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ABSTRACT: Kinetics and selected variables (temperature, particle size and time) for extraction of 

Terminalia Catappa L Kernel Oil (TCKO) were investigated using solvent extraction. Kinetic models 

studied were: parabolic diffusion, power law, hyperbolic, Elovich and pseudo second order.  

In ascending order, the best- fitted models at the optimum temperature and oil yield were Elovich’s 

model, hyperbolic model, and Pseudo second order model. Due to highest value of linear 

correlation coefficient (R2) and lowest average values of Root Mean Square (RMS), absolute 

relative deviation (AARD %) and Standard Error of Estimation (SEE) recorded for Pseudo second 

order, it was selected as the best fit model. Parabolic and power law models failed to give good fit. 

The average maximum oil yield of 60.45 ± 0.05 % was obtained at temperature of 55 °C, time of 

150 min and an average particle size of 0.5 mm. The physicochemical properties of the TCKO 

showed its potential for industrial applications. 
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INTRODUCTION 

There have been growing interests in the study of the 

extraction of vegetable oils from its natural sources 

(seeds, nuts, leaves). The reason for this is that such oil 

resources are not limited to their sole utilization  

as precursor for edible vegetable oil production, but also 

as potential base-stock for numerous machine oils such as 

lubes [1 – 2], types of diesel [3 – 4], biodiesels [5 – 7] and  

 

 

 

transformer oil [8], which is the focus of this study.  

The biodegradability of vegetable oil offers a major 

environmental advantage over its petroleum oil base 

counterpart, which is currently widely in use, though  

not in all specific cases [9 – 10].  

In light of this, there is a need to study oil 

(triglycerides) extraction routes (with emphases on  
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kinetics and process variables in this report) from seeds 

and nuts in order to make an informed  choice of any of  

the methods, prior to its potential application for both 

industrial and domestic purposes. These routes include 

but not limited to solvent, supercritical fluid, sonication-

assisted, microwave-assisted, accelerated solvent extraction 

methods that could be used in the extraction of oil from 

seeds, nuts, and leaves [11].  

Among these methods, solvent extraction, which is  

the most commonly used provides the focus for this study. 

Its major advantage is relative simplicity and cost 

effectiveness [12 – 13] in the removal of a soluble fraction 

(known as the solute) from an insoluble solid [14-16].  

In oil extraction industry, n-hexane is most commonly used 

as the extracting solvent. This could be attributed to  

its extraction potential, nonpolar property (zero polarity 

index), low boiling point as well as its cost [17-18].  

Over the years, solvent extraction has been used  

in the extraction of oil from a number of seeds and nuts, 

including Jatropha curcas [19], grape seed [20], coconut [21], 

soyabean [22] and Terminalia catappa [9].  

However, this work is focused on oil extraction from 

Terminalia catappa (Tropical Almond) using a solvent 

extraction method with n-hexane as the solvent. 

Terminalia Catappa (TC) tree belongs to the 

Combretaceae family. It is native to Meridional Asia and 

thrives in well- aerated and drained sandy soils and often 

grown for ornamental purposes [4, 23]. Over time, most 

researches on TC have covered the biological and 

phytochemical properties of the bark, leaves, and fruit 

extracts for medicinal purposes, with insignificant 

attention on the large-scale oil extraction from its kernels 

or its potential for other uses [24 – 28]. The Terminalia 

Catappa Kernel (TCK) (583.0 g/kg dry matter) oil quantity 

is similar to that of sunflower, peanut, and rapeseed [29]. 

TC kernels purportedly contain high amount of oil:  

63.65 % [23], 60.45 % [30], 60 % [31], 50 % [3] and 49 % [4] 

which justifies its potential applications for industrial purposes. 

In this report, extraction process parameters such 

solvent type, extraction temperature, particle size of  

the solute sample, solute to solvent ratio were investigated  

as a complement to the extraction process kinetics [12-13]. 

Several kinetic models have been previously applied  

to describe solvent extraction by a number of researchers. 

For instance, Kitanovic et al, [16] used parabolic 

diffusion, power law, hyperbolic, Weibull’s and 

Elovich’s models to describe the extraction of resinoid 

from aerial parts of St John’s Wort (Hypericum 

Perforatum L.). Qu et al. [32] used a second order model  

in describing the extraction of antioxidants from pomegranate 

marc. Like numerous earlier and current studies, 

extraction kinetics, thermodynamics and biodegradability 

of the extracted oil (TCKO in this case) would be vital  

in evaluating whether to apply the extracted oil and process 

industrially [16]. Meanwhile, the current study focuses  

on the linear extraction kinetics of TCKO with respect to 

its potential utilization for transformer fluid production. 

Furthermore, considering the relatively high volume of oil 

yield from TCK, it is imperative to investigate specified 

extraction kinetic models in order to determine the model 

that would adequately govern the extraction process, 

particularly for application of TCKO as a commercial 

feed-stock for transformer fluid production. 

This report, therefore, aims to investigate the kinetics 

of TCKO extraction at different operating conditions 

using parabolic diffusion, power law, hyperbolic, 

Elovich’s and pseudo second order models. In order to 

evaluate its suitability as base fluid for transformer oil,  

the physicochemical properties of the extracted TCKO 

were determined, while Fourier Transform InfraRed (FT-IR) 

was also applied to determine the predominate functional 

groups existing in the TCKO. 

 

EXPERIMENTAL SECTION 

Materials  

The materials used include Terminalia catappa L. 

kernels, n-hexane solvent, Soxhlet Extractor, siphon tube, 

round bottom flask, thermometer, electrical blender, 

sieves of different sizes, rotary vacuum evaporator.  

The Terminalia catappa L. kernels were harvested by hand 

picking during the dry season, from the south eastern part 

of Nigeria. The kernels obtained were oven dried at 60 °C 

for 12 h. prior to its hand-milling [18]. The milled TC 

kernels were sieved into various particle sizes of 0.5 mm, 

1.0 mm, 1.5 mm, 2.0 mm and 2.5 mm using 5 standard sieves.  

N-Hexane (99 % purity level) used was purchased 

from laboratory chemical vendors in Ogbete market, 

Enugu, Nigeria.  

 

Method of oil extraction 

20 g of milled TC kernel and 200 ml of n-hexane 

were placed in a Soxhlet Extractor and heated for 
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150 min at 55 °C. Oil extraction was carried out using 

Soxhlet Extractor according to the procedure described 

by Menkiti et al. [18]. The oil extract leached through  

the pores of the thimble of the extractor into the siphon tube. 

It then flowed down into the round bottom flask.  

The kernel residue was washed with 20 ml of n-hexane 

for 20 min. The oil extract was then dried under vacuum 

at 60 °C until a constant weight was obtained.  

The percentage oil yield of TC kernel obtained at these 

conditions was calculated using equation 1. 

For the temperature study, 20 g milled TC kernel and 

200 mL n-hexane were placed in Soxhlet Extractor 

connected to a condenser. The ratio of the TC kernels 

(solute) and n-hexane (solvent) was 1:10g/ml. A series of 

five Soxhlet Extractors were placed in a thermostatic bath 

at different temperatures (35, 40, 45, 50, 55 °C).  

The extraction was performed at different time intervals 

of 30, 60, 90, 120 and 150 min for each temperature.  

The whole extraction process performed under every set 

of conditions was done three times. Thereafter,  

the average values were reported, while the total extraction 

yield was obtained using the procedure described by 

Menkiti et al. [18]. At the end of every extraction cycle, 

the oil yield obtained was calculated using Equation (1). 

The residual solvent was evaporated using a rotary 

vacuum evaporator at 60 °C.  

 

 

weight of oilextracted g
%Oil yield 100

weight of TCker nel g
                 (1) 

 

Statistical method for extraction kinetic models  

Kinetic model parameters were calculated from their 

linearized forms (Table 1). The tools for estimating  

the models that best represented the experimental data were 

magnitudes of the linear correlation coefficient (R2),  

the root mean square (RMS), the Average Absolute Relative 

Deviation (AARD %) [33] and the Standard Error of 

Estimation (SEE) [34]. The RMS, AARD and SEE  

were calculated using equations 2, 3 and 4, respectively. 

2

N exp cal

i 1
exp

q q1
RMS

N q

 
  

 
 

                                    (2) 

N exp cal

i 1
exp

q q1
AARD 100

N q


                                 (3) 

 
2

x y
SEE

dt





                                                     (4) 

Where N is the number of experimental data points. 

qcal and qexp are the calculated and experimental values, 

respectively, in Equations (2) and (3), while x and y  

are experimental and calculated values in Equation (4).  

The dt is the change in time.  

The higher the value of the linear correlation 

coefficient R2 and the lower the values of the RMS, 

AARD and SEE, the better will be the goodness  

of fit [16, 30]. 

 

Fourier Transform InfraRed (FT-IR) spectroscopy 

analysis  

The FT-IR analysis of the oil samples was carried out 

using BUCK Scientific Infrared Spectrophotometer 

Model 530. 

 

RESULTS AND DISCUSSION  

Temporal yield profile for TCK at varying conditions, 

kinetic parameters, and kinetic models studies 

Observations from Figs. 1-5 show two distinct 

extraction regimes that depicted the extraction process. 

These regimes are: the fast washing action that occurred 

at the beginning (between 30 and 90 min) and a slow 

diffusion controlled extraction that follows later (between 

90 and 150 min) [16, 30]. Owing to the high rate of fast 

washing, the first regime is not easily noticeable.  

Figs. 1 – 5 indicate that for the different particle sizes at 35, 40, 

45, 50, and 55 °C, the time dependent yields are parabolic-

like. It has a high initial slope and subsequently 

exponential shape, corresponding to slow washing and 

fast diffusion regimes, respectively. This is in line with 

most solid-liquid extraction curves [16, 21, 30].  

It is evident from Figs. 1 to 5 that oil yield increased 

with temperature during the extraction process. This was 

as a result of the increase in diffusion (as oil molecules 

acquire more kinetic energy) of the oil and decrease  

in viscosity as the temperature increased [21, 35-36]. 

Temperature increase would also enhance the mass transfer 

coefficient of extraction and thus improve the extraction 

yield [18, 21, 37 – 38]. Figs. 1 to 5 show increase in oil 

yield with decrease in the average particle size.  

This could be attributed to the bigger interfacial area of 

the solid as the particle size increased. It implies that 
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Table 1: Models names and descriptive non-linear and linearized equations. 

Kinetic models Non-linear equations Linearized equations 

Parabolic diffusion 
1 2

0 1q A A t   
1 2

0 1q A A t   

Power law 
nq Bt  Lnq LnB nLnt   

Hyperbolic 
1

2

C t
q

1 C t



 

2

1 1

C1 1 1

q C t C
    

Elovich’s 0 1q E E ln t   0 1q E E ln t   

Pseudo second order 

2
s

s

C kt
q

1 C kt



 2

t ss

t t t

C CkC
   

A0, A1 parabolic diffusion model parameters: washing coefficient (1) and diffusion rate constant (min -0.5), respectively. 

B         power law parameter incorporating the characteristics of the extraction system (min -n). 

C1, C2  hyperbolic model parameter: extraction rate at the beginning (min-1) and constant related to maximum extraction yield (min-1), respectively. 

Cs, Ct  Pseudo second order model parameter: equilibrium concentration of oil (g/L) in the extract and concentration of oil (g/L) in the suspension 

E0, E1  Elovich equation parameters (L). 

k          extraction rate constant. 

n          diffusional exponent of the power law model (L). 

q          extraction yield. 

t           time (min) 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Temporal extraction yield profile for TC kernel  

at temp. of 35°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Temporal extraction yield profile for TC kernel  

at temp. of 40°C. 

 

intra-particle diffusion resistance becomes smaller  

for small particle sizes due to the shortened diffusion path. 

Hence, the reason why smaller kernel particles had higher 

final yields were attributed to the increased surface area  

of the smaller milled samples with declining particle size. 

This leads to high rate of oil dissolution from the smaller 

samples into the solvent, as well as increased mass 

transfer rate that is attributed to shortened diffusion path 

[18, 39 – 40]. On the other hand, intra-particle diffusion 

effect would be more pronounced for bigger particles 

leading to appreciable decrease in oil extraction. In this 

situation, some of the oil would not be extracted due  

to minimal contact surface area, difficulty of solvent 

entrainment and limited diffusion of oil from the internals 

of the larger particle to the solvent [21, 41-42]. However, 

the rate of extraction would increase, with finer grinding, 

since more oil would be freed from the cells,  

as demonstrated in Figs 1 to 5.  

Table 2 summarizes the kinetic parameter of  

the hyperbolic, Elovich’s and pseudo second order kinetic 

models studied at 50 °C and 55 °C. On the other hand, 

Table S1 shows the kinetic parameters of the entire 
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Fig. 3: Temporal extraction yield profile for TC kernel at 

temp. of 45°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: Temporal extraction yield profile for TC kernel at 

temp. of 50°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Temporal extraction yield profile for TC kernel at 

temp. of 55°C. 

studied models at temperatures 35 °C, 40 °C, 45 °C 50 °C 

and 55 °C. The parameters C1 and C2 for the hyperbolic 

model both increased with increase in temperature across 

the entire five particle sizes. It was also observed from 

Table 2 that majority of the kinetic parameters E0, E1  

and K, Cs for Elovich’s and pseudo second order models 

respectively, increased with temperature across the five 

different particle sizes. The consistent increase  

in parameter values of these models is associated with 

increases in oil yields values observed with temperature 

increases. Hence, the insignificant difference observed 

between the models’ calculated oil yields and that  

of the experimental oil yield value [18, 43]. A similar 

result was observed by Kitanovic et al. [16] for the solvent 

extraction of resinoid from aerial part of Hypericum 

perforatum L using different solute to solvent ratios. From 

Table 2, it could be seen that there was greater consistent 

increase in the values of parameters C2, E0 and K for 

hyperbolic, Elovich’s and pseudo second order models, 

respectively, as the particle sizes increased from 0.5 mm to 

2.5 mm for the two different temperatures  

(50 °C and 55 °C). Furthermore, there was also greater 

consistent decrease in the parameter values C1, E1 and CS 

for hyperbolic, Elovich’s and pseudo second order 

models, respectively, as the particle size increased.  

The consistent increase of the kinetic parameters values 

for hyperbolic, Elovich’s and pseudo second order models 

with temperature is attributed to the predominance of 

diffusion rate over the washing mechanism process, 

hence, ensures greater/higher oil yield in these models 

[18, 43].  

On the contrary, there was the high inconsistent trend 

for the kinetic parameter values obtained for parabolic 

and power law models (see supplementary data, Table S1). 

From Table S1, it could be seen that only some of the 

parameters A0 and B increased with increase in 

temperature while, the kinetic parameters A1 and n  

did not have a definite trend with temperature increase  

as could be observed in Table S1. This consistent 

increase in parameter values of these models indicates 

that in these models, oil yield does not always increase 

with temperature increase. Hence, there is predominance 

of washing mechanism, over the rate of oil diffusion.  

This is evident in the significant difference between  

the models’ oil yield and the experimentally obtained oil 

yield [43].  
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Table 2: Linearized Kinetic parameters for TC oil extraction at 50 and 55 °C for hyperbolic, Elovich’s and pseudo 

second order models. 

 

50°C 
    

55°C 
    

0.5mm 1.0mm 1.5mm 2.0mm 2.5mm 0.5mm 1.0mm 1.5mm 2.0mm 2.5mm 

Hyperbolic 
          

C1 1.969 2.413 2.301 2.392 2.138 2.234 2.690 2.632 2.762 2.488 

C2 0.028 0.045 0.044 0.049 0.045 0.031 0.048 0.049 0.055 0.051 

R2 0.988 0.975 0.989 0.973 0.978 0.985 0.979 0.989 0.979 0.958 

RMS (%) 0.028 0.026 0.017 0.024 0.024 0.028 0.022 0.016 0.020 0.030 

SEE 0.585 0.441 0.281 0.378 0.357 0.621 0.398 0.262 0.331 0.480 

ARE % 0.113 0.150 0.163 0.069 0.207 0.174 0.071 0.136 0.168 0.184 

SSE 10.26 5.83 2.37 4.28 3.82 11.55 4.76 2.07 3.29 6.92 

HYBRID % 0.19 0.25 0.27 0.11 0.35 0.29 0.12 0.23 0.28 0.31 

MPSED % 3.56 3.32 2.24 3.14 3.08 3.64 2.87 2.01 2.59 3.89 

SD 0.0023 0.0045 0.0049 0.0021 0.0062 0.0035 0.0014 0.0041 0.0050 0.0055 

Elovich's 
          

E0 -23.702 0.338 -1.177 2.229 0.506 -20.098 1.196 1.776 5.230 4.178 

E1 16.434 9.368 9.349 8.162 8.149 16.085 9.761 9.095 7.966 7.810 

R2 0.988 0.919 0.956 0.924 0.925 0.988 0.937 0.954 0.922 0.882 

RMS (%) 0.020 0.041 0.031 0.037 0.039 0.019 0.035 0.029 0.035 0.045 

SEE 0.417 0.647 0.466 0.543 0.539 0.417 0.589 0.461 0.539 0.665 

ARE % 0.007 0.227 0.146 0.193 0.211 0.017 0.171 0.125 0.157 0.258 

SSE 5.229 12.554 6.523 8.843 8.727 5.207 10.401 6.369 8.727 13.257 

HYBRID % 0.011 0.378 0.243 0.322 0.352 0.029 0.284 0.208 0.261 0.429 

MPSED % 2.583 5.321 4.028 4.834 5.070 2.510 4.542 3.776 4.517 5.825 

SD 0.000 0.007 0.004 0.006 0.006 0.001 0.005 0.004 0.005 0.008 

2nd order 
          

Cs 74.63 51.81 51.02 47.17 45.25 75.19 55.25 52.08 48.54 46.51 

K 3.2x10-4 1.1x10-3 9.5x10-4 1.2x10-3 1.2x10-3 3.5x10-4 9.7x10-4 1.0x10-3 1.4x10-3 1.4x10-3 

R2 0.993 0.998 0.999 0.998 0.998 0.994 0.998 0.999 0.999 0.998 

RMS (%) 0.030 0.031 0.019 0.026 0.028 0.031 0.024 0.017 0.024 0.036 

SEE 0.545 0.434 0.268 0.370 0.351 0.579 0.389 0.257 0.339 0.484 

ARE % 0.031 0.460 0.290 0.128 0.229 0.162 0.211 0.028 0.092 0.364 

SSE 8.904 5.664 2.148 4.109 3.686 10.068 4.533 1.980 3.454 7.035 

HYBRID % 0.051 0.767 0.484 0.213 0.382 0.270 0.351 0.047 0.153 0.607 

MPSED % 3.861 3.975 2.411 3.401 3.624 4.008 3.089 2.164 3.084 4.636 

SD 0.001 0.014 0.009 0.004 0.007 0.003 0.006 0.001 0.003 0.011 
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Fig. 6(a to e) show the plots (histogram) that 

compares the experimental and calculated TCK oil yields 

using a pseudo second order model at different operation 

conditions. Similarly, Figs S1 to S4, compare the 

experimental and the calculated yields for the extraction 

of oil from TCK at different operating conditions for 

parabolic, power law, hyperbolic and Elovich’s models, 

respectively. From Fig.6 (a to e), it would be observed 

that the experimental and the calculated oil yields values 

for the pseudo second order model were significantly 

close. For instance, in Fig. 6 (a) the values of the 

experimental and calculated oil yields at 55 °C, 0.5 mm 

particle size and 150 min, were 60.45 ± 0.05 % and  

60.08 ± 0.05 % respectively. In this case, an insignificant 

difference of 0.37 ± 0.05 % was recorded for the 

 pseudo second order model, thus indicating good fit  

for the model. This was due to the predominance  

of diffusion rate over the washing mechanism process, 

hence, ensures greater/higher oil yield that is comparable 

to the experimental yield [16, 43]. It could be observed 

from Figs. S1 (a to e) and S2 (a to e) for parabolic 

diffusion and power law models, respectively, that there 

were observable differences between the experimental 

and their respective calculated oil yields values.  

For instance, in Fig. S1 (a), the values of the experimental 

and calculated oil yields for parabolic diffusion model at 

55 °C, 0.5 mm and 150 min, were 60.45 ± 0.05 % and 

36.14 ± 0.05 %, respectively. The difference between  

the experimental and calculated value for the parabolic 

diffusion model was 24. 31 ± 0.05 %. Similarly,  

in Fig. S2 (a), the values of the experimental and calculated 

oil yields for power law model at 55 °C, 0.5 mm and 150 min, 

were 60.45 ± 0.05 % and 89.43 ± 0.05 %, respectively. 

Like the parabolic diffusion model, the difference 

between the experimental and calculated yield values for 

power law model was 28.98 ± 0.05 %. These high % 

yield differences indicate that parabolic diffusion and 

power law models failed to give a good fit to the 

experimental data. This could be attributed to the slower 

diffusion mechanism than the washing mechanism, thus, 

lower oil yield when compared to the experimental yield 

[43]. Hence, could not be used to fit the extraction of oil 

from TCK under the studied extraction conditions.  

From Figs. S3 (a to e) and S4 (a to e) for hyperbolic 

and Elovich’s models, respectively, it would be observed 

that the experimental and the calculated oil yields values 

for these models were significantly close. This was  

an indication of the good fit of the models to the 

experimental data. Such similar results, indicating good 

fit as was recorded for pseudo second order model,  

were also recorded for hyperbolic and Elovich’s models.  

Consequently, the significant difference between  

the % yield values for the experimental and calculated 

parabolic and power law models further justify  

the inconsistent trend of their kinetic parameters with  

a variation of temperature. On the other hand, the closeness 

between the % yield for the experimental and calculated for 

hyperbolic, Elovich’s and pseudo second order models, 

justifies the relative consistent trend of their kinetic 

parameters with variation of process parameters. 

Furthermore, R2, RMS, AARD % and SEE were used 

adopted to estimate how well models represent the 

experimental data. In general, the higher the value of R2 

and lower the values of RMS, AARD % and SEE,  

the better would be the goodness of the model to fit  

the experimental data [16]. It could be seen from Table 2 that 

irrespective of the particle size and temperature used, 

individual values of the RMS were all less than 0.5 for 

each of the Hyperbolic, Elovich and Pseudo second order 

models. Similarly, individual values of the AARD %  

were less than 0.5 %, while those of SEE were all less than 0.7, 

for each of the Hyperbolic, Elovich and Pseudo second 

order models. Thus, based on their very low RSM, AARD 

% and SEE, these three models tested were considered 

adequate to model the extraction of oil from TCK.  

On the other hand, for each of the parabolic diffusion 

and power law models, majority of their RMS values 

were less than 0.5. However, the individual values of 

AARD % for parabolic and power law models were much 

higher than 5 % while their SEE values were also 

relatively higher than those of Hyperbolic, Elovich’s and 

pseudo second order models. Therefore, these two models 

(parabolic and power law models) tested were evaluated 

as not being good enough to model the extraction of oil 

from TCK as stated earlier. These results differ from  

the result obtained by Kitanovic et al. [16] for the resinoid 

extraction from aerial parts of Hypericum perforatum L.  

On the basis of the values of the error analyses used, 

the best fit for the models increased in the following order:  

Power law model → parabolic diffusion model → 

Elovich’s model → Hyperbolic Model → Pseudo second 

order. 



Iran. J. Chem. Chem. Eng. Menkiti M. et al. Vol. 38, No. 3, 2019 

 

230                                                                                                                                                                  Research Article  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6a to e: Comparison of experimental and the calculated yields using pseudo second order model for TCK oil  

extraction at different operation conditions. 
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Table 3: Physicochemical properties of the TCKO. 

Oil property TCKO a TCKO b Standard Method 

Oil yield (%) 

Dielectric strength (kV) 

60.45± 0.05 

30.61 
50 ̶ IEC 60156 

Viscosity (mm2/s) 20.29 36.8 ASTM D445 

Acidity (mg KOH/g oil) 4.73 10.5 AOCS CD 3d - 63 

Density at 20 °C (gm-3) 890 913 ASTM D 1298 

Iodine Value (g/I2/100g oil) 101.86 ̶ AOCS CD 1c - 85 

a) Experimental value;     b) Iha et al (2014);     ̶  Not reported 

 

Similarly, the average linear correlation coefficient  

R2 value increased in the following order:  

Power law model → parabolic diffusion model → 

Elovich’s model → Hyperbolic Model → Pseudo second 

order 

Therefore, Pseudo second order model, having  

the highest average value of R2, the lowest average RMS and 

SEE values, as well as the second lowest average AARD 

% value, was chosen as the best model that describes  

the extraction kinetics under investigation. Hence,  

in ascending order, the models that gave a good fit  

were Elovich’s, hyperbolic and pseudo second order models.  

 

Physicochemical properties of TCKO  

The oil yield of TCK was 60.45 ± 0.05 % (in mass), 

which was higher than the value reported for other oil 

seeds such as cottonseed [44] and soybean [45] at 65 °C. 

This result indicates the potentials for industrial 

applications of TCKO. Iha et al. [3], Dos Santos et al. [4] 

and Monnet et al, [23], reported 50 % (in mass), 49 %  

(in mass) and 58.61 ± 0.13 %, respectively, for  

the TCK obtained from Brazil’s coastal region,  

Brazil’s Northeastern coastal region and Cȏ te d’  

Ivoire, respectively. These values were lower than those 

obtained in this report. This difference in the oil yield 

could be as a result of factors such as geographical 

location, variety, harvest period and post-harvest 

handling method [18]. 

Some important physicochemical properties of TCK 

oil were presented in Table 3. These properties were evaluated 

and compared with those reported by Iha et al. [3].  

In Table 3, the viscosity and acidity of TCKOa differ 

significantly from that of TCKOb, with the later having 

higher viscosity and acidity than the former. This 

relatively low viscosity and acid value of TCKOb could 

be due to differences in species/breed as well as variation 

in the climatic regions where Terminalia catappa L was grown. 

Hence, an improved breed of TCK enhances its yield  

and oil properties. The iodine value (IV) of the TCKO  

in this work was higher than 83.92 g/I2/100g oil reported by 

Dos santos et al, [4]. This shows the high level of 

saturation of the oil as indicated by its fatty acid profile. 

The Dielectric Strength (DS) value of TCKO was 30.61 kV. 

This value was found to be lower than that of soya bean 

oil (39 kV) [46] but higher than the DS of palm kernel oil 

(25 kV) [46]. The DS value of TCKO could be improved 

with further purification and transesterification to obtain 

TCKO based transformer fluid. The introduction of 

natural antioxidant additives would help to further 

improve the DS and other physicochemical properties of 

TCKO. 

 

FT-IR analyses of TCK oil 

Fig. 6 Shows the FTIR spectrum of TCKO. The result 

was analyzed and compared with the known signature  

of identified materials using the FT-IR library [47].  

The spectrum showed 6 discernable peaks at frequency range 

of 4000 to 200 cm-1. The peak ranges centered at 3474.88 cm-1 

and 3305.14 cm-1 are characteristics of O–H stretching 

which is an indication of the presence of water. The peak 

centered at 2929.00 cm-1 was characteristics of C – H 

stretching which showed the presence of fats and 

carbohydrates. Conversely, the peak centered at 2868.24 cm-

1 was characteristics of C = H stretching which showed  

the presence oxygen-containing compounds (Aldehydes 

and Ketones). Furthermore, the peak at 2344.55 cm-1 was 

characteristics of N – H stretching, associated with amine 

species, as could be confirmed by the presence of Nitrogen. 

Finally, the peak at 2036.90 cm-1 was characteristics of  

O – H stretching, hence indicated the presence of organic 

molecules and compounds. The presence of C–H and  

O–H linked to fats/oil indicated the potentials for utilization 
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Fig. 6: FT-IR spectrum of TCKO. 

 

of TKCO as transformer fluid. Also the following groups: 

C–H, C=H, N–H, and O–H found in TCKO indicated 

biodegradability of the oil. However, the uncertainties 

associated with the FT-IR spectra result has been 

identified and they include; uncertainty due to bandwidth 

effect, systematic effects associated with the test lamp 

calibration (e.g. spectral mismatch, spatial variation, 

detector linearity and lamp current settling) and random 

effect associated with test lamp calibration (e.g. 

measurement noise, lamp current stability and room 

temperature effect).  

 

CONCLUSIONS 

The Terminalia catappa Kernel Oil (TCKO) extraction 

has been found to follow the initial fast washing and late 

slow diffusion actions. Temperature and particle size 

significantly influenced the kinetics of the extraction 

process as well as the oil yield. The experimental and  

the calculated oil yield values for the pseudo second 

order, hyperbolic and Elovich’s models were well 

correlated, whereas those of power law and parabolic 

diffusion models significantly disagreed. Among the five 

kinetics models, three (hyperbolic, Elovich’s and pseudo 

second order models) fitted adequately to the experimental 

data while two (parabolic and power law models) did not.  

The very good fitting of best fit models (hyperbolic, Elovich’s 

and pseudo second order), to the experimental data  

was attributed to their predominant diffusion rate.  

The pseudo second order model gave the best fit.  

The pysicochemical properties and FT-IR result of  

the TCKO showed its potential for industrial application 

as transformer oil. The FT-IR of TCKO contains  

C – H, C = H, N – H, and O – H functional groups, 

indicating the presence of water, organic molecules,  

and compounds that ensure biodegradability of the oil.   

 

Nomenclature 

AARD                     Average Absolute Relative Deviation 

ASTM             American Society for Testing and Material 

A.O.A.C         Association of Official Analytical Chemist 

A.O.C.S                           American Oil Chemist’s Society 

IEC                  International Electrotechnical commission  

TC                                                        Terminalia catappa  

TCK                                          Terminalia catappa kernel  

TCKO                                  Terminalia catappa kernel oil 

DS                                                          Dielectric strength  

RMS                                                       Root mean square  

SEE                                       Standard Error of Estimation 
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Supplementary Information 

 

Table S1: Linearized Kinetic parameters for TC oil extraction at 35, 40, 45, 50 and 55°C 
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Table S1: Continued 
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Fig. S1a to e: Comparison of experimental and the calculated yields using parabolic diffusion model for TCK oil extraction  

at different operation conditions. 

Time (mins) 

70.00 

 

60.00 
 

50.00 

 

40.00 

 

30.00 

 

20.00 

 

10.00 

 

0.00 

%
 Y

ie
ld

 

 
55 °C 

(a) 

 

 

50 °C 

(b) 

Time (mins) 

70.00 

 

60.00 

 

50.00 

 

40.00 

 

30.00 

 

20.00 

 

10.00 

 

0.00 

%
 Y

ie
ld

 

Time (mins) 

60.00 

 

50.00 

 

40.00 

 

30.00 

 

20.00 

 

10.00 

 

0.00 

%
 Y

ie
ld

 

 
 

45 °C 

(c) 

Time (mins) 

60.00 

 

50.00 

 

40.00 

 

30.00 

 

20.00 

 

10.00 

 

0.00 

 

 

40 °C 

(d) 

Time (mins) 

60.00 

 

50.00 

 

40.00 

 

30.00 

 

20.00 

 

10.00 

 

0.00 

%
 Y

ie
ld

 

 

 

35 °C 

(e) 

%
 Y

ie
ld

 



Iran. J. Chem. Chem. Eng. Extraction Kinetics and Physicochemical Studies ... Vol. 38, No. 3, 2019 

 

Research Article                                                                                                                                                                  241 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. S2a to e: Comparison of experimental and the calculated yields using power law model for TCK oil extraction at different 

operation conditions. 
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Fig. S3a to e: Comparison of experimental and the calculated yields using hyperbolic model for TCK oil extraction at different 

operation conditions. 
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Fig. S4a to e: Comparison of experimental and the calculated yields using Elovich’s model for TCK oil extraction at different 

operation conditions. 
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