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Predicting the interactions between solvent and solute molecules is one of the most prominent methods for the 
evaluation of separation performance. The infinite dilution activity coefficient and σ-profile, as a superior 
thermophysical properties, indicate the solubility of a solute and reflecting the strength of the interaction between 
solution’s molecules. Depending on the infinite dilution activity coefficient of linoleic acid, as a representative for 
rubber seed oil, Conductor like Screening Model for Real Solvent (COSMO-RS) based screening was employed 
to select the efficient organic solvent for rubber seed oil extraction. The σ-profiles of linoleic acid and organic 
solvents were investigated for a better understanding of their similarity and interactions with solute. The 
experimental extraction of rubber seed oil was conducted in sono-reactor to validate the computational 
predictions. Based on the COSMO-RS prediction and experimental validation, diethyl ether and tetrahydrofuran 
exhibited the greatest capacity of 18.6 and 9.0 toward the solubility of linoleic acid and the highest experimental 
oil yields of 27.3 % and 27.0 % as well.  Whereas, acetonitrile with capacity of zero revealed poor extraction 
efficiency of 7 (w/w)%. In conclusions general, the COSMO-RS method proves to be a helpful tool for estimating 
seed oil's solubility in organic solvents, allowing for the early diagnosis of the most efficient solvent 

1. Introduction 
Rubber tree is the key source of the milky latex which is the main source of natural rubber. Rubber tree is one 
of the fast-growing perennial plants distributed throughout Southeast Asia (Gunun et al., 2022). According to 
agricultural statistics from Malaysia Ministry of Plantation Industries & Commodities (MPIC)'s for 2020, rubber 
crop is the second major plantations following oil palm with a total area of 1.09 x 106  hectares (Mha) spread 
across 13 states (MPIC, 2021). In addition to latex, rubber trees also generate rubber seeds which are usually 
discarded as agricultural waste (Zhang et al., 2022). Rubber seed kernel contains up to 35-60% by weight of 
non-edible oils, which are high in unsaturated fatty acids (77-82%), primarily linoleic, linolenic, and oleic acids 
(Jisieike and Betiku, 2020). As part of the ongoing search for sustainable and inexpensive sources for biofuel 
production, oil from rubber seed are receiving increasing attention as a potential non-edible raw material for the 
manufacture of biodiesel (Tarigan et al., 2022). Rubber seed oil has also promising applications in a variety of 
industrial fields, including lubricants, paints and coatings, linseed oil replacement in paint and varnish, and toner 
cartridges (Jisieike and Betiku, 2020). 
The common core methods for oil extraction from organic resources are solvent extraction, and enzymatic, 
mechanical extraction (Pikula et al., 2020). Solvent extraction techniques are the most frequently used 
technologies generating high yields of oil (Jisieike and Betiku, 2020). The efficiency of these techniques depends 
on the process parameters. Many studies evaluated the effect of different parameters on oil yield including 
extraction time, solid-solvent weight ratio and moisture content (Boonnoun et al., 2019). However, the nature of 
solvent and solute and their thermodynamic properties plays a crucial role for specific-task solvent selection. To 
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the best of the authors’ knowledge, none has investigated the impact of thermodynamic parameters, such as 
activity coefficient and surface interactions of species in fluid mixtures. One of the most promising and fast tools 
for solvent selection through predicting the thermodynamic properties of liquid solution’s components is the 
Conductor-like Screening Model for Real Solvents (COSMO-RS) (Cheng et al., 2018). This model can be 
applied to evaluate the thermodynamic behavior of an single component and its affinity towards other 
component(s) in a mixture without requiring experimental data (Salleh et al., 2017). Panić et al., (2021) have 
applied COSMO-RS to screen deep eutectic solvents for the bioactive compounds’ extraction from Graševina 
Grape Pomace. They confirmed that COSMO-RS was an efficient tool for selection of DES for polyphenols 
extraction by evaluating the activity coefficient.  
Using COSMO-RS tool, this study for the first time investigates the role of thermodynamic parameters, including 
activity coefficient and surface interactions, in the prediction of 18 organic solvents' efficiency for the extraction 
of rubber seed oil. Considering that rubber seed oil comprises saturated fatty acids, linoleic acid was selected 
as model compound for rubber seed oil in the COSMO-RS screening (Hayyan et al., 2022). As an effective 
screening criterion, the infinite dilution activity coefficients, σ- profiles and the capacity of organic solvents for 
linoleic acid were evaluated. Through σ- profiles, the effect of surface segments nature on solubility performance 
of organic solvents was interpreted. Experimentally, extraction of rubber seed oil was conducted in sono-reactor 
to validate the COSMO-RS computational predictions. 

2. Method  
2.1 COSMO-RS screening 

COSMO-RS is a time-saving and accurate technique for predicting the thermodynamic chemical characteristics 
of liquid mixtures without the necessity for experimental data (Hizaddin et al., 2014). Using TmoleX version 4.0 
software with and the singlet default spin 6-31G basis set, the geometry of all compounds was optimized by 
employing the density functional theory (DFT) method (Alioui et al., 2020). A single-point density-functional-
theory (DFT) calculation was performed at Becke Perdew 86 (BP86) using the Triple-Zeta Valence Potential 
(TZVPD) to generate the cosmo files (Hadj-Kali et al., 2017). Once complete, the .cosmo files were transferred 
to COSMOthermX version 19.0.5 using the BP_TZVPD_FINE_19.ctd parameterization (Wang et al., 2021).  
The activity coefficient was determined using Eq (1) and Eq (2):  

ln(𝛾𝛾𝑖𝑖) =
𝜇𝜇𝑖𝑖𝑠𝑠 − 𝜇𝜇𝑖𝑖𝑖𝑖

𝑅𝑅𝑅𝑅  (1) 

𝛾𝛾𝑖𝑖∞ = 𝑙𝑙𝑙𝑙𝑙𝑙𝑥𝑥𝑖𝑖→0𝛾𝛾𝑖𝑖 (2) 

where the infinite dilution activity coefficient 𝛾𝛾𝑖𝑖∞ is described as the value of the activity coefficient 𝛾𝛾𝑖𝑖as the 
concentration of solute i comes close to zero, 𝜇𝜇𝑖𝑖𝑠𝑠 is the chemical potential of the solvent S and 𝜇𝜇𝑖𝑖𝑖𝑖 is the chemical 
potential of the pure compound (Ozturk and Gonzalez-Miquel, 2019). 
The solubility capacity 𝐶𝐶𝑖𝑖∞of organic solvents was calculated using Eq (3) to determine the maximum amount of 
linoleic acid that can be dissolved in the solvents: 

𝐶𝐶𝑖𝑖∞ = 1/𝛾𝛾𝑖𝑖∞  
(3) 

2.2 Experimental RSO extraction 

2.2.1 Chemicals and materials 

Rubber seeds were collected from a local market and were ground and stored at room temperature for. 
Tetrahydrofuran, diethyl ether, ethyl acetate, 1-butanol, 1-propanol, acetone, isopropanol, dichloromethane, 
benzene, toluene, pentane, n-hexane and octane were procured from R&M Chemicals, UK. n-heptane, 
methanol, acetonitrile and ethanol were obtained from Merck (Darmstadt, Germany).  

2.2.2 Ultrasonic assisted extraction 

Initially, the rubber seeds were dried at 100 °C for 24 h, ground and stored at tightened flask until further use. 
The extraction process was done using sono-reactor. Accurately 3 g of grounded rubber seeds weighed and 
added to 6 g of organic solvent in a 50 mL clear glass laboratory bottle. The mixture was extracted by an 
ultrasonic irradiation for 60 min. Separation of the oil and solvents from oilseeds was carried out using centrifuge 
at a speed of 3500 rpm for 10 min. The solvent was removed from the extracted oil using a rotary evaporator at 
70 °C. Finally, the oil yield was quantified according to Eq (4): 
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𝑌𝑌𝑜𝑜𝑖𝑖𝑜𝑜  (%) =  
𝑊𝑊𝑜𝑜𝑖𝑖𝑜𝑜

𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
× 100 % 

 
(4) 

Where Yoil is the oil yield, Woil is the weight of oil extracted and Wseed is the weight of seed.  

3. Results and discussion 
3.1 Computational COSMO-RS predictions 

3.1.1 Solubility prediction  

The solubility of Linoleic acid was made based on its logarithmic activity coefficient at infinite dilution (ln 𝛾𝛾∞) 
according to the COSMO-RS method. The activity coefficient of linoleic acid in each of solvents was predicted 
at 30 °C and 100 kPa. The findings are given in Table 1. Typically, the activity coefficient values are expressed 
as ln 𝛾𝛾. The lower values of logarithmic activity coefficients reveal greater solubility of linoleic acid in the solvent 
(Słupek et al., 2020). 

Table 1: Predicted logarithmic infinite dilution activity coefficients of linoleic acid in organic solvents 

No. Organic solvent Polarity ln(γ∞) 
1 Tetrahydrofuran  Moderately Polar -2.93 
2 Diethyl ether Moderately Polar -2.20 
3 Ethyl acetate  Moderately Polar -0.82 
4 Hexanol Polar -0.45 
5 1-butanol  Polar -0.15 
6 1-propanol Polar 0.12 
7 Acetone Moderately Polar 0.20 
8 Isopropanol Polar 0.21 
9 Dichloromethane  Moderately Polar 0.57 

10 Ethanol Polar 0.75 
11 Benzene Non-polar 0.86 
12 Toluene Non-polar 1.25 
13 Methanol Polar 2.20 
14 Pentane Non-polar 2.85 
15 n-Hexane Non-polar 2.95 
16 Acetonitrile Polar 3.00 
17 Heptane Non-polar 3.03 
18 n-Octane Non-polar 3.09 

A total of 18 organic solvents were screened using the COSMO-RS methodology. The smaller value of  
ln 𝛾𝛾∞ indicating the better affinity of towards the solvents (Hadj-Kali et al., 2017). As shown in Table 1, most of 
solvents (tetrahydrofuran, diethyl ether, ethyl acetate, hexanol, 1-butanol, 1-propanol, acetone and isopropanol) 
have small values of linoleic acid ln 𝛾𝛾∞, indicating a greater affinity of linoleic acid with these solvents.  Whereas 
dichloromethane, ethanol, benzene, toluene, and methanol have moderate values of ln 𝛾𝛾∞. On the other hand, 
pentane, n-hexane, acetonitrile, heptane, and octane have the highest values of ln 𝛾𝛾∞ of linoleic acid, which 
indicates that linoleic acid has a low affinity toward such solvents. However, to evaluate the overall efficiency of 
solvents, the solubility’s capacity for each solvent was calculated. As shown in Figure 1, tetrahydrofuran and 
diethyl ether have the highest solubility’s capacities of Linoleic acid, which are 18.6 and 9. In contrast, pentane, 
n-hexane, acetonitrile, heptane and octane exhibit the lowest capacities close to zero. 

3.1.2 σ-profile analysis  

The extraction performance of solvents is deduced from molecules’ interactions with the help of their σ-profiles. 
To evaluate the interactions between solvents and extractant molecules, σ-profiles of organic solvents and 
linoleic acid were interpreted. Through the probability distribution of surface area with charge density (of all 
segments of molecular surfaces), COSMO-RS may calculate the σ-profile which is an important molecular 
thermodynamic property interprets the interaction between compounds and their molecular constituents. 
(Lemaoui et al., 2020). Positive sigma-profile values correspond to negative polarity, whereas negative sigma-
profile values correspond to positive polarity (Benabid et al., 2019). σ-profile is typically distributed into three 
regions, namely the hydrogen bond donor (HBD) region (σ < -0.0082 e/Å2), the non-polar region (-0.0082 e/Å2 
< σ < 0.0082 e/Å2)  and the hydrogen bond acceptor (HBA) region (σ > 0.0082 e/Å2) (Qin et al., 2022). Usually, 
the higher similarity of σ-profile between the solvents and linoleic acid molecules during the nonpolar region and 
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opposite equivalent parts through the polar regions, the better the interaction as well as solubility of linoleic acid 
in solvents (Wang et al., 2021).  

 

Figure 1: predicted solubility capacity of organic solvents for linoleic acid at infinite dilution 

 

Figure 2: σ-profile of linoleic acid and organic solvents: (a) polar solvents, (b) moderately polar solvents, and (c) 
non-polar solvents 

Figures 2(a), 2(b) and 2(c) compare σ-profiles of linoleic acid and used polar, moderately polar and non-polar 
organic solvents. The symmetric peak of linoleic acid is located primarily in the nonpolar zone in a range of 
−0.0084 e/Å2 < σ < 0.005 e/Å2 with a center around 0.001, it has a minor peak positioned at HBD region of σ = 
−0.018 e/Å2 related to the H atoms in the linoleic acid structure, and it also has small part extended to HBA 
region up to σ = 0.015 e/Å2 due to the O atoms. Subsequently, to achieve a higher interaction with linoleic acid 
molecules, it is better for solvents to be nonpolar species with a small peak located at HBA region or small one 
located at HBD (Benabid et al., 2019). 
For polar solvents, Figure 2(a) demonstrates that profile of each of hexanol, 1-butanol, 1-propanol, isopropanol, 
ethanol and methanol has a moderate affinity to linoleic acid with a narrow peak in the nonpolar area. However, 
each of these alcohols exhibit another and two small peaks, one at each of HBA and HBD area, which enables 
some interactions between their molecules in the polar regions rather than interactions with acid molecules. 
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With completely different σ-profile, acetonitrile has a broad peak exhibiting less affinity to linoleic acid surface 
segment. Therefore, its strong polar nature suggesting very weak interactions with linoleic acid molecules. 
Figure 2(b) compares the σ-profiles of moderately polar solvents with linoleic acid profile. Each of 
tetrahydrofuran, diethyl ether and ethyl acetate exhibit closer surface segments nature to linoleic acid. Their σ-
profile consist of narrow peak in the nonpolar region, in addition to a small peak at HBD region. Slightly different, 
profile acetone reveals that it has nonpolar peak has two small peaks which enable some interactions between 
the molecules of solvent itself in the nonpolar region. On the other hand, with a broad peak, dichloromethane 
significantly deviate from the linoleic acid profile suggesting weak interaction between their molecules. In 
general, surface segments nature of all moderately polar solvents, except dichloromethane, reveal that there is 
a great chance to their molecules to interact with linoleic acid molecules, since they have big peaks at nonpolar 
region and small peaks at HBD region. 
Finally, Figure 2(c) displays the σ-profiles of nonpolar solvents. Pentane, n-hexane, heptane and octane are 
narrowly allocated in the nonpolar region around zero (Zurob et al., 2020). Since they are strong nonpolar 
compounds, their molecules have good chances to interact with linoleic molecules. Similarly, benzene and 
toluene distributed in the nonpolar region. However, they have broad peaks consisting of three small peaks, 
indicating limited molecules interactions with acid. 

3.2 Experimental validation of RSO extraction 

Comparing to the computational solubility performance of organic solvents, the experimental extraction 
efficiency of solvents for extraction of RSO generally agree reasonably with the predicted sequence of activity 
coefficient and σ-profile analysis. Medium polarity solvents (tetrahydrofuran and diethyl ether) gave the highest 
RSO yields, which gave 27.33 % and 27 %. These results agree well with their predicted activity coefficients 
and σ-profile analysis as well. In contrast, acetonitrile generates the lowest RSO yield of 13.2 %, which similarly 
agrees with its infinite dilution activity coefficients and σ-profile. On the other hand, pentane, n-hexane, heptane 
and octane exhibited extraction efficiencies better than those solvents with moderate activity coefficients. This 
is attributed to non-polarized nature of these compound as seen in their σ-profile, which enhance their 
interactions with nonpolar part of linoleic acid as representative for RSO.  

Figure 3: Effect of organic solvent type on the oil yield 

4. Conclusions
The extraction performance of 18 organic solvents for rubber seed oil were evaluated using COSMO-RS model 
and validated experimentally in sono-reactor to validate the computational predictions. The activity coefficient 
at infinite dilution and σ-profile were analyzed to evaluate the potential solubility and interactions between 
solution’s molecules. The results revealed that the surface segment nature has significant impacts on the 
extraction performance. Tetrahydrofuran and diethyl ether as closer surface segments nature to linoleic acid 
were the most promising and efficient medium for oil extraction, generating oil yields of 27.3 % and 27.0 %. In 
contrast, acetonitrile was the less surface affinity for linoleic acid, reflecting in its poor extraction efficiency of 7 
(w/w)%. It could be concluded that COSMO-RS technique proves to be a useful tool for predicting the solubility 
of rubber seed oil in organic solvents, thus making it possible to screen for the most effective solvent.  
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