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A B S T R A C T

Pelagic Sargassum spp. represent an abundant and underutilized biomass, and converting this material into 
functional sodium alginate offers a sustainable pathway for its industrial valorization and food-hydrocolloid 
applications. This study evaluated the impacts of thermal (autoclave) and non-thermal (high-pressure process
ing (HPP), sonication) pretreatments on the structural and functional properties of sodium alginate extracted 
under optimized alkaline conditions (80 ◦C, 5 h, 0.3 M Na2CO3 concentration). To our knowledge, this is the first 
systematic comparison of thermal and non-thermal pretreatments on the physicochemical and functional char
acteristics of sodium alginate from pelagic Sargassum. Physicochemical properties (yield, molecular weight, 
viscosity, and monomer composition), structural characterization by Fourier Transform Infrared (FTIR) spec
troscopy and proton nuclear magnetic resonance (1H NMR), and functional properties (gel strength and emul
sification index) were analyzed to elucidate structure-function relationships. Autoclave pretreatment caused 
pronounced degradation, resulting in reduced molecular weight (<15 kDa), intrinsic viscosity (<0.35 dL/g), gel 
strength (77 g), and emulsification capacity (5-6%). In contrast, the non-thermal pretreatments selectively 
retained functional properties: sonication (10 min) produced the highest gel strength among treated samples 
(174 g), whereas HPP (400 MPa) produced the highest emulsification index (17.2%). The control exhibited the 
highest molecular integrity, and similar FTIR and 1H NMR spectra across samples indicated that the alginate 
backbone remained chemically stable despite partial depolymerization. Overall, the selective improvements 
observed with HPP and sonication demonstrate that tailored pretreatments can modulate alginate functionality 
without compromising chemical integrity. These findings highlight a promising strategy to valorize pelagic 
Sargassum by producing functional alginate suitable for clean-label hydrocolloid applications.

1. Introduction

Brown algal blooms, particularly pelagic Sargassum species (S. natans 
and S. fluitans), have increased dramatically in the North Atlantic Ocean 
since 2011 (Gower et al., 2013). These accumulations extend across the 
wider Great Atlantic Sargassum Belt, affecting the Caribbean Sea, Gulf of 
Mexico, and West African coasts, where they create significant envi
ronmental and economic challenges (Lapointe et al., 2025; Smetacek & 
Zingone, 2013). Despite these impacts, their abundance also presents an 
opportunity for sustainable utilization, similar to other commercially 

exploited brown seaweeds such as Saccharina latissima (Sæther et al., 
2024) and Laminaria digitata (Purcell-Meyerink et al., 2021). To evaluate 
this potential, understanding the chemical composition of pelagic 
Sargassum is essential. Biomass collected across the Caribbean and 
nearby regions shows substantial variation in proximate composition, 
mineral content, and trace elements depending on location and season 
(Table 1). Even with this variability, it consistently contains high levels 
of essential minerals, reinforcing its promise as a sustainable raw 
material.

A promising route for valorizing pelagic Sargassum lies in extracting 
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high-value polysaccharides such as alginate, which constitutes up to 
21.0% of the dry weight (DW, Table 1) and serves as a major structural 
component in brown algal cell walls (Jung et al., 2013). Alginate is a 
linear copolymer composed of α-L-guluronic acid (G) and β-D-mannur
onic acid (M), with its functional properties largely dictated by the G/M 
composition and block distribution (Skjåk-Bræk et al., 1989). Owing to 
its gelling, thickening, and emulsifying properties, sodium alginate is 

widely used in food applications, including ice cream, dairy formula
tions, and salad dressings (Pournaki et al., 2024).

However, despite its polysaccharide richness, pelagic Sargassum can 
accumulate heavy metals such as arsenic, lead, and cadmium, which 
raises safety concerns for the direct use of raw biomass in food appli
cations (Liranzo-Gómez et al., 2023). Published chemical profiling 
studies across the Caribbean and Atlantic regions (Table 1) further show 

Table 1 
Proximate composition, alginate content, mineral profile, and toxic element concentrations of pelagic Sargassum collected across different geographic locations and 
seasons. M.-C. Lee et al. (2023); Tonon et al. (2022); Bauta et al. (2024); Rodríguez-Rodríguez et al. (2025); Vázquez-Delfín et al. (2021); Melchor-Martínez et al. 
(2023); Chikani-Cabrera et al. (2022); Olguin-Maciel et al. (2022); Leal-Bautista et al. (2024); Canul-Ku et al. (2023); Salgado-Hernández, Alvarado-Lassman et al. 
(2023); Salgado-Hernández, Ortiz-Ceballos, et al. (2023); Milledge et al. (2020); Nielsen et al. (2021); GraphPad, (2025).
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substantial spatial and seasonal variability in proximate composition 
and toxic element content, highlighting the need for controlled pro
cessing. Selective extraction and purification of polysaccharides such as 
alginate can reduce metal co-extraction while preserving functional 
integrity, and these processes can also yield purified fractions enriched 
in bioactive components with lower heavy-metal burdens, supporting 
the development of value-added seaweed-derived ingredients (Cherry 
et al., 2019).

Traditional alginate extraction involves an acid pretreatment to 
remove multivalent counterions, followed by alkaline solubilization 
using sodium carbonate or sodium bicarbonate. This step converts the 
insoluble alginic acid present in the seaweed cell walls into the water- 
soluble sodium alginate form, which is then precipitated using ethanol 
or calcium chloride (Pawar & Edgar, 2012). In recent years, advanced 
processing techniques such as microwave-assisted extraction (Yuan & 
Macquarrie, 2015), pressurized liquid extraction (Saravana et al., 2018), 
enzyme-assisted extraction (Rostami et al., 2017), and supercritical fluid 
extraction (Balboa et al., 2015) have been explored to improve extrac
tion efficiency. However, these approaches may face barriers to indus
trial implementation due to scale-up limitations, added 
costs/complexity, and potential polymer degradation under harsh or 
poorly controlled conditions (Bojorges, López-Rubio et al., 2023).

Alternatively, thermal and non-thermal pretreatments, such as 
autoclaving, high-pressure processing (HPP), and sonication, represent 
practical, food-grade technologies already established in the food in
dustry. These processes can alter the polymer structure through heat, 
pressure, or cavitation, which may influence the efficiency and func
tionality of sodium alginate extraction. Importantly, by modulating 
chain length, flexibility, and entanglement, HPP and sonication may 
enable directional functional tuning of alginate performance, rather 
than simply maximizing yield. These methods operate through distinct 
mechanisms: autoclaving employs high heat and pressure to induce 
polymer breakdown; HPP applies isostatic pressure without heat, pro
moting structural rearrangements; and sonication causes mechanical 
disruption via cavitation (Andreou et al., 2017). Although these 
methods have been shown to alter molecular weight, viscosity, and 
gelation behavior in various biopolymers (Din et al., 2019; Tsikrika 
et al., 2021), their specific effects on sodium alginate extraction from 
Sargassum spp. remain underexplored. As mentioned above, under
standing how these pretreatments affect the structure and functionality 
of sodium alginate is essential for developing scalable strategies to 
optimize its application in food systems.

This study investigates the comparative effects of autoclave, HPP, 
and sonication on the physicochemical and functional properties of so
dium alginate extracted from pelagic Sargassum spp., enabling the 
tailored design of sodium alginate with desired gelation and emulsifi
cation characteristics. By identifying application-specific processing 
strategies, these findings support the industrial valorization of 
Sargassum-derived sodium alginate for use in food products, hydrocol
loids, and other functional ingredients. Heavy metal analysis of the 
source biomass provides a safety-relevant context, and the extraction 
and purification workflow applied here is expected to reduce inorganic 
contaminants relative to the raw material.

2. Materials and methods

All chemicals and reagents were of analytical grade. All solutions 
were prepared using deionized (DI) water (18.2 MΩ cm), obtained 
through a 0.2-μm filter using a NANOpure DIamond water purification 
system (Barnstead International, Inc., Dubuque, IA, USA).

2.1. Pelagic Sargassum sampling

Pelagic Sargassum used in this study was obtained from two sources: 
a beach-collected sample and an ocean-harvested sample. The beach- 
collected material, hand-gathered during a seasonal influx in May 

2023 from the shoreline of Miami Beach, FL, USA (two collection access 
points: 25◦59′58.5″N, 80◦06′57.8″W and 26◦06′49.9″N, 80◦06′14.5″W), 
was used to optimize alkaline extraction conditions. In contrast, the 
ocean-harvested sample, collected from floating mats offshore in June 
2024 (27◦27′23.0″N, 80◦05′36.0″W), was employed for all subsequent 
pretreatment and characterization experiments to ensure compositional 
uniformity and minimize contamination from sand and debris. For both 
types, fresh samples were immediately transferred into sealed poly
ethylene bags and stored in an insulated container with ice packs. 
Desalting was carried out within 12 h based on Contreras et al. (2008)
with modifications. Briefly, about 2 kg of fresh biomass was washed 10 
times with 15 L of DI water at room temperature (RT) to remove surface 
salts, epiphytes, and loosely associated marine fauna. After desalting, 
the seaweed was gently blotted dry using paper towels, freeze-dried 
(Labconco Corporation, Kansas City, MO, USA), and pulverized. The 
resulting dried Sargassum powder was stored at − 20 ◦C in airtight con
tainers for further use. Basic characteristics of the two biomasses 
(moisture/dry matter and purified alginate yield on a dry-weight basis) 
are provided in Supplementary Material (Table S1).

2.2. Heavy metal analysis

One gram of ocean-harvested Sargassum powder was transferred into 
a Teflon digestion vessel and subjected to microwave-assisted acid 
digestion in a trace-metal clean laboratory using a MARS-6 Microwave 
Digestion System (CEM Co., Matthews, NC, USA). 10 mL of double- 
distilled, trace-metal-grade concentrated HNO3 was added to the sam
ple for overnight pre-digestion. Then, the sample was digested at 210 ◦C 
for 15 min. The concentrations of trace metals, cadmium (Cd), and lead 
(Pb) in the digested seaweed biomass were determined using a 225ATS 
Atomic Absorption Spectrometer (AAS, Buck Scientific Instruments, 
LLC., Ansonia, CT, USA) and expressed as mean ± standard error of the 
mean (SEM). The instrument was calibrated using standard solutions 
containing 1000 ppm of each metal in 2% (v/v) HNO3 (Absolute Stan
dards, Inc., Hamden, CT, USA).

2.3. Sodium alginate extraction

Four sample groups were prepared: a control (no pretreatment) and 
three pretreatments, autoclaving, HPP, and sonication. Pretreatment 
conditions were selected based on representative parameter ranges re
ported in prior literature and adjusted to match equipment operating 
limits (Table S2). For all groups, the Sargassum powder was first mixed 
with DI water at a solid-to-liquid ratio of 1:60 (w/v). For the autoclave 
pretreatment, the hydrated Sargassum was transferred to an autoclav
able glass bottle and heated at 121 ◦C and 35 psi for 10 min and 30 min 
using a Harvey Sterilemax (Barnstead Thermolyne Corporation, Dubu
que, IA, USA). For the HPP pretreatment, the hydrated powder was 
placed in an HPP-compatible polyethylene bottle and processed at 400 
MPa and 600 MPa for 10 min at RT using the Hiperbaric 55 system 
(Hiperbaric USA Corporation, Miami, FL, USA). For the sonication 
pretreatment, the hydrated powder was treated in an ultrasonic bath 
(Branson CPX 8800, Branson Ultrasonics, Brookfield, CT, USA) at 40 kHz 
for 10 min and 30 min at RT. Following pretreatment, sodium alginate 
was extracted through four successive steps: acid treatment, alkali 
extraction, bleaching, and purification.

2.3.1. Acid treatment
Acid treatment was performed according to Hernández-Carmona 

et al. (1999) with modifications. Briefly, 0.2 M HCl was added at a 
solid-to-liquid ratio of 1:25 (w/v) and stirred overnight at RT. The res
idue was then recovered by centrifugation (3,000g for 15 min at RT) and 
subjected to alkali extraction.

2.3.2. Alkali extraction
The alkali extraction process was optimized using response surface 
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methodology based on the Box-Behnken Design (RSM-BBD). This 
approach was employed to evaluate the influence of extraction param
eters on crude sodium alginate yield, calculated using Eq. (1). Three 
independent uncoded variables were considered: temperature (A, 40- 
80 ◦C), extraction time (B, 1-5 h), and sodium carbonate (Na2CO3) 
concentration (C, 0.1-0.3 M). The extraction was performed at a fixed 
solid-to-liquid ratio of 1:50 (w/v). Each variable was evaluated at three 
coded levels (− 1, 0, +1), as shown in Table 2. The BBD is a widely used 
three-level RSM design for efficient quadratic modeling with a limited 
number of experimental runs. Replicated centre points were included to 
estimate pure error and assess model adequacy (lack-of-fit). The design 
enabled the development of a second-order polynomial model and the 
analysis of factor interactions influencing yield. 

Crude yield (%)=
Mass of crude alginate

Mass of seaweed used for extraction
× 100 Eq. 1 

2.3.3. Bleaching and purification
The crude sodium alginate was bleached by adding 5% (v/v) sodium 

hypochlorite and stirring for 20 min at RT. The bleached extract un
derwent purification according to McHugh et al. (2001) with modifi
cations. Briefly, 1 M HCl was added until the pH reached 2, converting 
soluble sodium alginate into insoluble alginic acid. The precipitate was 
collected by centrifugation (3,000g for 15 min at RT). The alginic acid 
was mixed with 15 mL of 95% (v/v) ethanol and stirred for 2 h at RT. 
Then, 5% (w/v) Na2CO3 was added until the pH reached 10, forming a 
thick sodium alginate gel. This gel was recovered by centrifugation and 
subsequently freeze-dried. The yield of purified sodium alginate was 
calculated using Eq. (2). 

Purified yield (%)=
Mass of purified alginate

Mass of seaweed used for extraction
× 100 Eq. 2 

2.4. Characterization of extracted sodium alginate

2.4.1. Fourier transform infrared (FTIR) spectroscopy
Infrared (IR) spectra of sodium alginate powder were obtained using 

a JASCO FT/IR-6800 spectrometer (JASCO Corporation, Easton, MD, 
USA) equipped with a universal attenuated total reflectance (ATR) 
accessory for direct sample analysis with minimal preparation. Spectra 
were recorded at room temperature over the range of 6000-250 cm− 1 

with a resolution of 4 cm− 1, averaging 64 scans per spectrum. The 
resulting data were analyzed to assess the chemical composition and 
structure of the sodium alginate samples using OriginPro (version 2025, 

OriginLab Corporation, Northampton, MA, USA).

2.4.2. Nuclear magnetic resonance (NMR)
The M/G ratio of sodium alginate was determined using 1H NMR 

spectroscopy according to ASTM-F2259-10 (2012). Sodium alginate 
solutions (0.1%, w/v) were prepared in 99.9% D2O and partially hy
drolyzed by acid treatment. The pH was adjusted to 5.6 using 0.1 M HCl, 
and the samples were heated in a water bath at 100 ◦C for 1 h. After 
cooling to RT, the pH was further adjusted to 3.8 with 0.1 M HCl and 
reheated in the water bath at 100 ◦C for 30 min. Hydrolysis was stopped 
by placing the samples on ice. The solution was neutralized to pH 7 using 
0.1 M sodium hydroxide and lyophilized overnight. The freeze-dried 
sodium alginate was dissolved in 1 mL of 99.9% D2O and freeze-dried 
again. A final aliquot of 10-12 mg of the powder was dissolved in 1 
mL of 99.9% D2O and transferred to an NMR tube along with 20 μL of 
0.3 M Triethylenetetramine-N,N,N′,N″,N‴,N‴-hexaacetic acid as a 
chelating agent.

The 1H NMR spectra were recorded at 80 ◦C on a Bruker AVIII 500 
MHz NMR spectrometer (Bruker Corporation, Billerica, MA, USA) with a 
5-mm TXI probe. The 1H Larmor frequency is 500.13 MHz. Each spec
trum was obtained with 64 scans and a 1-s recycle delay. Spectral data 
were processed using MestReNova 14.2.1 software (Mestrelab Research 
S.L., Santiago de Compostela, Spain).

2.5. Physicochemical and functional property analyses

2.5.1. Apparent viscosity
Sodium alginate solutions (0.25%, w/v) were prepared by dissolving 

the samples in DI water and stirring at RT for at least 4 h. The apparent 
viscosities of sodium alginate extracted from pretreated Sargassum were 
measured using a DV3TLV cone-plate viscometer (Brookfield Engi
neering Laboratories, Inc., Middleboro, MA, USA) equipped with a CPA- 
40Z spindle. Measurements were conducted at RT across a spindle speed 
range of 1-25 rpm with a gap of 13 μm.

2.5.2. Viscosity-average molecular weight
Sodium alginate solutions (0.05-0.3 g/dL) were prepared in 0.1 M 

NaCl. The viscosity-average molecular weight (Mv) was determined 
using intrinsic viscosity measurements, as described by Torres et al. 
(2007) and Chee et al. (2011). Briefly, the intrinsic viscosity ([η], dL/g) 
was measured using a Ubbelohde viscometer with a 0.5 mm capillary 
diameter (Cat. No. 9721-R65, Cannon Instruments Company, PA, USA). 
The flow time of the sodium alginate solution (tn, s) was measured 
relative to the solvent (0.1 M NaCl) flow time (t0, s), and the specific 
viscosity (ηsp) was calculated using Eq. (3). The average flow time was 
recorded as tn. [η] was determined by plotting reduced viscosity (ηsp

C , 
dL/g) against sodium alginate concentration (C, g/dL), based on the 
Huggins equation (Eq. (4)), where kH is the Huggins constant. Mv 
(g/mol) was then calculated from [η] using the Mark-Houwink-Sakurada 
equation (Eq. (5)). 

ηsp =
tn − t0

t0
Eq. 3 

ηsp

C
= kH[η]2C + [η] Eq. 4 

[η] =0.023 × M0.0984
v Eq. 5 

2.5.3. Gel strength
Sodium alginate gels were prepared using an internal gelation 

method based on Djemaa et al. (2024) with modifications. Briefly, a 2% 
(w/v) sodium alginate solution (5 mL) was prepared in DI water and 
degassed at RT for 15 min at 50 mbar. A calcium-EDTA complex solution 
(0.08 M) was adjusted to pH 7-8 using 1 M NaOH and then mixed (1:1, 
v/v) with the degassed sodium alginate solution. Subsequently, 

Table 2 
Box-Behnken Design with coded and uncoded variables (A: Temperature, B: 
Extraction time, C: Na2CO3 Concentration) and results of the observed response 
(Crude yield).

Run Independent variables Response

Temperature 
(A) 
(◦C)

Extraction time 
(B) 
(h)

Na2CO3 

Concentration (C) 
(M)

Crude yield 
(%)

1 40 (− 1) 1 (− 1) 0.2 (0) 16.26
2 80 (+1) 1 (− 1) 0.2 (0) 26.61
3 40 (− 1) 5 (+1) 0.2 (0) 24.72
4 80 (+1) 5 (+1) 0.2 (0) 41.16
5 40 (− 1) 3 (0) 0.1 (− 1) 21.67
6 80 (+1) 3 (0) 0.1 (− 1) 34.88
7 40 (− 1) 3 (0) 0.3 (+1) 29.06
8 80 (+1) 3 (0) 0.3 (+1) 41.29
9 60 (0) 1 (− 1) 0.1 (− 1) 16.02
10 60 (0) 5 (+1) 0.1 (− 1) 27.30
11 60 (0) 1 (− 1) 0.3 (+1) 22.72
12 60 (0) 5 (+1) 0.3 (+1) 37.41
13 60 (0) 3 (0) 0.2 (0) 29.66
14 60 (0) 3 (0) 0.2 (0) 30.40
15 60 (0) 3 (0) 0.2 (0) 29.25
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glucono-δ-lactone (1%, w/v) was added and gently rotated until 
completely dissolved. The mixture was left undisturbed at RT overnight 
for gel formation. To strengthen the gels, the beaker containing the 
initial gel was immersed in 1 M CaCl2 solution until complete gelation 
occurred. Excess surface liquid was gently removed prior to texture 
analysis. Representative images of the gels prepared using this method 
are included in Fig. S1.

Gel strength was measured using a TA.XTplus Texture Analyzer 
(Stable Micro Systems, Godalming, UK) equipped with a TA-212 cylin
drical probe (7.94 mm, round end). The instrument was operated in 
compression mode (4 mm) with a trigger force of 1.0 g. The pre-test, test, 
and post-test speeds were set at 1.0, 0.5, and 0.5 mm/s, respectively.

2.5.4. Emulsification index
The ability of sodium alginate to stabilize emulsions containing 

medium-chain triglyceride (MCT) oil was evaluated following Fawzy 
et al. (2017) with modifications. A 1% (w/v) sodium alginate solution 
was mixed with MCT oil at a 3:2 (v/v) ratio and homogenized using an 
IKA T25 ULTRA-TURRAX disperser (IKA Works, Inc., Wilmington, NC, 
USA) at 11,000 rpm for 1 min. After standing for 24 h at RT, the 
emulsification index (E24) was calculated using Eq. (6), where He (cm) is 
the height of the emulsion and Ht (cm) is the total height. 

Emulsification index (E24)=
He

Ht
× 100 Eq. 6 

2.6. Statistical analysis

To optimize the alkali extraction process (section 2.3.2), statistical 
modeling and optimization were carried out using Minitab® Statistical 
Software 22.4.0 (Minitab, LLC, State College, PA, USA). To study the 
purity of alginate (section 2.3.3), its M/G ratio (section 2.4.2), and its 
physicochemical and functional properties (section 2.5), one-way 
analysis of variance (ANOVA) followed by Dunnett's multiple compari
son test was performed to evaluate differences among three pretreat
ment groups relative to the control using GraphPad Prism version 10.2.2 
for Windows (GraphPad Software, LLC, Boston, MA, USA).

Each experiment was conducted at least in duplicate, and the data 
were presented as mean ± SEM. Differences were considered statisti
cally significant at P < 0.05.

3. Results and discussion

3.1. Toxic heavy metals in pelagic Sargassum

The concentrations of Cd and Pb in lyophilized pelagic Sargassum 
powder were quantified to assess the safety of the biomass as a potential 
source for food-grade alginate. Cd was detected at 0.49 ± 0.08 mg/kg 
DW, whereas Pb was below the detection limit of the Buck Scientific 
225ATS AAS (<0.01 mg/kg DW), indicating minimal Pb contamination. 
Previous studies have shown that heavy metals in extracted sodium 
alginate are typically reduced relative to the source biomass and, in 
some cases, fall below analytical detection limits (Pragatheeswari & 
Raajeswari, 2024; Ruslan et al., 2019; Y. Zhang et al., 2025). This 
reduction has been attributed, in part, to demineralization/acid washing 
and precipitation-reconversion steps that remove inorganic impurities 
during processing (Díaz-Vázquez et al., 2015). Because the present 
workflow includes HCl demineralization followed by alginic-acid pre
cipitation and re-neutralization to sodium alginate, the purified product 
is expected to contain only low residual metal levels consistent with 
established food-additive specifications.

When compared with published values for pelagic Sargassum 
collected across the Caribbean and Atlantic (Table 1), the Cd concen
tration observed in this study falls within the reported regional range of 
0.1-1.4 mg/kg DW, while Pb remains consistently low or non-detectable 
across most regions. These differences in Cd and Pb relative to other 

pelagic Sargassum samples are consistent with the strong regional and 
temporal fluctuations in metal accumulation documented for this 
biomass, reflecting differences in oceanographic conditions, nutrient 
loads, and local pollution sources. Beyond Cd and Pb, literature data 
(Table 1) also show that pelagic Sargassum contains other toxic ele
ments, including aluminum (25.6 mg/kg), total arsenic (61.2 mg/kg), 
and trace mercury (0.01 mg/kg), indicating broader contaminants 
typically associated with this biomass.

The absence of detectable Pb is particularly noteworthy, as Pb is 
known for its neurotoxicity, bioaccumulation potential, and the exis
tence of strict regulatory limits in food products (J.-W. Lee et al., 2019; 
WHO, 2011). According to the Codex Alimentarius Commission (2024), 
the maximum permissible limits for Cd and Pb in food products range 
from 0.1 to 2 mg/kg and 0.01-2.5 mg/kg, respectively. Although no 
international thresholds specifically exist for edible seaweed, the 
measured values fall within the lower end of these ranges.

In the United States, regulatory limits for Cd and Pb in edible sea
weeds or alginate products have not yet been established. The FDA 
monitors heavy metals in foods and has set action limits for Pb in 
selected products (e.g., 0.05 mg/kg for fruit juices (FDA, 2018a) and 0.1 
mg/kg for candy (FDA, 2018b)). For Cd, the FDA applies a toxicological 
reference value of 0.21-0.36 μg/kg bodyweight/day (FDA, 2024) for 
dietary exposure assessment. While these benchmarks do not directly 
apply to seaweed, they provide context for interpreting the relatively 
low metal concentrations found in pelagic Sargassum.

Recent evaluations of pelagic Sargassum emphasize that this biomass 
is not suited for direct human consumption due to its high salt content, 
fiber load, and the presence of potentially toxic elements 
(Carrillo-Domínguez et al., 2023). Instead, its practical applications are 
currently limited to compost, soil amendments, livestock feed, and 
pet-food formulations, where inclusion levels below 5% are recom
mended for safety and performance (Makkar et al., 2016). Accordingly, 
the primary value of pelagic Sargassum lies not in its use as a food but as 
a raw material for extracting purified hydrocolloids, such as alginate, 
with potential for food-related applications.

Collectively, the low Pb content and moderate Cd level suitability of 
pelagic Sargassum as a starting material for processes aimed at producing 
food-grade alginate. Given that the extraction-purification procedure 
includes acid washing, ethanol precipitation, and pH-controlled pre
cipitation/reconversion, residual inorganic contaminants in the result
ing alginate are expected to be substantially reduced, consistent with 
food-grade specifications.

3.2. Optimization and yield of sodium alginate extracted from pelagic 
Sargassum

In brown seaweeds such as Sargassum spp., alginate occurs naturally 
as insoluble calcium and magnesium salts; efficient extraction therefore 
requires conversion of these forms into soluble sodium alginate through 
alkali-mediated cation exchange (FAO, 2003).

Fifteen experimental runs were conducted using the RSM-BBD to 
model the extraction of crude sodium alginate from pelagic Sargassum 
spp., with temperature (40-80 ◦C), extraction time (1-5 h), and Na2CO3 
concentration (0.1-0.3 M) as independent variables. Crude sodium 
alginate yield varied between 16% and 41%, depending on the extrac
tion conditions (Table 2). Using the composite desirability function 
developed by Derringer and Suich (1980), the optimal conditions were 
80 ◦C, 5 h, and 0.3 M Na2CO3, with a desirability index of 1. Because the 
predicted optimum occurred at the upper bounds of all three factors, it 
represents a boundary optimum within the tested experimental domain.

The fitted second-order polynomial model describing crude yield as a 
function of temperature (A), time (B), and alkali concentration (C) was 
shown in Eq. (7). The model was highly significant (F = 170, P <
0.0001), with excellent fit statistics (R2 = 0.9922, adjusted R2 = 0.9864, 
predicted R2 = 0.9700). Lack-of-fit was not significant (F = 3.0, P =
0.276), confirming model adequacy. All three linear terms (temperature, 

A.K. Bingi et al.                                                                                                                                                                                                                                 Food Hydrocolloids 176 (2026) 112534 

5 



time, and Na2CO3 concentration) were highly significant (P < 0.0001), 
along with the quadratic effects of A2 (P = 0.009) and B2 (P < 0.0001), 
and the A × B interaction term (P = 0.010) (Table 3). 

Crude yield (%)=5.38 − 0.272 × Temp + 7.148 × Time + 38.26

× Alkali conc.+ 0.00404 × Temp × Temp − 1.062 × Time × Time

+ 0.0381 × Temp × Time
Eq. 7 

It is important to note that the yields reported in the RSM-BBD 
analysis refer to crude sodium alginate recovery, calculated immedi
ately after alkaline extraction and before bleaching and purification. The 
model predicted a maximum crude yield of 45.4%, and a confirmatory 
experiment under optimal conditions yielded 44.2%, validating the 
model's predictive capability. The factor ranges were intentionally 
constrained to remain operationally realistic and reproducible for scal
able processing, avoiding unnecessarily harsh conditions that may in
crease energy demand and elevate the risk of polysaccharide 
degradation.

The effect of extraction time on crude yield was strongly influenced 
by temperature and alkali concentration. At 60 ◦C and 0.2 M Na2CO3, 
the yield increased from 20% at 1 h to 32% at 4 h, then plateaued. Under 
optimized temperature and extraction time, the yield increased steadily 
from 30% at 1 h to 45% at 5 h, demonstrating a 51% relative increase. 
This trend highlights the synergistic effect of temperature and time in 
enhancing extraction efficiency, likely due to improved matrix swelling, 
solubilization of alginate-calcium complexes, and increased mass 
transfer (Fig. 1a–b). Similar trends have been reported for other brown 
seaweeds, where yields rise with time and temperature but eventually 
plateau due to polymer degradation or saturation of extractable sodium 
alginate (Fawzy et al., 2017; Fenoradosoa et al., 2010; Mohammed et al., 
2020).

The interaction between temperature and alkali concentration also 
influenced extraction outcomes. At 3 h, increasing Na2CO3 from 0.1 M to 
0.3 M improved yield from 21% to 29% at 40 ◦C and from 34% to 42% at 
80 ◦C. These data indicate that higher temperatures amplify the solu
bilizing effect of alkali, possibly by enhancing the dissociation of 
guluronic acid-Ca2+ cross-links and increasing alginate mobility in the 
aqueous phase (Mazumder et al., 2016) (Fig. 1c–d).

A similar interaction was observed between alkali concentration and 
extraction time at a fixed temperature (60 ◦C). At 1 h, increasing Na2CO3 
from 0.1 M to 0.3 M increased yield from 16% to 24%, while at 5 h, the 
same increase raised yield from 28% to 36%. When holding Na2CO3 
constant at 0.3 M, extending the extraction time from 1 h to 5 h 

improved the yield from 26% to 36%, representing a 10% absolute gain 
(Fig. 1e–f). These findings suggest that longer exposure to stronger 
alkaline conditions facilitates deeper diffusion into algal tissues and 
more effective solubilization of bound alginate (Bojorges, López-Rubio 
et al., 2023).

Taken together, these results confirm that temperature, time, and 
Na2CO3 concentration exert strong individual and interactive effects on 
sodium alginate extraction yield. The optimized parameters greatly 
enhanced recovery efficiency. Importantly, these conditions are aligned 
with industrial hydrocolloid processing standards, supporting the scal
ability of this extraction strategy. In this study, RSM optimization was 
performed using crude yield as the response to establish a high-yield 
baseline for pelagic Sargassum valorization; future work could imple
ment multi-response optimization, such as yield together with viscosity/ 
Mv and functional performance, to balance recovery with polymer 
integrity and end-use properties.

In contrast to the crude extraction yields, the values reported for the 
different pretreatment strategies represent purified sodium alginate 
obtained after acid precipitation, ethanol washing, and neutralization. 
Under the optimized extraction conditions, purified sodium alginate 
yield ranged from 16.3% to 21.6% across pretreatments (Fig. 2a). The 
untreated control yielded 20%, while autoclaving for 10 min and 30 min 
produced slightly lower yields of 18.5% and 16.3%, respectively. HPP 
pretreatments at 400 MPa and 600 MPa yielded 19.5% and 19.2%, 
respectively. Sonication for 10 min and 30 min produced the highest 
recoveries, 21.6% and 20.7%, although these differences were not sta
tistically significant (P ≥ 0.05) compared with the control.

Overall, the yields remained within a narrow range (16-22%), indi
cating that neither thermal nor non-thermal pretreatments markedly 
improved or impaired extractability. These results are consistent with 
the RSM-BBD trends, suggesting that the physical pretreatments applied 
here did not substantially influence alginate solubilization efficiency, 
whereas prolonged autoclaving caused a modest decline in recovery.

3.3. Characterization of purified sodium alginate

3.3.1. FTIR characterization of sodium alginate
All alginate samples exhibited the characteristic FTIR spectra of so

dium alginate, indicating the presence of key functional groups (Fig. 3). 
The asymmetric and symmetric stretching vibrations of carboxylate 
groups (COO− ) were observed at approximately 1600 cm− 1 and 1400 
cm− 1, respectively. Additional bands corresponding to saccharide ring 
structures were detected at 1080 cm− 1 (C-C) and 1030 cm− 1 (C-O), 
along with a broad envelope spanning 1200-900 cm− 1, attributed to C- 
O-C linkages and polysaccharide backbone vibrations. A weak band near 
900 cm− 1, typically associated with guluronic acid residues, was 
consistently observed across all samples (Leal et al., 2008).

Band intensities varied between pretreatments without a consistent 
trend (Table S3), potentially due to minor differences in ATR contact, 
local hydration state, or partial chain scission (Jensen et al., 2015). 
However, no new absorption bands appeared in the 1800-800 cm− 1 

region, and the positions of major peaks remained stable (±2-3 cm− 1), 
indicating that functional group-level chemistry was unchanged.

These findings support the hypothesis that pretreatments primarily 
induced physical modifications, such as chain fragmentation or 
conformational changes, rather than chemical alterations to functional 
groups. This aligns with the expected non-oxidative, non-reactive nature 
of the applied pretreatments. Consequently, the observed differences in 
functional performance are more likely driven by changes in molecular 
size, chain flexibility, or entanglement, rather than alterations in back
bone composition, as further supported by the similar M/G ratios 
determined from the 1H NMR analysis.

3.3.2. Effect of pretreatments on the M/G ratio of sodium alginate
1H NMR spectra of all sodium alginate samples displayed the ex

pected anomeric proton signals corresponding to guluronic and 

Table 3 
ANOVA summary for the response surface model on crude sodium alginate yield.

Coefficient 
estimate

Sum of 
squares

Degree 
of 
freedom

Mean 
square

F- 
value

P-value

Model 5.38 848.01 6 141.33 170.07 <0.001
Temp − 0.272 341.00 1 341.00 410.32 <0.001
Time 7.148 299.88 1 299.88 360.84 <0.001
Alkali 
Conc.

38.26 117.12 1 117.12 140.93 <0.001

Temp 
×

Temp

0.00404 9.70 1 9.70 11.67 0.009

Time 
× Time

− 1.062 66.99 1 66.99 80.60 <0.001

Temp 
× Time

0.0381 9.27 1 9.27 11.16 0.010

Error ​ 6.65 8 0.83 ​ ​
Lack- 
of-Fit

​ 5.97 6 1.00 2.93 0.276

Pure 
Error

​ 0.68 2 0.34 ​ ​

Total ​ 854.65 14 ​ ​ ​

A.K. Bingi et al.                                                                                                                                                                                                                                 Food Hydrocolloids 176 (2026) 112534 

6 



mannuronic acid residues, confirming structural identity (Fig. 4). Three 
strong signals were observed at 5.56 ppm (G-1), 5.17 ppm (MM-1), and 
4.96 ppm (GG-5). Additionally, three weaker resonances appeared on 
the low-field side of peak II at 5.25 ppm (GGM-5), 5.22 ppm (MGM-5), 
and 5.20 ppm (MG-1), corresponding to mixed-linkage protons 
commonly reported for brown algal alginates (Grasdalen, 1983; Gras
dalen et al., 1979; Jensen et al., 2015; Kinh et al., 2014). While the 
resonance pattern and relative positions align well with published 
alginate spectra, the absolute chemical-shift values appear slightly 
downfield. Such variations are expected and likely arise from normal 
differences in solvent referencing, ionic environment, and experimental 
conditions inherent to NMR analysis of polysaccharides (Yao et al., 
2021).

Quantitative integration of the anomeric region enabled estimation 
of monomer fractions (FG, FM) and M/G ratio (Table 4). The complete set 
of equations and calculations is provided in the Supplementary Material. 
All samples exhibited a guluronic acid-rich composition, with FG values 
ranging from 0.74 to 0.80 and M/G ratios ranging from 0.25 to 0.35. No 
statistically significant differences were observed between pre
treatments (P ≥ 0.05), suggesting that pretreatments did not alter the 
monomer composition or blockwise sequence distribution.

Although M/G ratios were significantly similar, subtle variations 
may still influence functionality. For example, the slightly lower M/G 
values observed in sonicated samples may synergize with their higher 
Mv to enhance gel strength. Conversely, samples with marginally higher 
M/G ratios but lower Mv (e.g., autoclaved or HPP-600) may form weaker 
gels due to insufficient chain length, highlighting the interplay between 
composition and chain architecture (Yang et al., 2022).

Overall, these NMR results support the notion that functional dif
ferences observed among pretreatments primarily stem from changes in 
molecular structure (e.g., chain length, flexibility, or conformation) 
rather than from shifts in chemical composition or sequence.

3.4. Effect of pretreatments on the physicochemical and functional 
properties of purified sodium alginate

Pretreatments markedly altered both the molecular integrity and 
functional performance of the extracted sodium alginate. Key properties 
affected included apparent and intrinsic viscosity, Mv, gel strength, and 
E24, each reflecting distinct structural changes induced by thermal and 
non-thermal processing (Fig. 2b–f).

The untreated control exhibited the highest intrinsic viscosity (2.90 
dL/g) and Mv (136 kDa), reflecting an intact, high-Mv polymer network 
(Ravve, 2012). Its apparent viscosity was also high (14.1 mPa s), 
consistent with limited chain fragmentation and extensive molecular 
entanglement typical of minimally processed alginate.

Autoclaving produced the most severe degradation among all pre
treatments, reducing apparent viscosity (3.23 mPa s), intrinsic viscosity 
(0.32 dL/g), and Mv (14.6 kDa) to a fraction of the control values. Gel 
strength likewise declined from 175 g to 77 g. This overall decrease in 
viscosity, Mv, and gel strength indicates the severe depolymerization 
and conformational disruption caused by prolonged thermal exposure 
(Chansoria et al., 2020), likely attributed to acid hydrolysis or 
heat-induced glycosidic bond cleavage (Lorson et al., 2020).

Sonication exerted a time-dependent but comparatively mild impact 
on alginate structure. After 10 min, Mv remained relatively high (83 
kDa), and gel strength (144-174 g) was largely preserved, indicating 
limited backbone cleavage under low-intensity ultrasound (Feng et al., 
2017). Extending treatment to 30 min induced minor reductions in Mv 
(77 kDa) and viscosity, suggesting controlled fragmentation rather than 
extensive degradation (Wu et al., 2025).

In contrast to viscosity and gel behavior, emulsification performance 
diverged sharply among pretreatments. Despite their relatively high Mv, 
sonicated samples exhibited low E24 values (4.69–7.81%), suggesting 
that semi-rigid, entangled chains diffuse slowly to the oil–water inter
face and form less effective interfacial films (Wardhani et al., 2021). It 
should be noted that sodium alginate is predominantly hydrophilic and 
has limited intrinsic amphiphilicity, which can constrain its ability to 

Fig. 1. Response surface analysis of crude yield of sodium alginate as a function of extraction parameters. 
Three-dimensional response surface plots (a, c, and e) and corresponding two-dimensional contour plots (b, d, and f) show the interactive effects of three extraction 
parameters (temperature, time, and alkali concentration) on the crude yield (%) of alginate extracted from pelagic Sargassum spp. Panels (a) and (b) display the 
interaction between temperature (◦C) and extraction time (h) at a fixed alkali concentration of 0.2 M. Panels (c) and (d) illustrate the effect of temperature (◦C) and 
alkali concentration (M) at a fixed extraction time of 3 h. Panels (e) and (f) represent the interaction between extraction time (h) and alkali concentration (M) at a 
fixed temperature of 60 ◦C. In all experiments, the seaweed sample weight was 0.5 g, and the sample-to-alkali ratio was maintained at 1:50 (w/v).
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rapidly adsorb and lower interfacial tension compared with true 
surface-active emulsifiers (Akshaya & Nathanael, 2024). In many food 
emulsion systems, alginate therefore contributes to stability mainly 
through continuous-phase thickening and/or by forming interfacial 

structures via complexation or gel-like shells/particles at the oil-water 
interface, rather than by acting as a primary emulsifier (Gao et al., 
2023). From this perspective, higher molecular weight and stronger 
chain entanglement (as reflected by higher intrinsic/apparent viscosity) 
may favor gel strength, yet can also slow interfacial transport and 
rearrangement, leading to weaker short-term emulsification indices 
when adsorption/coverage is rate-limiting (Charisis & Kalogianni, 
2023).

HPP at 400 MPa produced the highest E24 (17.2%), coinciding with a 
moderate Mv (67.6 kDa) and reduced intrinsic viscosity. A plausible 
explanation is that partial reduction in chain length and entanglement 
increases polymer mobility, enabling faster redistribution during 
emulsification and improved droplet stabilization. In alginate-based 
systems, stabilization can arise from interfacial structuring (Charisis & 
Kalogianni, 2023) and/or electrostatic deposition onto oppositely 
charged, protein-coated droplets (Ma et al., 2017). Although interfacial 
tension, droplet size, and ζ-potential were not measured, these mecha
nisms support why moderate molecular weight/viscosity alginate may 
stabilize emulsions more effectively than highly entangled, high mo
lecular weight alginate. Similar findings have been reported in 
high-pressure-treated (X. Zhang et al., 2023) and structurally modified 
alginates (Bojorges, Martínez-Abad, et al., 2023).

Collectively, these results demonstrate that thermal degradation 
significantly impairs both molecular integrity and functionality, while 
non-thermal pretreatments, particularly sonication and HPP at 400 
MPa, better preserve alginate performance. However, no direct one-to- 
one correspondence was observed between Mv, viscosity, gel strength, 

Fig. 2. Effect of different pretreatments on the physicochemical and functional properties of sodium alginate purified from pelagic Sargassum spp. The comparison 
includes a control (no pretreatment) along with six pretreatment conditions: autoclaving at 121 ◦C and 35 psi for 10 and 30 min, HPP at 400 and 600 MPa for 10 min 
at RT, and sonication at 40 kHz for 10 and 30 min at RT. Bars represent mean ± SEM (n = 2). 
Significant levels: P ≥ 0.05 (not significant (ns)), P = 0.0332 (*), P = 0.0021 (**), P = 0.0002 (***), P < 0.0001 (****).

Fig. 3. FTIR spectra of sodium alginate purified from pelagic Sargassum spp. 
under control and pretreatment conditions. 
The spectra represent the control (no pretreatment) along with six pretreatment 
conditions: autoclaving at 121 ◦C and 35 psi for 10 and 30 min, HPP at 400 and 
600 MPa for 10 min at RT, and sonication at 40 kHz for 10 and 30 min at RT. 
Spectra were recorded in the range of 1800-700 cm− 1 to highlight key func
tional group vibrations.
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and E24, reflecting the complex and multifactorial nature of alginate 
structure-function relationships.

Although the control exhibited the highest Mv and gel strength, it 
lacked the tailored functionalities observed in treated samples. Thus, the 
practical value of pretreatment is not to outperform the control uni
versally, but to provide a controllable processing lever to tailor alginate 
performance to the intended end use. Non-thermal methods, in partic
ular, allowed selective enhancement of emulsification (HPP) or preser
vation of gel strength (sonication), highlighting their value for 
application-specific design of food hydrocolloids.

Overall, a clear pattern emerged: high Mv correlated with strong gels 
and high viscosity, while moderate Mv (60-70 kDa) appeared optimal for 

emulsification. Among all pretreatments, autoclaving was the least 
favorable, severely compromising alginate performance. In contrast, 
mild sonication and moderate HPP preserved or selectively enhanced 
specific functionalities.

These findings suggest that non-thermal pretreatments offer prom
ising tools for tuning alginate properties for application-specific per
formance. HPP may be preferable for formulations requiring enhanced 
emulsifying capacity, such as salad dressings or beverages, whereas 
sonication may be better suited for applications requiring strong gels, 
such as dessert matrices or encapsulation systems.

4. Conclusion

This study demonstrates that pretreatment strategies significantly 
influence the structural and functional properties of sodium alginate 
extracted from pelagic Sargassum spp., offering a value-added route for 
utilizing this underused biomass. Autoclaving caused severe depoly
merization, resulting in reduced Mv, viscosity, gel strength, and emul
sification capacity, rendering it unsuitable for food applications. In 
contrast, non-thermal pretreatments, specifically sonication (10 min) 
and high-pressure processing (400 MPa), selectively enhanced desirable 
functional attributes.

Sonication preserved molecular integrity and maximized gel 
strength, supporting its use in gels, encapsulates, and structured hy
drocolloid systems. HPP improved the E24, indicating potential for 
emulsion-based food products such as dressings and beverages. FTIR and 
NMR analyses confirmed that the alginate backbone remained chemi
cally stable, suggesting that functional changes were driven by 
controlled chain disentanglement, flexibility, or conformational changes 
rather than chemical modification.

Overall, this study demonstrates that non-thermal pretreatments can 
modulate alginate functionality without altering chemical integrity, 
providing opportunities to tailor alginate properties for specific clean- 
label food applications. While these methods did not outperform the 
control, their selective effects demonstrate feasible pathways for 
application-specific optimization. Importantly, by enabling the pro
duction of functional alginate from pelagic Sargassum with potential for 
food-related applications, this work offers an alternative, sustainable 
strategy to valorize this abundant marine biomass. A logical next step 
toward commercialization is batch-to-batch verification of regulated 
metals/metalloids in the purified alginate, alongside functional testing 
in model food systems. Future work should focus on optimizing these 
pretreatment conditions and evaluating their performance in model 
food systems to better align alginate functionality with targeted product 
needs.
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Fig. 4. 1H NMR spectra of sodium alginate purified from pelagic Sargassum spp. 
under control and pretreatment conditions in D2O at 80 ◦C The spectra repre
sent the control (no pretreatment) along with six pretreatment conditions: 
autoclaving at 121 ◦C and 35 psi for 10 and 30 min, HPP at 400 and 600 MPa 
for 10 min at RT, and sonication at 40 kHz for 10 and 30 min at RT. NMR 
spectra highlight the characteristic proton resonances of α-L-guluronic acid (G) 
and β-D-mannuronic acid (M) residues. Major chemical shifts include: Peak I 
(5.76-5.42 ppm, maroon dashed arrows): H-1 of G (G-1); Peak II (5.30-5.08 
ppm, olive green dashed arrows): Overlapping signals from H-1 of M (MM-1), 
and mixed blocks (GGM-5, MGM-5, MG-1); Peak III (5.08-4.85 ppm, deep 
magenta dashed arrows): H-5 of G (GG-5) in G-G diads. The underlined letters 
(e.g., MG-1, GGM-5) indicate the residue from which the observed proton 
originates. The structures of G and M are shown to demonstrate the proton 
environments corresponding to each signal. Three peaks (I, II, and III) denote 
the three major regions used for integration-based estimation of M/G ratios. 
Variations in peak intensities and relative distributions reflect compositional 
and sequence differences in alginate due to different pretreatments. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)

Table 4 
Monosaccharide composition (FG, FGG, FM) and M/G ratio of sodium alginate purified from pelagic Sargassum spp. under control and pretreatment conditions.

Samples FG FGG FM M/G

Control ​ 0.76 ± 0.02a 0.58 ± 0.01 0.24 ± 0.02 0.31 ± 0.03
Pretreatments

Autoclave 10 min 0.74 ± 0.01a 0.59 ± 0.01a 0.26 ± 0.01a 0.35 ± 0.01a

30 min 0.75 ± 0.01a 0.61 ± 0.00b 0.25 ± 0.01a 0.34 ± 0.02a

HPP 400 MPa 0.76 ± 0.01a 0.59 ± 0.00a 0.24 ± 0.01a 0.32 ± 0.01a

600 MPa 0.76 ± 0.02a 0.59 ± 0.00a 0.24 ± 0.02a 0.32 ± 0.03a

Sonication 10 min 0.78 ± 0.03a 0.58 ± 0.00a 0.23 ± 0.03a 0.29 ± 0.05a

30 min 0.80 ± 0.00a 0.58 ± 0.00a 0.20 ± 0.00a 0.25 ± 0.00a

FG: Fraction of guluronic acid.
FGG: Fraction of guluronic acid-guluronic acid dimer.
FM: Fraction of mannuronic acid.
a,b Means with different superscripts differ significantly from the control (P < 0.05).

a Values are presented as mean ± SEM.
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