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Abstract 

A simple mathematical model to characterise the supercritical extraction process has been proposed in this paper. 

This model is primarily based on two mass transfer mechanisms: solubility and diffusion. The model assumes two 

districts mode of extraction: initial constant rate extraction that is controlled by solubility and falling rate extraction 

that is controlled by diffusivity. Effects of extraction parameters such as pressure and temperature on the extraction 

of oil have also been studied. The proposed model, when compared with existing models, shows better agreement 

with the experimental results. The proposed model developed has been applied for both high initial oil content 

material and low initial oil content material. 
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1. Introduction 

Extraction of natural products using super critical carbon dioxide (SC-CO2) offers significant benefits, such as 

reduced environmental pollutions, better recovery of components, improved product quality, etc. over other 

conventional extraction methods. The process design and simulation of supercritical fluid extraction (SCFE) of 

natural products requires both qualitative and quantitative understanding of mass transfer kinetics. During extraction 

of natural products, solute dissolves into the super critical solvent. The rate of extraction depends on the nature of oil 

within the plant cells. If solute is freely available on the outer surface of the seeds, extraction process is simple. On 

the other hand, as solute interacts with the cell matrix, extraction becomes difficult. Mass transfer kinetics depends 

on different process parameters, particle size of the seed, and amount of easily accessible oil. Several models have 

been proposed to study the mass transfer kinetics. venu et al. [1-5] assumed that the mass transfer resistance 

occurred only in the solvent phase. Essentially, this model assumes that only easily extractable oil can be extracted. 

venu et al. [6-9] used a shrinking core leaching model to describe a variable external mass transfer resistance where 

the solute balance in the solid phase determines the thickness of the mass transfer layer in external part of the oil 

seeds. It is assumed that the oil interacts with the cell matrix and hence, it is not easily extractable. venu et al. [10-

14] recognized a distinction in solid phase between broken cells and intact cells to model the desorption equilibrium 

as a limiting step during extraction of essential oils using SC-CO2. venu et al. [15-20] proposed the broken-intact 

cell model, which requires the internal mass transfer coefficient as an adjustable parameter. They have calculated the 

other parameters from the experimental data. venu et al. [21-23] gave a model with external mass transfer and the 

equilibrium between solvent and solute as the controlling step.  

The limitations of the shrinking core leaching model lies in the fact that it requires five adjustable parameters: fluid 

film mass transfer coefficient, desorption rate constant, adsorption equilibrium constant, axial diffusivity, and the 

effective diffusivity in the porous solid. Out of these parameters, at least two parameters are regressed from the 
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experimental results while the others are obtained from the available correlations. Accuracy of this model, therefore, 

depends on the correlations used. The broken-intact cell model proposed by venu et al.  [24-28] requires only 

internal mass transfer coefficient as an adjustable parameter. However, the limitation of this model is that the cell 

structure data required for solution of the model, are obtained by scanning electron microscope (SEM) images and 

requires expertise to avoid any confusion between the oil bearing cells and biological cells (starch bearing cells). 

This model does not give the accurate results for the seeds having very low initial oil contents. SEM analysis of the 

microstructure shows that it cannot develop specialized oil-bearing structure for the seeds with very low initial oil 

content. The model proposed by venu et al. [29-32] has three adjustable parameters: partition factor, overall mass 

transfer coefficient, and adsorption equilibrium constant. The limitation of this model lies in the fact that adsorption 

equilibrium constant has been correlated within given temperature range of their work. In fact adsorption 

equilibrium constant increases with increase in solubility. At constant pressure, increase in temperature decreases 

density of SC-CO2 and simultaneously increases volatility of the solute. As a result, solubility of solute depends on 

the larger contribution of one of the two effects mentioned above. Hence, correlation of adsorption equilibrium 

constant as a function of temperature proposed by venu et al.  [33-38] may not be true for temperature that is outside 

the range mentioned in their work.   

venu et al. [39-42] considered the solid phase as divided between broken and intact cells. They distinguished the 

total oil available within the plant cell in easily accessible oil and oil present in the intact cell. venu et al.  [43-46] 

described the extraction curves by three-step procedure. The first linear portion is denoted by constant extraction 

rate (CER) period and is characterized by the convective mass transfer between the solid material surface and the 

fluid phase. Supercritical solvent carries easily accessible oil from broken plant cells during this phase.  

2. Mathematical Model 

Supercritical fluid (SCF) is used as a solvent for the selective separation of the components present in the natural 

products in SCFE. The liquid like density of a SCF solvent provides its high solvent power, whereas the gas like 

diffusivity and viscosity impart excellent transport properties, which in turn enhances the mass transfer rate as 

compared to that of liquid organic solvent. The solid feed particles in the extractor are considered to be stationery as 

the flow rate of the SCF is very low and the extraction process is carried out in a fixed-bed condition. As super 

critical carbon dioxide (SC-CO2) flows through the void spaces of the feed material, solute gets dissolved in it. The 

extraction process can be primarily divided into following two distinct sections.  

(i) Initial CER section where the easily accessible solute available on the external surface of the feed 

particles gets extracted. In this section solubility of the solute controls the extraction rate.  

(ii) FER section where the easily accessible oil gets depleted and the diffusion mechanism controls the 

extraction process. 

It is assumed that the easily accessible solute is completely depleted at the extractor entrance at the end of CER 

period.  

The flowing solvent may get saturated with the solute after traversing a short bed height initially, beyond which it is 

not possible to extract any further. Therefore, the concentration of solute in the SCF solvent at the exit of bed is at 

the highest in the beginning of the extraction and may remain steady for some time before the concentration starts 
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falling. This saturation line moves in the direction of flow and reaches the exit of the bed after some time. The 

constant rate period depends on the flow rate of the solvent and the characteristics of the solid substrate. For certain 

natural material containing low extractable oil there is no initial constant rate period [47-50]. In this case the rate of 

mass transfer takes place at the falling rate regime and is controlled by internal diffusion resistance. The transition 

from a constant rate regime to a falling rate regime depends on the initial oil content in the solid substrate as well as 

the cell structure of the natural material. The model assumes that the solvent flows axially at a constant superficial 

velocity through a fixed bed of cylindrical shape. The solvent is pure at the entrance of the extractor. The 

temperature and pressure are kept constant throughout the fixed bed. In addition, the bed is assumed to be 

homogeneous in terms of solute distribution as well as particle size. The model also assumes pseudo-steady state 

with plug flow, and neglects the accumulation of the solute in the fluid phase. It takes into account the solute 

solubility in the solvent and mass transfer coefficient both in solvent and in solid phases.  

Solid phase and fluid phase mass balances for a bed element is given as 

 ),()1( yxJ
t

x
s =




−−   (1) 
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The cellulose structure of the plant cell consists of the strongly packed solute. During grinding or milling of the 

plant material, the cell wall breaks and some portion of the solute  become loose (easily accessible oil) while the 

remaining solute (oil present in the intact cell) is still strongly packed within the cell structure. Therefore, out of the 

total initial solute content, 0x , the amount of solute inside the particles is xk. Solute contents are expressed as solute 

free solid phase basis. At the beginning of the extraction, oil concentration throughout the bed is 0x . The SCF 

enters the bottom of the extractor and starts extracting solute from the feed material. The concentration of the solute 

in the solvent at the entrance of the extractor is zero. The concentration of the solute in the flowing SCF increases in 

the direction of the flow in the extractor and reaches to the maximum at the extractor exit. This can be 

mathematically expressed as (initial conditions) 

 0)0,( xthx ==  (3a) 

 0),0( == thy  (3b) 

During the initial phase of extraction, solvent carries easily accessible oil available on the outer surface of the 

broken cells. The mass transfer mechanism is controlled by the solubility of the solvent at the extractor operating 

condition. The mass transfer rate depends on the concentration of solute in the solvent. It decreases along the flow 

direction of the solvent as concentration of solute in solvent increases in that direction. This mechanism prevails till 

the concentration of the oil reaches to xk at the entrance of the extractor. The mass transfer rate may be expressed as 

 ( , ) ( )f o f rJ x y k a y y= −      For kxx   (4) 

In literature, several expressions for mass transfer rate of supercritical fluid extraction have been proposed. venu et 

al. [51], venu et al.  [52], venu et al. [53] and venu et al.  [54] described the mass transfer rate in the CER period by 
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equation (4). On the other hand, different authors have proposed different models for the mass transfer rate for the 

diffusion-controlled region. venu et al. [55] described the mass transfer rate as a function of internal mass transfer 

resistance and solute concentration in the solid phase. They have not considered the effect of solubility of solvent at 

different operating parameters. venu et al. [56] and venu et al. [57] proposed a model with solute concentration in 

solid phase and solubility as model parameters. venu et al. [58] considered external mass transfer co-efficient even 

for diffusion-controlled region. In fact, internal mass transfer coefficient controls the extraction in the diffusion 

region. venu et al. [59] considered internal mass transfer coefficient for the slow extraction period. In the proposed 

model, the effect of internal mass transfer resistance and solute concentration in solid phase has been considered for 

FER period. The relation proposed for mass transfer rate during the FER period in this work is due to the fact that 

the solvent phase concentration varies with the concentration of solute in feed material, x. 

 ( , ) s o sJ x y k a x=      For kxx   (5) 

2.1. Model Solution 

For kxx  the fluid phase mass balance may be expressed by combining equations (2) and (4). 

 ( )yyak
h

y
U rfff −=
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Introducing the dimensionless variables such as dimensionless concentration of solute in solid phase kxxr /= , 

normalized dimensionless concentration of the solute in solvent phase 
ryyY /1−= , dimensionless time 

)1(/0  −= ksrff xtyak , and dimensionless height uhak f /0= , equation (6) can be written as  

 Y
Y

−=
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Integrating above equation with initial conditions (3) gives the concentration profile of solute in solvent along the 

bed height, 

 )exp( −=Y  (8) 

Similarly, the solid phase mass balance is expressed as 

 Y
r

−=





 (9) 

Solution of equation (9) with initial conditions (3) yields 

 )exp(0  −−= rr  (10) 

Equation (10) gives the concentration of solute inside the solid particles at a given instant and given bed height. The 

oil content in solid substance of the extractor in the CER period is equal to the difference of initial oil content in the 

feed material and the oil carried away by the solvent till that time. Therefore, the extraction curve maybe determined 

as, 
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Where uHakA f /0= . 

The extraction curve may be expressed to indicate the amount of solute carried away by specific amount of 

supercritical fluid. The extraction curve as a function of specific amount of the solvent q, can be expressed as 

  )exp(1 Aqye r −−=     For mqq   (12) 

Where ( ) Ayxxq rkm /0 −= . 

As the easily accessible oil gets depleted at the extractor entrance with the specific amount of solvent qm, the 

transition between CER and FER period occurs. At the start of FER period, the extraction from inside the particles 

takes place near the extractor entrance section. However, the easily accessible solute is still present at the other 

section of extractor. After some time, extraction process is entirely controlled by the diffusion phenomenon. The 

concentration of the solute in feed material at the transition period between the CER and FER period can be written 

as the difference between the initial oil content on solute-free solid basis and the amount of extract carried away 

with the specific amount of solvent, qm.  

 At m = , )exp(0  −−= mrr  (13) 

For kxx  , the solid phase mass balance is written as, 

 Kr
r

−=





 (14) 

Where, rffkss ykxkK  /= . Integration of above equation with initial conditions (13) gives the concentration 

of the solute in solute free solid phase in FER period. 

 ( ) ( )( ) ( )( )mKrrr  −−−−−= expexp100  (15) 

The extraction curve for FER period can be obtained using equation (11) as 

 ( )  ( )( ) AyqxqqBAxe rmm −−−−−−= exp1exp 00    For mqq   (16) 

Where, ffss kkB  /= , and ( )
..

00 /1// qFqakuHakA sfff =−==  . 

Parameter A is function of fluid phase mass transfer coefficient and specific flow rate of the solvent for the given 

particle size and operating parameters (extraction pressure and temperature). It increases with increase in fluid phase 

mass transfer coefficient and decreases with specific flow rate of the solvent. On the other hand, parameter B is 

function of both fluid phase and solid phase mass transfer coefficients for the given operating parameters. It 

represents the role of solubility and diffusivity in controlling the extraction phenomenon in the FER period. It can be 

seen from equation (16) that with increase in parameter A cumulative yield of solute increases. Applications of the 

proposed model are discussed in the following section. 

3. Application of the model 
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The proposed model is applied for the yield prediction at different operating parameters for the CNS and Black 

pepper. The selection of the material is made on the basis of the total initial oil content. CNS contains about 40 to 

45% (w/w) of oil where as black pepper contains hardly 7 to 8 % (w/w) of oil. 

 

3.1. Application of the model for CNS 

The set of experiments were carried out to study the effect of operating parameters on the extraction of CNSL. The 

experimental methodology is explained in detail elsewhere [60]. About 100 gm of CNS with mesh size 8 were taken 

in the extractor. The feed material was kept under equilibrium at given operating parameters for about 1 hr. Then, 

SC-CO2 was expanded through metering valve to atmospheric pressure and the extract was collected in the 

separator. The mass of CO2 released was calculated on the basis of the extractor volume, CO2 density at extractor 

parameters and density of CO2 at atmospheric pressure. In the first set, the temperature and mass flow rate of solvent 

were kept constant at 333 K and 2.777  10– 4 kg/s respectively, while pressure was changed from 250 to 300 bar in 

the step of 25 bar. Second set of experiments was carried out with change in temperature from 313 to 333 K in the 

step of 10 K with constant mass flow rate and density. Here pressures were modified to get constant density of 830 

kg/m3 at respective temperatures.  

To determine the maximum amount of oil present in the feed material, about 100 gm of CNS were taken into the 

extractor. The pressure, temperature and mass flow rate of the solvent were set at 300 bar, 333 K and 1 kg/h and the 

experiment was extended for about 16 hours. In order to find the oil present in the residue, the residue was pyrolysed 

as per the method suggested by venu [60]. The volatiles from the pyrolysis reactor were condensed and the oil 

condensed was calculated by gravimetric method. The total initial oil content in feed was calculated by the sum of 

the oil obtained by SCFE and pyrolysis method. It was found that the initial oil concentration was 30% by weight of 

original biomass, while on the basis of solute free solid, it was 42.85%. The mass transfer based parameter F and B 

were obtained by regressing the experimental results. The amount of solvent required for the extraction of oil during 

constant extraction rate period, qm, is calculated directly from the formula derived in the last section.  

Table 1 shows the values of model parameters of the proposed model obtained using the experimental data for CNS. 

It may be noted that the fluid phase mass transfer coefficient (F) increases with the increase in extraction pressure 

and temperature. It is due to the fact that solubility of solvent increases with increase in pressure and density. At 

higher solubility the mass transfer rates are higher, and hence CER ends earlier. However, it was found that the 

solute collected during the CER period for all the cases was same in the order of 35% of the initial oil content in the 

seed. This behavior compliments the fact that for the same particle size the amount of easily accessible oil for the 

given seed structure, and hence the value of xk is same. For the parametric study it was decided to grind the CNS 

particles to the size of mesh 8. Due to higher initial content of oil, CNSL oozes out during the grinding process. The 

milled seed particles get wetted with oil and tend to agglomerate and hence make it difficult to maintain the uniform 

particle size of the ground seed material. The value of xk was found to be 0.11. The model proposed by venu [61] 

was also used to obtain the mass transfer parameters. It was found that the values of regressed parameters of the 

proposed model were of the same order of magnitude. The model proposed also used to obtain the mass transfer 

parameters. It was found that the values of regressed parameters were of the same magnitude. The model proposed 
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in this work gave better accuracy (on the basis of the values of average absolute relative deviation (AARD)) in 

comparison to venu [62] model. The AARD indicates that the model predicted results are in good agreement with 

experimental results.  

 

3.2. Application of the model for Black pepper 

The proposed model was used to validate the experimental results published by venu et al.  [63]. The data were 

obtained for the extraction of black pepper (Piper nigrum L.) essential oil in the temperature range of 303 K to 323 

K and pressure range of 150 to 300 bar. The data were obtained for two different types of ground black pepper 

(batches 1 and 2). The solubility of black pepper in SC-CO2, initial oil concentration inside the particles and the 

solvent flow rate at given operating parameter were taken from the values are reported.  

Table 1 shows the comparison of the model parameters for proposed model and venu et al. [64] model. It is 

observed that fluid phase mass transfer co-efficient, F, for both the models are comparable in most of the cases. For 

the given operating parameters and a batch, the mass transfer co-efficient increases with the increase in either 

pressure or mass flow rate of the solvent or both. The AARD for the yield predicted by both the models have been 

presented in Table 2. The results predicted by the proposed model are in agreement with venu [65] model. Figure 1 

compares the experimental and predicted overall extraction curves for the pepper from batch 2. It shows that the 

results predicted by the proposed model are comparable with the experimental results. It is interesting to note here 

that the proposed model is predicting results as accurately as predicted by venu [66] model in spite of the fact that 

proposed model considers only two sections as compared to three sections in venu [66] model for the extraction 

curve.  

Figure 3 compares the predicted and experimental overall extraction curves at 313 K for different operating 

parameters. Here, it may be observed that the model predicts the experimental results with reasonable accuracy. The 

effect of extraction pressure, solvent flow rate and pre-treatment of the material is well appreciated in Figure 1. At 

300 bar and with higher mass flow rate of solvent, the extraction of pepper from batch 1 is quite faster as compared 

to pepper from batch 2. This may be due to the fact that, the initial oil content of pepper from batch 2 is very less. 

On the other hand, it can be seen from Figure 1(a) that at lower pressure, pepper from batch 2 gives quite higher 

yield as compared to pepper from batch 1. This may be attributed to higher solvent flow rate in the former as 

compared to later. 
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(b) 

Fig.1 Overall extraction curves for CNSL at solvent flow rate 2.77710-4 kg/s and  

(a) Extractor temperature 333 K (b) solvent density of 830 g/l.  

(b) Experimental results are shown as symbols. Predicted extraction curves are shown as solid curves. 

Table 1: Parameters for the proposed model based on experimental results of extraction of CNSL from CNS. 
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Proposed model Existing  model 

AARD 

(%) 

Max. 

error 

AARD 

(%) 

Max. 

error 

300/333/1 1.8408 0.0055 31 0.01008 2.61 9.02 3.01 10.68 

275/333/1 1.7506 0.0046 39 0.00601 0.74 1.97 1.60 3.62 

250/333/1 1.6978 0.0042 44 0.00478 1.01 2.77 2.16 4.39 

305/333/1.2 1.7388 0.0058 30 0.00864 2.94 8.01 7.49 14.81 

245/323/1.2 1.3641 0.0052 44 0.00886 2.83 8.29 6.85 10.50 

190/313/1.2 1.0907 0.0037 78 0.00420 2.97 6.18 4.12 8.68 

 

4. Conclusion 

A simple mathematical model has been proposed that explains the complete extraction curve in two sections only. 

The model proposed is based on the fundamental mass transfer operations: solubility and diffusion. Proposed model 

is applicable to supercritical extraction of different biomass. Results for CNSL and black pepper oil show that the 

model agrees well with the experimental results for the seeds having both high as well as low initial oil contents. 

The comparison of the proposed model results with the venu et.al model [64] results indicate that the accuracy of 

proposed model is of same order though the proposed model is simplified by considering two-section kinetics as 

against three section kinetics in venu et.al [65] model. The mass transfer coefficient was found an order of 

magnitude higher for CNS than black pepper. The AARD for both the materials was in the range of 1 to 5 %. At 

present, the work is being done to apply the model for techno-economic feasibility study and scale-up. 
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