich re-
sidual matrix with partial removal of alginate-associated domains. This
shift was reflected in the reduction of GulA, GlcA, and ManA from
2.2+0.2,2.0+0.1,and 2.1 £ 0.1 g/100 g dry basis in SR to 0.7 £+ 0.1,
1.0 £ 0.2, and 0.5 + 0.1 g/100 g dry basis in DS, respectively. In
F. lumbricalis, pigment removal decreased total carbohydrates from
39.8 4+ 3.2% in FR to 30.8 + 1.8% in DF and reduced 3,6-anhydrogalac-
tose from 9.7 + 1.8 to 4.4 + 0.5 g/100 g dry basis, indicating partial loss
of furcellaran-related galactan domains. In U. lactuca, total carbohydrate
content decreased numerically from 48.5 + 2.8% in UR to 39.5 £+ 2.2%
in DU. At the same time, ulvan-related monosaccharides were reduced,
including rhamnose, GalA, GlcA, and iduronic acid, which decreased
from 6.9 + 0.6, 2.5 £ 0.3, 3.2 + 0.2, and 5.5 & 0.4 g/100 g dry basis in
URt03.9+0.3,0.5+0.2,1.5+ 0.2, and 3.2 + 0.5 g/100 g dry basis in
DU, respectively. Similar reductions in non-cellulosic polysaccharide
fractions have been reported for hydrogen-peroxide-assisted treatments
applied to lignocellulosic residues (Freitas et al., 2024; Tareen et al.,
2020). The treatment, therefore, produced residue-dependent compo-
sitional shifts extending beyond pigment removal, involving
protein-rich, lipidic, and non-cellulosic polysaccharide fractions.

3.2. Structural characterization by FTIR

FTIR spectroscopy was used to examine the compositional and
structural changes associated with pigment removal. Representative
spectra of the untreated and pigment-removed residues are shown in
Fig. 1. The spectra of the untreated residues displayed features charac-
teristic of complex polysaccharide-protein matrices. After pigment
removal, the broad O-H/N-H stretching band between 3600 and
3000 cm ™! became sharper and more defined, particularly in DS. This
narrowing suggests changes in the hydrogen-bonding environment and
a lower contribution of amorphous or protein-associated fractions,
consistent with the compositional changes observed after treatment.
Similar sharpening of hydroxyl-related bands has been associated with a
more defined hydrogen-bonding environment in cellulose-rich fractions
(Freitas et al., 2022).

To further evaluate whether the HyOo/UV-assisted pigment-removal
treatment  produced  spectroscopically = detectable  oxidative

Fig. 1. FTIR spectra of untreated and pigment-removed seaweed residues.
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modifications, the 1800-1500 cm ! region was examined in detail. This
region includes the carbonyl range, where aldehyde- or other carbonyl-
containing groups may contribute, but also contains overlapping signals
from Amide I, carboxylate groups, and bound water. No distinct new
band was observed around 1720-1740 cm™! in the pigment-removed
residues, indicating that ATR-FTIR did not show clear evidence of
aldehyde- or carbonyl-group accumulation under the conditions used.
Instead, the most relevant treatment-induced changes were concen-
trated in the 1650-1600 cm™! region and near 1540 cm™?, pointing
mainly to modifications in protein- and uronic-acid-associated domains.
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Consistent with this interpretation, the overlapping Amide I/
carboxylate region around 1650-1600 cm ! and the Amide II region
near ~1540 cm ™, which were more evident in the untreated residues,
decreased in intensity after the pigment-removal treatment. This
attenuation was especially clear in DS and was consistent with the
reduction in protein content shown in Table 1. Rather than indicating
complete protein removal, these changes suggest a reduced contribution
of proteinaceous components in the treated residues, likely due to par-
tial oxidation, solubilization, or removal during washing. Similar effects
have been reported for peroxide-based treatments applied to

Fig. 2. Macroscopic and microscopic characterization of untreated and pigment-removed residues. Representative images show the visual appearance, bright-field
microscopy, and fluorescence microscopy of each sample. Scale bars correspond to 2 mm for macroscopic images and 100 pm for microscopy images.
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lignocellulosic and protein-containing matrices (Davies, 2016; Dutra
et al., 2018).

The attenuation of amide-related bands was accompanied by
changes in the fingerprint region, where signals associated with non-
cellulosic polysaccharides became less prominent. Bands around
~1410 em ™}, associated with C-OH bending and symmetric stretching
of carboxylate groups, and ~1220 cm™, assigned to S=O stretching of
sulfated polysaccharides, decreased after pigment removal
(Blanco-Pascual et al., 2014; Bojorges et al., 2022). This decrease is
consistent with the partial removal of uronate and sulfate-containing
polysaccharides, including alginate, fucoidan, and ulvan-related frac-
tions. In contrast, the band near ~1034 cm™!, attributed to C-O-C
stretching vibrations of glycosidic linkages, remained present in all
samples, indicating that the main polysaccharide backbone of the re-
sidual matrix was not extensively disrupted (Salem & Ismail, 2022). The
reduction of the C-O-S vibration around ~850 cm™ in S. latissima and
U. lactuca further supported the lower contribution of sulfated groups
after treatment (Yaich et al., 2017).

The magnitude of these spectral changes was strongly residue-
dependent, indicating that pigment removal reshaped each residual
matrix according to its initial polymer composition rather than acting as
a uniform purification step. The most evident modification occurred in
S. latissima, whose treated residue showed a clearer separation of
polysaccharide-related bands after pigment removal. This behavior was
consistent with the strong reduction in protein and uronic acid content
observed for DS in Table 1. By contrast, F. lumbricalis and U. lactuca
retained broader spectral profiles, consistent with a more heterogeneous
contribution of residual furcellaran and ulvan related fractions. These
spectral features point to residue-specific matrix modification, primarily
involving proteinaceous and non-cellulosic polysaccharide fractions,
with no distinct ATR-FTIR signature of aldehyde accumulation.

3.3. Visual appearance and morphological characterization

Optical microscopy was used to evaluate how pigment-removal
treatment affected the visual appearance and microscopic organization
of seaweed residues. Representative images are shown in Fig. 2, together
with the macroscopic appearance of the untreated and pigment-
removed samples.

The macroscopic images showed a clear change in residue color after
pigment-removal treatment, although the extent of this change differed
among species. This trend was supported by the color coordinates and
whiteness index (WI) reported in Table 2. Untreated residues showed
low L* and WI values, particularly FR, which presented the lowest L*
and WI values (10.0 + 1.3 and 10.0 + 1.2, respectively), reflecting the
intense coloration of the original biorefinery side streams. After treat-
ment, L* and WI increased in all cases, with the highest values observed
for DU, followed by DS and DF.

Among the treated residues, DU displayed the greatest whitening
effect, reaching the highest L* and WI values. DS also showed a sub-
stantial increase in lightness and whiteness, although its final color

Table 2
Color coordinates and whiteness index (WI) of untreated and pigment-removed
seaweed residues.

Color properties

Sample L* Cc* h° wI

FR 10.0 + 1.3° 2.9 +0.8° 62.7 + 1.5% 10.0 + 1.2°
SR 30.7 + 1.5° 13.1 + 1.4° 74.8 +1.9° 29.4 + 0.9
UR 17.1 + 1.4° 12,5+ 0.8° 118.0 + 0.5¢ 16.2 +1.3°
DF 48.1 +1.3¢ 24.0 +1.4¢ 77.6 + 1.5° 42.8 +1.4¢
DS 70.9 + 1.1° 17.7 + 0.7¢ 89.6 + 2.2° 67.1 + 1.1°
DU 90.5 + 1.4 17.5 + 0.5¢ 88.9 + 0.5° 80.0 + 0.6

Values are expressed as means + SD (n = 3). Different letters within the same
column indicate significant differences (p < 0.05).
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remained less bright than DU's. In contrast, DF retained a more
yellowish appearance, with lower WI and higher chroma than the other
pigment-removed residues. This response suggests lower pigment-
removal efficiency in F. lumbricalis, possibly due to a stronger associa-
tion of colored compounds with residual polysaccharide-protein struc-
tures. Polyphenolic compounds in algae may interact with cell-wall
polysaccharides and proteins through non-covalent and, in some cases,
covalent associations, thereby reducing their extractability or oxidative
susceptibility (Besednova et al., 2020). In this context, the compara-
tively high residual protein content of DF after treatment (Table 1),
together with its broader FTIR profile, is consistent with the persistence
of protein-associated colored fractions.

Optical microscopy revealed marked differences in the organization
of the untreated residues. FR and SR displayed larger and more defined
cell-wall fragments, whereas UR showed thinner and more dispersed
structures. These differences are consistent with the taxonomic origin of
the residues and with the distinct polymeric architectures described in
the compositional analysis. After pigment-removal treatment, the main
cell-wall outlines remained visible in most samples, indicating that the
treatment did not fully disrupt the residual morphology at the micro-
scopic scale. Nevertheless, the extent of structural preservation was
residue dependent.

The most evident morphological change occurred in SR after treat-
ment. DS showed less compact cellular aggregates, with individual cell
wall fragments appearing more widely separated than in the untreated
residue. This separation is consistent with the compositional decrease in
protein and uronic acid content (Table 1) and with the attenuation of
protein- and sulfate-associated FTIR bands. Proteins and glycoproteins
can contribute to cell-wall cohesion by mediating interactions between
cellulose and matrix polysaccharides through hydrogen bonding, elec-
trostatic  interactions, and other non-covalent associations
(Fuertes-Rabanal et al., 2025; Gordalina et al., 2021). Their partial
removal could therefore contribute to weaker intercellular adhesion and
greater separation of cell-wall fragments (Kloareg et al., 2021; O'Brien
et al., 2022).

In the case of S. latissima, the concurrent reduction of alginate-
associated components may have further reduced the continuity of the
non-cellulosic matrix. Alginate plays an important structural role in
brown algal cell walls, where it can interact with cellulose microfibrils
and divalent cations, particularly Ca®", contributing to matrix organi-
zation and mechanical stability (Bojorges et al., 2022; Terauchi et al.,
2016). The partial removal of alginate-rich domains during
pigment-removal treatment would therefore be expected to reduce the
continuity of the non-cellulosic matrix. Polyphenolic compounds,
including phlorotannins in brown algae, may also participate in extra-
cellular matrix stabilization through interactions with proteins and
polysaccharides (Gomez & Huovinen, 2020; Imbs & Zvyagintseva,
2018). The microscopy results, therefore, support the compositional
and FTIR evidence that pigment removal modified not only the color of
the residues but also the organization of matrix components involved in
cell-wall cohesion.

3.4. Thermal stability of untreated and pigment-removed residues

The thermal stability of the untreated and pigment-removed residues
was evaluated by thermogravimetric analysis (TGA). The corresponding
derivative thermogravimetric (DTG) curves, shown in Fig. 3, revealed
residue-dependent degradation patterns that reflected differences in the
compositions of the residual matrices and their prior extraction his-
tories. The pigment-removal treatment modified these profiles, although
the direction and extent of the changes depended on the initial residue
composition.

The untreated residues of S. latissima and U. lactuca showed broad
degradation profiles, consistent with their multicomponent composi-
tion. In SR, an initial shoulder between 130 and 150 °C was observed,
which may be associated with the release of retained moisture and the
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Fig. 3. Derived thermogravimetric curves (DTG) of untreated and pigment-
removed residues.

degradation of low-molecular-weight compounds (Ross et al., 2009).
Both SR and UR displayed overlapping degradation events, with a first
contribution around 250 °C and a second one near 280 °C. These events
can be associated with the overlapping thermal decomposition of
non-cellulosic polysaccharides, such as alginate-rich fractions in
S. latissima and ulvan-related domains in U. lactuca, as well as the
contribution of cellulose-rich fractions at higher temperatures
(Martinez-Sanz et al., 2020).

A distinct thermal response was observed for FR, which showed a
shoulder around 280 °C, followed by a main degradation event near
300 °C. This behavior is consistent with the presence of residual
furcellaran-like galactans associated with the cellulose-rich fraction.
Sulfated galactans can form networks stabilized by hydrogen bonding
and cation-mediated interactions, which may contribute to a denser
matrix and delay thermal degradation (Eha et al., 2017; Petcharat et al.,
2025). In UR, a minor high-temperature event was also detected, likely
associated with inorganic salts or carbonized residues left over from
earlier degradation steps, in agreement with the high ash content of this
residue (Alboofetileh et al., 2025).

After pigment-removal treatment, the main degradation events of DF
and DU shifted toward approximately 300 °C, indicating changes in the
thermal response of these residues. This shift may be related to the
partial retention of furcellaran and ulvan-related polysaccharides within
the remaining residual matrix. Although the specific interactions cannot
be resolved from TGA alone, previous solid-state NMR studies have
shown that matrix polysaccharides can interact with cellulose surfaces
and influence local molecular mobility (Wang et al., 2020; Wang &
Hong, 2016). Such associations could reduce the thermal accessibility
of cellulose-rich domains, contributing to the slightly higher apparent
degradation temperature observed for DF and DU.

The behavior of DS differed from that of DF and DU. Despite showing
the highest cellulose content after treatment (Table 1), DS exhibited a
lower main degradation temperature, around 280 °C. This result is
consistent with the extensive removal of alginate- and fucoidan-
associated components during pigment-removal treatment, which may
have left a more exposed cellulose-rich structure. The reduction of sur-
rounding matrix polysaccharides could increase the accessibility of
cellulose-rich domains to thermal degradation. This behavior reinforces
the interpretation that thermal stability was governed by the organiza-
tion of the residual matrix rather than by cellulose content alone.
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3.5. Structural and physicochemical characterization of the films

After characterizing the untreated and pigment-removed residues,
their ability to form continuous films was evaluated by extrusion fol-
lowed by hot pressing. This processing approach was selected to assess
the intrinsic film-forming capacity of each residue without further pu-
rification or incorporation of external film-forming polymers. The
resulting materials were then analyzed to determine how the initial
residue composition and the changes induced by pigment-removal
treatment influenced their structural organization and functional
properties.

3.5.1. Optical properties and microstructure of the films

Fig. 4a shows the visual appearance of the films obtained from un-
treated and pigment-removed residues. Most formulations produced
self-supporting films, although all samples exhibited an opaque, colored
appearance after thermomechanical processing. This coloration was
evident even in films prepared from pigment-removed residues, sug-
gesting that optical appearance was not only determined by the initial
pigment content of the residues. Processing temperatures during
extrusion and hot pressing may have favored thermally induced re-
actions involving residual proteins, carbohydrates, and oxidizable
phenolic compounds, contributing to brownish or reddish tones in the
final films. Similar color development has been reported in thermally
processed biopolymeric systems, where Maillard-type reactions or non-
enzymatic oxidation products can be generated during heating (Freitas
et al., 2024; Plaza et al., 2010).

A relevant difference was observed for the pigment-removed
S. latissima residue, which did not form a cohesive film under the pro-
cessing conditions used. This behavior is consistent with the composi-
tional changes described above, particularly the marked reduction in
proteins and uronic-acid-rich polysaccharides after pigment-removal
treatment. In brown algal residues, alginate-rich fractions and residual
proteins can contribute to matrix continuity through polysaccharide-
polysaccharide and protein-polysaccharide interactions (Bojorges,
Lopez-Rubio et al., 2025; Pereira et al., 2021). Their partial removal
may therefore reduce the number of cohesive domains available to bind
cellulose-rich structures during thermomechanical processing. Although
DS showed the highest cellulose content among the pigment-removed
residues, this enrichment was not sufficient to preserve film forma-
tion, suggesting that processability in these residue-based matrices
depended on more than cellulose content alone (Klonos et al., 2022).

In contrast, residues from F. lumbricalis and U. lactuca formed
continuous films both before and after pigment-removal treatment. This
behavior suggests that these residues retained enough non-cellulosic
polysaccharides and protein-associated fractions to maintain matrix
continuity during processing. In DF and DU, these remaining compo-
nents may have provided interfacial cohesion between cellulose-rich
domains and the surrounding amorphous matrix, allowing film forma-
tion despite the compositional losses induced by pigment-removal
treatment.

Consistent with their visual opacity, the internal transmittance
spectra shown in Fig. 4b revealed limited light transmission across most
of the visible region. FR-Film, SR-Film, and UR-Film showed very low Ti
values across the blue-green region, generally remaining close to or
below 2% up to 660 nm. The pigment-removal treatment increased in-
ternal transmittance mainly in DF-Film and DU-Film, particularly to-
ward the red region of the spectrum. At 600 nm, Ti increased from
0.43% in FR-Film to 7.54% in DF-Film and from 1.25% in UR-Film to
14.70% in DU-Film. Film transparency is strongly influenced by the
internal organization of the matrix, since heterogeneous structures
promote light scattering and reduce light transmission (Pérez-Bassart
et al.,, 2023). In the present films, the combination of residual pig-
ments, thermally generated colored compounds, and microstructural
heterogeneity likely contributed to the pronounced opacity. From a
packaging-oriented perspective, this low transmittance may be
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Fig. 4. (a) Visual appearance and (b) spectral distribution of their internal transmittance and (Ti) of films produced from untreated and pigment-removed residues.

beneficial for materials intended to reduce light exposure, particularly
for products susceptible to photoinduced oxidation.

The persistence of absorption at lower wavelengths may be related to
residual colored species or to compounds formed during thermo-
mechanical processing. Polyphenols, quinone-type oxidation products,
and melanoidin-like structures are known to absorb in the visible region
and contribute to brownish coloration in biopolymer matrices (Singh
et al.,, 2022; Xiao et al., 2020). Antioxidant-related properties were
evaluated in both residues and films to assess the presence of phenolic or
radical-scavenging compounds before and after pigment-removal
treatment and thermomechanical processing (Supplementary Material,
Tables S1 and S2). Pigment removal markedly reduced the
antioxidant-related properties of the residues (Table S1). However,
measurable Folin-Ciocalteu and ABTS responses were still detected in
several films (Table S2), including those prepared from
pigment-removed residues. Because thermomechanical processing may
promote the formation and/or increase the extractability of reducing
compounds that also react in these assays (Amarowicz, 2009; Pastoriza
& Rufian-Henares, 2014), these responses should not be interpreted as
direct evidence of retained native polyphenols or as proof of antioxidant
active-packaging functionality. Therefore, the residual coloration
observed in the films cannot be attributed solely to native phenolic
compounds but is also consistent with the formation of thermally

generated chromophores during processing. Such compounds may
develop conjugated structures that give rise to yellow, brown, or reddish
hues (Bruhns et al., 2019; Starowicz & Zielinski, 2019). These obser-
vations indicate that the optical response of the films was governed not
only by the initial pigment content of the residues but also by
processing-induced chemical changes and matrix heterogeneity.

To further relate the films' optical response to their internal organi-
zation, SEM cross-sectional images were analyzed (Fig. 5). Film micro-
structure varied according to the residual matrix used for processing,
reflecting both macroalgal origin and prior extraction history. Differ-
ences among films prepared from untreated residues were more evident
than the morphological changes induced by the pigment-removal
treatment, suggesting that the initial matrix composition played a
dominant role at the SEM observation scale.

Films derived from F. lumbricalis residues showed comparatively
compact and homogeneous cross-sections. This morphology is consis-
tent with the combined presence of residual proteins and furcellaran-
related polysaccharide fractions in FR and DF (Table 1), which may
favor interactions with polysaccharide fractions and contribute to ma-
trix cohesion. Protein-polysaccharide interactions, including hydrogen
bonding and electrostatic associations, are known to support continuous
structures in biopolymer films (Calva-Estrada et al., 2019; Karakus,
2025). In this case, the denser appearance of FR- and DF-based films

Fig. 5. SEM cross-sectional images of films produced from untreated and pigment-removed residues.
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suggests good embedding of cellulose-associated domains within a
cohesive residual polymer matrix.

Films prepared from U. lactuca residues showed a more irregular
cross-sectional morphology, with visible discontinuities and microvoids.
This behavior may be related to the lower protein content of UR and DU
(Table 1), as well as to higher contribution of ulvan-related poly-
saccharides and mineral components. A reduced fraction of interfacial
proteinaceous material may limit the cohesion between polysaccharide-
rich and fibrous domains, favoring a less compact structure. Similar
effects have been described in biopolymer composites where insufficient
interfacial adhesion promotes structural defects and weakens matrix
continuity (Aaliya et al., 2021; Khan et al., 2025). The SR-Film showed
an intermediate morphology, with a relatively continuous cross-section
but greater surface irregularity than the F. lumbricalis films, consistent
with a matrix that retained film-forming ability but displayed lower
structural compactness.

The effect of pigment-removal treatment on film morphology was
less evident than its effect on residue composition. In DF- and DU-Films,
cellulose-rich domains appeared embedded within the surrounding
matrix, without forming clearly separated fibrous regions at the scale
analyzed. The absence of major morphological rearrangements suggests
that extrusion and hot pressing promoted partial integration of the re-
sidual components, even when the pigment-removal treatment had
altered the composition of the starting residues. The preservation of a
continuous microstructure in DF- and DU-Films contrasts with the
behavior of DS, where the stronger loss of protein- and uronic-acid-rich
fractions was associated with the absence of a self-supporting film under
the same processing conditions.

3.5.2. Structural characterization of the films

FTIR spectroscopy was used to evaluate the effects of thermo-
mechanical processing on the molecular features of the residue-based
films. Fig. 6 shows the spectra of the residues (dashed lines) and their
corresponding films (solid lines), allowing direct comparison. The main
bands associated with macroalgal polysaccharides and residual proteins
remained evident after film formation. However, changes in band in-
tensity and definition were observed, consistent with residue-dependent
rearrangements in intermolecular organization after extrusion, hot
pressing, and glycerol plasticization.

All films exhibited a broad absorption band around 3300 cm™},
associated with O-H stretching vibrations. Compared with the raw
residues, this band tended to become more intense and defined in the
films, indicating alterations in the hydrogen-bonding environment

Fig. 6. FTIR spectra of residues, represented by dashed lines, and their corre-
sponding films, represented by solid lines, obtained from untreated and
pigment-removed seaweed residues.
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during thermomechanical processing. The Amide I (~1624 cm™!) and
Amide II (1540 cm™!) bands, attributable to protein backbone vibrations
(Bojorges, Martinez-Sanz, et al., 2025), consistently appeared with
lower intensity in the films, suggesting partial denaturation or reorga-
nization of residual proteins under the applied processing conditions.

Changes associated with sulfated polysaccharides were also
observed. The characteristic sulfate ester band at ~1240 cm™?, previ-
ously assigned to sulfated polysaccharides in macroalgal matrices was
detected in the FR-Film and UR-Film spectra, consistent with the pres-
ence of residual furcellaran and ulvan, respectively (Bojorges et al.,
2022). Its lower intensity relative to the corresponding residues sug-
gests a reduced contribution or a rearrangement of sulfated domains
during processing. The decrease in the C-O-S vibration at ~850 cm™!
supported this interpretation, particularly in the U. lactuca based sam-
ples (Chi et al., 2020).

The glycosidic region showed changes common to most films. The
band near ~1030 cm™?, attributed to C-O-C stretching vibrations
within polysaccharide backbones, became more defined after film for-
mation (Freitas et al., 2022). A band around ~930 cm‘l, associated with
B-glycosidic linkages, also became sharper in several films (Valério Filho
et al., 2023). These spectral changes suggest that thermomechanical
processing modified the local organization of polysaccharide chains,
without eliminating the main glycosidic features of the residual
matrices.

Among the residue-film pairs, the untreated S. latissima showed the
clearest spectral modification after film formation. Compared with SR,
the SR-Film spectrum displayed a sharper O-H stretching region be-
tween 3600 and 3000 cm™!, suggesting changes in the hydrogen-
bonding environment during processing and drying. The Amide I and
II bands were attenuated, consistent with a lower spectroscopic contri-
bution of proteinaceous components after thermomechanical process-
ing. The sulfate-associated band around ~1240 cm™! also decreased in
intensity, indicating a reduced contribution of sulfated groups, possibly
due to rearrangement or partial loss of these domains during processing.
In contrast, bands associated with glycosidic linkages, particularly those
near ~1030 and ~930 cm™!, became more prominent and better
resolved. These changes suggest that extrusion and hot pressing pro-
moted a redistribution of the remaining polysaccharide and proteina-
ceous components in the SR matrix. The changes observed in
F. lumbricalis and U. lactuca films were more moderate, consistent with
the broader compositional heterogeneity and greater retention of
residue-specific matrix components in these film-forming systems. After
processing, the films retained the main polysaccharide-related bands
observed in the residues, while the changes in band intensity and defi-
nition reflected residue-dependent differences in the processed matrices.

The nanostructural organization of the residues and their corre-
sponding films was further examined by SAXS (Fig. 7). FR and SR
showed a weak peak at approximately 0.14 AL, corresponding to a real-
space distance of ca. 4.5 nm, which has been associated with the center-
to-center spacing between cellulose microfibrils in seaweed-derived
cellulose-containing matrices (Cebridan-Lloret et al., 2023; Vega-Gomez
et al., 2026). In FR, an additional contribution around 0.10 A1 was
observed, suggesting the presence of ordered domains involving
non-cellulosic polysaccharides. UR showed a broader shoulder rather
than a well-defined cellulose-related peak, consistent with less-resolved
nanoscale organization and the contribution of ulvan-rich and other
non-cellulosic fractions. A similar overlap of cellulose and non-cellulosic
polysaccharide-associated features has been reported for native Ulva cell
walls (Vega-Gomez et al., 2026).

The pigment-removal treatment modified these scattering features in
a residue-dependent manner. In DS, the cellulose-related peak became
sharper, although less intense, which is consistent with the partial
removal of surrounding alginate- and fucoidan-associated fractions. This
more defined SAXS feature contrasted with the inability of DS to form a
continuous film, suggesting that processability depended on additional
matrix-level factors beyond nanoscale ordering. By contrast, the defined
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Fig. 7. SAXS Kratky plots of untreated and pigment-removed residues and their
corresponding films.

features observed in FR and UR became less evident after treatment,
indicating a reduction in the nanoscale contrast or ordering of mixed
polysaccharide domains involving cellulose-associated and residual
furcellaran or ulvan related fractions. In DU, the presence of a broad
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shoulder centered around 0.073 A~!, corresponding to a real-space
distance of ca. 8.6 nm, suggested that some residual nanoscale organi-
zation remained after treatment. These differences indicate that the
nanoscale response to pigment removal depended on the initial residual
matrix architecture, including both macroalgal origin and prior extrac-
tion history.

Film formation introduced additional changes in the SAXS profiles.
In FR-Film and UR-Film, the ordered features detected in the corre-
sponding residues became less defined, suggesting partial disruption or
redistribution of polysaccharide domains during extrusion and hot
pressing. In contrast, SR-Film showed a more intense peak centered
around 0.10 A~1, accompanied by a weaker contribution near 0.15 A™%,
This pattern suggests that thermomechanical processing promoted a
change in the spatial organization of cellulose-associated and residual
alginate-rich domains in the SR matrix. A restructuring effect was also
observed in films obtained from pigment-removed residues, particularly
in DU-Film, where broad shoulders appeared around 0.06 and 0.11 A~™.
Such behavior is consistent with the capacity of semicrystalline poly-
saccharide domains to reorganize during heating-cooling processes. This
interpretation is consistent with the compositional shifts and FTIR
changes described above, which indicate residue-dependent modifica-
tion of proteinaceous and non-cellulosic polysaccharide fractions after
pigment removal.

WAXS analysis provided complementary information on the crys-
talline organization of the residues and films (Fig. 8). The crystallinity
index values calculated from the WAXS profiles are reported as apparent
crystallinity indices (Table 3), considering the heterogeneous composi-
tion of the residual matrices and the possible contribution of non-
cellulosic ordered phases.

FR showed the highest apparent crystallinity among the untreated
residues (25.8%). However, this value may include contributions from
inorganic crystalline salts present in the biomass or introduced during
industrial processing, in agreement with the relatively high ash content
of this residue (Table 1) (Cian et al., 2015). After pigment-removal
treatment, the crystallinity of DF decreased to 7.3%, consistent with
the attenuation of ordered SAXS features. This decrease suggests a lower
contribution of crystalline or semi-ordered domains after treatment,
rather than a selective loss of cellulose organization alone. Film for-
mation reduced the apparent crystallinity of FR-Film to 11.9%, whereas
DF-Film showed a partial increase relative to DF, reaching 16.7%. This
increase may reflect processing-induced rearrangement of residual
polysaccharide-rich domains, together with possible salt redistribution
or recrystallization. Therefore, the apparent crystallinity increase in
DF-Film should not be attributed exclusively to cellulose reorganization.

A different trend was observed for S. latissima. The pigment-removal
treatment increased the crystallinity index from 12.1% in SR to 23.6% in
DS, consistent with the sharper cellulose-related SAXS feature and with
the cellulose enrichment and marked reduction of uronic acid rich
fractions detected compositionally. Similar increases in cellulose crys-
tallinity after selective removal of amorphous components have been
reported for algal and lignocellulosic residues (Cheng et al., 2015; Liu
et al., 2019). However, DS did not form a film under the processing
conditions used, indicating that the increase in crystalline contribution
was not sufficient to maintain matrix continuity. In SR-Film, the crys-
tallinity index increased slightly to 14.4%, suggesting that extrusion and
hot pressing induced only moderate reorganization of the untreated SR
matrix.

For U. lactuca, UR showed an apparent crystallinity of 20.9%, which
decreased markedly to 5.0% after pigment-removal treatment. This drop
was consistent with the SAXS profile, where the broad ordered features
became less defined after treatment, and suggests a reduction in the
ordered contribution of ulvan-associated and cellulose-containing do-
mains. After film formation, UR-Film retained a crystallinity close to
that of the untreated residue (19.4%), whereas DU-Film showed a
marked increase relative to DU, reaching 24.6%. This increase in DU-
Film may be associated with thermal rearrangement and packing of
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Fig. 8. WAXS patterns of untreated and pigment-removed residues and their
corresponding films.

residual polysaccharide-rich domains during extrusion and hot pressing.
However, contributions from inorganic salts cannot be ruled out, given
the high ash content of U. lactuca residues (Table 1).

The position and relative intensity of WAXS reflections further

12

Food Hydrocolloids 184 (2027) 113247

Table 3
Crystallinity index (Xc) values of untreated and pigment-removed seaweed
residues and their corresponding films.

Treatment Sample Xc (%)

Residue

Untreated FR 25.8
SR 12.1
UR 20.9

Pigment-removed DF 7.3
DS 23.6
DU 5.0

Film

Untreated FR-Film 11.9
SR-Film 14.4
UR-Film 19.4

Pigment-removed DF-Film 16.7
DU-Film 24.6

supported the residue-dependent organization of cellulose and associ-
ated polysaccharides. In SR and DS, diffraction features near 22° were
consistent with the (200) reflection of cellulose I, accompanied by
weaker contributions around 15° and 16.4° assigned to the (1-10) and
(110) planes, respectively (French, 2014; Martinez-Sanz et al., 2020).
These positions fall within the range reported for plant and marine
cellulose microfibrils (Nurhayati et al., 2025). The sharper contribution
observed in DS was consistent with the lower contribution of the sur-
rounding non-cellulosic matrix fractions after the pigment-removal
treatment, as reflected in the increase in apparent crystallinity.

In SR-Film, the same reflection was retained but became broader and
less intense, suggesting that extrusion and compression molding altered
the packing or local order of cellulose-rich domains. Similar processing-
induced changes in cellulose diffraction profiles have been reported for
mechanically or thermomechanically treated lignocellulosic materials
(Kantrong et al., 2024; Park et al., 2010). FR and UR showed less
resolved cellulose-I reflections, consistent with more heterogeneous
matrices in which cellulose was embedded within furcellaran or ulvan
containing residual matrices. After film formation, DF-Film showed a
broad, low-intensity contribution near 22°. In contrast, DU-Film did not
display a clearly resolved cellulose-I reflection, indicating that the or-
dered domains in these films cannot be attributed solely to cellulose
crystallinity. This behavior is consistent with the SAXS results, which
showed broad nanoscale features rather than well-defined cellulo-
se-associated ordering in DU-Film.

3.5.3. Thermal properties of the films

The thermal behavior of the films was evaluated using differential
scanning calorimetry (DSC). As shown in Fig. 9, all thermograms
exhibited an initial endothermic event between 40 and 120 °C, mainly
associated with water evaporation/desorption from the hydrophilic re-
gions of the residue-based matrices (Albertos et al., 2019). The tem-
perature and intensity of this transition varied across the films,
reflecting differences in matrix-water interactions.

SR-Film, UR-Film, and DU-Film exhibited endothermic events
mainly between 40 and 100 °C, consistent with the release of less
strongly retained water. In SR-Film, this transition appeared sharper and
more intense, suggesting a more defined water-associated thermal event
within the matrix. In UR-Film and DU-Film, the broader transitions were
consistent with a more heterogeneous distribution of water-binding
sites, likely related to the presence of ulvan-related polysaccharides,
minerals, and other hydrophilic residual components.

By contrast, FR-Film and DF-Film showed broader endothermic sig-
nals shifted toward higher temperatures, mainly between 90 and 120 °C.
This behavior suggests a larger contribution of more strongly retained
water, which may be associated with the comparatively compact
morphology observed by SEM and with the protein-polysaccharide-rich
composition of F. lumbricalis residues. The higher protein content of
these films could contribute to a more cohesive matrix in which water
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Fig. 9. DSC thermograms of films developed from untreated and pigment-
removed residues.

desorption occurs over a higher temperature range.

The pigment-removal treatment produced moderate but
formulation-dependent changes in the low-temperature endothermic
region. In DF-Film and DU-Film, the transition shifted slightly toward
higher temperatures and decreased in intensity. This response may
reflect changes in the availability and distribution of hydrophilic do-
mains after partial removal of soluble polysaccharides, proteins, and
lipids from the starting residues. The effect was not uniform across
residue-based matrices, consistent with the compositional, FTIR, and
morphological differences observed after the pigment-removal treat-
ment. Within the temperature range analyzed, the DSC profiles were
therefore mainly governed by water-associated transitions rather than
by clearly resolved polymer degradation events. These thermal re-
sponses were consistent with the residue-dependent matrix organization
observed by SEM and provide additional evidence of differences in
water-matrix interactions among the films.

3.5.4. Mechanical and barrier properties

The mechanical properties of the films were assessed by tensile
testing, and the results from the stress-strain curves are presented in
Table 4. Because the conditioned films reached formulation-dependent
equilibrium moisture contents, tensile performance was interpreted
considering both moisture-induced plasticization and residual matrix
cohesion, the latter reflecting macroalgal origin, prior extraction his-
tory, and pigment-removal-induced compositional changes.

Among films prepared from untreated residues, FR-Film showed the
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highest elastic modulus and tensile strength, reaching 373.7 MPa and
8.0 MPa, respectively. This behavior is consistent with the compact
cross-sectional morphology observed by SEM and with the high protein
content of F. lumbricalis residues (Table 1). Proteinaceous fractions can
promote intermolecular interactions with polysaccharides through
hydrogen bonding, electrostatic associations, and, in some cases, cova-
lent cross-linking, contributing to the cohesion of biopolymer networks
(Calva-Estrada et al., 2019; Karakus, 2025). In FR-Film, these in-
teractions may have favored the integration of cellulose-rich and
galactan-associated domains into a comparatively rigid matrix. The
relatively low moisture content of FR-Film (22.8 + 0.6%) may also have
contributed to its higher stiffness by limiting water-induced
plasticization.

SR-Film exhibited the lowest modulus and tensile strength, but the
highest elongation at break. This profile suggests a softer and more
deformable matrix, consistent with the presence of residual alginate-
associated fractions in S. latissima. Alginate-rich domains are highly
hydrated and can increase chain mobility within composite hydrogel-
like networks, leading to lower stiffness and higher extensibility
(Aarstad et al., 2017; Bojorges et al., 2022). This interpretation is sup-
ported by the highest measured moisture content in SR-Film
(33.0 £+ 0.3%), indicating a stronger water-plasticized response under
the conditioning conditions used. The fact that SR-Film remained
extensible despite its cellulose content reinforces the idea that me-
chanical behavior was not governed by cellulose enrichment alone, but
by the contribution of the surrounding amorphous matrix.

UR-Film showed intermediate mechanical properties, with moderate
stiffness and elongation. This response is consistent with the ulvan-rich
composition of U. lactuca residues, where sulfated and uronic acid
containing polysaccharides may contribute to both cohesion and flexi-
bility through hydrogen bonding and ionic interactions. Its intermediate
moisture content (25.9 + 0.0%) was consistent with a matrix less water-
plasticized than SR-Film but more hydrophilic than FR-Film. The more
heterogeneous morphology observed by SEM likely limited the devel-
opment of the higher strength observed in FR-Film.

The pigment-removal treatment reduced the mechanical perfor-
mance of the films that could be formed from treated residues. In DF-
Film, both modulus and tensile strength decreased relative to FR-Film,
despite the higher apparent crystallinity observed after film formation
(Table 3). This decrease is consistent with the partial removal of proteins
and non-cellulosic matrix components during pigment removal
(Table 1), which likely reduced the number of cohesive interactions
available during processing. The similar moisture contents of FR-Film
and DF-Film (22.8 + 0.6% and 21.7 + 1.2%, respectively) indicate
that the decrease in mechanical performance after treatment was not
primarily due to increased moisture-induced plasticization, but rather to
changes in matrix composition and cohesion.

A similar trend was observed for DU-Film, which showed lower
stiffness and strength than UR-Film. In this case, the reduction in me-
chanical performance may be related to the partial loss of ulvan-
associated domains and minor hydrophobic fractions, together with

Table 4

Moisture content, thickness, tensile properties, water vapor permeability, and water uptake of films prepared from untreated and pigment-removed seaweed residues.
Properties FR-Film SR-Film UR-Film DF-Film DU-Film
Moisture (%) 22.8 + 0.6% 33.0 +0.3¢ 25.9 + 0.0° 21.7 +£1.2°2 28.1 &+ 0.9¢
Thickness (mm) 0.14 + 0.0° 0.14 + 0.0* 0.15 + 0.0° 0.14 + 0.0° 0.20 + 0.0°
Tensile properties
E (MPa) 373.7 + 24.1¢ 32.4 +£9.9° 131.1 + 24.7¢ 150.5 + 19.7¢ 69.2 + 10.7°
TS (MPa) 8.0+ 0.5¢ 2.7 £0.1° 4.2 40.3° 3.6 +0.2° 2.5+ 0.2°
en(%) 6.6 +0.2° 11.7 + 3.6 9.6 + 2.5% 6.6 + 0.8° 6.4 +0.1°
Water vapor permeability
WVP 10713 (Kgm-Pa 's ' m~2) 2.4 +0.1% 7.2 £0.1° 8.5 + 0.5¢ 4.9 +0.2° 9.6 +0.1°
Water uptake (%) 12.1 +1.2%° 16.6 + 1.1> 19.8 + 0.9¢ 11.0 + 1.3° 25.1 +1.2¢

Values are expressed as means + SD (n > 3, except tensile properties where n > 6). Different letters within the same row indicate significant differences (p < 0.05). E,
elastic modulus; TS, tensile strength; eb, elongation at break; WVP, water vapor permeability.
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the more discontinuous morphology observed in the cross-section.
Although DU-Film showed the highest thickness and a higher moisture
content than UR-Film (28.1 + 0.9% and 25.9 + 0.0%, respectively), its
lower elongation suggests that water uptake alone did not determine
deformability; instead, the loss of cohesive matrix components and the
formation of a less continuous structure likely constrained mechanical
performance.

These results show that higher apparent crystallinity did not neces-
sarily translate into improved mechanical performance. Instead, the
tensile response of the films was strongly influenced by equilibrium
moisture content together with the ability of each residual matrix to
maintain cohesive protein-polysaccharide and non-cellulosic domains
during thermomechanical processing. The measured tensile values are
within the range reported for several cellulose-based and residue-
derived biopolymer films, indicating that selected seaweed residue-
based films can provide packaging-relevant mechanical integrity
without requiring purified film-forming polymers (Freitas et al., 2022;
Sirvio et al., 2023).

Water vapor permeability (WVP) was strongly influenced by the film
composition and microstructure (Table 4). Since film thickness was
incorporated into the WVP calculation, the permeability differences are
more appropriately interpreted in relation to matrix continuity, hydro-
philicity, and microstructural organization. FR-Film showed the lowest
WVP value 2.4 + 0.1 x 107'% kg m-m 25 1.Pa"!, consistent with its
compact cross-section and higher protein content. The presence of
proteinaceous and galactan-rich fractions may have contributed to
matrix cohesion, reducing the number of preferential pathways for
water vapor diffusion. In contrast, SR-Film and UR-Film exhibited
higher WVP values, 7.2 + 0.1 and 8.5 £ 0.5 x 10 > kgm-m 25 1.pa~},
respectively, consistent with their more hydrophilic, polysaccharide-
rich composition and less compact morphology.

The pigment-removal treatment did not improve the water-vapor
barrier of the treated films. Both DF-Film and DU-Film showed higher
WVP values than their untreated counterparts, despite the increase in
apparent crystallinity observed after film formation (Table 3). This
behavior indicates that crystalline contribution alone did not govern
water vapor transport. In DF-Film, the increase in WVP from 2.4 + 0.1 to
49 + 0.2 x 1073 kg m-m 25 1.Pa 'may be related to the partial
removal of proteinaceous and non-cellulosic components that contrib-
uted to matrix cohesion in FR-Film. In DU-Film, the higher permeability
(9.6 £ 0.1 x 10718 kg m-m~2s1-Pa~!) was consistent with the loss of
minor hydrophobic fractions, the high mineral content of the residue,
and the more discontinuous morphology observed by SEM. These factors
likely increased the number of preferential pathways for water diffusion,
offsetting any barrier improvement expected from higher crystalline
order. Similar behavior has been reported for cellulose-based films,
where increased purification or removal of amorphous components did
not necessarily improve barrier performance when cohesive matrix
domains were also lost (Martinez-Sanz et al., 2020).

The WVP values obtained here were higher than those reported for
holocellulosic-fraction films prepared from marine biomass and for
cellulose-based films containing residual agar (Benito-Gonzalez et al.,
2018; Martinez-Sanz et al., 2020). This comparison suggests that
water-vapor barrier performance remains a limitation of these unpuri-
fied residue-based films, particularly for applications under
high-humidity conditions. However, differences among species provide
useful insights into how residual matrix composition governs moisture
transport in seaweed-residue-based films.

Water uptake followed a similar matrix-dependent trend (Table 4).
UR-Film showed the highest water uptake among the untreated films,
19.8 + 0.9%, consistent with the hydrophilic nature of ulvan-type
polysaccharides and the high mineral content of U. lactuca residues.
Uronic acid- and sulfate-containing polysaccharides provide multiple
sites for hydrogen bonding and electrostatic interactions with water
molecules, which can favor moisture sorption in hydrated matrices
(Agles & Bourg, 2024; Etale et al., 2023). SR-Film also showed relatively
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high-water uptake (16.6 + 1.1%), in agreement with the contribution of
alginate-associated domains. By contrast, FR-Film exhibited the lowest
water uptake (12.1 + 1.2%), consistent with its more compact
morphology and higher proportion of proteinaceous and lipid fractions.

The effect of pigment removal on water uptake was also residue-
dependent. DU-Film showed the highest water uptake among all films
(25.1 + 1.2%), consistent with the partial lipid removal and disruption
of ulvan-associated domains, which may have increased the exposure of
hydrophilic groups and facilitated water retention. In contrast, DF-Film
maintained a comparatively low water uptake (11.0 + 1.3%), suggesting
that the remaining protein- and galactan-rich matrix still restricted
water accessibility after treatment. This behavior aligns with previous
reports showing that polysaccharide-rich films, particularly those based
on cellulose derivatives or starch, generally exhibit greater moisture
affinity than protein-rich matrices due to the abundance of accessible
hydroxyl groups (Gokkaya Erdem et al., 2021; Wilpiszewska et al.,
2020).

3.5.5. Surface wettability of the films

Water contact angle measurements were used to evaluate the surface
wettability of the films (Fig. 10). The values ranged from approximately
47° to 67°, consistent with the water-affine character expected for
polysaccharide-rich residue-based matrices. However, clear differences
were observed among species and treatments, indicating that surface
wettability was influenced not only by the overall composition of the
films but also by the components exposed at the film-water interface.

FR-Film and SR-Film showed the highest contact angles, indicating
comparatively lower wettability. In FR-Film, this behavior may be
associated with its higher protein content and compact morphology,
which could reduce the accessibility of surface-bound highly hydro-
philic polysaccharide domains. In SR-Film, the relatively high contact
angle suggests that alginate-associated hydrophilic fractions were not
predominantly exposed at the outer film surface, despite their contri-
bution to the bulk water affinity of the matrix. This distinction is rele-
vant because the contact angle reflects the initial surface response to
water, whereas water uptake and WVP depend on both the surface and
the bulk matrix organization.

Films derived from U. lactuca showed lower contact angles, partic-
ularly DU-Film, indicating greater surface wettability. This behavior
aligns with the hydrophilic nature of ulvan-related polysaccharides,
which contain sulfate and uronic acid groups that interact strongly with
water. The high mineral content of U. lactuca residues may also
contribute to water affinity at the surface. Although UR contained a

Fig. 10. Water contact angle values of films obtained from untreated and
pigment-removed residues.
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small lipid fraction, it was insufficient to produce a more hydrophobic
surface, probably because hydrophilic polysaccharide and mineral
associated domains remained dominant at the interface. Similar
behavior has been reported in biopolymer films where surface wetta-
bility depends on the distribution and accessibility of hydrophilic
components rather than on the mere presence of minor hydrophobic
fractions (Galus & Kadzinska, 2016).

The pigment-removal treatment affected surface wettability differ-
ently across species. In F. lumbricalis, the contact angle increased after
treatment, suggesting reduced exposure of highly hydrophilic domains
at the surface of the DF-Film. This change may be associated with the
partial removal of soluble carbohydrate fractions, together with the
persistence of a comparatively cohesive protein-polysaccharide matrix.
In U. lactuca, pigment removal decreased the contact angle, indicating a
more water-affine surface in DU-Film. This response is consistent with
the loss of minor hydrophobic fractions and the increased relative
contribution of hydrophilic ulvan-associated and mineral-rich domains
after treatment. The opposite responses of DF-Film and DU-Film are
consistent with matrix-dependent changes in the surface composition
induced by the pigment-removal treatment.

4. Conclusions

Seaweed biorefinery residues obtained after furcellaran extraction
from Furcellaria lumbricalis, alginate extraction from Saccharina lat-
issima, and protein extraction from Ulva lactuca were evaluated as
complex residue-based film-forming matrices rather than purified
polysaccharide or cellulose-rich fractions. All untreated residues formed
self-supporting films, but their performance was strongly residue-
specific, reflecting differences in macroalgal origin, prior extraction
history, and residual matrix composition. HyO2/UV-assisted pigment
removal improved residue whiteness but produced matrix-dependent
effects on film formation and functionality. The F. lumbricalis residue
retained sufficient protein-polysaccharide connectivity after the
pigment-removal treatment to produce cohesive films with compara-
tively high mechanical strength, low water uptake, low WVP, and
improved optical appearance, identifying this residue as the most
promising matrix among those evaluated for further formulation. In
contrast, pigment-removed S. latissima did not form a continuous film,
despite its numerically higher cellulose content and increased apparent
crystallinity, highlighting that cellulose enrichment or crystalline
contribution alone was insufficient to ensure processability under the
processing conditions used. Films from U. lactuca remained processable
but showed higher water affinity and permeability, consistent with their
ulvan-rich, mineral-containing, and less compact matrix. These results
indicate that the functional value of pigment removal depends on pre-
serving residual polymer connectivity rather than on whitening or pu-
rification alone. These findings establish a structure-function basis for
selecting seaweed biorefinery residues as packaging-oriented film-
forming matrices, providing the groundwork for subsequent formulation
optimization and application-specific validation in food-packaging
systems.
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