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Abstract 

Microalgae, which are rich in fatty acids, have potential applications in various sectors such as bioenergy, health, food, and biomaterials. The 

Supercritical Fluid Extraction (SFE) method is commonly used to extract microalgae. This research estimated the process parameters of 

desorption rate constant (kd) and binary diffusion coefficient (DAB) for SFE fatty acid from Nannochloropsis sp. using a mathematical model 
called as hot sphere diffusion. Desorption models were used to model the release of fatty acids into the solvent (supercritical carbon dioxide). 

The parameter estimation process was conducted at temperatures of 313 and 333 K and pressures of 12.5, 20, and 30 MPa. The value of kd 

increased with increasing pressure and temperature and DAB values were obtained at varying pressures and temperatures. 
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1. Introduction 

Microalgae are microorganisms with considerable potential 

as a source of production for various sectors, including 

biotechnology, biodiesel, supplements, nutritional foods, 

supplements, and cosmetics. They have high value algal 

metabolites (HVAMs) that are able to reduce CO2 levels for 

human activity [1]. Microalgae represent a third-generation 

renewable energy source that does not compete with human and 

industrial primary needs. In terms of energy conversion, they 

can produce 15 to 300 times more biofuel than first- and 

second-generation renewable energy sources with the same 

land area [2]. Microalgae is known to have fast- and cost-

effective photosynthetic growth [3]. The potential of 

microalgae can be observed in the high fatty acid content, 

which can reach 31–68% of its dry weight [4]. 

Nannochloropsis sp. is one of the marine microalgae that is 

easily cultivated with a short harvest period [5]. It can be 

extracted through methods such as microwave-assisted 

extraction, enzymatic-assisted extraction, ultrasound-assisted 

extraction, pressurized liquid extraction, and supercritical fluid 

extraction [6]. The growth process of Nannochloropsis sp. by 

fixing free CO2 can assist in the minimization of global 

warming. Microalgae exhibit a CO2 binding efficiency that is 

approximately ten times greater than that of ordinary plants [7]. 

The fatty acid content of Nannochloropsis sp. can be 

obtained by extraction. The conventional method of fatty acid 

extraction from microalgae is by using organic solvents or 

Soxhlet extraction. However, there is a growing trend towards 

the use of supercritical fluid extraction (SFE), which offers 

several advantages over traditional methods. Supercritical 

carbon dioxide is the most used fluid as a solvent due to its non-

toxic, odorless and residue-free properties. A considerable 

number of studies have employed supercritical fluids to extract 

fatty acids and bioactive compounds from microalgae. For 

instance, fatty acid extraction from Nannochloropsis sp. [8], 

carotenoid extraction from Dunaliella salina [9], fucosanthin 

extraction from Sargassum muticum [10], fat extraction from 

Scenedesmus obliquus [11], nonpolar pigments and fats from 

Nannochloropsis gaditana [12], oil extraction from Asterias 

rubens by Getachew et al. [13], and extraction from L. rivularis 

stalks by Uguiche et al. [14] have been successfully modeled, 

and fat extraction from Dunaliella salina [9] have been 

successfully achieved. Indeed, numerous researchers have 

employed simulation and modelling techniques to investigate 

SFE, including the extraction of carotenoids from 

Nannochloropsis gaditana, Synechococcus, and Dunaliella 

salina [15]. Another method that has been used for the 

extraction of bioactive compounds is ultrasound-assisted 

enzymatic extraction of flavonoids from Strobilanthes crispus 

by Arbianti et al. [16].  

The SFE process can be expressed using mathematical 

models. Mathematical modelling of SFE is one of the tools that 

can help optimization and scale-up from laboratory scale to 
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industrial scale. With mathematical modelling, the effect or 

impact of process parameters on yield and extraction rate can 

be determined. Mathematical models for SFE can be divided 

into three main categories: empirical models, models based on 

mass and energy transfer analogies, and models based on the 

integration of mass balance differential equations. These 

mathematical models can be used to estimate appropriate 

process parameters based on experimental operating 

conditions. The independent variables, operation conditions, 

and models describing the progress of the extraction over time 

makes the simulation process possible. The particles were 

depicted as spheres so the mass transfer phenomena in the 

biomass can be described as shrinking core models, broken and 

intact cell models, linear driving force models, or a 

combination of all [17]. 

The use of mathematical models for carotenoid extraction 

from Nannochloropsis gaditana was conducted by Macias-

Sanchez, et al. [15] using the mass transfer model of the 

penetration method. This modelling was employed to estimate 

the process parameters. The process parameters obtained were 

diffusivity of (1.24 - 14) × 10-18 m2/s at pressures of 100-500 

bar and temperatures of 40-60℃. However, the deviation of the 

application of this model to the experiments conducted was 

25%. Another mathematical model used by Mouahid et al. [18] 

is Sovova’s mathematical model for the extraction modelling 

for N. salina and N. maritima with a mass transfer coefficient 

pf 7.695 × 10-5/s and 8.833 × 10-5/s at 300 bar and 333K, 

respectively. 

There is still a scarcity of mathematical modelling of SFE 

from microalgae. The modelling of carotenoid extraction from 

Nannochloropsis gaditana by Macias-Sanchez, et al. [15] still 

exhibits a considerable deviation value. Here, the value 

obtained for the binary diffusivity (10-19 m2/s) was still 

relatively low when compared to SFE modelling of other 

biomass, such as grains (10-10 to 10-14 m2/s) [19]. The modelling 

of oil extraction from Citrus auranticum L. by Kusuma, et al. 

[20] is the second-order model. The value obtained for the 

extraction rate constant was 1.4075 L g-1 m-1. The mass transfer 

model of Scenedesmus sp. Lipids extraction by Taher, et al. 

[21] utilized the broken and intact cells (BIC) model for 

predicting extraction curves. The values obtained for the mass 

transfer coefficients in the fluid and solid phases were in the 

ranges of 6.7 - 30.9 × 10-6 m/s and 2.08 - 13.2 × 10-10 m/s, 

respectively. The modelling for extracting lipid from Chlorella 

vulgaris NIES 227 microalgae by Wetterwald, et al. [22] with 

the BIC model. The results shows that Soxhlet extraction with 

hexane had higher lipid yields at 31.20 wt% extract/dry 

biomass. Considering these limitations, this study aimed to 

perform the mathematical modelling of fatty acid extraction 

from Nannochloropsis sp. to identify optimal process 

parameters. The experiment to be modelled was derived from 

the fatty acid extraction that has been carried out by Nobre, et 

al. [8]. The objective of this modelling is to identify the process 

parameters such as desorption rate coefficient and solute 

diffusivity in the solvent of SFE. 

2. Materials and Methods 

The study employed a 3D packed bed reactor extractor 

model from the COMSOL Multiphysics chemical reaction 

engineering module, based on the research conducted by Nobre 

et al. [6]. The template was adjusted to account for extractor 

and particle dimensions, bed porosity, solvent feed flow rate, 

solvent density, and viscosity. The assumptions used included 

1D axisymmetric extractor model, perfectly spherical solid 

matrix, the transfer of fatty acids in the solid based on the 

desorption principle, isothermal extraction process, analogous 

solid matrix to a hot ball that uniformly cools the environment, 

and the lipid composition of the experimental results from 

Nobre et al. [8], which consisted only of fatty acids without 

glycerol. 

2.1. Extractor mass scale balance 

Phenomena occurred at the extractor scale include flow 

transfer by convection and molecular diffusion. Convection 

flow transfer occurs when fluid flows in the bulk phase with a 

speed of u. Meanwhile, diffusion occurs due to the fluid 

concentration gradient formed in the film layer (gas-solid 

interface). In this model, convection and diffusion in the radial 

direction are ignored. The mass flow rate at the inlet and outlet 

is based solely on convection and diffusion in the axial 

direction. The overall mass balance equation is presented by 

Equation (1). 

𝜀
𝜕𝐶𝑏

𝜕𝑡
= 𝜀𝐷𝐿

𝜕2𝐶𝑏

𝜕𝑧2
− 𝑢𝑠𝑢𝑝

𝜕𝐶𝑏

𝜕𝑧
+ (1 − 𝜀)𝑘𝑓𝑎𝑝(𝐶𝑝 − 𝐶𝑏)    (1) 

2.2. Mass balance in film layer 

The correlation between the mass transfer in the extractor 

scale phases (bulk) and the mass flux at the particle surface 

(pores) models the mass balance in the film layer. It is assumed 

that there is no external resistance in this layer, so the first 

derivative of the concentration gradient in the pore is given 

entirely to the bulk. Equation (2) represents this phenomenon. 

𝑘𝑓𝑎𝑝(𝐶𝑝 − 𝐶𝑏) = 𝑎𝑝𝐷𝑒
𝜕𝐶𝑝

𝜕𝑟
    (2) 

2.3. Particle scale mass balance 

In particle systems, the fluid diffuses into the pores of the 

particles, providing a site for the reaction to occur. The fatty 

acid solute is then carried out by the fluid. This particle-scale 

model considers only the mass balance equation. As the 

particles are in the solid phase, the transfer phenomenon that 

occurs is limited to radial diffusion through the particle pores. 

Particle-scale mass balance is divided into two, namely in the 

pore and in the solid. The mass balance in the pore follows 

Equation (3) and the mass balance in the solid follows Equation 

(4). 

𝜀𝑝
𝜕𝐶𝑝

𝜕𝑡
+ (1 − 𝜀𝑝)

𝜕𝑞

𝜕𝑡
=

𝜀𝑝𝐷𝑒

𝑟2
𝜕

𝜕𝑡
(𝑟2

𝜕𝐶𝑝

𝜕𝑟
)          (3) 

(1 − 𝜀𝑝)
𝜕𝑞

𝜕𝑡
= −𝑘𝑑𝑞           (4) 

2.4. Mass transfer modelling parameters 

The Sherwood number empirical correlation by Frossling 
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was used to estimate the mass transfer coefficient in a 

stationary bed extractor with supercritical CO2. 

𝑆ℎ = 2 + 0,550,33𝑅𝑒0,5           (5) 

where 

𝑆ℎ =
2𝑟𝑝𝑘𝑓

𝐷𝐴𝐵
            (6) 

and 

𝑆𝑐 =
𝜇

𝜌𝐷𝐴𝐵
            (7) 

The Peclet number correlation was used to approximate the 

axial dispersion coefficient at supercritical conditions. 

𝑃𝑒 = 0,187𝑅𝑒0,265𝑆𝑐−0,919           (8) 

where 

𝑃𝑒 =
2𝑟𝑝𝑢𝑠𝑢𝑝

𝐷𝐿
           (9) 

The effective diffusion coefficient of the particles was 

determined by following Millington and Quirk's statement. 

𝐷𝑒 = 𝜀1,333𝐷𝐴𝐵         () 

2.5. Model verification and simulation 

Once the mass balance of the model has been obtained, the 

next step was to verify the model. This involves determining 

whether the model could be run by COMSOL. If it could be 

run, the research continued to the simulation stage. However, if 

there were still errors, it was necessary to check the parameter 

input in the model. Some of the errors that can cause a run to 

fail include punctuation errors, unit factors, duration of the 

simulation run, convergence tolerance, or variables that have 

not been entered. 

A simulation was carried out when the model verification 

results were valid. The model was stated valid if the results of 

running the program do not bring up error messages. At this 

stage, a simulation was carried out with operating conditions 

according to Nobre, et al.'s research [8] with an aim to estimate 

the process parameters, specifically the desorption rate constant 

(kd) and solute diffusivity coefficient in solvent (DAB). The 

outcome of this simulation was an instantaneous concentration 

curve at the extractor output. This curve would be compared 

with the experimental results of Nobre, et al. [8] in the form of 

a yield accumulation curve. 

3. Results and Discussion  

3.1. Parameter input and condition operation 

The process of extracting fatty acids from solid 

particles/matrix into bed gaps occurs under constant 

temperature conditions, ensuring no changes in temperature or 

energy. This is similar to a hot ball cooling the environment 

uniformly. The process moves fatty acids from the spherical 

core to the surface and then out into the bed gap. The simulation 

assumes that the lipid composition consists solely of fatty acids 

without glycerol, as there is no data explaining the glycerol 

content in the experimental results. Table 1 presents the 

assumptions used to describe the composition of the extract and 

Table 2 presents the operating conditions of the Nobre et al. [8] 

experiments and details the parameter values used in their 

modelling, which were entered into COMSOL to ensure that 

the extractor geometry and modelled particles were considered 

experimental data. 

Table 1. Composition of the fatty acid extracts [6] 

Compound Name Percentage (%) 

C16:0 Palmitic Acid 35.29 

C16:1 Palmitoleic Acid 36.92 

C18:1 Oleic Acid 18.41 

C14:0 Miristic Acid 4.37 

C20:5 Eicosapentonic Acid 2.93 

C20:4 Arachidonic 1.84 

Table 2. SFE Operation Conditions and Parameters [6] 

Name Value 

Feed Temperature 313 and 333 K 

Feed Pressure 12.5, 20, and 30 MPa 

Feed Flow Rate 0.35 gr/minute 

Extractor Length 102 m 

Extractor Radius 3.95 nm 

Particle Radius 1.5 × 10-5 m 

Particle Porosity 0.15 

Fixed bed porosity (ε) 0.40019 

Area of extractor’s cross section 

(Ac) 
4.0917 × 10-5 m2 

Superficial velocity (usup) 1.6263 × 10-4 m/s 

3.2. Effect of pressure and temperature on parameter k 

Desorption is the release of adsorbate/solute (in this case, 

fatty acids) past the surface of the solid matrix. The driving 

force of the desorption process is the concentration gradient 

between the fluid in the pore and the solid. This concentration 

gradient is determined by the partial pressure of the fluid in the 

pore and the vapor pressure in the solid. Increasing the pressure 

will increase the fluid concentration in the pore as the solvation 

strength rises. Assuming that the concentration in the solid is 

constant due to its high value, an increase in pressure will result 

in a reduction in the concentration gradient between the fluid in 

the pore and the solid. Consequently, an increase in pressure 

will lead to a decrease in the desorption rate. 
However, the desorption rate constant (kd) results in Table 

3 increase with   pressure. This phenomenon is common in the 

effect of pressure and temperature on SFE [23]. This 

phenomenon is commonly referred to as retrograde behavior or 

crossover phenomenon. At a specific pressure, when the 

temperature is elevated or reduced, the mole fraction is directly 

proportional (right graph PU* and left graph PL*). However, 

when the pressure is situated between PL* and PU*, the mole 
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fraction value is inversely proportional to the temperature. This 

phenomenon is attributed to the distinctive properties of 

supercritical fluids such as having a density of 0.3 g/mL, a 

viscosity of 0.1-0.01 cP, and a diffusivity of 0.001-0.0001 

cm2/s. 

The findings of this study are in line with the simulation 

results presented by Campos et al. [24] on the extraction of 

oleoresin from Marigold/Calendula officinalis and Silva et al. 

[25] on the extraction of Baccharis trimera oil. The kd value 

increased as the pressure increased. However, in contrast to the 

findings of the simulations conducted by Macias-Sanchez et al. 

[15] on the extraction of carotenoids from Nannochloropsis 

gaditana, the kd value demonstrated a decrease in the 

simulations of Macias-Sanchez et al. [15] as the pressure value 

increased. In addition, simulations conducted by Taher et al. 

[21] for lipids in Scenedesmus sp. also showed a decrease in k 

value due to the dominant negative effect of diffusivity as 

opposed to the positive effect of solubility. In the meantime, the 

results obtained by Kitzberger et al. [26] on the extraction of 

Shiitake mushroom oil have not yet been published. The results 

obtained by Getachew et al. [13] showed little effect in 

increasing the pressure towards the yield. Table 3 below 

provides a comparison of the kd parameter values at constant 

temperature from several researchers. 

Table 3. Comparison of DAB values at constant temperature from several 

studies 

P 

(MPa) 

T 

(K) 

k𝒅 (10-5/s) 

[13] [23] [24] [22] Current research 

12 313 - - - 1.66 - 

12,5 313 - - - - 5.1 

15 313 - 22.89 3.23 2.83 - 

20 313 14.2 - 4.86 - 63 

 

In addition to pressure, temperature also exerts an influence 

on the desorption rate. An increase in temperature will result in 

the disruption of weak physical bonds. The breaking of these 

bonds will facilitate the desorption transfer thereby increasing 

the desorption rate with increasing temperature. This result 

corroborates the findings of Macias-Sanchez et al. [15] and 

Taher et al. [20] that indicated that the kd value tended to 

increase with increasing temperature as lipids’ solubility 

increased. However, this is contrary to the findings of Kim and 

Hong [27] indicating that the kd value tended to decrease when 

the temperature increased. This was due to higher temperature 

decreasing the density of the fluid [13]. Table 4 presents a 

comparison of the kd parameters at constant pressure. 

Table 4. Comparison of kd values at constant pressure from several studies 

P (MPa) T (K) 
kd (10-4/s) 

[21] [13] Current research 

10.34 312 574 - - 

10.34 322 238 - - 

30 313 - 1.42 9 

30 323 - 1.65 - 

30 333 - 1.95 10 

3.3. Effect of pressure and temperature on parameter DAB 

At a constant temperature, an increase in pressure will result 

in an elevation of the density of CO2. This increase in density 

will lead to a tightening of the distance between molecules, 

thereby rendering the solute in the solvent more challenging to 

move. Consequently, its diffusivity will decline. Therefore, the 

solute diffusivity value in the solvent will decline as the 

pressure increases. 

As shown in Table 5, the value of solute diffusivity in the 

solvent (DAB) was observed to increase when the pressure rose. 

This result is not in accordance with the theory. One of the 

reasons for this is the retrograde behavior or crossover 

phenomenon that is common in supercritical fluids for SFE 

processes. The retrograde phenomenon in SFE has also been 

identified by several previous studies, including those of 

Confortin et al. [28] and Mukhopadhyay [23] who provided an 

explanation for this phenomenon in his book entitled Natural 

Extract Using Supercritical Carbon Dioxide. 

Several studies on DAB parameter estimation have yielded 

similar results to those observed in this study. Research 

conducted by Macias-Sanchez et al. [15] and Campos et al. [24] 

indicated that the DAB value tended to increase as the pressure 

increased. In contrast, the results of Kitzberger et al. [26] 

exhibited a slightly different trend with a rise and subsequent 

decline in the DAB value as the pressure increases. Table 5 

presents a comparison of DAB parameter results from various 

researchers for a constant temperature. 

Table 5. Comparison of DAB parameter results from several researchers at 

constant temperature 

P 

(MPa) 

T 

(K) 

𝐷𝐴𝐵 (10-18 m2/s) 

[13] [22] [20] Current research 

12 313 - - 6.12 × 104 - 

12,5 313 - - - 3.9 × 106 

15 313 - 1.18 × 105 1.18 × 105 - 

20 313 1.24 3.85 × 105 - 5.83 × 106 

30 313 6.44 1.06 × 105 - 3 × 107 

Table 6. Comparison of DAB parameter results from several researchers at 

constant pressure 

P (MPa) T (K) 
𝐷𝐴𝐵 (10-18 m2/s) 

[12] [13] Current research 

30 313 9.97 × 106 6.44 3 × 107 

30 323 6.37 × 106 12 - 

30 333 3.50 × 106 4.22 5 × 107 

The results of this study indicated that the DAB value 

increases with increasing temperature. This finding is 

consistent with the research of Macias-Sanchez et al. [15]. As 

the temperature rises, the density of the solution decreases due 

to the expansion of the intermolecular distance. This reduction 

in distance between molecules facilitates the movement of 

solutes, which in turn enhances the diffusion of solutes in the 

solvent. Consequently, the DAB value increases with an increase 

in temperature. The DAB parameter estimation results of this 
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study are in accordance with the theory and support the results 

of Macias-Sanchez et al. [15]. Table 6 presents a comparison 

of DAB parameters at constant pressure. 

3.4. Accumulation yield 

The values of process parameters obtained from simulations 
and experiments are crucial for validation and error calculation. 
Validation involves comparing the accumulated yield curve 
from the simulation results with the experimental results. If the 
two curves coincide, the process parameter values are 
appropriate. To compare with the experimental results, the 
simulation results curve, represented as an instantaneous 
concentration curve (mol/m3), needs to be converted into an 
accumulation yield curve (g solute/100 g dry biomass). This 
involves multiplying the instantaneous concentration value by 
the flow rate, preparing a time range, integrating the curve from 
t0 to the first-time span, and converting the accumulated mole 
value to accumulated yield using Equation (11). 

𝑦𝑖𝑒𝑙𝑑 =
100𝐶1𝑀𝑟𝑠𝑜𝑙

𝑚𝑏
         (11) 

Table 7 presents the results of converting the simulated 
instantaneous concentration curve (mol/m3) into a simulated 
accumulated yield curve (g/100g biomass). 

Table 7. Result of conversion of instantaneous concentration curve into 

accumulation yield curve 

 
Time (s) 

Experiment Yield 

(g/100g) 

Simulation Yield 

(g/100g) 

SFE1 

1714.3 1.2 1.23 

5357.1 3.8 4.12 

10285.7 6.7 7.04 

15535.7 9.0 9.35 

18857.1 10.1 10.63 

SFE2 

1928.6 2.5 3.39 

5464.3 11.0 13.20 

9428.6 19.0 21.19 

12642.9 23.2 24.86 

18428.6 27.3 27.78 

22500.0 28.7 28.36 

SFE3 

1821.4 6.8 7.45 

5357.1 21.4 20.17 

9000.0 28.0 27.97 

13242.9 32.4 33.18 

17957.1 33.5 34.55 

SFE4 

2357.1 9.8 10.20 

4928.6 20.8 19.13 

8571.4 30.0 28.24 

13285.7 33.0 33.57 

18000.0 34.0 35.03 

21857.1 34.5 35.55 

Fig. 1 compares the accumulation curve of simulation 
results with the accumulation curve of experimental results for 
SFE1 under operating conditions of P = 12.5 MPa and T = 313 
K. Similarly, Fig. 2 compares the accumulation curve of 
simulation results with the accumulation curve of experimental 
results for SFE2 under operating conditions of P = 20 MPa and 
T = 313 K. Similarly, Fig. 3 shows a comparison between the 

accumulation curve of simulation results and the accumulation 
curve of experimental results for SFE3 under operating 
conditions of P = 30 MPa and T = 313 K. Similarly, Fig. 4 
compares the accumulation curve of simulation results with the 
accumulation curve of experimental results for SFE4 under 
operating conditions of P = 30 MPa and T = 333 K. 

 
Fig. 1. Comparison Curve of Experimental Accumulation Yield and SFE1 

Simulation 

 
Fig. 2. Comparison Curve of Experimental Accumulation Yield and SFE2 

Simulation 

 

Fig. 3. Comparison Curve of Experimental Accumulation Yield and SFE3 

Simulation 

 

 
Fig. 4. Comparison Curve of Experimental Accumulation Yield and SFE4 

Simulation 
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4. Conclusion 

The desorption rate constant (𝑘d) obtained at a pressure of 

12.5 MPa and a temperature of 313 K was 5.1 × 10−5 s⁄ , at a 

pressure of 20 MPa and a temperature of 313 K was 

6.3 × 10−4 s⁄ , at a pressure of 30 MPa and a temperature of 

313 K was 9 × 10−4 s⁄ , and at a pressure of 30 MPa and a 

temperature of 333 K it is 1 × 10−3 s⁄ . The binary diffusivity 

(𝐷𝐴𝐵) obtained at a pressure of 12.5 MPa and a temperature of 

313 K was 3.9 × 10−12m2 s⁄ , at a pressure of 20 MPa and a 

temperature of 313 K was 5.8 × 10−12m2 s⁄ , at a pressure of 

30 MPa and a temperature of 313 K was 3 × 10−11m2 s⁄ , and 

at a pressure of 30 MPa and a temperature of 333 K it was 

5 × 10−11m2 s⁄ . 𝑘d and 𝐷𝐴𝐵 values increase with increasing 

temperature and pressure. Furthermore, high pressure can result 

in the mechanical disruption of the solute bond with the solid 

matrix, which in turn leads to an increase in the 𝑘d. Similarly, 

high temperature can cause thermal disruption of the solute 

bond with the solid matrix, resulting in an increase in the 𝑘d. 
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