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Abstract

Sodium alginate was extracted from beach-cast Sargassum spp. collected along the coast of Puerto
Progreso, Yucatan, Mexico, using two established pretreatment routes based on formaldehyde and
ethanol. The study was designed to determine how extraction methodology influences alginate
molecular structure and, consequently, its rheological performance. The ethanol-based route
provided the highest extraction yield (up to 19.87%), whereas the formaldehyde route afforded
alginate with higher intrinsic viscosity and viscosity-average molecular weight. Structural
characterization by "H NMR revealed clear differences in monomer composition and sequence
distribution, with ethanol-extracted alginate showing higher guluronic acid content, lower M/G ratio,
and greater abundance of G-rich blocks. These structural differences were directly reflected in the
viscoelastic behavior of Ca?-crosslinked hydrogels. Alginate obtained by the ethanol route produced
stiffer gels with the highest storage modulus, consistent with enhanced ionic crosslinking promoted
by G-block-rich sequences, although with limited macroscopic cohesion due to lower molecular
weight. In contrast, alginate obtained by the formaldehyde route showed a more balanced
mechanical response associated with improved chain connectivity and network integrity. FTIR
analysis confirmed the preservation of the characteristic functional groups of alginates in all samples.
Overall, the results demonstrate that beach-cast Sargassum from the Yucatan coast is a viable source
of sodium alginate and that extraction route is a key parameter governing its microstructure and
rheological performance. These findings provide a structure—property framework for the valorization
of stranded Sargassum biomass as a source of functional polysaccharides.

Keywords: sodium alginate; beach-cast Sargassum; extraction route; 'H NMR; rheology

1. Introduction

The massive accumulation of sargassum, particularly species of the Sargassum genus, has
become a major environmental challenge along the coasts of the Caribbean Sea and the Gulf of
Mexico, including the Yucatan Peninsula [1-3]. Since 2014, unprecedented and recurrent influxes of
pelagic Sargassum spp. have been documented in the tropical Atlantic and Caribbean region,
especially along the Mexican Caribbean coast [1-3]. Quantitative field and satellite-based surveys
report beach-cast biomass covering surface areas ranging from approximately 21,000 to over 600,000

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1318.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 April 2026 d0i:10.20944/preprints202604.1318.v1

2 of 22

m? per site, with pelagic species accounting for 78-99% of the total stranded fresh biomass [2,4]. Long-
term monitoring between 2016 and 2020 further indicates that Sargassum fluitans III represents, on
average, more than 60% of the total wet biomass deposited on beaches, with pronounced interannual
and seasonal variability controlling the magnitude of coastal strandings [5]. These massive strandings
disrupt coastal ecosystems and severely affect economic activities such as tourism and fishing [6].
During decomposition, sargassum releases harmful compounds, including hydrogen sulfide (HzS),
ammonia (NHs), arsenic, heavy metals, and volatile organic compounds, which degrade air and
water quality, harm marine biodiversity, and pose public health risks to coastal communities [7-10].
At the same time, the recurrent arrival of large quantities of sargassum provides an abundant and
locally available source of biomass that can be valorized into useful products. Among its major
components, alginate is particularly attractive because of its broad technological relevance and the
possibility of linking biomass management with the production of value-added polysaccharides [11-
17].

Alginate is a natural anionic polysaccharide located in the cell walls of brown algae and is
composed of 3-D-mannuronic acid (M) and a-L-guluronic acid (G) units linked by 3-(1,4) glycosidic
bonds (Figure 1) [18,19]. Mannuronic acid adopts a *Ci chair conformation, while guluronic acid
adopts a 'Cs conformation, both in pyranose form [20,21]. These monomers are distributed along the
polymer chain in homopolymeric (MM, GG) and heteropolymeric (MG) blocks, whose relative
abundance and sequence distribution critically determine the physicochemical properties of alginate
[22-25]. In particular, the gelling properties of alginate are highly sensitive to guluronic acid content,
since consecutive G residues form cooperative binding sites for divalent cations such as Ca?
according to the “egg-box” model [26-28]. As a result, alginate composition and block distribution
strongly influence gel stiffness, elasticity, and stability, which are key parameters for many
technological applications [20,24,25,29]. Importantly, these structural features are not fixed, but
depend on several factors, including algal species, growth conditions, geographic origin, and
processing history [16,21,29].
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Figure 1. General structure of alginates.

Because of this structural tunability, alginate has been widely used as a thickening and
stabilizing agent in food systems, in edible coatings and biodegradable packaging materials, and in
biomedical formulations such as encapsulation matrices, tissue engineering scaffolds, and controlled
drug delivery systems [15,30-36]. In addition, the high density of carboxylate groups along the
polymer backbone enables coordination with metal ions, supporting applications in environmental
remediation and wastewater treatment.[37-40] Alongside monomer composition and sequence
distribution, molecular weight is another key parameter governing alginate performance [41,42].
High-molecular-weight alginates generally exhibit increased viscosity and improved gel strength,
whereas lower-molecular-weight fractions may be advantageous when improved processability or
controlled degradation is required [43-45]. Consequently, reliable determination of molecular
weight, monomer composition, and block distribution is essential for understanding alginate
functionality and for assessing its suitability for specific end uses [20,21,41,45].
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In this context, the extraction route becomes a critical variable, since it can directly influence not
only alginate yield but also the molecular characteristics that govern functional behavior. Although
alternative extraction strategies such as enzyme-assisted or ionic-liquid-based methods are currently
under investigation, established alkaline-acid routes remain the industrial benchmark for alginate
production because of their operational simplicity and scalability [46-49]. However, even within
these conventional approaches, differences in pretreatment and extraction conditions may alter
polymer chain preservation, monomer distribution, and block architecture, thereby affecting the
rheological and gel-forming properties of the recovered alginate [16,21,42,45]. For this reason,
extraction studies should not be limited to yield comparison alone but should address how
processing influences the molecular structure and performance of the resulting polysaccharide.

Despite the severity of sargassum accumulation along the Yucatan Peninsula, most previous
studies have focused on biomass collected from the coast of Quintana Roo, while the chemical
composition and material potential of sargassum reaching Yucatdn remain comparatively
underexplored [50]. This gap is particularly relevant because regional differences in species
composition, environmental exposure, and degradation state may significantly affect extraction
efficiency and alginate properties [16,21,29,46]. Accordingly, the present study examines sodium
alginate extracted from beach-cast Sargassum spp. collected in Progreso, Yucatan, using two
established routes based on formaldehyde and ethanol pretreatments [42,45]. Rather than focusing
exclusively on extraction yield, the work aims to determine how these routes influence alginate
molecular structure and rheological performance. To this end, the extracted alginates were evaluated
through intrinsic viscosity and viscosity-average molecular weight determinations, 'H NMR
compositional analysis, FTIR spectroscopy, and oscillatory rheology of Ca?-crosslinked hydrogels.
Through this approach, the study establishes a direct relationship between extraction methodology,
alginate microstructure, and viscoelastic behavior, providing a structure-property framework for the
valorization of beach-cast Sargassum as a source of functional polysaccharides.

2. Materials and Methods

2.1. Materials

All chemical reagents were purchased from Sigma-Aldrich, including the commercial sodium
alginate used as reference material. Sargassum spp. biomass was collected from recently stranded
seaweed on the Progreso, Yucatan, México (coordinates 21.283550, -89.677949), in October 2023.
Because the biomass corresponded to beach-cast material with heterogeneous composition, it is
referred to throughout as Sargassum spp. Prior to extraction, the biomass was washed repeatedly with
tap water (ten cycles) to remove sand, plastics, and other debris. The material was subsequently
rinsed with distilled water and dried at 60 °C until constant weight. The dried biomass was ground
and stored at room temperature in sealed plastic bags until further use.

2.2. Sodium Alginate Extraction via Formaldehyde

Sodium alginate was extracted following the procedure reported by Fertah et al.,[42] with minor
modifications. Briefly, 1 g of dried Sargassum biomass was treated with 60 mL of 2% formaldehyde
solution for 30 min. The sample was then washed with distilled water (2 x 60 mL) and filtered. An
acid pretreatment was performed by immersing the solid in 60 mL of a 0.2 M hydrochloric acid
solution under variable time conditions (1 and 2 h), followed by filtration and washing with distilled
water. Alkaline extraction was performed by placing the treated biomass in 60 mL of 2% sodium
carbonate solution under variable time (1, 2, and 3 h) and temperature (70 and 50 °C) conditions. The
resulting solution was filtered to remove residual biomass. Finally, 180 mL of 96% ethanol was added
to the sample in a 1:3 (v/v) ratio, maintaining a temperature of 5 °C, promoting the precipitation of
sodium alginate as fibrous material. The precipitated alginate fibers were separated, and the
recovered supernatant was discarded. The alginate fibers were then washed with ethanol (20 mL)
and acetone (20 mL) to remove residual impurities and finally dried in an oven at 80 °C until constant
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weight was achieved. Extraction yield (%) was calculated as the mass of dried sodium alginate
recovered relative to the initial dry biomass mass. All extraction experiments were performed in
triplicate.

2.3. Sodium Alginate Extraction via Ethanol

Sodium alginate extraction using ethanol was carried out following the methodology described
by Lorbeer et al.[45], with slight modifications. Dried Sargassum biomass (1 g) was treated with 60
mL of 96% ethanol under magnetic stirring (400 rpm) for 3 h. The sample was then washed with
distilled water, filtered, and dried at 80 °C for 12 h. Next, an acid pretreatment was performed by
immersing the biomass in 60 mL of 0.2 M hydrochloric acid solution at 50 °C under variable time
conditions (1.5, 2.0, 2.5, and 3.0 h). The solid was subsequently filtered and washed with distilled
water. Alkaline extraction was carried out by treating the residual biomass with 60 mL of 2% sodium
carbonate solution at 45 °C under variable time conditions (1, 2, or 3 h). After filtration to remove
insoluble residues, the solution volume was adjusted to 100 mL with distilled water, and sodium
alginate was precipitated by adding 300 mL of 96% ethanol (1:3 (v/v) ratio). The precipitate was
washed with ethanol (20 mL) and acetone (20 mL) and dried at 80 °C until constant weight.
Representative photographs documenting the precipitation and recovery of sodium alginate are
provided in the Supplementary Information (Figure S18). Extraction yield (%) was calculated as the
mass of dried sodium alginate recovered relative to the initial dry biomass mass. All extraction
experiments were performed in triplicate.

2.4. Solution Preparation and Rheological Measurements

Sodium alginate solutions were prepared at concentrations ranging from 0.1 to 0.7% (w/v) in 0.1
M NaCl to determine intrinsic viscosity and molecular weight. The NaCl solution was heated to 50
°C, and sodium alginate was gradually added under continuous stirring at 300 rpm for 2 h until
complete dissolution. The solutions were further stirred during cooling to 25 °C and used
immediately after preparation.

Rheological measurements of sodium alginate solutions were conducted at 25 °C using a TA
Discovery HR-3 hybrid rheometer (TA Instruments, USA) equipped with a Peltier temperature
control system. A cone-and-plate geometry (40 mm diameter, 0.5081° cone angle, 17 um gap) was
employed, using approximately 150 pL of sample. Flow measurements were carried out over a shear
rate range of 0.1-1000 s'. All samples exhibited non-Newtonian behavior, characterized by shear-
thinning. Apparent viscosity values were obtained by linear extrapolation of the low-shear-rate
region and were subsequently used to calculate the specific viscosity of dilute alginate solutions for
intrinsic viscosity determination. Measurements were performed in triplicate.

Hydrogels were prepared from sodium alginates extracted via both routes to evaluate their
viscoelastic properties. A 1% (w/v) sodium alginate solution was homogenized by stirring at 300 rpm
and 50 °C for 2 h and then allowed to cool gradually to 25 °C under continuous stirring. Subsequently,
1 mL of alginate solution was transferred to a cylindrical mold and crosslinking was initiated by
adding 1 mL of 0.1 M CaClz solution (1:1 volume ratio). The mixture was allowed to gel at room
temperature for 1 h, after which excess liquid was removed. To further strengthen the gel network, 1
mL of 3 M CaCl: solution was added, and crosslinking proceeded for an additional hour. Residual
liquid was removed, and the hydrogels were immediately subjected to rheological analysis.

Hydrogel rheological measurements were performed using a Kinexus Pro+ rotational rheometer
(Malvern Instruments, UK) equipped with a Peltier temperature control system. A cone-and-plate
geometry (40 mm diameter, 4.0107° cone angle, 0.1473 mm gap) was used at 25 °C. The linear
viscoelastic region (LVR) was determined by strain sweep experiments conducted at a fixed
frequency of 1 Hz. Frequency sweep tests were subsequently carried out within the LVR over a
frequency range of 0.1-10 Hz using the strain value identified in the preceding tests.

2.5. Nuclear Magnetic Resonance (NMR) Spectroscopy Analysis
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H NMR experiments were performed using a JEOL ECA-500 NMR spectrometer, and spectra
were processed using MestReNova software (version 12.0.0, Mestrelab Research). Measurements
were carried out at 500 MHz and 80 °C. For each sample, spectra were recorded at three temperatures:
20 °C (before heating), 80 °C, and 20 °C (after cooling) to assess thermal stability and signal
reproducibility. Only spectra acquired at 80 °C are reported, as they provided optimal signal
resolution for structural characterization. Spectra used for quantitative comparison were acquired
and processed under identical experimental conditions.

Sodium alginate samples were dissolved in D20 at a concentration of 1% (w/v). A presaturation
technique was applied to suppress the residual water signal and improve spectral resolution.
Chemical shift assignments and experimental conditions followed the ASTM F2259-10 (2012)
standard [51]. Peak assignments were as follows: the anomeric proton of guluronic acid (signal A) at
5.07 ppm; H-5 protons of central guluronic acid residues in GGM and MGM triads (signals B1 and
B2) at 4.76 and 4.73 ppm, respectively; anomeric protons of mannuronic acid residues adjacent to
guluronic (signal B3) or mannuronic residues (signal B4) at 4.70 and 4.67 ppm; and the H-5 proton of
guluronic acid (signal C) at 4.46 ppm.

Peak deconvolution and integration were performed in MestReNova to resolve overlapping
signals in the anomeric region, enabling accurate quantification of guluronic and mannuronic acid
fractions, as well as dyad and triad block distributions.

2.6. Fourier Transform Infrared (FTIR) Spectroscopy Analysis

FTIR spectra were recorded using an Agilent Cary 630 infrared spectrophotometer equipped
with an attenuated total reflectance (ATR) accessory. Measurements were conducted at room
temperature (25 °C) over the spectral range of 500-4000 cm-. Spectra were collected directly from
solid samples placed on the ATR crystal.

3. Results and Discussion

3.1. Sodium Alginate Extraction: Study and Yield Analysis

Sodium alginate was successfully extracted from beach-cast Sargassum spp. using
formaldehyde- and ethanol-based routes under the experimental conditions summarized in Tables 1
and 2. In general, the ethanol-based route afforded higher extraction yields, whereas the
formaldehyde-based route was later found to better preserve polymer chain length, indicating that
extraction performance should not be assessed solely in terms of yield. The obtained yields varied
across extraction routes and experimental conditions, indicating the influence of treatment time and
temperature during the acidic and alkaline stages.

For the formaldehyde route, the highest yield was obtained for sample AF-12 (15.60% w/w),
followed by AF-3 (10.91%) and AF-5 (8.41%). In the case of AF-12, extraction was carried out using a
relative short alkaline treatment time (1 h) at 50 °C, indicating that prolonged exposure to alkaline
conditions or higher temperatures does not necessarily enhance alginate recovery. In contrast,
samples such as AF-4 and AF-11 exhibited lower yields (4.40 and 2.39%, respectively), which can be
associated with less favorable combinations of treatment time and temperature during the extraction

stages.
Table 1. Extraction parameters using the formaldehyde route.
0.2 M HCl 2% sodium carbonate (Time, 0.2 M sodium .
Sample (Time, h) h) carbonate Yield (% w/w)*
Y (Temp., °C)
AF-1 2 3 70 6.66+0.27
AF-2 2 2 70 6.06+0.24
AF-3 2 1 70 10.91+0.44
AF-4 1 3 70 4.40+0.18
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AF-5 1 2 70 8.41+0.34

AF-6 1 1 70 5.61+0.22

AF-7 2 3 50 7.27+0.29

AF-8 2 2 50 7.05+0.28

AF-9 2 1 50 6.18+0.25

AF-10 1 3 50 8.89+0.36

AF-11 1 2 50 2.39+0.10

AF-12 1 1 50 15.60+0.62

* All experiments were performed in triplicate, and values are reported as mean + standard
deviation.
Table 2. Extraction parameters using the ethanol route.
0.2 M HCl 0.2 M HC1 2% Sodium carbonate 02 M Sodium .
Sample . . carbonate Yield (% w/w)*
(Time, h) (Temp., °C) (Time, h)
(Temp., °C)

AE-1 3 50 2 45 15.37+0.61
AE-2 25 50 2 45 14.39+0.58
AE-3 2 50 2 45 12.67+0.51
AE-4 1.5 50 2 45 11.19+0.45
AE-5 3 50 3 45 19.87+0.79
AE-6 2.5 50 3 45 16.65+0.67
AE-7 2 50 3 45 11.00+0.44
AE-8 1.5 50 3 45 14.43+0.58
AE-9 3 50 1 45 13.87+0.55
AE-10 2.5 50 1 45 10.53+0.42
AE-11 2 50 1 45 12.26+0.49
AE-12 1.5 50 1 45 6.97+0.28

* All experiments were performed in triplicate, and values are reported as mean * standard

deviation.

The ethanol-based route generally produced higher yields than the formaldehyde method. The
maximum yield was obtained for sample AE-5 (19.87% w/w), corresponding to extended acidic (3 h
at 50 °C) and alkaline (3 h at 45 °C) treatment times. Samples AE-6 (16.65%) and AE-1 (15.37%) also
showed relatively high yields, whereas AE-12 (6.97%) and AE-10 (10.53%) exhibited lower extraction
efficiencies. Because temperature was kept constant in the ethanol route, the observed variations in
yield primarily reflect the influence of treatment duration, particularly during the alkaline extraction
step. This behavior is consistent with reduced polymer degradation during extraction, which favors
the preservation of alginate chains.

The yields obtained in this study are comparable to those reported in the literature for Sargassum
and other brown algae species (Table 3). For example, alginate yields of approximately 16.9% have
been reported for Sargassum vulgare using formaldehyde-based extraction, while higher values have
been achieved for species such as Nizimuddinia zanardini (24.0%) and Macrocystis pyrifera (23.15%)
under more aggressive processing conditions. Importantly, the yields obtained here were achieved
without resorting to extended reaction times or elevated temperatures.

An important aspect of the present work is the use of beach-cast Sargassum biomass as the
feedstock. Despite being classified as residual material, the alginate yields obtained using the ethanol-
based route, particularly for sample AE-5 (19.87% w/w), are comparable to those reported for marine-
harvested species traditionally exploited for alginate production, such as Sargassum natans (23%) and
Durvillaea antarctica (20.8%). Moreover, the yields reported here exceed those reported for species
such as Saccharina latissima (11.2%) and Sargassum turbinaroides (10%).

These results indicate that both extraction routes allow effective recovery of sodium alginate
from stranded Sargassum. The formaldehyde-based method affords moderate to high yields under
relatively mild conditions, whereas the ethanol-based route enables higher recoveries under

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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controlled treatment times while limiting excessive processing. However, the relevance of each route
cannot be judged on yield alone, since extraction methodology also influences the molecular features
that govern the functional behavior of the recovered alginates. Accordingly, the choice of extraction
route should be guided by the intended application and processing constraints rather than by yield

considerations alone.

Table 3. Comparison of extraction techniques and yields reported in the literature.

Macroalgae Species Extraction Conditions Y(lojl)d References
o
Sargassum vulgare 2% formaldehyde (24 h), 0.2 M HC1 (24 h), 2%
(SVHV) Na:COs (5 h at 60-80 °C) 16.90 Torres et al. (2007)[52]
Sargassum vulgare 2% formaldehyde (24 h), 0.2 M HCl (24 h), 2%

(SVLV) NaxCOs (5 h at 60-80 °C) 16.90 | Torres et al. (2007)[52]
Nizimuddinia 2% formaldehyde (24 h), 0.2 M HCl (3 h at 60 24.00 Khajouei et al.
zanardini °C), 3% Na2CO:s (2.5 h at 60 °C) ) (2018)[21]

. . 0.2% formaldehyde (overnight), 0.1 N HCI (30
Macrocystis pyrifera min), 0.5% Na:COs (1 h at 60 °C) 23.15 Gao et al. (2018)[53]
Sargassum natans 23.00
Sargassum vulgare 17.00
Padina gymnospora 2% formaldehyde (overnight), 0.2 M HCl, 2% 16.00 Rhein-Knudsen et al.
Padina antillarum Na2COs (3 h at 99 °C) 22.00 (2017)[15]
Laminaria digitate 29.00
Macrocystis pyrifera 26.00
Waste Sargassum 2% formaldehyde (overnight), 5% Na2COs (15:1 15.00 Mohammed et al.
natans alkali:alga ratio, 2 h at 65 °C) ) (2018)[54]
Durvillaea antarctica 2% formaldehyde (24 h), 0.2 M HCl (3 h at 60 20.80 Caballero et al.
°C), 3% Na2COs (2.5 h at 60 °C) ) (2021)[55]
Ascophyllum nodosum 0.2 M HClI (12 h at RT), 0.1 M NaHCO:s (2 h at 13.80 Bojorgues et al.
Saccharina latissima RT) 11.20 (2022)[49]
Sargassum 2% formaldehyde (24 h at 90 °C), 0.2 M HCI (24
turbinaroides h), 2% Na2COs (3 h at 100 °C) 1000 | Laroche et al. (2009)[56]
. 0 (o)
Cystoseira barbata 0.1 M HCI (2 h at 60 OCC),) 3% Na2COs (2 h at 60 9.90 Sellimi et al. (2015)[57]

3.2. Rheological Studies

Because alginate performance depends not only on extraction yield but also on chain
conformation and molecular size, rheological analysis of dilute solutions and crosslinked hydrogels
was used to evaluate the functional consequences of the extraction route. Intrinsic viscosity and
viscosity-average molecular weight were first determined as indirect descriptors of polymer chain
dimensions in solution, and the resulting alginates were subsequently examined as Ca*-crosslinked
hydrogels to establish how these molecular differences translated into viscoelastic behavior.

3.2.1. Intrinsic Viscosity

Intrinsic viscosity is a key parameter for alginate characterization, as it is directly related to
polymer conformation in solution and governs macroscopic rheological behavior. The use of saline
media for alginate characterization is well established, as ionic strength modulates electrostatic
interactions between carboxylate groups along the polymer backbone. Early studies by Smidsred and
Haug showed that increased ionic strength screens intramolecular electrostatic repulsions, resulting
in more compact chain conformations [58]. Subsequent work by Martinsen et al. confirmed the
influence of the ionic environment on the physicochemical properties of alginate solutions [59]. More
recently, Storz et al. showed that NaCl-containing media improve the reliability of intrinsic viscosity
determinations by suppressing long-range electrostatic interactions [60,61]. Accordingly, a NaCl
concentration of 0.1 M was selected in this work as a compromise between effective charge screening

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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and preservation of polymer structure, enabling direct comparison with previously reported data
[62,63].
Intrinsic viscosity, [n], is defined as the limiting ratio of specific viscosity to polymer
concentration in the dilute-solution limit: [64]
Nsp

[7] = Lim ™2 (1)

c

where 7, is the specific viscosity and ¢ is the polymer concentration.[58] Under dilute solution
conditions, [1)] can be obtained experimentally by extrapolating n% to zero concentration. To

facilitate such extrapolation, the Huggins equation is commonly used:

2 = [n] + ky[nl*c (2)

where ku is the Huggins constant. This linear relationship between 11% and c allows [n] to be

determined as the intercept of a linear least-squares fit (Figure 2).
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Figure 2. Linear fit to determine the intrinsic viscosity of commercial sodium alginate (CSA), AE-5, and AF-12

samples.

Figure 2 shows representative linear fits for commercial sodium alginate (CSA), and for alginates
extracted via the formaldehyde (AF-12) and ethanol (AE-5) routes. The intrinsic viscosity values
determined were 1.93 dL/g for CSA, 2.13 dL/g for AF-12, and 1.33 dL/g for AE-5. All regressions
exhibited coefficients of determination (R?) greater than 0.99, indicating excellent linearity.

The alginate extracted via the formaldehyde route (AF-12) exhibited a higher intrinsic viscosity
(2.13 dL/g) than the commercial reference (1.93 dL/g), consistent with the preservation of longer
polymeric chains during extraction. In contrast, the ethanol-based alginate (AE-5) displayed a lower
intrinsic viscosity (1.33 dL/g), consistent with shorter average chain lengths.

Comparison with literature values provides additional context for the quality of the extracted
alginates (Table 4). Torres et al. [52] reported intrinsic viscosity values of 6.9 and 4.1 dL/g for
Sargassum vulgare, which are higher than those obtained in the present study. Such differences are
commonly attributed to variations in algal species, harvest season, geographic origin, and
environmental growth conditions. The intrinsic viscosity obtained for AF-12 (2.13 dL/g), although
lower than these values, falls within the range reported for other brown algae, such as Sargassum
cristaefolium (4.47 dL/g)[65] and Cystoseira barbata (4.06 dL/g) [66].
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Although the ethanol-based extraction yielded alginates with a lower intrinsic viscosity (1.33
dL/g), this value remains comparable to that of the commercial reference material and lies within a
range relevant for practical and industrial applications. Overall, these results indicate that the
formaldehyde route better preserves chain dimensions in solution, whereas the ethanol route yields
alginates with lower intrinsic viscosity but still within a range compatible with functional use.

3.2.2. Determination of Molecular Weight

The viscosity-average molecular weight (Mv) was estimated using the Mark-Houwink equation,
[n] = kMy (3)

where k and a are empirical constants dependent on the polymer-solvent system.[58] This equation
provides a practical link between intrinsic viscosity and molecular weight, allowing estimation of
polymer size from viscosimetric data.[67]

Following the approach proposed by Clementi et al. [68], intrinsic viscosity was converted into
weight-average molar mass (Mw) via the next expression:

[7] = 0.023M2.98% (4)

Using this method, the viscosity-average molecular weight values of 0.94 x 10° g/mol for CSA,
1.00 x 105 g/mol for AF-12, and 0.62 x 10° g/mol for AE-5 (Table 4).

Table 4. Intrinsic viscosity and average molecular weight of alginates from different biomass sources.

Approx.
. Intrinsic Molecular
Macroalgae Species Viscosity (dL/g) Weight References
(x10° g/mol)
Sargassum vulgare (SVHV) 6.9 3.30 Torres et al. (2007)[52]
Sargassum vulgare(SVLV) 4.1 1.94 Torres et al. (2007)[52]
Nizimuddinia zanardini 3.42 1.03 Khajouei et al. (2018)[21]
Sargassum natans - 5.69
Sargassum vulgare - 5.14
Padina gymnospora - 4.82 Rhein-Knudsen et al. (2017)[15]
Laminaria digitate - 7.56
Macrocystis pyrifera - 7.19
Cystoseira barbata 2.83 2.04 Sellimi et al. (2015)[57]
Sargassum cristaefolium 4.47 2.11 Sugiono et al. (2019)[65]
Cystoseira barbata 4.06 1.26 Trica et al. (2019)[66]
Sargassum vulgare - 1.10 Sari et al. (2016)[69]
Sargassum spp.
(Formaldehyde) 2.13+0.0079* 1.00+0.004*
Sargassum spp. (Ethanol) 1.33+0.012* 0.62+0.006* This study
Commercial sodium 1.93+0.093* 0.9420.044*
alginate

* All experiments were performed in triplicate, and values are reported as mean + standard

deviation.

The My values obtained via the formaldehyde route (1.00 x 10° g/mol) are comparable to that
reported by Khajouei et al.,[21] for Nizimuddinia zanardini (1.03 x 105 g/mol). In contrast, the ethanol-
based route yielded alginates with a lower molecular weight (0.62 x 105 g/mol), which nevertheless
falls within a range comparable to that of the commercial sodium alginate used as reference (0.94 x
105 g/mol). Although these values are lower than those reported for brown algae such as Macrocystis
pyrifera (7.19 x 105 g/mol) or Laminaria digitata (7.56 x 105 g/mol), they are comparable to those reported
by Sari et al.[69], for Sargassum vulgare (1.10 x 10° g/mol).
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Thus, the viscosity-average molecular weight data reinforce the idea that the extraction route
governs not only alginate recovery, but also the chain-length distribution that later influences gel
formation and mechanical response.

3.2.3. Viscoelastic Properties of Hydrogels

To evaluate how route-dependent differences in alginate structure affected gel performance,
oscillatory rheological measurements were performed on hydrogels prepared from AE-5, AF-12, and
CSA. Strain sweep experiments conducted at a fixed frequency of 1 Hz were used to determine the
linear viscoelastic region (LVR), which extended up to 0.1% strain for all samples. Subsequent
frequency sweep tests were carried out within this regime over a frequency range of 0.1-10 Hz. This
analysis provides a direct functional readout of how extraction-induced variations in molecular
weight and block distribution influence the organization and mechanical response of the crosslinked
hydrogels. The corresponding strain sweep profiles are provided in the Supplementary Information
(Figure S1).

As shown in Figure 3, all hydrogel samples exhibited storage moduli (G’) higher than loss
moduli (G”) across the entire frequency range, confirming their gel-like behavior (tan = G”/G <1).
At 1 Hz, the hydrogel derived from AE-5 (HAE) displayed the highest storage modulus (G = 23,650
Pa), followed by the commercial reference (HAS, G’ = 14,480 Pa) and the formaldehyde-derived
hydrogel (HAF, G’ = 13,160 Pa). The corresponding loss moduli followed the same trend (HAE: 3,090
Pa; HAS: 2,394 Pa; HAF: 1,624 Pa). Both G’ and G”" exhibited a weak positive frequency dependence,
characteristic of physically crosslinked polymer networks [70-74].
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Figure 3. Frequency dependence of the storage (G’) and loss (G’’) moduli for hydrogels derived from alginates
extracted via the ethanol route (HAE), formaldehyde route (HAF), and commercial sodium alginate (HAS).
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Despite exhibiting the highest elastic modulus, hydrogels derived from AE-5 showed limited
macroscopic cohesion and fragmented upon manual handling. This apparent discrepancy between
high stiffness and poor structural integrity can be rationalized by considering the combined effects
of molecular weight and network architecture. The lower molecular weight of AE-5 favors the
formation of locally stiff domains dominated by short polymer chains and dense G-block
crosslinking, resulting in elevated G’ values under small-amplitude oscillatory deformation.
However, the reduced chain length limits long-range connectivity and secondary crosslinking,
leading to stress localization and brittle failure under larger deformations.

In contrast, hydrogels derived from AF-12 and CSA exhibited lower elastic moduli but greater
macroscopic integrity. Their higher molecular weights enable the formation of more continuous and
homogeneous networks, in which polymer chain entanglement contributes to improved stress
distribution and enhanced cohesion. In this context, AF-12 represents an intermediate case,
combining sufficient G-block content to promote effective crosslinking with a molecular weight that
supports network connectivity.

Hydrogel performance cannot be assessed solely based on elastic modulus values, as shown by
the present data. Instead, the viscoelastic behavior arises from a balance between molecular weight,
block composition, and network topology. The distinct mechanical responses observed for AE-5 and
AF-12 highlight how extraction methodology indirectly governs hydrogel properties through its
impact on alginate molecular structure.

3.3. NMR Analysis of Alginate Structure

Since the rheological behavior of alginate is strongly influenced by monomer composition and
sequence distribution, '"H NMR analysis was used to examine how the extraction route affected the
microstructure of the recovered polysaccharides. Particular attention was given to the relative
abundance of guluronic and mannuronic residues, as well as to dyad and triad block distributions,
because these parameters are directly related to ionic crosslinking capacity and gel-forming behavior.
Figure 4 shows the '"H NMR spectra of sodium alginates AE-5, AF-12 and CSA. All spectra exhibit
well-resolved signals in the anomeric region, enabling reliable identification and quantification of
guluronic acid (G) and mannuronic acid (M) units, as well as their sequence distributions along the
polymer chain. Representative '"H NMR spectra supporting the quantitative analysis of mannuronic
(M) and guluronic (G) residues and block distribution are provided in the Supplementary
Information (Figures S14-516).

Peak assignments were performed in accordance with established literature and ASTM F2259-
10 guidelines (see the Methods section) [75-77]. In the anomeric region (Figure 4), the characteristic
signals include the anomeric proton of guluronic acid (G-1) at 5.06 ppm (peak A), the H-5 proton of
guluronic acid (G-5) at 4.45 ppm (peak C), and the anomeric proton of mannuronic acid (M-1) at 4.66
ppm (peak B4). Additional signals corresponding to guluronic and mannuronic residues in mixed
environments (signals Bi-Bs) were also observed [78]. Overlapping resonances were resolved by peak
deconvolution, allowing accurate integration of individual components.
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Figure 4. '"H NMR spectra of sodium alginates: Comparison between CSA, AF-12, and AE-5.

These integrated peak areas were used to calculate the chemical composition of the alginate
samples following the established methodology of Grasdalen et al.[78] This quantitative approach is
based on the relative integrals of the characteristic 'H NMR signals A, B1, B2, Bs, B4, and C assigned
in the anomeric region. The corresponding relationships used to determine monomer fractions,
dyad and triad block distributions are given below. The molar fractions of guluronic (G) and
mannuronic (M) units were calculated as:

G =05(A+C+05(B, + B, +B3)) (5)
M =B, + 0.5(B; + B, + B3) (6)

GG = 0.5(A+C—0.5(By + B, + B3)) (7)
MG = GM = 0.5(B; + B, + B3) (8)

MM = B, (9)

Triad block fractions were calculated using:

GGM = MGG = (B,)0.5(B; + B, + B3)/(B; + B,) (10)
MGM = (B,)0.5(B, + B, + B3)/(B, + B,) (11)
GGG = GG — GGM (12)

Normalized block fractions were then obtained as:

F; = G/(M + G) (13)
Fy = M/(M + G) (14)
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Fge = GG/(M + G) (15)
Fym = MM/(M + G) (16)
Fgu = Fug = MG/(M + G) (17)
Foee = GGG/(M + G) (18)
Fugn = MGM /(M + G) (19)

Finally, the mannuronic-to-guluronic ratio (M/G) was calculated as:
M/G = (1 - Fg)/Fg (21)

This analysis allows quantitative determination of monomer composition, block distribution,
and sequential microstructure of the alginate chains. The resulting parameters (Fc, Fm, Foc, Fmm, Fug,
and M/G) were used to compare alginates extracted via the formaldehyde (AF-12) and ethanol (AE-
5) routes with literature data for other brown algae species, as discussed below.

Table 5. Compositional information of sodium alginates extracted from brown algae species.

Species Fc | Fm | Fcc | Fum | FvMc | M/G Reference
Laminaria digitata 0.47 | 0.53 | 041 | 047 | 0.06 | 1.12 Fertah et al. (2017)[42]
Sargassum natans 068 | 0.32 ] 0.61 | 0.25 | 0.07 | 047
Sargassum vulgare 0.59 | 0.41 | 049 | 0.31 | 0.10 | 0.70
Padina qymnospora 036 | 0.64 | 0.21 | 048 | 0.16 | 1.75 i
Padina atllaran 0.35 | 0.65 | 015 | 045 | 020 | 185 | (nein-Knudsenetal. GQOI7)[13]
Laminaria digitata 0.31 | 069 | 0.16 | 0.53 | 0.16 | 2.19

Macrocystis pyrifera 0.34 | 0.66 | 0.13 | 045 | 0.21 | 1.94
Sargassum turbinarioides Grunow | 0.52 | 0.48 | 0.39 | 0.36 | 0.25 | 0.94 Fenoradosoa et al. (2010)[20]
Sargassum fluitans 0.64 | 0.36 | 0.55 | 0.28 | 0.08 | 0.57 Davis et al. (2004)[38]
Saccharina longicruris 0.59 | 041 | 0.25 | 0.07 | 0.34 | 0.69
Ascophyllum nodosum 054 | 0.46 | 0.36 | 0.28 | 0.18 | 0.85 Rioux et al. (2007)[75]
Fucus vesiculosus 041 | 059 | 022 | 039 | 0.19 | 1.44
Sargassum asperifolium 0.59 | 041 | 048 | 0.30 | 0.11 | 0.69 Larsen et al. (2003)[76]
Sargassum filipendula 0.56 | 044 | 045 | 0.33 | 0.11 | 0.78 Bertagnolli et al. (2014)[77]
Sargassum filipendula 0.84 | 0.16 | 0.76 | 0.07 | 0.08 | 0.19
Sargassum muticum 0.76 | 0.24 | 0.59 | 0.07 | 0.17 | 0.31
Sargassum oligocystum 0.57 | 043 | 0.37 | 0.24 | 0.20 | 0.77 Davis et al. (2003)[79]
Sargassum  polycystum 0.82 | 0.18 | 0.77 | 0.12 | 0.05 | 0.21
Sargassum thunbergii 0.80 | 0.20 | 0.75 | 0.16 | 0.05 | 0.25
Sargassum spp. (AF-12) 0.55 | 045|053 | 043 | 0.02 | 0.82
Sargassum spp. (AE-5) 0.60 | 040 | 0.54 | 0.34 | 0.05 | 0.67 This study
Commercial sodium alginate | 0.47 | 0.53 | 0.27 | 0.34 | 0.19 | 1.14

AF-12 exhibited Fc and Fu values of 0.55 and 0.45, respectively, corresponding to an M/G ratio
of 0.82. These values place AF-12 within the compositional range reported for several Sargassum
species. For instance, although its overall composition is comparable to that of S. turbinarioides (Fc =
0.52, Fm =0.48, M/G = 0.94), AF-12 displays a slightly higher guluronic acid content. Notably, the FGG
value of AF-12 of 0.53 exceeds that reported for S. turbinarioides (0.39), indicating a higher abundance
of consecutive G residues, which are known to form cooperative binding sites for divalent cations
during gelation [42].
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AE-5 showed a higher guluronic acid content (Fc = 0.60, Fm = 0.40, and M/G = 0.67). Compared
to S. vulgare and S. asperifolium (both with Fc = 0.59, Fu = 0.41, M/G = 0.70), AE-5 maintains a higher
proportion of G residues while preserving a balanced block distribution. Its Fec value (0.54) surpasses
those reported for S. vulgare (0.49), S. asperifolium (0.48) and the commercial reference (0.27),
indicating effective preservation of homopolymeric G-blocks during extraction.

In contrast, alginates from species such as S. muticum (FG = 0.76, FM = 0.24, M/G = 0.31) and S.
polycystum (FG = 0.82, FM = 0.18, M/G = 0.21) exhibit guluronic acid dominance.[80] Although such
compositions are known to yield highly rigid gels, they often compromise flexibility and
processability. In this context, the intermediate compositions observed for AF-12 and AE-5 appear
advantageous for practical applications. As summarized in Table 5, their homopolymeric block
fractions further highlight these differences, with AF-12 exhibiting FMM = 0.43 and FGG = 0.53, and
AE-5 showing FMM = 0.34 and FGG = 0.54.

The low FMG values observed for both AF-12 (0.02) and AE-5 (0.05), relative to species such as
Sargassum oligocystum (0.20) or Ascophyllum nodosum (0.18), confirm a predominantly blockwise
architecture with limited alternating sequences. This structural feature is consistent with the
formation of ordered junction zones upon ionic crosslinking. Triad sequence analysis (Table 6)
further supports these observations. Both AF-12 and AE-5 exhibit high FGGG values (0.52 and 0.51,
respectively), confirming the dominance of extended G-block sequences. The negligible FMGM and
FGGM fractions observed for AF-12 (0.0009 and 0.003) and AE-5 (0.003 and 0.022) indicate a low
prevalence of mixed triads, reinforcing the block-like character of the polymer chains. Such triad
distributions are known to favor the formation of rigid, ionically crosslinked networks. Taken
together, the NMR results show that both extraction routes preserve a predominantly blockwise
alginate architecture, but with clear differences in guluronic acid content and block distribution.
These route-dependent structural variations provide a molecular basis for the distinct viscoelastic
responses observed in the corresponding Ca?-crosslinked hydrogels.

Table 6. Triad block fractions (Facs, Fmom, and Feawm) of sodium alginates.

Species | Jefelel Fvgm Feem Reference
Sargassum natans 0.58 0.04 0.03
Sargassum vulgare 0.44 0.05 0.05

Padl}"la gym.nospom 0.17 0.12 0.03 Rhein-Knudsen et al. (2017)[15]

Padina antillarum 0.12 0.17 0.03
Laminaria digitata 0.11 0.11 0.05
Macrocystis pyrifera 0.10 0.17 0.03
Sargassum spp. (AF-12) 0.52 0.0009 0.003

Sargassum spp. (AE-5) 0.51 0.003 0.022 This study
Commercial sodium alginate 0.14 0.026 0.003

3.4. Structure-Property Relationships

The combined results obtained from extraction yield, intrinsic viscosity, viscosity-average
molecular weight, "H NMR, and oscillatory rheology reveal a clear structure-property relationship
governing the behavior of the recovered alginates. The ethanol route afforded the highest extraction
yield and produced alginate enriched in guluronic acid and G-rich blocks, which favored the
formation of stiff Ca?-crosslinked networks with the highest storage modulus. However, this same
sample also exhibited the lowest molecular weight, which limited chain entanglement and reduced
macroscopic cohesion. In contrast, AF-12 exhibits a more balanced mechanical response, combining
a higher molecular weight with a moderate storage modulus. Although its guluronic acid content is
slightly lower, the increased chain length enhances intermolecular entanglement and network
connectivity, resulting in improved gel integrity. These findings indicate that alginate performance
is not controlled by a single parameter, but by the combined influence of chain length, block
architecture, and network connectivity. Accordingly, the extraction route acts as a key upstream
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variable that defines the balance between recovery efficiency and functional performance in alginates
obtained from beach-cast Sargassum.

3.5. Fourier Transform Infrared (FTIR) Spectroscopy

Figure 5 shows the FTIR spectra of CSA, AE-5, and AF-12. All spectra exhibit the characteristic
absorption bands associated with alginate polysaccharides, confirming that the extraction procedures
preserve the chemical identity of the polymer. Representative FTIR spectra of sodium alginates
extracted by ethanol and formaldehyde, together with a commercial reference, are provided in the
Supplementary Information (Figures S2-513).

A broad absorption band centered at 3250 cm is observed in all samples and is assigned to O-
H stretching vibrations associated with extensive hydrogen bonding, in agreement with previous
reports [21,57,81]. A weak band at 2919 cm? corresponds to C-H stretching vibrations of the
polysaccharide backbone, as reported by Laroche and Michaud [56] and Fenoradosoa et al.[20].

In the fingerprint region, an intense band at 1593 cm™ is assigned to the asymmetric stretching
vibration of the carboxylate group (O-C-O), while the band at 1405 cm™! corresponds to its symmetric
stretching mode. These bands are characteristic of sodium alginate and are consistent with values
reported by Lawrie et al. [82], (1596 and 1412 cm, respectively). The presence of these carboxylate
bands, together with the absence of an absorption band near 1730 cm, confirms that the alginate is
present in its sodium salt form rather than as alginic acid [57].

Additional bands observed at 1293 and 1123 cm' are attributed to C-C-H and O-C-H
deformations and C-O stretching vibrations, respectively, in agreement with assignments reported
by Khajouei et al.[21] Signals in the 1079-1023 cm™ region correspond to C-O and C-C stretching
vibrations of the pyranose rings, consistent with previous studies [42].

In the anomeric region (950-750 cm), which is particularly informative for carbohydrate
characterization [83], several diagnostic bands are observed. The band at 946 cm-! is associated with
C-O stretching vibrations of uronic acid residues [20], while the band at 885 cm! is attributed to the
C1-H deformation vibration of 3-mannuronic acid units [84], The band at 810 cm is characteristic of
mannuronic acid residues, as reported in several studies [21,42,56,83].

The close similarity between the spectra of AE-5, AF-12, and the commercial reference confirms
that sodium alginate is the predominant polysaccharide present in all samples and that the extraction
procedures do not introduce substantial chemical changes in the main functional groups of the
polymer [83].
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Figure 5. FTIR spectra of commercial sodium alginate, sodium alginate obtained via the ethanol route (AE-5),

and the one from formaldehyde route (AF-12).

4. Conclusions

Sodium alginate was successfully extracted from beach-cast Sargassum spp. collected on the
Yucatdn coast using two established extraction routes based on formaldehyde and ethanol
pretreatments. The results show that the extraction route is a key variable controlling not only
alginate recovery, but also the molecular characteristics that determine its functional behavior. The
ethanol-based route afforded the highest extraction yield and produced alginate with higher
guluronic acid content and greater abundance of G-rich blocks. These structural features promoted
the formation of Ca?-crosslinked hydrogels with the highest storage modulus, consistent with
stronger ionic junction zones. However, this sample also exhibited the lowest molecular weight,
which limited chain entanglement and reduced macroscopic cohesion. In contrast, the formaldehyde-
based route yielded alginate with lower recovery but higher intrinsic viscosity and molecular weight,
resulting in hydrogels with lower stiffness but improved structural integrity. The combined analysis
of intrinsic viscosity, viscosity-average molecular weight, 'H NMR, FTIR, and oscillatory rheology
demonstrates that the performance of the extracted alginates is governed by the interplay between
chain length and block architecture rather than by extraction yield alone. In this context, the present
study establishes a clear structure—property relationship linking extraction methodology, alginate
microstructure, and viscoelastic response. Overall, these findings support beach-cast Sargassum from
the Yucatdn coast as a viable source of functional sodium alginate and provide a useful framework
for selecting extraction conditions according to the targeted balance between recovery efficiency and

material performance.

Supplementary Materials: The following supporting information can be downloaded at website of this paper

posted on Preprints.org.
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