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1. Introduction  

Seaweed can be classified based on the chemical compounds it contains, thus recognizing 
carrageenan-producing seaweed (carrageenophytes), agar (agarophytes), and alginate (alginophytes). 
Based on this classification, red algae (Rhodophyceae) such as Euchema spinosum and Euchema 
cottoni are classified as carrageenan-producing seaweed because they have high carrageenan 
content, around 62-68% of their dry weight [1], [2]. Carrageenan is composed of repeating galactose 
and 3,6-anhydrogalactose (3,6-AG) units. Both, whether sulfate-linked or not, are linked by 
alternating α–1,3 and β–β-1,4 glycosidic bonds [3], [4], [5]. 

Euchema cottoni is a type of red seaweed that changed its name to Kappaphycus alvarezii 
because the carrageenan produced includes the kappa-carrageenan fraction. Kappa-carrageenan (Κ-
carrageenan) is composed of α(1,3)-D-galactose-4-sulfate and β(1,4)-3,6-anhydro-D-galactose and 
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 κ-carrageenan is a sulfated polysaccharide from red seaweed widely 
used in the food and pharmaceutical industries. In its low-molecular-
weight form (<20 kDa), it exhibits improved cellular uptake and more 
potent biological activity, making it highly attractive for biomedical 
applications. Ultrasonic-assisted depolymerization provides an effective 
method for reducing molecular weight while preserving functional 
sulfate groups. This study statistically modeled the effects of 
temperature, time, and pH on κ-carrageenan depolymerization using 
Response Surface Methodology (RSM) with a Central Composite 
Design (CCD). Experiments were conducted at temperatures ranging 
from 40 to 60°C, with sonication times of 16 to 32 minutes, and at pH 
levels of 3 and 6. Molecular weight was estimated via intrinsic viscosity, 
and structural changes were analyzed by FTIR spectroscopy. The 
results showed that pH was the most influential factor, with acidic 
conditions (pH 3) promoting greater molecular weight reduction than 
near-neutral conditions (pH 6). Temperature and time also had 
significant effects, and the RSM model effectively captured both linear 
and quadratic interactions. ANOVA confirmed the model's reliability, 
with high coefficients of determination (R² = 0.9684 at pH 3 and R² = 
0.9712 at pH 6). FTIR analysis revealed cleavage of α(1→3) and 
β(1→4) glycosidic bonds, while sulfate ester groups remained stable. In 
conclusion, ultrasonic depolymerization coupled with RSM provides a 
predictive and reliable framework to optimize low-molecular-weight κ-
carrageenan production for biomedical applications. 
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contains D-galactose-6-sulfate ester and 3,6-anhydro-D-galactose-2-sulfate ester [3], [6], [7]. Κ-
carrageenan has begun to be developed in biomedical applications as a tumor growth inhibitor [8], 
antiviral [9], [10], anticoagulant [11], and antioxidant [12]. Κ-carrageenan that is useful in 
biomedical applications is low molecular weight κ-carrageenan, which has a molecular weight of 
<20 kDa [12]. This is because κ-carrageenan can enter cells more efficiently and effectively than 
high-molecular-weight carrageenan [13]. The negative charge of low-molecular-weight κ-
carrageenan will provide an inhibitory effect that interacts with the positive charge of the virus or 
cell surface, subsequently preventing the virus from penetrating the cell [14], [15]. 

One technique to reduce the molecular weight of κ-carrageenan is the depolymerization process 
using ultrasonic irradiation, which utilizes ultrasonic waves to produce cavitation bubbles that break 
the polymer chain [16], [17]. The depolymerization process is influenced by process parameters 
such as temperature, time, and solution pH [18], [19]. Variations in these three parameters can result 
in significant differences in the molecular weight distribution; therefore, controlling the process 
conditions is a crucial factor in obtaining accurate results. Studies that systematically integrate the 
effects of temperature, time, and pH parameters on changes in the molecular weight of carrageenan 
are still limited. A previous study, entitled “Kinetics and thermodynamics of ultrasound-assisted 
depolymerization of κ-carrageenan,” reported that temperature and time affect the Kinetics and 
thermodynamics of ultrasonic-assisted κ-carrageenan depolymerization, using a pseudo-first-order 
kinetic model [17]. However, the pH variable has not been considered, so the description of the 
reaction environment’s effect remains limited. Another study, which included pH variations in 
addition to temperature and time, entitled “The Kinetics And Thermodynamics Study Of 
Ultrasound-Assisted Depolymerization Of Κ-Carrageenan In Acidic Solution”, also provided more 
comprehensive information regarding the acid mechanism in the depolymerization process [18]. 
However, these two studies analyzed the influence of factors partially. They did not account for 
interactive effects (e.g., temperature–pH, time–pH) or quadratic impacts that can only be captured 
by a multivariate approach, such as Response Surface Methodology (RSM).  

RSM is a statistical technique for analyzing and optimizing the relationship between several 
factors (input variables) and responses (output variables) [20], [21]. RSM was introduced in the 
1950s and has since been widely applied in various fields, including the chemical and process 
industry, food science, pharmaceutical formulation, and environmental chemistry [20], [22], [23]. 
Generally, RSM is used to identify optimal points in a process or system and to investigate and 
understand the effects of interactions between various components [24]. The central composite 
design (CCD) model is one of the RSM methods, namely the design of a response surface that 
provides information about the influence of experimental variables and overall experimental error in 
a minimum number of trials [25], [26], [27]. RSM is carried out by creating a model and analyzing 
the response Y, which is influenced by the variable X. The relationship between the response Y and 
the independent variable X [27] is: 

Y= f (X1, X2,…, Xk) + εi = 1,2,3, .k        (1) 

Y=𝛽0+∑𝛽𝑖𝑋𝑖𝑘𝑖=1+∑𝛽𝑖𝑖𝑘𝑖=1Xi2+∑∑𝑖<𝑗𝑋𝑖𝑋𝑗+ε      (2) 

where: Y: observed response; β0: regression parameter; Xi: linear principal variable; XiXj: two-
variable linear; Xi

2: quadratic principal variable.  

 Therefore, this study was conducted to fill this gap in previous research by developing an RSM-
based predictive model that examines not only the main effects but also the complex and non-linear 
interactions between parameters. This approach was used to quantitatively analyze the molecular 
weight reduction of κ-carrageenan through ultrasonic depolymerization, thereby providing a more 
accurate description of the optimum conditions than previous methods. Furthermore, the developed 
quadratic model can illustrate the presence of a non-linear optimum response, which is essential for 
predicting the best operating conditions.  

2. Research Methodology  

2.1. Materials  

The materials used in this study were κ-carrageenan derived from the seaweed Kappaphycus 
alvarezii, produced by CV (water content of less than 12%), 37% hydrochloric acid (HCl) (E. Merck 
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Cat. No. 100314), distilled water, and isopropyl alcohol (E. Merck Cat. No. 818766). The equipment 
used included a Krisbow KLS 303365 ultrasonic batch apparatus (40kHz, 35W, 110V, 0.8 L), a 
batch heater, a Ubbelohde-type capillary viscometer, and a thermometer. 

2.2. Procedures 

This study began with the preparation of carrageenan raw materials to remove impurities. The 
preparation process included dissolution at 70°C, followed by purification and flocculation. Next, 
drying and grinding were performed to obtain a pure carrageenan powder. The depolymerization 
process is referred to in previous research [18]. Pure carrageenan powder was dissolved in 0.5% w/v 
Aquadest and then degraded/depolymerized using ultrasonic irradiation. Temperature and time 
parameters were varied during the ultrasonic degradation process, and pH conditions were adjusted 
with HCl solution. After that, the viscosity of the depolymerization results was measured using a 
Ubbelohde-type capillary viscometer. The design of the experimental data using the Central 
Composite Design (CCD) is presented in the Table, while the process flow is presented in Fig. 1. 

 

Fig. 1. Depolymerization Process Diagram 

Table 1.  Experimental Data Design with CCD 

Run 
Coded Independent variables 

X1 X2 X1 (T, °C) X2 (t, minute) 

1 -1 -1 40.0 16.0 

2 -1 1 40.0 32.0 

3 1 -1 60.0 16.0 

4 1 1 60.0 32.0 

5 -α 0 35.9 24.0 

6 +α 0 64.1 24.0 

7 0 -α 50.0 12.7 

8 0 +α 50.0 35.3 

9 0 0 50.0 24.0 

10 0 0 50.0 24.0 
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2.3.  Molecular Weight Calculation  

 The molecular weight of carrageenan is calculated based on intrinsic viscosity. Intrinsic 

viscosity is obtained from specific viscosity using the Huggins Equation [28]. 

 [ηsp/C]  = [η] + kH [η]2 C       (3) 

Where, ηsp is the specific viscosity; C is the solution concentration (g/ml); kH is the Huggins 
constant (0.3); [η] is the intrinsic viscosity (ml/g). Once the inherent viscosity is obtained, the 
molecular weight of carrageenan can be calculated using the Mark-Houwink equation  [28]. 

 [ ]  = kMH. Ma        (4) 

 M  = ([ ]/kMH)1/a  
        (5) 

Where kMH and a are constants for the known system; M is the molecular weight (kDa). In 
previous studies, the kMH value was 0.00778, and for carrageenan was 0.90 [28], [29]. 

3. Results and Discussion 

3.1. Experimental Data Analysis and the Influence of Variables 

The experimental design employed the CCD method, which was conducted 10 times with two 
selected independent variables: temperature (X1) and time (X2). The experimental data obtained 
were used to calculate the coefficients of the polynomial equation [30]. Furthermore, the data were 
analyzed using RSM to understand the effect of independent variables on the molecular weight of 
the depolymerization product at different pH conditions. Table 2 presents the results of the 
depolymerization experiment. 

Table 2.  Experimental Data of Depolymerization with CCD 

Run 
Coded Independent variables 

Dependent variables  

(Molecular weight, kDa) 

X1 X2 X1 (T, °C) X2 (t, minute) Actual Prediction Actual Prediction 

1 -1 -1 40.0 16.0 443 472 187 192 

2 -1 1 40.0 32.0 282 296 108 97 

3 1 -1 60.0 16.0 259 255 73 92 

4 1 1 60.0 32.0 107 78 15 17 

5 -α 0 35.9 24.0 527 498 146 151 

6 +α 0 64.1 24.0 166 190 37 24 

7 0 -α 50.0 12.7 402 331 187 172 

8 0 +α 50.0 35.3 123 81 44 51 

9 0 0 50.0 24.0 153 206 98 97 

10 0 0 50.0 24.0 151 206 97 97 

Table 2 shows 10 systematically designed runs. Analyzable patterns include:  
1) Variation based on experimental design  

Runs 1-4 are a 22-factorial design, namely (-1,1), (-1,1), (1,-1), and (1,1), which tests the 
combined effects of temperature and time at the corner points of the design. Runs 5-8 are axial 
points or star points, namely (-α,0), (+α,0), (0,-α), and (0,+α). These points help in estimating the 
curvature of the response. Runs 5-6 tests to examine the effect of temperature at extreme values (-α 
and +α) when time is set at the midpoint (24 minutes). Runs 9-10 are repeated at the midpoint (0,0). 
This repetition is crucial for measuring experimental error and testing the model's curvature. The 
obtained values (153 and 151) indicate that the variation between experiments at the midpoint is 
relatively small, indicating good precision. 

2) Effect of Independent Variables on Molecular Weight. 

The effect of temperature (X1) shows that increasing temperature tends to decrease molecular 
weight, as evidenced by comparing runs at the same time but at different temperatures. For example, 
runs 1 (40°C) and 3 (60°C) took 16 minutes, runs 2 (40°C) and 4 (40°C) took 32 minutes, and runs 5 
(35.9°C) and 6 (64.1°C) took 24 minutes. The same pattern occurred at both pH conditions. Run 4 
(high temperature, long time) produced the lowest molecular weight, namely 107 kDa at pH 6 and 
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15 kDa at pH 3. This suggests that the combined effect of these two variables is strong, influencing 
polymer breakdown. 

3) Effect of pH Conditions  

More acidic conditions (pH 3) yielded a significantly lower molecular weight than those at pH 6, 
as observed in run 4. This indicates that the depolymerization process is more effective and faster in 
an acidic environment.  

4) Model Accuracy 

In general, the predicted values were quite close to the actual values. For example, at pH 6, run 1, 
the exact value was 443 kDa, while the expected value was 488 kDa. At pH 3, run 1, the actual 
value was 187 kDa, while the expected value was 192 kDa. This indicates that the regression model 
created from these data has good accuracy in predicting molecular weight based on variations in 
temperature and time. However, there were slightly larger differences between the actual and 
predicted values in some runs, such as in runs 5 and 7 at pH 6. This is normal and can be further 
explained by statistical analysis, such as the R-squared or p-value of the model. 

 The temperature and time parameters in Table 2 show that both affect molecular weight. 
Increased temperature and time indicate degradation or depolymerisation of the molecular chain, 
resulting in a reduction of the molecular weight. The most crucial factor in Table 2 above is the pH 
condition. The pH condition of 3 drastically accelerates the process of depolymerisation of the 
molecular chain compared to pH 6. Strong acidic conditions (pH 3) result in a higher concentration 
of protons (H+) compared to pH 6, allowing protons to easily attack oxygen in glycosidic bonds, 
which causes bond cleavage [17], [18], [31]. 

3.2. Simultaneous Regression Coefficient Test with ANOVA 

 An ANOVA test was conducted on the experimental data to understand the equation model that 
connects the independent variables to the response and to determine the significance of the 
independent variables. The results of the ANOVA test are presented in Table 3. 

Table 3.  ANOVA Test on the Molecular Weight of Kappa Carrageenan Depolymerization 

Factors  df  Adj SS  Adj MS  F-Value  F-Table  P-Value 

pH 3             
Linear             

X1 1 16279.62 16279.62 63.3 7.19 0.001352 

X2 1 14519.74 14519.74 56.45 7.19 0.001679 

Quadratic             

X1 1 114.20 114.20 0.44 7.19 0.541642 

X2 1 230.41 230.41 0.89 7.19 0.397482 

Interaction             

X1X2 1 107.12 107.12 0.41 7.19 0.553830 

Error 4 1028.72 257.18       

Lack of Fit 3 1008.72 336.24 16.65     

Pure Error 1 20 20       

R2=0.9684 dan R2 adjusted 0.9288 

pH 6             
Linear             

X1 1 94725.9 94725.9 65.7 7.19 0.001259 

X2 1 62501.1 62501.1 43.35 7.19 0.002755 

Quadratic             

X1 1 36402.4 36402.4 25.3 7.19 0.007332 

X2 1 10283.4 10283.4 7.13 7.19 0.055768 

Interaction             

X1X2 1 20.2 20.2 0.01 7.19 0.911375 

Error 4 5767.4 1441.85       

Lack of Fit 3 5427.4 1809.13 5.3     

Pure Error 1 340 340       

R2=0.9712 dan R2 adjusted 0.9351 
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Table 3 presents the ANOVA results for two different pH conditions (pH 3 and pH 6). The 
analysis was to determine which factors (X1 and X2) significantly influence the response and the 
interactions between these factors. This analysis considered the linear, quadratic, and interaction 
effects of the factors. The excellent ability to explain data variation is evident from the high R² 
values at each pH, specifically pH 3 (R² = 0.9684) and pH 6 (R² = 0.9712). The R2 values indicate a 
high model fit, and the factors can explain the response. 

Linear factors X1 and X2 had a significant influence on the response at both pH values (p-value < 
0.05). The high F-values (63.3 and 56.45 at pH 3; 65.7 and 43.35 at pH 6) confirmed the strong 
influence of X1 and X2. Conversely, the interaction between X1 and X2 (X1X2) showed no significant 
effect at both pH values because the p-value was >0.05, indicating that X1’s impact on the response 
was independent of the level of X2. The fundamental difference between the two models lies in the 
significance of the quadratic effect. At pH 3, the quadratic effect was insignificant for both X1 and 
X2 because the p-value was >0.05. This indicates a linear relationship between the factors and the 
response. The response surface under these conditions can be depicted as a plane, Fig. 2. (a), 
meaning that changes in the reaction are proportional to changes in X1 and X2. At pH 6, a significant 
quadratic effect was observed for X1 (p-value < 0.05), whereas for X2, the effect was insignificant. 
This indicates that the relationship between X1 and the response is non-linear or curvilinear. The 
response surface at this condition has significant curvature along the X1 axis, Fig. 2. (b). 

3.3. Individual Regression Coefficient Test and Mathematical Model  

 Individual coefficient testing was performed using the same α value, namely α = 0.05 or 5%. The 
results of the particular regression coefficient testing are presented in Table 4. 

Table 4.  Estimated Values of Individual Regression Coefficients  

Factors Reg. Coeff SE. Coeff T P 

pH 3         
Model 97.4350 11.3398 8.5923 0.0010 

X1 -45.1104 5.6699 -7.9562 0.0014 

X2 -42.6024 5.6699 -7.5138 0.0017 

X1
2 -4.9981 7.5005 -0.6664 0.5416 

X2
2 7.0994 7.5005 0.9465 0.3975 

X1X2 5.1750 8.0184 0.6454 0.5538 

pH 6         
Model 151.9350 26.8493 5.6588 0.0048 

X1 -108.8151 13.4247 -8.1056 0.0013 

X2 -88.3891 13.4247 -6.5841 0.0028 

X1
2 89.3338 17.7592 5.0303 0.0073 

X2
2 47.4288 17.7592 2.6707 0.0558 

X1X2 2.2500 18.9854 0.1185 0.9114 

 

 Individual regression coefficients with a probability value greater than α (α = 0.05) will be 
removed as they have no significant effect. The results of the new regression coefficients for 
molecular weight after removing insignificant coefficients are presented in Table 5.  

Table 5.  Estimated Regression Coefficient Values 

Factors Reg. Coeff SE. Coeff T P 

pH 3         
Model 99.1160 4.968912 19.94722 0.000000 

X1 -45.1104 5.555413 -8.12009 0.000083 

X2 -42.6024 5.555413 -7.66864 0.000119 

pH 6         
Model 206.139 23.95734 8.60443 0.000136 

X1 -108.815 18.29772 -5.94692 0.001011 

X2 69.007 21.86996 3.15534 0.019681 

X1
2 -88.389 18.29772 -4.83061 0.002908 
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 The variables temperature and time showed dominant significance with T-values of 7.41214 and 
4.26130, respectively. Thus, changes in temperature and time will affect the response, namely, the 
molecular weight at pH 3 and pH 6. 

After conducting a regression coefficient test on the molecular weight response, a mathematical 
model that shows the influence of independent variables such as temperature (X1) and time (X2) on 
the molecular weight response, the mathematical model can be determined as follows: 

 pH 3: Y= 99.116 – 45.1104 X1 – 42.6024 X2     (5) 

 pH 6: Y= 206.139 – 108.815 X1 + 69.007 X2 – 88.389 X1
2   (6) 

 The Y code represents the response, specifically the molecular weight, while X1 and X2 denote 
temperature and time, respectively. Based on the regression equation obtained, it can be seen that at 
pH 3, the X1 and X2 values have a significant and linear adverse effect on the molecular weight 
response. At pH 6, the relationship appears more complex. The X1 value exhibits a non-linear effect, 
as indicated by the significant coefficient X12, whereas X2 has a considerable positive impact (in 
contrast to pH 3). The two regression equations above suggest that the effect of X1 and X2 on Y is 
not constant, but rather depends on the pH conditions. 

At pH 6, the regression coefficient for the time variable (X₂) is positive, indicating that increasing 
the sonication time does not always result in a decrease in molecular weight, and may even lead to 
an increase. This can be explained by differences in depolymerization mechanisms, which are 
influenced by pH. Previous research reported that at low pH (pH 3), κ-carrageenan depolymerization 
is controlled by acid hydrolysis with an activation enthalpy (ΔH‡) of 29.99 kJ·mol⁻¹, so that the 
longer the sonication, the more consistent the decrease in molecular weight. Conversely, at pH 6, the 
ΔH‡ value is lower (15.56 kJ·mol⁻¹), indicating a lower activation energy but also a decreased 
effectiveness of chain cleavage [18]. Under these conditions, the dominant mechanisms shift to 
cavitation collapse and the formation of oxidative radicals (•OH, H₂O₂), which are less linear with 
time because, after initial fragmentation, reorganization or even recombination between fragments 
can occur. This non-linear phenomenon aligns with previous research findings, which show that the 
ultrasonic degradation of polyacrylamide occurs rapidly at the beginning, then approaches a limiting 
molecular weight, making additional time no longer adequate, and sometimes giving the impression 
of an increase in molecular weight [32]. Other studies have also reported that ultrasonic degradation 
can produce initial fragmentation followed by conformational changes and possible secondary 
aggregation, so the response to time is not always a linear decrease [16]. Furthermore, literature 
related to acid and ultrasonic hydrolysis supports these findings, explaining that at low pH, acid 
hydrolysis can accelerate the cleavage of glycosidic bonds intensely but tends to be uncontrolled, 
producing tiny, less stable fragments [33]. Conversely, at intermediate pH values, such as pH 6, 
hydrolysis is more selective, resulting in a more uniform and stable molecular weight distribution. 

 Meanwhile, other studies confirm that ultrasonic cavitation primarily works through shear forces 
that weaken glycosidic bonds and damage non-covalent bonds [34]. At intermediate pH conditions, 
cavitation attacks are more effective because they do not compete excessively with protonation, 
allowing for a more controlled reduction in molecular weight. Thus, the positive X₂ value at pH 6 
can be understood as the result of an interaction between the physical-radical mechanism resulting 
from ultrasonic cavitation and the more moderate acid hydrolysis mechanism. This finding 
reinforces the importance of multivariate analyses, such as RSM, as they can capture complex 
interactions between parameters that a single-factor-at-a-time approach cannot explain. 

3.4. Response Surface Plots 

The experimental data in Table 2 can be visualized using a response surface graph Fig. 2. This 
graph illustrates the relationship between molecular weight (Z-axis), temperature (X-axis), and time 
(Y-axis) variations, thereby providing a more precise identification of patterns and trends. Fig.2. 
illustrates the surface response to pH 3 and pH 6. The surface response plot in Fig. 2. (a) at pH 3 
shows a relatively flat or sloping surface resembling a plane. This shape visually confirms the 
absence of a significant quadratic effect. The pH 3 condition also results in a significantly lower 
molecular weight, with a color scale ranging from 0 to 300 kDa. The surface response plot in Fig. 
2(b) displays a distinctly concave, or bowl-shaped, surface. This shape visually confirms the 
ANOVA findings, namely a significant quadratic effect of temperature.  
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Fig. 2. Response Surface (a) pH 3 and (b) pH 6 

The presence of a concave surface indicates that an optimal combination of temperature and time 
exists for achieving a minimum molecular weight. As the temperature and time parameters move 
away from the center of the concave toward the edges of the graph, the molecular weight increases. 
The color scale indicates a broad molecular weight range, approximately 200 to 1000 kDa. 

3.5. Chemical Structure Analysis 

FTIR analysis aims to determine the chemical compound content and provide information about 
the chemical bond structure in κ-carrageenan. Based on the FTIR analysis results [34], [35], several 
peaks were found around wavenumbers 1230-1270 cm-1, which represent the absorptions of sulfate 
ester groups. Wavenumbers at 840-850 cm-1 indicate the presence of D-galactose-4-sulfate groups, 
and absorptions at wavenumbers 928-933 cm-1 are associated with absorptions of 3,6-anhydro-D-
galactose groups. Glycosidic bonds are absorbed at wavenumbers 1040-1080 cm-1. The wavenumber 
range and functional groups of κ-carrageenan are presented in Table 6.  

Table 6.  Wavenumber Spectrum of κ-carrageenan FTIR 

Functional Groups 
Wave Number 

(cm-1) 

Absorbance pada pH 3 

Before After 

O-H 3600-3000 0.3570 0.2852 

C-H 3000-2800 0.1250 0.1445 

CΞC 2260-2240 0.0206 0.0753 

Sulfate ester (-S=O) 1380-1355 0.1794 0.0948 

O=S=O  

(Asymmetric sulfate esters) 
1270-1230 0.2022 0.1083 

Glycosidic bond 1080-1040 0.1571 0.0932 

3,6-anhydro-D-galactose 940-930 0.1191 0.0595 

Galactose 4-sulfate 850-840 0.0982 0.0426 

 

Based on the FTIR results in Fig. 3, it can be seen that the absorbance intensity of the κ-
carrageenan sample before ultrasonication was higher than after ultrasonication. This is due to the 
hydrogen chain breaking, and then the water molecules being distributed into the OH groups [35]. A 
decrease in absorbance intensity occurred in the sulfate ester group (S=O) at the 1261 cm-1 peak, 
from 0.2022 to 0.1083. At the 850 cm-1 peak, indicating the presence of a galactose 4-sulfate (C–O–
S) bond, the absorbance intensity decreased from 0.0982 to 0.0426. The peak at 929 cm-1, indicating 
the presence of a C–O bond in 3,6-anhydro-D-galactose, experienced a decrease in absorbance 
intensity from 0.1191 to 0.0595. This suggests that in this study, there was no loss of sulfate groups 
in κ-carrageenan after ultrasonication. Sulfate groups in κ-carrageenan tend to be more stable after 
irradiation than iota and lambda carrageenan [36]. The glycosidic bond peak was observed at 1074 
cm-1 before ultrasonication; however, after ultrasonication, there was a decrease in intensity at 
wavenumbers between 1080 and 1040 cm-1. This proves that bond cleavage mainly occurs at the α 
(1-3) and β (1-4) glycosidic bonds [37], [38].  

    
    (a)        (b) 
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Fig. 3. FTIR spectrum of κ-carrageenan  

 In contrast, the sulfate group absorption band at 1250-845 cm⁻¹ was relatively stable and did not 
experience significant changes. This indicates that ultrasonic depolymerization primarily attacks the 
weaker glycosidic bonds. At the same time, the sulfate group remains because the C–O–S bond in 
sulfate is stronger and less susceptible to attack by ultrasonic radicals. This finding is consistent with 
previous studies that reported ultrasonic degradation tends to damage the main chain of 
polysaccharides [16], [39], while substituent groups, such as sulfate, are relatively more stable. The 
stability of the sulfate group is crucial because the bioactive properties of κ-carrageenan, such as 
antiviral and anticoagulant activities, are significantly influenced by the degree of sulfation. Thus, 
ultrasonic depolymerization produces low-molecular-weight oligosaccharides while retaining the 
sulfate groups essential for their biological activity. 

4. Conclusion 

This study demonstrated that the ultrasonic-assisted depolymerization of κ-carrageenan is 
significantly influenced by pH, temperature, and time, with pH being the most significant parameter. 
Acidic conditions (pH 3) accelerated chain cleavage, resulting in a greater reduction in molecular 
weight compared to pH 6. Furthermore, increases in temperature and time enhanced degradation. 
The RSM-based regression model (CCD) successfully captured the individual, interaction, and 
quadratic effects of all variables, with R² values exceeding 0.96 at both pH levels, confirming its 
predictive reliability. FTIR analysis supported these findings by indicating that depolymerization 
mainly occurred at α(1→3) and β(1→4) glycosidic bonds. At the same time, sulfate ester groups 
remained intact—an essential feature for preserving the biological activity of κ-carrageenan. 
Overall, the results demonstrate that ultrasound can efficiently produce low-molecular-mass κ-
carrageenan without compromising its functional sulfate groups. This work enhances the 
mechanistic understanding of process parameters in ultrasonic depolymerization. It highlights its 
potential as an eco-friendly method for producing bioactive oligosaccharides for use in functional 
foods, pharmaceuticals, and biomedical applications. Future studies should relate the optimized 
conditions to specific biological activity assays to better direct the application of low-molecular-
mass κ-carrageenan in therapeutic and health-related products. 
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