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Abstract 

This study optimized the Ultrasound-Assisted Extraction (UAE) of sappan wood (Caesalpinia sappan L.) using Central Composite Design-

Response Surface Methodology (CCD-RSM) and investigated its kinetics. Temperature, solvent-to-solid ratio, and extraction time were selected 

as independent variables with extract yield as the response. Analysis of Variance (ANOVA) showed that the solvent-to-solid ratio significantly 
affected yield. Optimal extraction conditions were 69.9°C, 29.9 mL/g, and 20.2 min, producing approximately yield of 0,293 mg GAE/g sample. 

High Performance Liquid Chromatography (HPLC) confirmed the presence of brazilin, while Fourier Transform InfraRed (FTIR) analysis 

indicated the retention of functional groups. UAE was shown to enhance extraction efficiency and preserve phenolic compounds. Additionally, 

the extraction process was modeled, resulting in a validated effective diffusivity (De) of 1.8 × 10⁻⁷ cm²/s, The kinetic study was useful in 

industrial application especially to determine appropriate extraction time.  

Keywords: Kinetic study; optimization; sappan wood; ultrasound assisted extraction; response surface methodology (RSM) 

 

1. Introduction  

In this modern era, the tendency of human to use natural 

ingredients is increasing due to their growing awareness of 

health and the prevention of degenerative diseases. The demand 

for natural products, particularly those from plants with high 

antioxidant activity, continues to rise. Among these, phenolic 

compounds as plant secondary metabolites has been well 

recognized for their antioxidant activities, mainly in terms of 

their hydroxyl groups and conjugated double bonds [1,2]. In 

turn, the extraction of phenolic compounds from plants is seen 

as a promising alternative to synthetic antioxidants. 

Sappan (Caesalpinia sappan L.) is a well-known medicinal 

plant growing widely in Southeast Asia, India, Sri Lanka, 

Vietnam, and parts of Latin America. Traditionally, the stem of 

sappan wood is used as a natural remedy and dye. It contains 

various bioactive compounds—such as flavonoids, steroids, 

and triterpenoids—with antioxidant, antimicrobial, antifungal, 

and anti-inflammatory effects [3–5]. Some of key compounds 

include brazilin, protosappanin, sappanchalcone, and 

hematoxylin. To maximize its potential, a comprehensive 

research is required on the extraction and optimization of its 

phenolic content [6].   

Common extraction methods such as maceration and 

Soxhlet are the conventional techniques with some limitations, 

such as long extraction time, more solvent and energy needed, 

and potential degradation of active compounds [7–9]. More 

efficient methods are essential then. Ultrasound-Assisted 

Extraction (UAE) is a promising alternative of extraction 

process related to its shorter processing time, lower solvent use, 

and low-temperature operation [10,11]. These conditions can 

reduce the energy use and help to preserve compound stability, 

positioning UAE as a green extraction technique [12]. 

UAE enhances extraction through cavitation, forming vapor 

bubbles that collapse and generate microjets, disrupting plant 

cell structures and facilitating compound release [13–15]. 

Mechanisms involved consist of fragmentation, erosion, 

sonocapillarity, detexturation, and sonoporation or 

combination of these processes [16]. UAE has been 

successfully applied in extracting phenolics from various 

sources, such as blackcurrant [17], Syzygium cumini leaves 

[18], cereal bran [19], jujube [20], black jamun [12], dragon 

fruit peel [2], and beetroot waste [14]. 
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Besides method selection, optimizing extraction parameters 

and studying kinetics are vital for improving efficiency and 

scalability. Key variables affecting extraction include solvent 

concentration, time, temperature, solid-to-solvent ratio, particle 

size and ultrasound power [21,22]. Since these variables often 

interact, Response Surface Methodology (RSM) is frequently 

used to model and optimize the process. RSM has been applied 

in extracting phenolics from eggplant peel [23], blueberry 

pomace [22], Opuntia ficus-indica (OFI) flowers [24], hog 

plum pulp [10], turkey berry [21], mulberry leaves [11] and 

coconut mesocarp [25]. 

Understanding the extraction profile over time, which is 

essential for industrial application and process design, can be 

achieved through kinetic studies [12]. Here, empirical kinetic 

models such as pseudo-first-order, second-order, power-law 

and Peleg’s are commonly used [18,19,26,27]. Alternatively, 

mass balance-based models using Fick’s Law allow for the 

determination of effective diffusivity and a better 

understanding of solute transfer both in solvent and matrix. 

Despite the fact that sappan wood is known for its phenolic 

content, studies on UAE optimization and kinetic modeling 

using mass balance, so far, are limited still. Previous works 

have focused on the optimization of enzyme-assisted extraction 

using RSM Box-Behnken [28] and empirical kinetic models 

[29–31], but little research applied a mass transfer approach. 

This study, in turn, aims to optimize the UAE process for 

sappan wood using RSM and to model the extraction kinetics 

using mass balance principles and Fick’s Law. 

2. Materials and Methods 

2.1. Materials 

Sappan wood used in this study was sourced from 

community-grown plants in Ungaran, Central Java, Indonesia. 

Ethanol was obtained from PT Bratachem Indonesia, and 

distilled water (aquadest) was supplied by UD. Mitra Jaya 

Indonesia. Analytical-grade reagents used for analysis included 

brazilin standard, Folin-Ciocalteu reagent, gallic acid (Sigma 

Aldrich), and sodium carbonate and methanol (Merck). 

2.2. Extraction process for optimization 

Fig 1 illustrates the schematic process of sappan wood 

extraction. The heartwood of sappan was first ground into fine 

particles that passed through a 20-mesh sieve. Subsequently, a 

total of 20 g of the powdered wood was added with a 60% 

ethanol solution and extracted by means of ultrasonic extractor 

(probe type of Ultrasonic Cell Disruptor TUE-500, operating at 

22 kHz with a 12 mm probe diameter). The selection of 60% 

ethanol as the solvent was based on the findings from previous 

study [31]. The extraction process examined three independent 

variables: extraction temperature, extraction time, and solvent-

to-solid ratio, all of which were configured in accordance to the 

experimental design as shown in Table 1. Following extraction, 

the solvent was removed using a rotary evaporator (Heidolph, 

Hei-VAP Advantage) to obtain extract, which was then 

weighed. The resulting extract was stored in a sealed container 

at 4°C until further analysis. 

2.3. Analysis 

2.3.1. Extraction yield 

Extraction yield was counted by comparing the mass of 

extract with sample used and counted using Eq. (1). 

 

𝑦𝑖𝑒𝑙𝑑 =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 𝑔𝑎𝑖𝑛𝑒𝑑

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑢𝑠𝑒𝑑
 𝑥100%  (1) 

 

2.3.2. Total phenolic content (TPC) of extract 

The analysis of Total Phenolic Content (TPC) was carried 

out by following the Folin-Ciocalteu method [32] with gallic 

acid as the standard. A total of 0.1 g of extract was dissolved in 

methanol to a final volume of 10mL. From this solution, 0.2mL 

was taken and mixed with distilled water and 1mL of Folin-

Ciocalteu reagent. After shaking, 3 mL of 20% Na₂CO₃ 

solution was added. The mixture was then incubated at room 

temperature for 2 hr. Absorbance was measured at 765 nm 

using a UV-Vis spectrophotometer (Genesis 10S). The TPC 

values used for the optimization study were expressed in mg 

GAE/g of sample, calculated based on the TPC result 

multiplied by the extract yield and divided by the mass of the 

dry sample. 

 

Fig. 1. Schematic diagram of ultrasound-assisted extraction 

2.3.3. FTIR and HPLC analysis 

To investigate the functional groups present in sappan wood 

samples and the extract, Fourier Transform InfraRed (FTIR) 

spectroscopy was employed. The analysis was conducted using 

a Perkin Elmer FTIR spectrometer within the wavelength range 

of 400–4000 nm. High Performance Liquid Chromatography 

(HPLC) was performed to validate the determination of brazilin 

content in the extract following the method as described by 

[33]. 

2.4. Design of response surface methodology (RSM) 

The optimization of extraction process was carried out using 

Central Composite Design (CCD)-based RSM. Three 
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independent variables here were chosen: extraction 

temperature; solvent-to-solid ratio; and extraction time with 

response of the TPC of extract (mg GAE/g sample) (Table 1). 

There were twenty run of experiment with centered point 

(55°C, 20 mL/g, 30 min) repeated six times. Statistical analysis 

and 3D graph of the model were obtained using Design Expert 

V13 software. 

Table 1. Experimental design of CCD 

Factors Low Level Center High Level 

A: extraction 

temperature (oC) 
40 55 70 

B: solvent-to-solid 

ratio (mL/g) 
10 20 30 

C: extraction time 

(min) 
20 30 40 

2.5. Kinetic modeling 

The extraction of sappan wood using ethanol was 

considered as thin slab’s solid-liquid extraction. In this process, 

there were two important steps. The first step was diffusion 

from solid to the solid’s interface and the second one was mass 

transfer from the interface of solid to the liquid [34]. The 

diffusion of solute in solid followed Fick Law as presented in 

Eq. (2). 

 

𝑁𝐴 = −𝐷𝑒.
𝜕𝐶𝐴

𝜕𝑥
 (2) 

 

where NA is solute diffusion in solid (g solute/sec/cm2), CA is 

the amount of solute in solid (g solute/cm3 solid), x is the 

position (cm) and De is the effective diffusion of solute in solid 

(cm2/sec). Mass balance of solute in volume is written 

according to Eq. (3). 

 

[−𝐷𝑒𝐴
𝜕𝐶𝐴

𝜕𝑥
|𝑥] − [−𝐷𝑒𝐴

𝜕𝐶𝐴

𝜕𝑥
|𝑥 + ∆𝑥] = 𝐴. ∆𝑥.

𝜕𝐶𝐴

𝜕𝑡
 (3) 

 

where A is slab’s area (cm2) and t is time (sec). Taking limit ∆x 

closes to 0, we then could get Eq. (4). 

 

𝜕2𝐶𝐴

𝜕𝑥2
=

1

𝐷𝑒

𝜕𝐶𝐴

𝜕𝑡
 (4) 

 

The boundary conditions follow Eq. (5)-(7). 

𝐶𝐴(𝑥, 0) = 𝐶𝐴0 (5) 

𝐶𝐴(0, 𝑡) = 𝐶𝑓/𝐻 (6) 

𝐶𝐴(𝐿, 𝑡) = 𝐶𝑓/𝐻 (7) 

 

Where CA0 was initial solute in solid (g solute initial/cm3 

solid), Cf was solute amount in solvent (g solute/g solvent) and 

H was Henry’s constant. Material balance of solute in solid and 

liquid can be written using Eq. (8). 

𝑊. 𝐶𝑓0 + 𝑛. 𝐴. 𝐿. 𝐶𝐴0 = 𝑊. 𝐶𝑓 + 𝑛. 𝐴 ∫ 𝐶𝐴. 𝑑𝑥
𝐿

0

 (8) 

 

Where W was the amount of solvent (g), n was amount of 

slab and L was slab’s width (cm). The Cf then can be calculated 

using Eq. (9). 

 

𝐶𝑓 = 𝐶𝑓𝑜 +
𝑛. 𝐴

𝑊
(𝐿. 𝐶𝐴0 − ∫ 𝐶𝐴. 𝑑𝑥

𝐿

0

) (9) 

 

 

The value of diffusivity and Henry’s constant was calculated 

using Microsoft Excel through trial and error method in order 

that minimum Sum of Square Error (SSE) as in Eq. (10) can be 

reached. The mathematical model was solved using Finite 

Different Approximation that convert partial differential 

equation into algebraic equation [35].  

 

𝑆𝑆𝐸 = (𝐴𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑_𝑑𝑎𝑡𝑎 − 𝐴𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑_𝑐𝑎𝑙𝑐)
2
 (10) 

  

Twenty grams of sappan wood was extracted using 300 ml 

ethanol 60% for 5, 10, 15, 20, 25, 30, 40 and 50 and 60 min. 

Temperature was kept at 50°C and after extraction, solvent was 

separated using rotary evaporator and amount of extract was 

weighed. 

3. Results and Discussion 

3.1. Optimization of extraction process 

The results of extraction process along with variable data are 

presented in Table 2. The extraction result data were phenolic 

content (TPC) of extract, expressed in mg GAE/g sample. From 

Table 2 it can be seen that the range of TPC obtained was 

between 0.035 mg GAE/ g sample to 0.292 mg GAE/g sample. 

The regression equation suggested was stated in Eq. (11). 

Coefficient with positive sign in the model showed that 

variable could increase the response, while minus sign showed 

that variable could lower the response [10]. From Eq. (11), it 

can be concluded that both extraction temperature and solvent-

to-solid ratio in linear form could increase the response of TPC, 

while time reduced the response. Moreover, solvent-to-solid 

ratio affected the response of TPC more since the coefficient 

was higher than extraction temperature. A similar result was 

also found in the ultrasound-assisted extraction of phenolic 

from Empetrum nigrum where solvent-to-solid ratio had the 

most significant effect [15]. While the extraction of turkey 

berry fruits found that extraction temperature, solvent-to-solid 

ratio and ethanol concentration gave significant effect on the 

TPC of extract, time was insignificant [21]. The interaction of 

extraction temperature with solvent-to-solid ratio and 

temperature with time increased the TPC response, while 

solvent-to-solid ratio and time’s interaction tended to give a 

negative impact. 

Table 3 presents the tabulation of the ANOVA results. 

Based on the data, the proposed model was statistically 

significant at a 95% confidence level (p-value = 0.0007), 

indicating only a 0.07% chance that the F-value occurred due 

to random noise. The lack of fit had a p-value of 0.6654 (>0.05), 
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showing it insignificant compared to the pure error, suggesting 

that the regression model closely matched the experimental 

data [11]. A significant model combined with an insignificant 

lack of fit confirmed the model’s reliability. The high 

coefficient of determination (R² = 0.9779) indicated the strong 

predictive accuracy, while the adjusted R² confirmed 

consistency between predicted and actual values. An adjusted 

R² above 0.9 further supported model adequacy, and the small 

gap between predicted and adjusted R² (<0.2) highlighted its 

reliability [10]. The model also achieved an adequate precision 

of 19.8571 above the minimum desirable value of 4 [22], 

confirming a strong signal-to-noise ratio. Meanwhile, 

significant factors identified were the solvent-to-solid ratio (B), 

its interaction with time (BC), and its quadratic term (B²), all 

with p-values below 0.05. The ranked positive effects of 

variables and their interactions (from Equation 11) were: 

solvent-to-solid ratio (B) > temperature × solvent-to-solid ratio 

× solvent-to-solid ratio (AB²) > temperature (A) > temperature² 

(A²) > temperature × solvent-to-solid ratio (AB) > temperature 

× time (AC). 

Table 2. Result of experiment 

Run 
Temperature 

(oC) 

Solvent-

to-solid 

ratio 

(mL/g) 

Time 

(min) 

Response (mg GAE/g 

sample) 

measured predicted 

1 70 30 40 0.219 0.221 

2 55 20 46.8 0.162 0.160 

3 70 30 20 0.292 0.294 

4 55 36.8 30 0.244 0.239 

5 55 20 30 0.168 0.166 

6 55 20 30 0.188 0.166 

7 70 10 40 0.149 0.151 

8 55 20 30 0.160 0.166 

9 40 10 40 0.085 0.087 

10 70 10 20 0.113 0.115 

11 55 20 30 0.181 0.166 

12 40 30 40 0.138 0.140 

13 29.8 20 30 0.166 0.163 

14 55 20 30 0.159 0.166 

15 40 10 20 0.075 0.077 

16 55 3.2 30 0.035 0.041 

17 55 20 30 0.141 0.166 

18 55 20 13.2 0.171 0.169 

19 40 30 20 0.218 0.220 

20 80.2 20 30 0.215 0.209 

 

Y = 0.1663+0.0146A+0.0621B-

0.0027C+0.0066AB+0.0041AC-

0.0249BC+0.0077A2-0.0103B2-0.0008C2-

0.0024ABC-0.0065A2B-0.0107A2C+0.0176AB2 

(11) 

Table 3. ANOVA analysis 

Source SS df 
Mean 

Square 
F-value p-value  

Model 0.0657 13 0.0051 20.44 0.0007 significant 

A-

temperature 

0.0012 1 0.0012 4.86 0.0697  

B-solvent-

to-solid 

ratio 

0.0218 1 0.0218 88.37 <0.0001  

C-time 0.0000 1 0.0000 0.1639 0.6997  

AB 0.0004 1 0.0004 1.42 0.2783  

AC 0.0001 1 0.0001 0.5508 0.4860  

BC 0.0050 1 0.0050 20.03 0.0042  

A2 0.0009 1 0.0009 3.45 0.1128  

B2 0.0015 1 0.0015 6.24 0.0467  

C2 9.15E-

06 

1 9.15E-

06 

0.0370 0.8538  

ABC 0.0000 1 0.0000 0.1826 0.6841  

A2B 0.0001 1 0.0001 0.5684 0.4794  

A2C 0.0004 1 0.0004 1.53 0.2616  

AB2 0.0010 1 0.0010 4.13 0.0883  

 

Residual 

 

0.0015 

 

6 

 

0.0002 

   

Lack of Fit 

 

Pure error 

Cor Total 

0.0001 

 

0.0014 

0.0671 

1 

 

5 

19 

0.0001 

 

0.0003 

 

0.2109 0.6654 not 

significant 

 

Std Dev 0.0157   R2 0.9779  

Mean 0.1639   Adjusted 

R2 

0.9301  

C.V.% 9.59   Predicted 

R2 

0.7725  

    Adeq 

precision 

19.8571  

 

  Fig. 2 shows the 3D surface of the result and the 

interaction effects of the variables in extracting TPC from 

sappan wood. The contour plot in each picture used two 

variables, while another variable kept constant at center point. 

Fig. 2(a) shows the effect of extraction temperature and 

solvent-to-solid ratio on the TPC of extract at the constant time 

of 30 min. The increase of temperature and solvent-to-solid 

ratio increased the TPC of extract. Temperature is considered 

crucial in extracting phenolic compounds and several 

researches showed the increase of TPC along with the 

increasing extraction temperature [10]. Increasing temperature 

results in softening cell tissues, weakening interaction between 

polyphenol and polysaccharide, increasing solute solubility, 

decreasing surface tension and solvent viscosity and over 

increasing diffusion coefficient, rate of diffusion and mass 
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transfer increasing the quantity of phenolic extracted 

[10,11,36]. But elevated temperature may also harm the 

extraction process, since increasing temperature in UAE can 

enhance the vapor pressure of solvent, thus reducing cavitation 

force and lower the yield. The extraction of phenolic compound 

from OFI flower provided the highest TPC on temperature of 

70oC. It is mentioned that temperature above this level can 

cause the degradation of extract and reduce the extraction rate 

[24], while optimum extraction temperature of phenolic 

compounds from hog plum using UAE was 52.03oC [10]. 

Fig. 2(b) presents the effect of temperature and time on the 

TPC extract at the constant solvent-to-solid ratio of 20 mL/g. 

The increase of time tended to decrease the yield and it showed 

that increasing both time and temperature decreased TPC 

slightly. Long extraction time causes degradation of phenolic 

since it can expose with temperature, air/oxygen and also light 

in longer time. Degradation also can occur because radiation 

generated by ultrasound or the phenolic can react with other 

components and the degradation decreases the TPC yield 

[10,24]. The extraction of OFI flower showed that, although 

TPC increased when extraction time was prolonged up to 40 

min, but, in fact,  there was no different statistical result from 

20 to 50 min [24]. 

Fig. 2(c) showed the interaction effect between solvent-to-

solid ratio and extraction time on the TPC of extract at the 

constant extraction temperature of 55°C. In general, an increase 

in the solvent-to-solid ratio at a fixed extraction time can 

enhance the TPC yield, particularly at shorter extraction 

durations. However, extending the extraction time at a high 

solvent-to-solid ratio tends to reduce the TPC. A higher 

solvent-to-solid ratio is generally beneficial for extraction as it 

enhances the concentration gradient that acts as the driving 

force in mass transfer process. A greater concentration gradient 

improves the diffusion rate, thereby increasing the extraction 

efficiency [6]. Nevertheless, at very high solvent-to-solid 

ratios, the solubility of phenolic compounds reaches a 

saturation point, after which no further increase in yield is 

observed as equilibrium is achieved [21].  

Based on the analysis, the optimal extraction conditions 

were identified at a temperature of 69.9°C, a solvent-to-solid 

ratio of 29.9 mL/g, and an extraction time of 20.2 min, which 

theoretically produced a TPC yield of 0.293 mg GAE/g sample. 

The actual TPC yield obtained from validation experiments 

under these conditions was 0.278 mg GAE/g sample. The 

optimum extraction temperature in this study was similar to that 

of reported by [24] but higher than that of observed by [10]. 

The optimal extraction temperature for phenolic compounds 

from hog plum was 52.03°C, but it required a longer extraction 

time of 30 min, compared to only 20.2 min in this study. In 

contrast, the extraction of phenolics from turkey berry fruits 

showed an optimum temperature of 80°C with an extraction 

time of 17.3 min and a solvent-to-solid ratio of 49.7 mL/g [21]. 

These conditions involved a higher temperature and solvent-to-

solid ratio, while reducing the extraction time. This indicated 

the interactions among the variables, and optimizing one 

parameter (e.g. reducing time) may require compensatory 

adjustments in others (e.g. increasing temperature or solvent 

ratio). 

 

  
(a) (b) 

 
(c) 

Fig. 2. 3D contour of (a) interaction of temperature and solvent-to-solid ratio, (b) interaction of temperature and time, and (c) interaction of 

solvent-to-solute ratio and time 
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3.2. HPLC and FTIR analysis 

Fig. 3 shows the chromatogram of extract and brazilin 

standard. From this figure, brazilin was identified at retention 

time (Rt) of 2.063 min; this showed that the method used for 

the analysis was selective to detect the target. The result also 

showed that brazilin was successfully extracted using UAE and 

ethanol as solvent. The chromatogram found unknown 

components besides brazilin and this result is in accordance 

with [28, 33, 37]. Another peak shown in the chromatogram 

could be another component found in the extract since the 

extract was crude extract.  

FTIR analysis was performed to identify the functional 

groups present in the material, with the spectra of both the raw 

sample and the extract as displayed in Fig. 4. The FTIR 

spectrum of sappan wood sample showed a distinct peak at 

1040 cm⁻¹, indicating the presence of phenolic rings, 

suggesting that sappan wood is a rich source of phenolic 

compounds. Another peak was observed around 3200 cm⁻¹, 

corresponding to the hydroxyl (–OH) functional group of 

alcohols although this peak appeared less intense compared to 

the one at 1040 cm⁻¹. Several other peaks also existed in the 

sample, but their intensity were very low. After extraction 

process, the peaks could be identified more obvious. The 

emergence of these peaks was probably due to the extraction 

process that took specific component based on the method and 

solvent used, and left the unwanted compounds in the residue. 

The extract still had peaks at 1040 cm-1 and 3200 cm-1, while 

peaks at 1600 cm-1 had higher intensity than that of in the 

sample and it referred to  C=C bond [38]. Peak arounds 1400 

cm-1 refers to C=O group, indicating brazilin component as a 

result of brazilin’s oxidation [5]. The transmittance of sample 

and extract were also different where extract transmittance was 

higher than sample one. In other words, the availability of 

extract component was higher than the sample. Then, it can be 

concluded that extraction process can concentrate the active 

compounds while keeping its molecular structure. 

3.3. Kinetic model 

Fig.5 presents the result of the kinetic study using the mass 

balance proposed. Fig. 5(a) shows the solute concentration 

profile in the slab at different time (t=0, 30 and 60 min), while 

Fig. 5(b) presents the solute concentration profile at various 

slab thicknesses over time. The extraction profile in Fig. 5(a) 

indicated a decrease in extract concentration over time with the 

central part of the slab having a higher concentration. The 

center of the slab naturally is the most difficult part to reach, 

and the extract diffusion occurs unidirectionally along the x-

axis from the central part of the slab to the edges. Phenolic 

compounds, as secondary metabolite compounds, are located 

in the heartwood [39] - the innermost part of the wood and it is 

difficult for the solvent to reach. Furthermore, Fig. 5(b) shows 

a decrease in solute concentration along the thickness of the 

material. The farther distance from the center of the slab gave 

the greater decrease in concentration. This was because solvent 

penetration was still relatively high at the slab's edges, allowing 

for greater solute extraction. This then  resulted  in a higher 

decrease of solute concentration at the solid's edges. 

Meanwhile, the central part of the slab, being the innermost 

region, is more difficult for the solvent to access, leading to a 

relatively smaller decrease in solute concentration (as observed 

in the less significant concentration drop, and taking a longer 

time). 

 

 

 

Fig. 3. Chromatogram of (a). brazilin standard and (b). sappan wood extract 

 

Theoretically, extending the extraction time will continue to 

decrease the solute concentration in the solid until equilibrium 

concentration is reached. Initially, equilibrium concentration 

achieved at the solid’s edges and then gradually at the center of 

the slab. However, excessively prolonged extraction times may 

potentially degrade the extracted phenolic compounds [10]. 

This kinetic study gave the diffusivity of 1,8x10-7 cm2/sec and 

Henry’s constant of 0,5. 

 

 
Fig. 4. FTIR spectra of (a). sappan wood sample, (b) sappan wood extract 
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The diffusivity value obtained in this research was lower 

than the De value reported for the extraction of Moringa 

oleifera leaves using microwave assisted extraction [40], as 

well as the extraction of myrcene from Cymbopogon citratus 

using microwave-assisted hydrotropic distillation [34]. The 

lower De value in this study was likely related to differences in 

the structure of the raw materials used. Commonly, leaves have 

a thin layer and a more fragile structure, which facilitates easier 

and faster solvent penetration. In contrast, sappan wood has a 

denser matrix with a well-organized and rigid structure [41]. 

However, the De value in this study was higher than that 

reported for the extraction of paclitaxel from Taxus chinensis 

leaves [42]. This difference was likely attributed to the 

extraction method used; while paclitaxel was extracted using 

conventional methods, this study employed ultrasound-assisted 

extraction, which was able to accelerate the extraction process. 

Overall, the study of extraction kinetics can be used to predict 

concentration profiles in both solid and liquid phases, evaluate 

extraction efficiency, and determine the optimal time to 

terminate the process [35]. These parameters are highly 

valuable in industrial applications, particularly for designing 

extraction vessel volumes and determining appropriate 

extraction time. 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Fig. 5. (a) solute concentration profile in the slab at different time (t=0, 30 and 60 min), (b). solute concentration profile at various slab 

thickness over time 

4. Conclusion 

The optimization of UAE on sappan wood was carried out 

using RSM. Three independent variables were examined: 

extraction temperature, solvent-to-solid ratio and extraction 

time. Significant variables for this research included solvent-

to-solid ratio, interaction solvent-to-solid ratio with time and 

solvent-to-solid ratio quadratic with p-value <0.05. The 

optimum extraction condition was temperature of 69.9oC, 

solvent-to-solid ratio of 29,9 mL/g and time 20.2 min with 

expected yield of 0,293 mg GAE/g sample. HPLC analysis 

showed the peak of brazilin as main phenolic compound in 

sappan wood, while FTIR spectra of extract showed several 

peaks corresponding to specific bonds in phenolic component. 

Kinetic study was arranged using mass balance concept and 

obtained the effective diffusion (De) of 1,8 x 10-7 cm2/sec with 

Henry constant of 0.5. The result showed that UAE could speed 

up extraction process and parameter of kinetic study is useful 

for predicting the extract profile over time, especially to 

determine appropriate extraction time. 
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