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Abstract: Microalgae including Scenedesmus sp. are gaining significant attention due to the rapid growth 
conditions, high biomass production, and significant content of valuable biomolecules such as proteins, lipids, 
and carbohydrates. Among these biomolecules, carbohydrates extracted from Scenedesmus sp. biomass has the 
potential to be used in biofuel, food, and pharmaceutical industries. Conventional methods of extraction 
include long energy-intensive heating processes with toxic solvents because carbohydrates are packed inside 
the microalga cell wall. To address the limitation, microwave-assisted extraction (MAE) has been shown as an 
efficient, energy-saving, low-environment impact, and rapid extraction method for plant materials. Therefore, 
this research aimed to optimize MAE through response surface methodology (RSM) coupled with Box-Behnken 
design (BBD) to extract carbohydrate from Scenedesmus sp. cultivated in local unsterilized domestic 
wastewater. The experimental factors were examined, including solid-to-liquid ratio, agitation time, microwave 
irradiation time, and microwave power. The results of different statistical metrics showed that the developed 
quadratic model was sufficient to predict carbohydrate yield. The sensitivity analysis showed that solid-to-
liquid ratio had the most significant impact (55.98%) on carbohydrate yield, followed by microwave irradiation 
time (24.88%), and agitation time (18.16%). The highest carbohydrate extraction yield (30.11 ± 0.88%) was 
obtained when the solid-to-liquid ratio, agitation time, microwave power, and microwave irradiation time were 
kept at 29 mg/mL, 28 min, 300 W, and 163s respectively. MAE obtained a 39.46% increase in carbohydrate 
extraction compared to conventional heating. Furthermore, MAE significantly reduced extraction time by 63 - 
96% compared to other conventional extraction methods reported in previous research. The results showed that 
MAE was a fast and effective method for extracting carbohydrate from Scenedesmus sp., offering potential 
applications in the biofuel, agricultural, and industrial industries. 

Keywords: Carbohydrate; Microalgae biomass; Microwave-assisted extraction; Response 

surface methodology; Scenedesmus sp. 

 

1. Introduction 

Microalgae are gaining significant attention because of their ability to generate various 
biomolecules used in various industries such as food, medicines, and biofuel (Sardi et al., 2015). The 
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composition of these biomolecules shows substantial variation based on the specific algae species 
and cultivation conditions (Tibbetts et al., 2015). Among the different microalgae species, 
Scenedesmus sp. has gained attention due to its rapid growth conditions, high biomass production, 
and valuable biomolecules such as proteins, and, lipids, carbohydrate (Mirzayanti et al., 2024; 
Khatoon et al., 2019). Scenedesmus sp. is a member of the Chlorococcales order and 
Scenedesmaceae family and often flourishes in freshwater environment such as lakes and rivers 
(Kartika et al., 2023; Phinyo et al., 2017). It is rich in carbohydrate (15-50%), lipid (8-40%), protein 
(13-40%), essential amino acid (8-20%), vitamins (<1%), pigments (1- 5%) such as chlorophyll, β-
carotene, lutein and astaxanthin (Nisya et al., 2024; Tan et al., 2024; Zhang et al., 2019). Among these 
biomolecules, carbohydrate is one of the valuable metabolites, mainly comprised of glucose 
(Verspreet et al., 2021; Larronde-Larretche and Jin, 2017).   

Carbohydrate has great potential as a renewable resource for biofuel production such as 
bioethanol, biobutanol, and biogas (de Carvalho Silvello et al., 2022). Furthermore, certain 
carbohydrate derivatives extracted from Scenedesmus sp. biomass possess pharmaceutical 
characteristics including antiviral, cytotoxic, antioxidant, and anticholinesterase activities, serving 
as suitable ingredients for drug development (Singab et al., 2018). Other biological properties are 
very useful for industrial, agricultural, and food industries (Moreira et al., 2022). This carbohydrate 
is located inside the complex cell wall, which is made up of different components such as algaenan, 
amines, cellulose, and glucan (Baudelet et al., 2017). However, the presence of complex cell walls 
hinders the effective extraction of carbohydrate from microalgae biomass (Alhattab et al., 2019). 
Due to the complex cellular composition and complexity, there is a need to break down microalgae 
cell wall effectively to achieve maximum extraction.  

The conventional methods often include the use of a heated reflux apparatus in a multi-step 
procedure to extract carbohydrate. These methods also require lengthy treatment processes and 
hazardous solvents consumption, making negative impacts on the environment and not 
economically viable for large-scale application (Gharibzahedi et al., 2022). Moreover, continuous 
heating at high temperature for a long time might degrade carbohydrate, reducing pharmacological 
properties (Yi et al., 2020). Recently, different advanced extraction methods including pressurized 
liquid, supercritical fluid, and microwave-assisted extraction (MAE) have been developed (Mena-
García et al., 2019).  

MAE uses non-ionizing radiation in a frequency range between 300 MHz and 300 GHz to 
penetrate natural materials, generating volumetric heat through molecular friction within an 
electromagnetic field. This energy input facilitates dipolar rotation of polar solvents and conductive 
diffusion of dissolved ions, causing a significant increase in the pressure and the temperature inside 
the cells. The internal thermal stress breaks down the cell wall rupture and enhances solvent 
penetration, leading to the transfer of carbohydrate into solvent (Mirzadeh et al., 2020). 
Additionally, the combined influence of electric and magnetic fields can disrupt hydrogen bonds, 
enhancing carbohydrate solubility and extraction efficiency. This synergistic effect occurs 
immediately, presenting MAE as a fast extraction method (Chen et al., 2022). Besides short duration, 
MAE method can achieve high extraction yields using low quantities of solvent and energy 
(Aparamarta et al., 2019; Yuan and Macquarrie, 2015). Harmful organic solvents can be replaced 
with safer alternatives such as water or ethanol (Silva et al., 2018). Therefore, MAE is considered an 
efficient and sustainable method for the efficient extraction of valuable compounds. Microwave has 
been proven to enhance the anaerobic digestion process of microalgae biomass which is converted 
into biogas without the presence of oxygen (Zaidi et al., 2019; Feng et al., 2019).  

MAE has been extensively studied, showing higher extraction efficiency compared to 
conventional methods (Al-Dhabi and Ponmurugan, 2020; Yuan and Macquarrie, 2015; Seixas et al., 
2014). Despite the significant contributions, the application of MAE on microalgae carbohydrate is 
still very limited. Extraction efficiency of carbohydrate using MAE is significantly affected by 
various factors, including the solid-to-liquid ratio, microwave power, irradiation temperature, and 
irradiation time (Soria et al., 2014). Simultaneous optimization of the factors is highly needed to 
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increase carbohydrate yield significantly. Response surface methodology (RSM) is a powerful 
statistical tool that has been effectively used to analyze the impact of multiple factors and optimize 
processes. RSM is also used to evaluate the interactions between different factors while reducing 
the required number of experimental trials (Raissi and Farsani, 2009).  

Microalgae biomass cultivation can be carried out simultaneously with wastewater treatment. 
Although chemical and physical treatments effectively remove nutrients from wastewater, the 
methods are expensive and energy-consuming (Gude, 2016). Exploitation of microalgae for 
wastewater treatment is more environmentally friendly and sustainable (Prihantini et al., 2021). 
Based on a sustainability perspective, the use of wastewater can reduce microalgae cultivation cost, 
freshwater demand, and greenhouse gas emissions (Mat Aron et al., 2021; Batista et al., 2015). 
Several investigations have been conducted on the lipid extraction from microalgae through MAE 
(Rokicka et al., 2021; Zhou et al., 2019; de Moura et al., 2018). However, there is limited information 
for carbohydrate production, particularly from microalgae cultivated in unsterilized domestic 
wastewater in Malaysia. Previous research showed that microalgae such as Scenedesmus sp. were 
capable of efficiently removing nutrients, including phosphorus, ammonia, and nitrogen from local 
unsterilized domestic wastewater with high growth rates and biomass production (Tan et al., 2023). 
In this research, domestic wastewater was collected from the treatment plant in Kuala Lumpur, 
Malaysia, and used for the cultivation of Scenedesmus sp. without prior sterilization. Subsequently, 
MAE was used to extract carbohydrate from Scenedesmus sp. cultivated in local unsterilized 
domestic wastewater. RSM coupled with Box-Behnken design (BBD) was used to optimize several 
factors, such as solid-to-liquid ratio, agitation time, microwave power, and microwave irradiation 
time, affecting MAE process on carbohydrate production. A comparison of extraction yield between 
optimized MAE with conventional method (heating without microwave) was also analyzed and 
discussed. By investigating the effects of factors, this research aimed to identify optimal conditions 
to maximize yield efficiency while minimizing processing time and resource consumption. The 
results were expected to contribute to a greener and more resource-efficient method in 
carbohydrate production, with significant implications for industrial applications.  

2. Methods 

2.1.  Microalgae cultivation and harvesting 
Scenedesmus sp. was bought from the University of Texas Culture Collection, United States, and 

was cultivated in Bold Basal Medium (BBM). Local domestic wastewater samples were collected 
from the same treatment plant, Indah Water Konsortium (IWK) located in Kuala Lumpur, Malaysia. 
Collected wastewater (3500 mL) was vacuum filtered and used to cultivate Scenedesmus sp. in an 
aquarium tank. Scenedesmus sp. was maintained at a temperature of 25±2 °C and exposed to a 16-
hour light cycle generated by fluorescent lamps (2000 ± 200 lux) that emanate white light. After 14 
days of cultivation, microalgae biomass was collected through centrifugation (3 min, 3000 rpm, 24 
°C) and rinsed several times with deionized water. Subsequently, biomass was dried in an oven at 
50°C until constant weight.  

2.2.  Chemicals 
Concentrated sulfuric acid, D-glucose, phenol, and concentrated hydrochloric acid (HCl) of 

higher purity (>98%) or analytical grade were procured from R&M Chemicals (Malaysia). A Milli 
Q system (Millipore, Bedford, MA, USA) was used to produce deionized water.  

2.3. MAE of carbohydrate  
The experiment process was shown in Figure 1, where dried microalgae powder (250 - 1500 

milligrams) was weighed and mixed with HCI (25 mL, 2M). Subsequently, the sample was heated 
in the household microwave oven operating at a frequency of 2.45 GHz. Extraction factors were 
examined, including microwave power, agitation time, solid-to-liquid ratio, and microwave 
irradiation time. After MAE, the mixture was agitated on a hot plate at 80°C and 300 rpm for a 
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certain amount of time. Subsequently, the mixture was cooled to room temperature (25°C) and 
centrifuged at a speed of 5000 rpm for a duration of 10 minutes. The supernatant was used for 
carbohydrate extraction. 

 
Figure 1 Illustration scheme for the experiment process in this research. 
 
2.4. Carbohydrate extraction and determination 

Phenol sulfuric acid method (Nielsen., 2010) was applied to determine the total carbohydrate 
content in Scenedesmus sp. Initially, supernatant sample (0.2 mL) was mixed with 5% (w/v) phenol 
solution (0.2 mL) in a test tube. After shaking for 10 seconds, concentrated sulfuric acid (2 mL) was 
immediately added. The sample was gently shaken for 10 seconds and incubated in water bath at 
90°C for 10 minutes. The spectrophotometer was used to measure the absorbance at a wavelength 
of 490 nm. The absorbance readings were compared to a standard curve generated using glucose to 
quantify the total carbohydrate content and all analysis was carried out in triplicate. 

2.5. Optimization of Extraction Factors Using RSM-BBD Method 
Initially, a screening experiment with a single-factor experiment design was conducted to 

examine the range of experiment factors. The impact of each factor on the total carbohydrate yield 
was evaluated across a range of values (microwave power: 100-400 W, agitation time: 0-40 min, 
solid-to-liquid ratio: 10-60 mg/mL, and microwave irradiation time: 30-180 s). 

For the multifactor optimization, Design Expert software (Version 13, Stat-Ease Inc., 
Minneopolis, MN, USA) was used to carry out the experimental designs, statistical analysis, and 
regression model. RSM coupled with a BBD was used to optimize the four independent factors 
including solid-to-liquid ratio (%), agitation time (min), microwave irradiation time (s), and 
microwave power (W) at three levels (-1, 0, 1), which were symbolized by letter A, B, C and D, 
respectively. Each experimental run was carried out in triplicate and the response value was an 
average value of extraction yield. Table 1 showed the levels and ranges of independent factors that 
were investigated in this research, with experimental design containing 29 trials. A quadratic 
polynomial model (equation 1) was used to show the functional connection between independent 
factors and the response (Thawechai et al., 2016). Table 2 shows experimental design and test results 
of the response. 

   Y = b0 + ∑ biXi
k
i=1 +∑ biiXi

2k
i=1 + ∑ bijXiXj

k
i<j                                                   (1)  

where Y is a dependent factor, b0 is a constant coefficient, bi is an ith linear coefficient, bii is a 
quadratic coefficient, and bij are the two-factor interaction factors. 

The response from each experimental design was used to plot response surface graphs through 
multiple non-linear regressions. The effects and regression coefficients associated with individual 
linear, quadratic, and interaction terms were analyzed using the analysis of variance (ANOVA) 
table. Model adequacy was assessed using the R², predicted R2, and adjusted R² values. 
Subsequently, confirmation experiments were carried out at optimized conditions to validate the 
statistical design. Statistical significance was interpreted as a p-value below 0.05 (Breig and Luti, 
2021). 



259 
International Journal of Technology 16(1) 255-274 (2025)  

 

 

 

Table 1 Factors and levels for RSM-BBD. 

Independent factors Unit Symbol 
Levels 

-1 0 +1 

Solid-to-liquid ratio mg/mL A 10 20 30 
Microwave power W B 200 300 400 
Agitation time Min C 0 15 30 
microwave irradiation time s D 120 150 180 

 
2.6. Sensitivity Analysis 

Sensitivity analysis was calculated using equation 2 to determine the significance of each factor, 
including solid-to-liquid ratio, microwave power, agitation time, and microwave irradiation time. 
The analysis was carried out by calculating the total squares obtained from the ANOVA table 
generated using RSM (Ong and Nomanbhay, 2022; Ginot et al., 2006). The equation is shown below:  

                                                       Sensitivity index (%) = 
𝑆𝑆𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙

𝑆𝑆𝑡𝑜𝑡𝑎𝑙
                                                  (2) 

where SSindividual and SStotal represent the sum of squares of each factor and the overall sum of 
squares of all factors, respectively. 

 
Table 2 Experimental conditions and carbohydrate yield 

Run order 

Independent factor Carbohydrate yield (%) 

A: Solid-to-
liquid ratio 
(mg/mL) 

B: 
Power 

(W) 

C: 
Agitation 
time (min) 

D: 
Irradiation 

time (s) 

Experimental 
(mean ± s.d.) 

Predicted 

1 20 200 30 150 24.61 ± 1.06 24.82 

2 20 200 20 180 24.42 ± 1.10 24.86 

3 20 300 20 150 27.83 ± 1.36 28.21 

4 10 300 10 150 23.63 ± 1.37 24.01 

5 30 200 20 150 23.85 ± 0.92 23.60 

6 20 300 20 150 28.47 ± 1.34 28.21 

7 30 300 20 120 21.14 ± 1.43 21.25 

8 20 300 10 180 25.92 ± 0.72 25.58 

9 20 300 20 150 28.63 ± 0.50 28.21 

10 10 400 20 150 19.42 ± 3.80 19.62 

11 20 200 10 150 19.67 ± 1.11 19.88 

12 20 400 20 120 22.60 ± 1.28 22.41 

13 20 400 30 150 23.50 ± 0.81 23.10 

14 20 200 20 120 19.79 ± 0.88 19.56 

15 10 300 30 150 19.10 ± 3.88 19.05 

16 30 400 20 150 27.17 ± 0.35 27.49 

17 20 300 10 120 18.11 ± 1.10 17.98 

18 20 300 20 150 27.50 ± 0.64 28.21 

19 30 300 10 150 20.73 ± 0.50 21.03 

20 10 300 20 180 20.03 ± 1.52 19.73 

21 30 300 20 180 31.05 ± 1.03 30.70 

22 20 300 30 180 23.56 ± 1.43 23.64 

23 20 300 20 150 28.63 ± 1.41 28.21 

24 10 200 20 150 22.68 ± 1.74 22.30 

25 10 300 20 120 22.90 ± 1.32 23.06 

26 20 300 30 120 24.86 ± 1.04 25.14 

27 20 400 10 150 23.22 ± 0.48 22.82 

28 20 400 20 180 22.75 ± 0.37 23.23 
29 30 300 30 150 31.33 ± 1.51 31.20 
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2.7. Comparison with conventional extraction  
To compare the effectiveness of optimized MAE with conventional method, the samples were 

extracted under the same conditions without microwave treatment. Subsequently, dried biomass 
powder (0.725 g) was mixed with HCI (25 mL, 2 M), the sample was heated on the hot plate at 80°C 
and 300 rpm for 28 minutes. The mixture was cooled down to room temperature (25°C) and 
centrifuged at 5000 rpm for 10 minutes. The supernatant was used for carbohydrate extraction as 
described in section 2.3.  

3. Results and Discussion 

3.1. Screening Experiment 
This section analyzes the effect of solid-to-liquid ratio, agitation time, microwave power, and 

microwave irradiation time on carbohydrate yield. The screening experiments were conducted by 
varying a single factor throughout its whole range while holding all other factors unchanged. Figure 
2 shows the outcomes of screening experiment research. 

 
Figure 2 Screening experiment results showing (a) effect of solid-to-liquid ratio (at constant 
agitation time of 20 min, microwave power of 300 W and microwave irradiation time of 150s (b) 
Agitation time (at constant solid-to-liquid ratio of 20 mg/mL, microwave power of 300 W and 
microwave irradiation time of 150s), (c) microwave power (at constant solid-to-liquid ratio of 20 
mg/mL, agitation time of 20 min and microwave irradiation time of 150s), and (d) microwave 
irradiation time (at constant solid-to-liquid ratio of 20 mg/mL, agitation time of 20 min and 
microwave power of 300W) for MAE of carbohydrate from Scenedesmus sp. Mean with identical 
letters are not statistically different from one another (P<0.05, ANOVA with Tukey test). The error 
bars show a range of three standard deviations from the mean 

3.1.1. Effect of solid-to-liquid ratio  
Several investigations have shown that solid-to-liquid ratio has a substantial impact on 

carbohydrate extraction yield (Du et al., 2024; Thuy et al., 2020; Chaiklahan et al., 2013). Figure 2a 
showed that the yield of carbohydrate rose as the solid-to-liquid ratio increased to the ratio of 20 
mg/mL. The solid-to-liquid ratio increased alongside the surface area of interaction between 
carbohydrate particles and solvents. This led to a gradual increase in the concentration gradient of 
carbohydrate at the boundary between the inside and outside of biomass (Wang et al., 2023). 
Consequently, the mass transfer driving force increased, promoting the diffusion of carbohydrate 
particles. The phenomenon strengthened carbohydrate extraction, although the yield decreased 
when the solid-to-liquid ratio exceeded 20 mg/mL. The decrease was attributed to a high solid-to-
liquid ratio, showing a reduced amount of solvent per unit of biomass. This caused inefficient mass 
transfer of carbohydrate from biomass to the solvent due to saturation, which hindered the ability 
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to efficiently dissolve more carbohydrate (Hanafi et al., 2024). Moreover, a high concentration of 
biomass could lead to the formation of a compact matrix that was difficult for the solvent to 
permeate and interact with carbohydrate (Du et al., 2024; Guo et al., 2023). 

3.1.2. Effect of agitation time 
The impact of agitation time on extraction yield of carbohydrate was investigated. As shown in 

Figure 2b, the yield had a substantial rise as the agitation time rose from 0 to 20 minutes, reaching 
the highest extraction at 28.15%. When the mixture was not agitated (0 min), carbohydrate had 
inadequate interaction with the solvent and biomass, causing a slow mass transfer and reduced 
extraction yield. Increasing the agitation time after MAE enhanced extraction could be attributed to 
the significant difference in solute concentration between biomass and the solvent. As time 
increased, the difference gradually decreased, reaching a constant extraction yield (Zainol et al., 
2023; Susanti et al., 2020).  

3.1.3. Effect of microwave power  
Microwave power is a significant factor in carbohydrate extraction (Le et al., 2019; Arasi et al., 

2016). Figure 2c showed that carbohydrate yield increased with greater microwave power, with the 
highest value obtained at 300 W. This result was obtained due to the appropriate microwave power, 
which improved heat generation in biomass and carbohydrate solubility, thereby enhancing 
carbohydrate yield (Kaderides et al., 2019). Increasing microwave power would enhance the dipole 
rotations, causing a greater level of power to dissipate inside the reaction mixture. This 
phenomenon quickly generated heat in the reaction mixture and loosened the cell wall, thereby 
increasing the penetration of solvent into biomass and carbohydrate yield (Arasi et al., 2016). When 
power surpassed 300 W, the yield was decreased, suggesting that excessive energy generated by 
the high irradiation power disrupted molecular connections in the solvent and biomass. The 
disrupted molecular connection structure coupled with increased microwave power. This 
phenomenon caused thermal breakdown of carbohydrate, leading to a drop in carbohydrate yield 
(Al-Dhabi and Ponmurugan, 2020).  

3.1.4. Effect of microwave irradiation time  
The results in Figure 2d showed that increasing the duration of microwave irradiation exposure 

had a positive impact on carbohydrate yield. The increase was attributed to the sufficient time 
needed for microwave energy to penetrate evenly throughout the entire sample (Cheong et al., 
2016). The heat required duration to be generated and dissipated uniformly through dipole 
rotations and ionic conduction (Maran et al., 2015). After 150 s, extending microwave irradiation 
time led to a decrease in yield due to the thermal breakdown of carbohydrate (Arasi et al., 2016). 
Based on the results of screening experiments, a solid-to-liquid ratio of 10-30 mg/mL, agitation time 
of 0-30 min, microwave power of 200-400W, and microwave irradiation time of 120-180 s were 
selected for further optimization investigation using RSM. 

3.2. Model fitting 
A total of 29 tests were conducted to determine the impact of solid-to-liquid ratio, microwave 

power, agitation time, and microwave irradiation time, on carbohydrate yield. The operating 
conditions and their results are shown in Table 2. Based on observation, run-order 29 with solid-to-
liquid ratio of 30 mg/mL, microwave power of 300W, agitation time of 30 min, and microwave 
irradiation time of 150 s, produced the highest level of carbohydrate yield (31.33 ± 1.51%). 
Meanwhile, run-order 17 with a solid-to-liquid ratio of 20 mg/mL, microwave power of 300W, 
agitation time of 10 min, and microwave irradiation time of 120 s, showed the least amount of 
carbohydrate yield (18.11 ± 1.10%). These results were used to optimize the four individual factors 
using RSM coupled with BDD. The Design-Expert 13 software was used to carry out multiple 
regression analysis of the data. As shown by the results, a polynomial equation was obtained to 
express the relationship between each of the investigated factors and carbohydrate yield. The coded 
form of the constructed equation is stated below: 
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The obtained data was statistically analyzed and an ANOVA table was created to evaluate the 
impact of independent factors on the result (Table S1). The ANOVA confirmed that equation 3 
accurately represented the correlation between the result and the independent factors. F- and p-
values were used to define the significance of the coefficient term, as shown in Table 3. A higher F-
value with a lower p-value showed a greater level of importance. The model was statistically 
significant with a p-value less than 0.05 (Yi et al., 2010). The ANOVA results in this research showed 
that the F-value for the model was 118.30. This suggested that there was a very small (only 0.01%) 
probability for a “model F-value” to occur due to noise. Moreover, the model's significance was 
confirmed by the probability p < 0.0001, with the lack of fit on the F-value showing 0.749. This 
showed that lack of fit was insignificant relative to the pure error, suggesting no significant 
improvement (Breig and Luti, 2021).  

Y = 28.213 + 2.292A + 0.304B + 1.306C + 1.528D + 1.644AB + 3.783AC + 3.193AD - 1.165BC - 
1.12BD - 2.275CD - 1.897A² - 3.064B² - 2.495C² - 2.633D²                                 (3) 

The p-values were less than 0.05 for the linear factors, namely solid-to-liquid ratio, microwave 
power, agitation time, and microwave irradiation time, showing high significance on carbohydrate 
yield. Similar results were obtained for quadratic terms (B, AC, AD, BC, BD, A2, B2, C2, and D2), 
which yielded a p-value less than 0.05 and showed a significant effect on carbohydrate yield. 
Therefore, estimating the optimized conditions using multiple factor design was more suitable than 
single factor that did not consider the interaction effect causing false results (Humbird and Fei, 2016; 
Silva et al., 2011). 

Further statistical metrics, such as the coefficient of determination (R2), adjusted R2, predicted R2, 
and coefficient of variation (CV), were used to verify the adequacy of the developed model (Breig 
and Luti, 2021). As shown in Table 3, R2 value was 0.992, showing that 99.2% of the total variations 
were well explained by the model. Furthermore, the model could predict the response for future 
observations effectively with the difference between the predicted R2 (0.964) and adjusted R2 value 
(0.983) less than 0.2 (Rezaee et al., 2014). The high predicted R2 and adjusted R2 showed a strong 
relationship between the experimental and predicted values. The standard deviation for the model 
was found to be low, which was 0.469. Model with R2 values close to one and a low standard 
deviation showed a greater degree of accuracy in predicting the response factor (Hamidu et al., 
2021). Meanwhile, the adequacy precision quantifying the ratio of signal to noise of the model was 
39.254, showing a satisfactory signal (Yi et al., 2010). A low value of the CV (1.95%) showed a high 
level of accuracy and reproducibility in the experimental results (Liyana-Pathirana and Shahidi, 
2005). These results suggested that the selected quadratic model was sufficient in predicting the 
response factors for the experimental data.  

 
Table 3 ANOVA and fit statistics for designed model 

Element Value  Element Value 

Model F-value 118.300  Model p-value < 0.0001 

Lack of Fit F-value 0.749  Lack of Fit p-value 0.67750 

Standard deviation 0.469  R² 0.9916 

CV% 1.950  Adjusted R² 0.9832 

Adequate precision 39.2539  Predicted R² 0.9640 

 
Generating a normal probability plot of the residuals can facilitate the determination of normal 

data distribution (Ositadinma et al., 2019). As shown in Figure 3a, the data points on the normal 
residue plot spread somewhat near a straight line, suggesting that data were normally distributed. 
The plot in Figure 3b also showed the data points were on a straight line, suggesting a very close 
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correlation between the experimental carbohydrate yield and expected results (Joseph et al., 2018). 
These validations further confirmed the model prediction. 

 
Figure 3 Diagnostic plots for the model: (a) normal % probability versus externally studentized 
residuals and (b) Predicted versus Actual Plots. 
 
3.3. Perturbation plot and sensitivity analysis 

Perturbation plot shows the impact of all factors on a single graph. For carbohydrate extraction 
using MAE, perturbation plot was showed to assess the effect of each factor on the yield. The 
response was graphed by varying a single factor throughout the whole range while keeping all 
others constant. A curve with a high curvature showed the factor had a significant impact on the 
response while a linear curve suggested minimal effect (Borode and Olubambi, 2023). From Figure 
4, the curvature was observed in solid-to-liquid ratio (A), microwave power (B), agitation time (C), 
and irradiation time (D), showing the response carbohydrate yield was very sensitive to all four 
factors. Moreover, a curve with a positive slope would improve the response value, while a curve 
negative slope showed low response (Yan et al., 2022; Ipakchi et al., 2020). Based on the results, all 
factors had a synergistic effect on carbohydrate yield at low level. Specifically, microwave power 
(B), agitation time (C), and irradiation time (D)) have a negative effect at the high level except solid-
to-liquid ratio (A).   

 

Figure 4 Perturbation plots for carbohydrate yield 
 



264 
International Journal of Technology 16(1) 255-274 (2025)  

 

 

 

A sensitivity analysis using equation 2 was performed to further determine the most significant 
factors for carbohydrate yield. Figure 5 showed that solid-to-liquid ratio had the greatest influence 
(55.98%) on carbohydrate yield, followed by the irradiation time (24.88%), and agitation time 
(18.16%). Carbohydrate yield was minimally affected by microwave power (0.98%).  

 

Figure 5 Results of sensitivity analysis for RSM model 
 

3.4. Combined effect of independent factors on carbohydrate yield 
In this section, 3D-surface and contour plot were used to provide a more comprehensive 

explication of the impacts of each factor and their combined effect on carbohydrate yield. Figures 
5a-e showed 3D response surface graphs and their related contour plots, which explained the 
relationship between carbohydrate yield and the changes in the factors. The plots were acquired for 
a specific set of factors while holding the values of other constants at the zero level. A circular shape 
of response surfaces suggested that the interaction between the respective factors was insignificant. 
However, an elliptical or saddle-shaped contour plot suggested that there was a substantial 
interaction between the factors (Wang et al., 2017; Si and Cui, 2013). Figures 6a-e suggested that the 
interaction between all independent factors was significant.  

Figure 6a shows the relationship between microwave power and solid-to-liquid ratio for 
carbohydrate yield. The data showed that to maximize carbohydrate yield, microwave power 
should be controlled. The low carbohydrate yield at reduced microwave power could be explained 
by the incomplete breakdown of microalgae cell walls (Onumaegbu et al., 2019). When microwave 
power was kept at a high level (+1), there was a decrease in carbohydrate yield obtained at a low 
level (-1) and high level (+1) of solid-to-liquid ratio.  

The enhanced breakdown of biomass at elevated levels of microwave power could be attributed 
to the strong polarity of HCI molecules, which caused widespread absorption of microwave. After 
effectively absorbing greater microwave radiation, biomass was exposed to a significant amount of 
electromagnetic energy, leading to strong contact between dipoles and collisions between 
molecules. Subsequently, the electromagnetic energy quickly transformed into heat energy,1 
facilitating the breakdown of biomass. High temperature induced by high microwave power also 
produced higher solubility of extractant due to the lower solvent viscosity and surface tension 
(Mandal et al., 2007). However, excessively high temperature could lead to the degradation of 
biomass. These results were in accordance with Maran et al. (2015) and Song et al. (2009) who found 
that during MAE, middle microwave power enhanced the yields of carbohydrate extraction from 
higher biomass, followed by a significant decrease at greater power.  
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Figure 6 Effect of two-factor interaction on carbohydrate yield 

 
The response surface plot for agitation time and solid-to-liquid ratio for carbohydrate yield is 

shown in Figure 6b. The result showed that agitation time at a low level was not sufficient to induce 
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high carbohydrate yield. This was in line with the result obtained in the single-factor design 
(screening experiment). The efficiency of carbohydrate extraction enhanced significantly as 
agitation time progressively increased for all solid-to-liquid ratio. An optimal carbohydrate yield 
was observed when agitation time was increased to 20 min. Prolonged agitation could cause more 
extensive cell wall damage, thereby increasing the cell wall permeability to carbohydrate. This high 
permeability was proven to be effective in facilitating the diffusion of carbohydrate from the 
intracellular structure into the surrounding solvent, leading to higher extraction. As agitation time 
increased, the yield decreased significantly for the low level of solid-to-liquid ratio. This decrease 
could be attributed to the degradation of carbohydrate at high temperature during long-time 
agitation.  

Figure 6c shows the response surface plots of the impact of microwave irradiation time and solid-
to-liquid ratio on carbohydrate yield in the conditions of microwave power of 300W and agitation 
time of 20 min. The results showed that microwave irradiation time at a low factor level with a low 
factor level of solid-to-liquid ratio was not sufficient to produce a high carbohydrate yield. 
Increasing microwave irradiation time and solid-to-liquid ratio were required to obtain a high 
carbohydrate yield. Similarly, Gao et al. (2023) and Alexander et al. (2020) observed a consistent 
elevation in carbohydrate extraction from higher lignocellulosic biomass concentration as 
microwave irradiation time increased. This phenomenon could be attributed to the elevated energy 
requirements for larger biomass amount. As biomass quantity increased, a greater amount of 
microwave energy was needed to ensure all parts of the material received adequate penetration 
and thermal conversion, leading to effective cell wall disruption.  

Figures 6d, 6e, and 6f showed the interaction between agitation time and microwave power, 
microwave irradiation time and microwave power, as well as agitation time and microwave 
irradiation time. A gradual increase in carbohydrate yield was observed as the two independent 
factors increased. When the independent factor increased to an optimum level, there was a 
corresponding rise in carbohydrate yield. At ranges beyond optimum level, carbohydrate yield 
showed a small reduction because of prolonged exposure to microwave radiation or heat causing 
the deterioration of carbohydrate (Ren et al., 2017; Zhang et al., 2015). 

3.5. Verification of the models 
The adequacy of the model equation in estimating the highest carbohydrate yield using MAE 

was determined through the optimal conditions. These included solid-to-liquid ratio of 29 mg/mL, 
28 min agitation time, 300 W microwave power, and 163 s microwave irradiation time. In this 
research, the predicted carbohydrate yield was 31.63%. The verification tests were conducted in 
triplicates using the optimal extraction conditions. The actual yield of carbohydrate was 
30.11 ± 0.88%, which was not statistically different from the predicted value of 31.63%. The small 
difference observed between these results validated the suitability of the model in predicting 
carbohydrate yield. 

3.6. Comparison with other extraction methods 
To compare the effectiveness of MAE, the same experimental conditions of 29 mg/mL solid-to-

liquid ratio and 28 min agitation time were carried out using conventional heating. The results 
showed that carbohydrate yield was 21.59 ± 0.98%. In comparison, the yield obtained from 
optimized MAE was 39.46% higher than the conventional method. This suggested that a longer 
agitation time might be required for extraction without microwave to increase carbohydrate yield. 
Extraction with conventional heating depends on the transmission of heat by convection and 
conduction (Bundhoo, 2018). The heat might be lost to the environment and medium during 
transmission. Meanwhile, the oscillating electric field in microwave induces molecular vibrations 
causing both inter- and intra-molecular friction, which leads to rapid heating (Guzik et al., 2021). 
The rapid increase in temperature within biomass leads to pressure accumulation inside the cells. 
This phenomenon causes the cell membranes to burst, leading to electroporation which triggers the 
increase in the cell membrane permeability (Balasubramanian et al., 2011). Microwave can also 
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generate the heat inside microalgae cells through volumetric heating. Therefore, there is a rapid rise 
in temperature and pressure during microwave heating, which causes the rupture of the cell walls 
and release of molecules (Sharifvaghefi and Zheng, 2022; Wahidin et al., 2014).  

Table 4 summarizes carbohydrate yield obtained from various microalgae using MAE and other 
extraction methods, with varying results.  

 
Table 4 Comparison of extraction method from this research and other investigations 

Microalgae 
species 

Extraction method Total 
extraction time 

Extraction 
yield 

Reference 

Chlorella vulgaris Hot water 
extraction 

720 min 49.54% (El-Naggar et al., 2020) 

Rhodosorus sp. 
SCSIO-45730 

Hot water 
extraction 

600 min 9.29% (Wang et al., 2022) 

Golenkinia sp. Hot water 
extraction 

240 min 16.86% (Zhao et al., 2024) 

Chlorella 
sorokiniana 

Hot water 
extraction 

240 min 23.56% (Zhao et al., 2024) 

Spirulina subsalsa Hot water 
extraction 

240 min 21.18% (Zhao et al., 2024) 

Spirulina 
platensis 

Solid-liquid 
extraction 

120 min 15.7% (Silva et al., 2018) 

Scenedesmus 
obliquus BR003 

Acid hydrolysis 90 min 26.2% (Vieira et al., 2021) 

Scenedesmus 
(LRB-AP 0401) 

Acid hydrolysis 120 min 48% (Laurens et al., 2015) 

Chlorella (LRB-
AZ 1201) 

Acid hydrolysis 120 min 42% (Laurens et al., 2015) 

Parachlorella 
kessleri 

3,5-dinitrosalicylic 
acid method 

90 min 44.2% (Beigbeder and Lavoie, 
2022) 

Chlorella sp. Solvent extraction 90 min Glucose: 9.06% (Zhao et al., 2013) 
Chlorella sp. Fluidized bed 

extraction 
120 min Glucose: 4.81% (Zhao et al., 2013) 

Chlorella sp. Ultrasonic assisted 
extraction 

80 min Glucose: 
36.94% 

(Zhao et al., 2013) 

Spirulina 
platensis 

Ultrasonic assisted- 
extraction 

85 min 41.52% (Lupatini et al., 2017) 

Spirulina 
platensis 

Microwave-assisted 
extraction 

1 min 12.7% (Silva et al., 2018) 

Scenedesmus sp. Microwave-assisted 
extraction 

22 min 25.98% (Yirgu et al., 2021) 

Fucus virsoides Microwave-assisted 
extraction 

10 min 20.42% (Dobrinčić et al., 2021) 

Cystoseira 
barbata 

Microwave-assisted 
extraction 

10 min 15.27% (Dobrinčić et al., 2021) 

Ascophyllum 
nodosum 

Microwave-assisted 
enzymatic 
extraction 

2 - 5 min 33.17% (Garcia-Vaquero et al., 
2020) 

Scenedesmus sp. Microwave-assisted 
extraction 

30.7 min 31.63% This research 

 
Silva et al. (2018) showed that the optimal conditions to extract carbohydrate from Spirulina 

platensis using MAE were extraction time of 20 min, microwave power of 434 W, solid-to-liquid 
ratio of 1:30 (w/v). Fathimah et al. (2021) discovered the optimal conditions were 30°C temperature, 
50% ethanol in water, 1:30 solid-to-liquid ratio, and 15 min extraction time. Dobrinčić et al. (2021) 
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identified the optimal conditions for carbohydrate extraction from macroalgae, Fucus virsoides, 
and Cystoseira barbata, using MAE at a temperature of 80°C for 10 min.  

Carbohydrate yield was influenced by microalgae growth environment and extraction factors. 
The growth environment such as light intensity, type of medium, concentration of nutrients, and 
microalgae could significantly affect the yield (Samiee-Zafarghandi et al., 2018; Cheng et al., 2017; 
Razaghi et al., 2014). Meanwhile, microwave factors including power, time, solvent type, and solid-
to-liquid ratio were essential to carbohydrate extraction. 

The results showed that MAE possessed several advantages in terms of environmental impact 
and time consumption compared to other extraction methods. The total extraction time using MAE 
in this research was significantly lower than others. Silva et al. (2018) stated that under optimal 
conditions of MAE, carbohydrate yield obtained from Spirulina platensis was 15.89% lower than 
solid-liquid extraction. However, energy and time consumption were reduced by 99.70% and 
99.17% respectively. Sebastian et al. (2019) also showed that MAE consumed lower energy and 
shorter processing time compared to autoclave commonly used in acid extraction of carbohydrate. 
Moreover, there is tendency to use non-toxic solvents such as water for carbohydrate extraction 
(Silva et al., 2018). Peng et al. (2023) showed that the antioxidant activities of carbohydrate extracted 
from Chlorella sp. were enhanced after MAE. Based on these results, MAE could be considered a 
highly efficient, energy-saving, low-environment impact, and rapid method for carbohydrate 
extraction. This method showed a potential for large-scale applications in the biofuel, agricultural, 
and industrial sectors, which is currently not available. Due to the sustainability and efficiency of 
microwave technology, future research should explore the potential of MAE for scaling up 
carbohydrate extraction from microalgae. 

4. Conclusions 

In conclusion, this research examined the effectiveness of carbohydrate extraction from 

Scenedesmus sp. cultivated in local unsterilized domestic wastewater using MAE. The optimization 

of four factors, namely solid-to-liquid ratio, agitation duration, microwave irradiation time, and 

microwave power, was carried out using RSM-BBD. The results of different statistical metrics 

showed that the selected quadratic model was sufficient to predict carbohydrate yield. Based on the 

sensitivity analysis, solid-to-liquid ratio had the most significant impact on carbohydrate yield, 
followed by the irradiation, and agitation time. The optimal conditions were 29 mg/mL, 28 min, 

300W, and 163 s for solid-to-liquid ratio, agitation time, microwave power, and irradiation time, 

respectively. The verification results discovered that there were no significant variations between 
the predicted (31.63%) and the actual experimental yield (30.11 ± 0.88%) under optimal conditions. 

When compared to extraction with conventional heating, carbohydrate yield obtained from 

optimized MAE was 39.46% higher. Furthermore, MAE significantly reduced extraction time by 63 
- 96% compared to other conventional methods reported in previous research. The results showed 

that microwave was efficient extraction method for extracting carbohydrate from Scenedesmus sp., 

offering potential applications in the biofuel, agricultural, and industrial industries. Due to the 
sustainability and efficiency of microwave technology, future research should explore the potential 

of MAE for scaling up carbohydrate extraction from microalgae. Additionally, a detailed analysis 

of the major carbohydrate constituents after extraction would provide valuable insights into 
potential biomass applications. 
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