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Abstract: Marine biomass has attracted attention as an environmentally sustainable energy source
that can replace petroleum-based resources. Alginates, the main natural polysaccharides extracted
from seaweeds, are used in various fields, such as food, pharmaceuticals, and chemical raw materials.
Because the versatile applications of alginates depend on their physicochemical properties, which
are controlled by their molecular weights, proper alginate depolymerization should be established.
Previous approaches have limitations such as long reaction times and environmental issues. In this
study, we report eco-friendly alginate depolymerization using hydrogen peroxide (H2O2)-induced
oxidative decomposition and high-frequency ultrasonication. In oxidative decomposition, the depoly-
merization tendency depends on both the temperature and the use of iron oxide catalysts that can
promote the Fenton reaction. Ultrasonication is effective in promoting selective depolymerization and
ring-opening reactions. Oligo-alginates obtained through the precise molecular weight regulation of
alginate offer potential applications in medical devices and platform chemicals.
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1. Introduction

Various technologies have been developed to use biomass as a feedstock to produce
energy sources and chemical compounds to replace current petroleum resources [1]. These
technologies encompass the use of first-generation biomass, such as corn or sugarcane,
for bioethanol production, as well as research on the chemical and biological conversion
of second-generation biomass (lignocellulosic biomass) to obtain high-value compounds.
However, first-generation biomass has the issue of increased price because it is used as a
food resource [1]. Furthermore, second-generation biomass faces challenges, such as limited
cultivation areas and slow growth rates, leading to socioeconomic and environmental issues
in the biomass feedstock production process [1]. Conversely, third-generation biomass,
such as seaweeds such as kelp and wakame, is gaining attention as a sustainable and
environmentally friendly biomass source owing to its superior carbon dioxide absorption
capabilities, high productivity, and the absence of a need for arable land [2]. The Repub-
lic of Korea has a good geographical and technological background for utilizing marine
biomass [1]. The Republic of Korea is surrounded by sea on three sides. Furthermore, it em-
ploys competitive seaweed cultivation technology. According to the Food and Agriculture
Organization (FAO) of the United Nations 2020 State of World Fisheries and Aquaculture
(SOFIA 2020) report, as of 2018, the Republic of Korea’s seaweed cultivation production
amounted to 1,715,000 tons, ranking third among sixteen major countries. Brown algae
such as Undaria pinnatifida and Saccharina japonica constitute ~68% of the total production.

Alginate is a functional hydrophilic polysaccharide primarily found in brown algae,
comprising ~40% of its dry weight. As shown in Figure 1, it consists of D-mannuronic acid
and L-guluronic acid units linked by 1,4-glycosidic bonds. Alginate has carboxyl (–COOH)
and hydroxyl (–OH) functional groups [3,4]. Based on these characteristics, alginates
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are used in various industrial applications, including in the food, pharmaceutical, and
cosmetic industries [5,6]. It also serves as a raw material for bioplastics, a viscosity modifier
in inks, and an eco-friendly detergent. Furthermore, it is used as a precursor for high-
value platform chemicals such as furfural or furan-derived compounds [5,6]. However,
the required molecular weight of alginate significantly varies across applications. To use
alginates in versatile applications, it is important to control their molecular weight and
establish depolymerization processes [7–10].
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Approaches to controlling the molecular weight of alginates can be briefly categorized
into physical, biological, and chemical depolymerization [11–19]. Physical depolymer-
ization involves microwave irradiation, ultrasonication, and thermal treatment [11–14].
Ultrasound promotes reactions through shear stress or by breaking the bonds of surround-
ing molecules through a cavitation effect in solution [15]. The physical approach offers
the advantage of mild processing and does not require post-treatment steps, such as neu-
tralization with low-polydispersity products. However, these methods show low reaction
efficiencies and are challenging for large-scale production. Biological depolymerization
uses enzymes [16,17]. While this approach exhibits high selectivity in product formation, it
has the limitations of requiring post-treatment for the separation of enzymes from products
and low stability owing to the biological nature of enzymes. Chemical depolymerization in-
volves the use of acids and bases [11,15,18,19]. These methods are well suited for large-scale
production. However, this method is limited by random depolymerization with diverse
molecular weight distributions. Additionally, toxic chemicals require post-treatment for
neutralization, leading to environmental issues. Recently, H2O2, a clean chemical rather
than a strong acid or base, has been used to depolymerize alginates [11,19]. Soukaina
et al. reported that alginates with molecular weights of 220 kDa extracted from Bifurcaria
bifurcate (a Moroccan brown seaweed) were depolymerized by H2O2 at 70 ◦C, leading to
oligo-alginates with a molecular weight of 5.5 kDa and a degree of polymerization <24 [19].
Choi et al. reported that H2O2 induces the depolymerization of alginates from 450 to
15.9 kDa [11].

Despite research efforts to depolymerize alginates using physical, biological, and
chemical approaches, the selective depolymerization of alginates by cleaving glycosidic
linkages while preserving the monomer units of alginate has been limited. This study
presents an eco-friendly depolymerization of high-molecular-weight alginates to selectively
cleave glycosidic linkages within alginates via two depolymerization steps: oxidative
decomposition followed by ultrasonication (Figure 1). In the first step used, hydrogen
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peroxide (H2O2) was used as a clean oxidizing agent, facilitated by iron oxide (Fe3O4)
catalysts to induce the Fenton reaction [20]. The second step employed high-frequency
ultrasonication (~500 kHz) to generate hydroxyl radicals, leading to chemical effects rather
than the physical effects of conventional low-frequency irradiation [15,21,22]. This approach
offers a way to control the molecular weight of alginate while maintaining its inherent
physicochemical properties (monomer units), thus providing oligo-alginates with molecular
weights suitable for various industries.

2. Materials and Methods
2.1. Chemical Materials

Sodium alginate (Alg, 80–120 cP), purchased from Wako, Japan, was used as the raw
material in this study. Hydrogen peroxide (H2O2, 30 wt%) was obtained from Daejung
Chemicals, Siheung, Republic of Korea and Metals Co., Ltd., Seoul, Republic of Korea. Iron
(II, III) oxide, also known as black iron oxide (Fe3O4, 95.0%, Samchun Chemicals, Seoul,
Republic of Korea), was used as the catalyst.

2.2. Oxidative Decomposition by H2O2 (Step 1)

In the first step, the oxidative decomposition of alginate was performed in a batch
system using an R-8 autoclave manufactured by Daeil Engineering, Seoul, Republic of
Korea. Initially, a raw alginate solution was prepared by dissolving alginate in distilled
water at a concentration of 2 wt%. A 2 wt% alginate solution was selected because it was
appropriate to handle the solution. If the concentration increases, the solution becomes
more viscous, making processing of the liquid difficult and inhomogeneous. The solution
was then introduced into the reactor. Subsequently, hydrogen peroxide (H2O2) was added
at a ratio of 1.5:1 (w/w) with respect to alginate, and depending on the presence or absence
of the catalyst, an iron oxide catalyst (iron oxide catalyst: H2O2 = 1:125 (w/w)) was added.
The ratio of H2O2 to alginate (1.5:1 w/w) was chosen based on previous studies [11,19]. The
ratio of Fe3O4 to H2O2 was fixed at 1:125 (w/w) based on a previous study which reported
that a similar ratio of Fe3O4:H2O2 was most effective during p-nitrophenol degradation by
Fenton reactions with Fe3O4 + H2O2 [23]. Oxidative decomposition was performed at 70,
90, 110, and 130 ◦C for 10 h. The products obtained from the oxidative decomposition are
labeled and summarized in Table 1.

Table 1. List of sample labels for oxidative decomposition.

Reaction Temperature (◦C) Use of Fe3O4 Catalyst Product Label

70 No 70
90 No 90

110 No 110
130 No 130
70 Yes F70
90 Yes F90

110 Yes F110
130 Yes F130

2.3. High-Frequency Ultrasonication (Step 2)

Depolymerization through ultrasonication was conducted using a high-frequency
ultrasonic device (500 kHz, 30 W) from Mirae Ultrasonic Tech. Co., Bucheon, Republic of
Korea, in which 80 mL of the product obtained in Step 1 was introduced into the reactor,
with the mixture then subjected to ultrasonication at 70 ◦C with stirring for 3, 6, and 10 h.
The products obtained after ultrasonication are labeled and summarized in Table 2.
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Table 2. List of sample labels for ultrasonication.

Reaction Temperature (◦C) Duration of Ultrasonication (h) Product Label

70 3 70-U3
6 70-U6

10 70-U10
90 3 90-U3

6 90-U6
10 90-U10

110 3 110-U3
6 110-U6

10 110-U10
130 3 130-U3

6 130-U6
10 130-U10

F70 3 F70-U3
6 F70-U6

10 F70-U10
F90 3 F90-U3

6 F90-U6
10 F90-U10

F110 3 F110-U3
6 F110-U6

10 F110-U10
F130 3 F130-U3

6 F130-U6
10 F130-U10

2.4. Product Characterizations

Gel Permeation Chromatography (GPC) was used to determine the molecular weight
of the products obtained after each step. The analytical columns used were a series of
connected Waters Ultrahydrogel 120, 500, and 1000 columns. The mobile phase solvent
used was a 0.1 M NaN3 solution, and it was eluted at a flow rate of 1 mL/min at 40 ◦C.

Fourier-transform infrared (FT−IR) spectroscopy was employed to investigate the
chemical and structural changes in the products obtained at each step. The FT−IR spectra
were acquired using the Attenuated Total Reflection (ATR) method, and the measurements
were conducted at a resolution of 4 cm−1 and a scanning speed of 2 mm/s.

To understand the impact of depolymerization by oxidative decomposition and ultra-
sonication on the molecular structure of alginate, hydrogen nuclear magnetic resonance
(1H-NMR) spectroscopy was conducted. For analysis, the products from each reaction
(30 mL) were concentrated in a rotary evaporator at 35 ◦C. The resulting samples were
dissolved in 0.75 mL of deuterated water (D2O, 99.96% D) for analysis.

3. Results and Discussion
3.1. Oxidative Decomposition (Step 1)
3.1.1. GPC Analysis

Figures 2 and S1 and Table S1 present the results of the GPC analysis of the 2 wt%
alginate used as the raw material and the products obtained from oxidative decomposition.
The alginate solution had a molecular weight of ~906,000 Da and a dispersity of 4.8. When
the alginate was decomposed by hydrogen peroxide (H2O2), the products at reaction
temperatures of 70 and 90 ◦C showed molecular weights of ~4230 and 2380 Da, respectively,
while the products at reaction temperatures of 110 and 130 ◦C exhibited nearly constant
molecular weights at ~800 Da. Furthermore, it was observed that the dispersity of the
products significantly decreased to a range of 1.36–1.58 for all reaction temperatures. This
result indicates that the oxidative decomposition by H2O2 depolymerizes alginates into
more homogeneous oligo-alginates with narrower molecular weight distributions.
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Figure 2. Molecular weight and polydispersity of alginate and products after oxidative decomposition
by H2O2 or H2O2 + Fe3O4.

When using H2O2 and Fe3O4, the products obtained at 70 and 90 ◦C had molecular
weights of ~2730 and 1640 Da, respectively. The products obtained at reaction temperatures
of 110 and 130 ◦C exhibited molecular weights of ~900 Da. The dispersity of all the products
investigated decreased significantly to a range of 1.39–1.62. This result also shows that the
oxidative decomposition by H2O2 and Fe3O4 leads to the depolymerization of alginates
into more homogeneous oligo-alginates with narrower molecular weight distributions.
However, no additional contribution was observed to the polydispersity of Fe3O4 compared
with H2O2 alone.

From the GPC results, the products obtained at all reaction temperatures exhibited a
significant decrease in molecular weight of ~99% compared with that of the raw material.
However, at reaction temperatures of 70 ◦C and 90 ◦C, the Fenton reaction induced by both
H2O2 and Fe3O4 occurred, increasing the generation rate of hydroxyl radicals (•OH) and
enhancing the oxidative decomposition of alginate. However, at reaction temperatures of
110 and 130 ◦C, the influence of Fe3O4 was not evident.

3.1.2. FT−IR Analysis

Figure 3a shows the FT−IR spectra of pure alginate. The spectrum reveals two groups
of vibrational peaks. One is attributed to the functional groups of the alginate monomer
units, namely mannuronic acid and guluronic acid, which include carboxyl anions (COO-,
1594 cm−1, 1408 cm−1), pyranose ring components (1125 cm−1 for O-C-H, 1080 and
1045 cm−1 for C-O), and uronic acid residues (C-O, 950 cm−1). The other group includes
1,4-glycosidic linkages (C-O-C, 1171 cm−1) that connect the monomers of the alginates.
These results were consistent with those of previous studies [24].

Figure 3a shows the FT−IR spectra of the oxidative decomposition products ob-
tained using alginate and H2O2 alone. The peak assignments are summarized in Table S2.
When the oxidative decomposition was performed at 70 and 90 ◦C, the peaks at 1125
and 1079–1081 cm−1 (corresponding to the pyranose ring) remained, while the peak at
1170 cm−1, attributed to glycosidic linkages (C-O-C), notably decreased. From these results,
it can be inferred that the applied reaction conditions did not alter the constituent units of
alginate in the products but selectively cleaved the 1,4-glycosidic linkages connecting the
monomers of alginate.

In the products at reaction temperatures of 110 and 130 ◦C, the pyranose ring-related
peaks at 1125 and 1080 cm−1 were scarcely discernible. Moreover, strong peaks at 831 cm−1

(C-H bending) and 1450 cm−1 (-CH3 and -CH2- groups) were noted [25–37]. This result
indicated that ring-opening reactions occurred during oxidative decomposition.
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Figure 3c shows the FT−IR spectra of the oxidative decomposition products obtained
using alginate, H2O2, and Fe3O4. At a reaction temperature of 70 ◦C, characteristic peaks
of the pyranose ring were observed at 1125 and 1081 cm−1. However, vibrational peaks
at 1350 cm−1, attributed to the deformation vibrations of -CH2- and -CH3 groups, were
observed. These results suggested the presence of alginate monomer units and concurrent
ring-opening reactions. Compared to alginate decomposed by only H2O2 at 70 ◦C, Fe3O4
catalysts result in the ring opening of alginates. By contrast, for the products obtained
at reaction temperatures of 90 ◦C and higher, the absorption wavelengths at 1125 and
1080 cm−1, corresponding to the pyranose ring, were hardly discernible. In addition, peaks
were observed at 831 cm−1 (C-H bending vibrations) and 1450 cm−1 (-CH3 and -CH2-
groups). This result indicates that not only were the 1,4-glycosidic linkages cleaved by
the excess hydroxyl radicals (•OH) generated from hydrogen peroxide, but also that the
internal bonds within the pyranose ring were broken, forming -CH3 and -CH2- groups at
the terminal positions [25–37].

3.1.3. NMR Analysis

Figure 4 shows the NMR spectra of alginate and its products after oxidative decompo-
sition. Upon examining the NMR results of pure alginate, the characteristic chemical shifts
(δ) of alginate can be observed in the range of 3.5–5.6 ppm. This observation is consistent
with previous studies [38–40].

In the reaction where only H2O2 was used (Figure 4a), it was observed that when the
reaction temperature was <90 ◦C, the major peaks of alginate (3.5–5.6 ppm) were present.
Under these conditions, only the cleavage of the glycosidic linkages occurred. Conversely,
in the products obtained at reaction temperatures of 110 and 130 ◦C, new peaks appeared at
8.7–8.8 ppm, corresponding to aldehyde (-CHO), and at 2.1–2.3 ppm, representing methyl
groups (-CH3) and carbon chains (-CH2-). This result indicated that the C2-C3 bond within
the pyranose ring was broken during oxidative decomposition, forming aldehydes at the
chain terminus. In addition, the presence of -CH3 and -CH2- in the alginate backbone was
suggested. These results are consistent with the degradation products of other sugars, such
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as hyaluronic acid, and confirm similar outcomes for the breakdown of pyranose structures
within alginate [11,38–41].
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When H2O2 and Fe3O4 were used (Figure 4b), it was observed that new peaks ap-
peared at 8.7–8.8 ppm and 2.1–2.3 ppm under all given oxidative decomposition conditions.
However, at a reaction temperature of 70 ◦C, the characteristic chemical shifts of algi-
nate (3.5–5.6 ppm) were also present, suggesting that glycosidic linkage cleavage and
ring-opening reactions occurred simultaneously in this case [11,38–41].

In summary, reaction temperature plays a significant role in the first step of depoly-
merization (oxidative decomposition). Based on the GPC results, the minimum molecular
weight achievable was ~800 Da, and higher reaction temperatures promoted more efficient
depolymerization reactions. Furthermore, based on the FT−IR and NMR results, when
only H2O2 was used, it is inferred that alginate monomer units were well preserved at
70 and 90 ◦C and that only glycosidic linkages connecting monomers were selectively
cleaved. However, at the reaction temperatures of 110 and 130 ◦C, ring-opening reactions in
alginate monomer units occurred, leading to random scission of the bonds that constitute
the polymer. In the reactions using H2O2 and Fe3O4, random scission of the alginate chains
was initiated at all the reaction temperatures.

3.2. High-Frequency Ultrasonication (Step 2)

High-frequency ultrasonication was performed using alginate products depolymer-
ized via oxidative decomposition (Step 1) as the starting material. The nomenclature of the
raw materials and products used in Step 2 is summarized in Table 2.

3.2.1. GPC Analysis

Figure 5a,b and Tables S3 and S4 show the molecular weight changes over time during
ultrasonication of the oxidative decomposition products. Figure 5c,d show the GPC graphs
of the products obtained over time for samples 70 and F70, respectively.

For sample 70, in which the alginate monomer units were preserved with selective
glycosidic linkage cleavage, the molecular weight was initially 4230 Da and decreased to
3960 Da (after 3 h) and 3410 Da (after 6 h). Finally, after 10 h of reaction, the molecular
weight became ~3380 Da (~20.0% decrease). Polydispersity showed similar values of
1.19–1.52, indicating no noticeable changes in the molecular weight distribution after
ultrasonication of sample 70. Analysis of molecular weight distribution from the GPC
results (Figure 5c) revealed that, as ultrasonication time increased, polymer chains with
molecular weights exceeding 2400 Da underwent cleavage, resulting in the predominant
formation of low-molecular-weight alginate in the range of 1500–2400 Da. In addition, small
amounts of oligomers, ranging from 400 to 1500 Da (dimers to heptamers), were observed.
The molecular weight of sample 90 remained at ~2730 Da for up to 6 h of ultrasonication
but slightly decreased to 2310 Da after 10 h of reaction. By contrast, no significant changes
were observed in samples 110 and 130 after ultrasonication.
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(d) F70 after ultrasonication.

For sample F70, in which the alginate chains were partially randomly cleaved, the
initial molecular weight was 2730 Da. During ultrasonication, the molecular weight de-
creased to 2530 Da after 3 h, 2420 Da after 6 h, and finally to 2210 Da (~19.3% decrease) after
10 h. Polydispersity exhibited similar ranges of 1.26–1.62, indicating no noticeable changes
among molecular weight distribution after ultrasonication on sample F70. As the ultrasoni-
cation time increased, high-molecular-weight polymers (>2650 Da) were depolymerized to
low-molecular-weight alginate in the range of 1250–2650 Da. However, oligomers ranging
from 400 to 1250 Da (dimers to hexamers) did not change significantly with increasing
ultrasonication time. For samples F90, F110, and F130, it was challenging to observe notable
changes in average molecular weight with respect to the ultrasonication time.

Additional FT−IR and NMR analyses were conducted on samples 70 and F70, which
exhibited significant molecular weight changes during ultrasonication, to investigate the
structural changes.

3.2.2. FT−IR Analysis

FT−IR analysis was conducted to confirm the structural characteristics of the products
obtained from the ultrasound treatment of samples 70 and F70 (Figure 6).

First, when investigating the infrared absorption bands of sample 70 as a function of
reaction time, it can be observed that the peaks at 947–951 cm−1 are maintained, which
correspond to the uronic acid monomers in alginate, as well as the peaks at 1040–1045,
1079–1090, and 1122–1125 cm−1 attributed to alginate’s characteristic infrared absorption
wavelengths. However, the peak at 1170 cm−1, corresponding to the glycosidic linkage,
gradually decreases as the ultrasonication time increases (Figure 6b). From these results,
it can be inferred that the uronic acid structure remained intact, while the glycosidic
linkage connecting the monomers was selectively cleaved, indicating selective depolymer-
ization [25–37].
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Furthermore, for sample F70, as the ultrasonication time increased, the absorption
wavelength at 1045 cm−1 attributed to C-O stretching vibrations within the monosaccha-
ride ring decreased. Peaks at 1117–1120 and 1079–1080 cm−1, known as the pyranose
ring regions, remained unchanged. Conversely, the peak at 1350 cm−1, associated with
-CH3 and -CH2- deformation vibrations, tended to increase. Therefore, it can be deduced
that, as the ultrasonication time increased, depolymerization occurred randomly via the
cleavage of glycosidic linkages (C-O-C) among the alginate monomer units or pyranose
ring opening [25–37]. For the other samples, no significant differences were observed,
regardless of ultrasonication time.

3.2.3. NMR Analysis

Figure 7 shows the NMR results of the products obtained from the ultrasonication of
samples 70 and F70 as a function of reaction time. When studying the NMR spectra as a
function of reaction time for sample 70, it can be observed that the peaks in the 3.5–5.6 ppm
region, representing the characteristics of alginate, show an increasing sharpness and
intensity trend. In addition, no peaks are observed in the 2.1–2.3 and 8.7–8.8 ppm regions,
indicating that no opening of pyranose rings occurred. Therefore, depolymerization during
the ultrasonication of sample 70 was inferred to selectively break the glycosidic bonds
while preserving the alginate monomer units [11,38–41].

For sample F70, as the ultrasonication time increased, the peaks at 2.1–2.3 ppm (methyl
groups, -CH3, and carbon chains, -CH2-) and 8.7–8.8 ppm (aldehyde, -CHO) increased.
From this, it can be inferred that with increasing ultrasonication time for this sample, the
opening of pyranose rings, attributed to uronic acid, proceeds, and the polymer chains are
randomly cleaved (random scission) [11,38–41].

In summary, when high-frequency ultrasonication was applied to the products of the
oxidative decomposition reaction, the following observations were made:

1. For sample 70, ultrasonication led to the selective cleavage of glycosidic bonds within
the alginate structure with increasing reaction time. This process generated low-
molecular-weight polymers, particularly dimers to heptamers, from high-molecular-
weight polymers (>2400 Da) through a selective depolymerization process.
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2. Conversely, when sample F70 was subjected to ultrasonication, the alginate was
randomly depolymerized by the opening of the pyranose rings within the alginate
structure or the cleavage of glycosidic bonds in the monomer chains. Consequently,
low-molecular-weight polymers in the range of 1250–2650 Da were generated because
of this random depolymerization process.

3. In the case of alginate sources other than the aforementioned samples, ultrasonication
did not result in further depolymerization. This suggests that the hydroxyl radicals
generated by ultrasound primarily target glycosidic bonds that connect the monomer
units of the polymer, leading to selective depolymerization and generation of low-
molecular-weight species, such as dimers or oligomers.

Clean Technol. 2023, 5, FOR PEER REVIEW  10 
 

 

3.2.3. NMR Analysis 
Figure 7 shows the NMR results of the products obtained from the ultrasonication of 

samples 70 and F70 as a function of reaction time. When studying the NMR spectra as a 
function of reaction time for sample 70, it can be observed that the peaks in the 3.5–5.6 
ppm region, representing the characteristics of alginate, show an increasing sharpness and 
intensity trend. In addition, no peaks are observed in the 2.1–2.3 and 8.7–8.8 ppm regions, 
indicating that no opening of pyranose rings occurred. Therefore, depolymerization 
during the ultrasonication of sample 70 was inferred to selectively break the glycosidic 
bonds while preserving the alginate monomer units [11,38–41]. 

 
Figure 7. 1H-NMR spectra of products after ultrasonication with reactant (a) 70 and (b) F70. 

For sample F70, as the ultrasonication time increased, the peaks at 2.1–2.3 ppm 
(methyl groups, -CH3, and carbon chains, -CH2-) and 8.7–8.8 ppm (aldehyde, -CHO) 
increased. From this, it can be inferred that with increasing ultrasonication time for this 
sample, the opening of pyranose rings, attributed to uronic acid, proceeds, and the 
polymer chains are randomly cleaved (random scission) [11,38–41]. 

In summary, when high-frequency ultrasonication was applied to the products of the 
oxidative decomposition reaction, the following observations were made: 
1. For sample 70, ultrasonication led to the selective cleavage of glycosidic bonds within 

the alginate structure with increasing reaction time. This process generated low-
molecular-weight polymers, particularly dimers to heptamers, from high-molecular-
weight polymers (>2400 Da) through a selective depolymerization process. 

2. Conversely, when sample F70 was subjected to ultrasonication, the alginate was 
randomly depolymerized by the opening of the pyranose rings within the alginate 
structure or the cleavage of glycosidic bonds in the monomer chains. Consequently, 
low-molecular-weight polymers in the range of 1250–2650 Da were generated 
because of this random depolymerization process. 

3. In the case of alginate sources other than the aforementioned samples, 
ultrasonication did not result in further depolymerization. This suggests that the 
hydroxyl radicals generated by ultrasound primarily target glycosidic bonds that 
connect the monomer units of the polymer, leading to selective depolymerization 
and generation of low-molecular-weight species, such as dimers or oligomers. 
These findings indicate that applying high-frequency ultrasonication can induce 

selective depolymerization in alginate structures, forming low-molecular-weight 
products with specific outcomes depending on the reaction conditions and initial alginate 
source. 

Figure 7. 1H-NMR spectra of products after ultrasonication with reactant (a) 70 and (b) F70.

These findings indicate that applying high-frequency ultrasonication can induce selec-
tive depolymerization in alginate structures, forming low-molecular-weight products with
specific outcomes depending on the reaction conditions and initial alginate source.

From the results for oxidative decomposition followed by high-frequency ultrasonica-
tion of alginate, we suggest the conceptual depolymerization of alginate in Figure 8.
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4. Conclusions

In this study, we conducted a two-step depolymerization reaction involving the ox-
idative decomposition of alginate, the main component of seaweed biomass, followed
by high-frequency ultrasound. Oxidative decomposition resulted in a reduction of over
99% in molecular weight as reaction temperature increased. From a molecular structure
perspective, the reaction temperature is a key factor. When alginate was decomposed
with H2O2 at the reaction temperatures of 70 and 90 ◦C, alginate units (mannuronic acids
and guluronic acids) were preserved and selective depolymerization occurred primarily
through the cleavage of glycosidic bonds by hydroxyl radicals. However, all polymer
chains were randomly cleaved at reaction temperatures of 110 and 130 ◦C.

Ultrasonication of the alginates resulted in additional molecular weight decreases in
the high-molecular-weight alginate oligomers (>2400 Da). However, different trends were
observed depending on whether the alginate monomer unit chains were preserved. When
the alginate units remained, the glycosidic bonds between the alginate unit chains were
selectively cleaved. However, when the alginate units were cleaved, ultrasound-induced
depolymerization led to ring-opening reactions between the alginate chains. This result sug-
gests that alginate depolymerization can be selectively controlled by the depolymerization
method, initial alginate structure, and reaction conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cleantechnol5040069/s1, Table S1: The molecular weight and poly-
dispersity of the products based on oxidation reaction temperature and the use of oxidants; Table S2:
Peak assignments for carboxylic anions, aliphatic C-H, glycosidic linkages, pyranose rings, and uronic
acid groups; Table S3: The molecular weight for each raw material and products of ultrasonication;
Table S4: Polydispersity for each raw material and products of ultrasonication; Figure S1: GPC spectra
for raw alginate material and products after oxidative decomposition with (a) H2O2 (70–130) and
(b) H2O2 + Fe3O4 (F70–F130).
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