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Abstract 7 

Temperature, time and particle size effects on Irvingia gabonensis kernel oil (IGKO) yield, as 8 
well as the kinetics and thermodynamics parameters were investigated. Highest oil yield of 9 
68.80 % (by weight) was obtained at 55 °C, 150 min., and 0.5 mm. Evaluated 10 
physicochemical properties of IGKO indicated that viscosity, acidity, dielectric strength, 11 
flash and pour points were 19.37 mm2s-1, 5.18 mg KOHg-1, 25.83 KV, 285 °C, and 17 °C, 12 
respectively, suggesting its feasibility as transformer fluid upon further treatment. Of the 13 
pseudo second order (PSO) and hyperbolic kinetic models studied, the former gave better fit 14 
to the experimental data. ∆H, ∆S and ∆G values of IGKO extraction at 0.5 mm and 328 K 15 
were, 251.81 KJ/mol, 1.08 KJ/mol and -105.49 KJ/mol, respectively, indicating the 16 
endothermic, irreversible and spontaneous nature of the process. Kinetic model equations that 17 
describe the process were successfully developed for both models based on the process 18 
parameters.     19 
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1. Introduction  21 

The searches for suitable alternative to petroleum have increased in recent years. This is 22 

attributed to human-induced global climate change, depleted petroleum reserve and more 23 

recently the drop in the global crude oil price. In Nigeria, prior to the commencement of 24 

crude oil exploration and production in February 1958 by Shell British Petroleum at Oloibiri 25 

and Afam oil fields in Port Harcourt; agriculture was the main stay of the economy [1-2]. As 26 

a result of these, especially the drop in the global crude oil, Nigerian government have 27 

introduced measures and polices that are geared towards the diversification of the economy, 28 

with special attention given to agricultural development. This government initiative has led to 29 

the development of the agricultural sectors that is aimed at achieving food security, industrial 30 

utilization of its products, job creation, as well as products processing for export purposes. 31 
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The aftermath of this is the massive planting of economic trees, oil seeds and nuts etc. [3] that 32 

could serve as source of biodegradable oil for petroleum substitution. Some of such oil seeds 33 

and nuts include but not limited to Irvingia gabonensis (IG), soya bean, palm trees, Jatropha 34 

curcas, groundnut, Terminalia catappa L etc. 35 

Irvingia gabonensis otherwise known as wild bush mango or “Ogbono” in south eastern part 36 

of Nigeria is a member of the Simarubaceae family [4]. It is an economic tree with its origin 37 

traced to most tropical forest of West and Central Africa [5]. In West Africa, Irvingia 38 

gabonensis is seen as the most important tree being encouraged for domestication [6-7]. 39 

Thus, it has attracted the attention of the World Agroforestry Centre (formerly the 40 

International Centre for Research in Agroforestry, ICRAF), together with its partners, thereby 41 

making it their choice tree in their agroforestry tree domestication programme [7-8]. 42 

Seasonally (between April to July), Irvingia gabonensis tree produces lots of edible fruits 43 

with limited consumption of the fresh fruits [5]. However, there is greater utilization of the 44 

kernel. As a result of this, it is a common practice to split the fruit into two using cutlass, in 45 

other to remove the split cotyledon (kernel) with knife. Thereafter, the flashy mesocarp is 46 

discarded to rot, while the kernel is used for number of purposes [9]. 47 

Over the years, researches on Irvingia gabonensis kernel (IGK) have mainly been on its 48 

nutritional and medicinal applications, as well as the used of the milled kernels as condiment 49 

in soup as thickener, due to its rich fat and protein content [10-12]. Medicinally, it is used in 50 

body weight reduction of obese persons [13], with little attention to its industrial applications. 51 

However, its kernels have been found to have local industrial application, as it is used in the 52 

making of local soap, due its high oil content [14]. Previously, researches have shown that 53 

IGK exhibits very high oil content which ranges between 60% and 69.76%. Hence, makes 54 

it’s industrially utilization very attractive [11, 15-17]. Never the less, few researches have 55 

been conducted on the possible application of Irvingia gabonensis kernels oil (IGKO) 56 
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industrially for biodiesel production [15]. Therefore, there is need to extend the utilization of 57 

IGKO in the production of transformer oil (TO), since to the best knowledge of the authors, no 58 

published work have been recorded in this direction [18].  59 

Prior to the use of vegetable oil like IGKO for industrial applications, there is need for the oil 60 

to be extracted from the seeds/kernels. In other to achieve this goal, the choice of extraction 61 

method becomes very important [19]. Several extraction methods exist. Some of these 62 

methods are solvent extraction, sonication-assisted extraction; microwave-assisted extraction, 63 

supercritical fluid extraction, accelerated solvent extraction etc [20]. However, solvent 64 

extraction method using soxhlet extractor was adopted in this study because of its simplicity, 65 

high oil yield and oil quality associated with the method [20-21]. Solvent extraction method 66 

has been utilized severally for extraction of oil from fruits, seeds and nuts. Some of such fruits, 67 

seeds and nuts include Hazelnut (Corylus avellana L.) [22], Maclura pomifera (Rafin.) 68 

Schneider seed [23], Prunus armeniaca L. [24], Sacha inchi (Plukenetia volubilis) seeds [25], 69 

coconut waste [26]. Similarly, Irvingia gabonensis is not left out, as solvent extraction 70 

methods have been utilized to extract oil from it [11,15]. It is important to state that in solvent 71 

extraction, the knowledge of the kinetic of oil extraction is of paramount importance. This is 72 

because it assists in the determination of the highest oil yield within the studied time intervals 73 

[27]. In other words, the need carry out extensive study on the kinetics of oil extraction from 74 

Irvingia gabonensis seed kernels. 75 

Previously, researchers have carried out studies on the kinetics of oil extraction from seeds, 76 

and nuts. For instance, oil extraction kinetics have been applied to the extraction of oil from 77 

Jatropha curcas [28], sunflower seeds [29-30], fluted pumpkin seed [31], coconut waste [26], 78 

Neem seed (Azadirachta indica A. Juss) [32] and Prunus persica [33]. It is therefore very 79 

necessary to study the kinetics of oil extraction process of different varieties of seed or nut. 80 

This is because from literature, it has been established that the ease of extraction of oil from 81 
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seed/nuts varies [34].  Therefore, the study of the kinetics of oil extraction from Irvingia 82 

gabonensis kernels becomes very important, since to the best of knowledge of the authors, 83 

there haven’t been any published work in that regard.  84 

It is worth knowing that during oil extraction process, the extraction rate (the rate at which 85 

equilibrium is attained) is influenced by factors like, solute and solvent diffusion capacity, 86 

size, shape, internal structure of seeds particles (matrix), and the dissolution rate of the 87 

solvent on the oil soluble substances (solute) [21]. In other words, the kinetics of Irvingia 88 

gabonensis kernel oil (IGKO) extraction consists of the releasing of oil from porous or 89 

cellular matrices, into the solvent through the process of mass transfer mechanisms. This oil 90 

(solute) linked to the solid matrix of the kernel particles by either physical or chemical forces 91 

must be transported to the solvent phase by dissolution process [35]. For this to occur, three 92 

important steps have to be taken into consideration: (1) solvent penetration into the seed 93 

matrix (tissue), (2) intercellular miscella formation, and (3) extracted oil diffusion into the 94 

exterior miscella [27]. In other words, mathematical modeling of oil extraction kinetics from 95 

seeds and nuts is an activity of great importance. This is due to its economic benefits to 96 

industries. In the light of this and other benefits, it is necessary to develop models for 97 

extraction process based on the process parameters. In order to achieve this, the estimated 98 

process parameters, needs to be used in the development of the model that considers the 99 

phase behavior, state of equilibrium, solubility, diffusion and dissolution of the process [35-100 

36]. Several models have been used by researchers in the study of oil extraction kinetics 101 

process for oil seeds like, olive cake [37], sunflower [38-39], rapeseed (canola) [27].  102 

However, while extraction kinetics has been extensively studied by many researchers, there is 103 

limited or no studies in the literature on that of oil extraction kinetics and thermodynamics of 104 

Irvingia gabonensis kernels oil extraction. Therefore, the objectives of this study were to 105 

study the influence of process parameters of temperature, time, and particle size on IGK oil 106 
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yield, as well as to fit the obtained experimental data into two closely related extraction kinetic 107 

models (hyperbolic and pseudo second order), so as to determine the model that best fit the 108 

experimental kinetic data. Also, the kinetic models of the extraction processes under different 109 

process parameters were established for predicting the extraction processes. Additionally, the 110 

coefficient of determination (R2) and for statistical error analysis functions [root mean square 111 

(RMS), the average relative error (ARE%) and the standard error of estimation (SEE)], were 112 

used to study the fitting of the extraction kinetics models to the experimentally obtained 113 

kinetics data. Furthermore, Arrhenius equation was used to evaluate the effect of extraction 114 

temperature on the kinetic models. The thermodynamic parameters of oil extraction from 115 

Irvingia gabonensis kernels were also evaluated. Furthermore, the physicochemical 116 

characterization of the IGKO was carried with the aim of evaluating its potentiality as base 117 

fluid for transformer oil production. Finally, Fourier Transform Infrared (FTIR) was 118 

afterwards used to ascertain the functional groups present in the IGKO. 119 

2. Materials and methods 120 

2.1. Sample collection and preparation  121 

Irvingia gabonensis kernels (IGK) were procured from Nkwo-Agu market, Umuaga in Udi 122 

Local Government Area, Enugu State, Nigeria. They were oven dried at temperature of 60 °C 123 

for 12 h. Thereafter, the dried samples were milled using manual grinder. They were then 124 

sieved with different sieve sizes to obtain five different average particle sizes (0.5, 1.0, 1.5, 125 

2.0 and 2.5 mm). The ground samples were sealed and stored until they were ready for use.  126 

2.2. Solvent extraction experiment using Soxhlet extractor  127 

15 g of dried milled IGK powder of a particular particle size was packed in a thimble of the 128 

soxhlet extractor. The extractor was then filled with 150 ml of n-hexane. The experiments 129 

were performed at five different temperatures (35, 40, 45, 50, and 55 °C) and at five different 130 

extraction times (30, 60, 90, 120, and 150 min) for each particular average particle size (0.5, 131 
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1.0, 1.5, 2.0 and 2.5 mm). The extraction temperature was measured using an electronic 132 

thermometer (± 0.1°C, Hanna HI-9063), while the time was measured using a stop watch. 133 

The oil yield was calculated using AOAC method no. 920.85 [40] using automatic soxhlet 134 

apparatus (Soxtec 2050 FOSS, Denmark) in line with manufacturer manual guidelines. After 135 

each extraction process, the solvent was removed at 60 °C using rotary evaporator (model N- 136 

1000S-W, EYELA, Tokyo, Japan). The extraction done under every set of conditions was 137 

performed three times and the average value recorded. The oil yield of IGK was calculated 138 

using equation (1). 139 

%	#$%&'	 = 	)*+,-.	/0	/+1	*2.345.*6	(,)
)*+,-.	/0	94:;1*	(,)

	× 100	%      (1) 140 

2.3. Kinetics  141 

The analysis and design of extraction processes needs relevant kinetic data since it is the most 142 

important information to be used to understand the extraction process. In order to obtain these 143 

kinetic data, experiments were carried out at temperatures (35, 40, 45, 50, and 55 °C) and at 144 

extraction times (30, 60, 90, 120, and 150 min) for each particular particle size (0.5, 1.0, 1.5, 145 

2.0 and 2.5 mm) as stated earlier. Thereafter, the obtained experimental kinetics data were 146 

fitted to hyperbolic and pseudo second order models. 147 

2.3.1. Hyperbolic model  148 

Hyperbolic model has been applied in food engineering science as peleg’s model in equation 149 

(2). 150 

?	 = 	 ?@ 	+	
.

BC	D	BE.
         (2) 151 

Where K1 is the model rate constant, K2 is the model capacity constant, c is the concentration 152 

of solute in the extraction solvent at any time (g L-1) and c0 is the initial concentration of the 153 

solute in the sample particle (g m-3) and is usually equal to zero.  154 
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Therefore, the extraction curves (% oil yield vs. time) exhibits similar sharp as the sorption 155 

curves (moisture content vs. time) proposed by peleg. Hence, the feasibility of using the same 156 

mathematical model proposed by peleg [41] to describe the kinetics of oil extraction from 157 

Irvingia gabonensis kernels.  158 

However, in this case, the extraction rate at the very beginning C1 (min-1) and constant related 159 

to maximum extraction yield C2 (min-1) were taken into consideration [19]. Thus, the 160 

hyperbolic model used to describe the oil extraction from Irvingia gabonensis kernels is 161 

expressed as in equation (3). 162 

FG 	= 	 HC.
I	D	HE.

          (3) 163 

Recently, equation (3) has been used to model the extraction of resinoid from aerial parts of 164 

St. John’s wort (Hypericum perforatum L.) [19], extraction of protopine from Fumaria 165 

officinalis L. [42], as well as in the extraction of total polyphenols from grapes [43]. Equation 166 

(3) results from a second order rate law as could be seen in equation (4). As such, it is 167 

important to state that peleg’s model [41] and pseudo second-order integrated rate law, 168 

equation (4), are both hyperbolic equations [44]. 169 

J. 	= 	
HK
EL.

I	D	HML.
          (4) 170 

Where J N.O  and JPN in equation (4) are equivalent to C1 and C2 respectively in equation (3).  k 171 

is the second order extraction rate constant while Ct and Cs are the concentrations of oil in the 172 

solution at any time t and at saturation, respectively (g L-1). 173 

From equation (3), it is important to state that the extraction is first-order at the very onset, and 174 

drops to zero-order in the latter phase of the extraction process. As such, when C2t<< 1, 175 

equation (3) reduces to equation (5). 176 
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FG 	≈ 	JIR          (5) 177 

 And when t → s, the equilibrium is reached(F+ 	= 	F*), so 178 

F̅* 	= 	
TU
TV
	= 	 HC

HE
         (6) 179 

Hence, C1 is a constant that is related to the rate of extraction at the beginning, while the ratio 180 

C1/C2, the peleg capacity constant which is related to the maximum of extraction yield, is the 181 

equilibrium concentration of the extracted oil.  182 

When equation (3) is linearized, equation (7) is obtained. 183 

I
T̅
	= 	 I

HC
	× 	I

.
	+ 	HE

HC
         (7) 184 

The plot of 1/y̅ (that is 1/yield) against 1/t, gives intercept as C2/C1 and slope as 1/C1. 185 

2.3.2. Pseudo second-order model 186 

The second-order rate law had been used over the years to model solvent extraction of a 187 

number of substances from plants, leaves, seeds and nuts [45-46]. Extraction kinetic models 188 

that are based on a second-order rate law are usually used in both conventional and non-189 

conventional extractions [45-46]. It provides a suitable illustration of solid-liquid extraction 190 

process as such it was applied to describe the kinetics of oil extraction from Irvingia 191 

gabonensis kernels.  192 

For a second-order rate law, the rate of dissolution of the oil contained in the solid to solution 193 

can be described by equation (8). 194 

6HK
6.
	= N	(J9 	−	J.)O         (8) 195 

Where: 196 

6HM
6.
	= Rℎ%	%YRZ[?R$\]	Z[R%	(^	_`I	a$]`I)  197 
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k = the second-order extraction rate constant (L g-1min-1) 198 

Cs = the extraction capacity (concentration of oil at saturation in g L-1) 199 

Ct = y̅ = the concentration of oil in the solution at any time (g L-1), t (min) 200 

By taking the initial and boundary condition t = 0 to t = t and Ct = 0 to Ct=Ct, the integrated 201 

rate law for pseudo second-order extraction was obtained as equation (9). 202 

J. 	= 	
HK
EL.

I	D	HML.
          (9)                                                          203 

The linearized form of equation (9) is equation (10). 204 

HK
.
	= 	 I

bI BHME⁄ d(. HM⁄ )
               (10)                                                                                                                             205 

This can be further linearized in the form of equation (11). 206 

.
HK
	= 	 I

BHME
	+ 	 .

HM
         (11) 207 

Thus, as t approaches 0, the initial extraction rate, h, is written as in equation (12). 208 

ℎ	 = eJ9O          (12) 209 

When equation (10) is rearranged, the concentration of oil at any time can be obtained, 210 

equation (13). 211 

J. 	= 	
.

C
f	D	

K
gM

          (13) 212 

The initial extraction rate, h, the extraction capacity, Cs and the pseudo second order 213 

extraction, k, can be calculated experimentally by plotting t/Ct vs t where by Cs and k are 214 

determined from the intercept and slope of the linear plot, respectively. 215 

2.4. Temperature effects 216 

Arrhenius equation was used in evaluating the effect of temperature of extraction on the 217 

kinetic models. That is, it was used to describe the relationship between extraction rate 218 

constant (k) and temperature (T). Equation (14) shows the Arrhenius equation. 219 
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_]	N	 = _]	N@ 	+	h−	
ij
k
	× 	 I

l
m       (14) 220 

Rearranging the above equation (14), results to equation (15). 221 

N	 = 	N@%
noj
pq           (15) 222 

Equation (15) can also be re-written in the form shown in equation (16). When this is done, 223 

the unit of Ea is written as (KJ mol-1). 224 

N	 = 	N@%Yr h−	
I@@@ij
kl

m        (16) 225 

Where k0 is the pre-exponential factor for extraction rate constant (Lg-1 min-1), Ea represents 226 

the activation energy of extraction (J mol-1). R is the ideal gas constant (8.314 J mol-1 K-1), T 227 

is the temperature of extraction (K). The pre-exponential factor, k0 and the activation energy, 228 

Ea can be determined using the natural logarithm of Eq. (15). The plot of Ln (k) against 229 

1000/T was used to calculate k0 and Ea. 230 

2.5. Thermodynamic parameters 231 

The thermodynamic parameters enthalpy change (ΔH) and entropy change (ΔS), for the 232 

extraction of oil from Irvingia gabonensis kernels were calculated using Van’t Hoff equation 233 

(17). 234 

_]	e	 = 	−	∆t
kl
	+	∆u

k
         (17) 235 

Equation (17) can be re-written to include the Gibbs free energy change in the form of 236 

equation (18). 237 

_]	e	 = 	 ∆v
kl
	= 	−	∆t

kl
	+	∆u

k
        (18) 238 

The Gibbs free energy change was calculated using equation (19). 239 
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∆w	 = 	∆x	 − y ∙ ∆{         (19) 240 

e	 = 	 |q
|}
	= 	:~

:�
             (20) 241 

Where K is equilibrium constant, YT is the yield of oil at temperature T, Yu is the percentage 242 

of the un-extracted oil, mL is amount of IGK in liquid at equilibrium temperature T, ms is 243 

amount of IGK in solid at equilibrium temperature T, R is gas constant (8.314J/mol K), while 244 

ΔH (kJ/mol), ΔS (kJ/mol), and ΔG (kJ/mol) are enthalpy, entropy and Gibbs free energy, 245 

respectively. 246 

2.6. Statistical Analysis 247 

The degree at which the models studied statistically represent the data obtained 248 

experimentally were by the evaluation of correlation coefficient (R2) using equation (21), the 249 

root mean square (RMS) [19], the average relative error (ARE%) [47] and the standard error 250 

of estimation (SEE) [47]. The error functions were computed using the expressions in 251 

equations (22), (23) and (24) for RMS, ARE and SEE, respectively. 252 

ÄO 	= 	
∑ hT̅UÇÉ	`	T̅ÑjÖm

EÜ
ÜáC

∑ hT̅UÇÉ	`	T̅ÑjÖm
EÜ

ÜáC

        (21) 253 

Äà{	 = 	âI
ä
	∑ ã

T̅UÇÉ	`	T̅ÑjÖ
T̅UÇÉ

å
O

ä
+	çI        (22) 254 

éÄè	 = 	 I@@
ä
	×	∑ |	2	`T	|

2
        (23) 255 

{èè	 = 	ë
∑(2	`T)E

6.
         (24) 256 
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Where N is the number of experimental data points. y̅cal and y̅exp are the calculated and 257 

experimental values, respectively, in equations 22. Similarly, x and y are experimental and 258 

calculated values, respectively in equations 23 and 24.  259 

2.7. Physicochemical properties of Irvingia gabonensis kernels oil (IGKO) 260 

IGKO was characterized after it was extracted. The oil density (AOAC 985.19), iodine value 261 

(AOAC 993.20) and acid value (AOAC 969.17), were determined according to AOAC 262 

official technique [48]. On the other hand, the viscosity and dielectric strength were measured 263 

according to ASTM D445, [49] and IEC 60156, [50] standard methods, respectively. The oil 264 

samples were tested three times and the average value taken. 265 

2.8. Fourier transform infrared spectroscopy (FTIR) analysis  266 

The FTIR analysis of the IG oil sample was carried out using BUCK Scientific Infrared 267 

Spectrophotometer Model 530. 268 

3. Results and discussion  269 

3.1.Experimental results 270 

3.1.1. Effect of temperature  271 

Temperature of extraction is one of the most essential parameter in extraction process. This is 272 

because of the very high sensitivity of the chemical constituent of plants, seeds, nuts, kernels 273 

and leaves to heat. Solute solubility, as well as the diffusion coefficient, increases with the 274 

increase in the extraction temperature, as such, influencing the extraction process [51].  275 

The effect of temperature on extraction rate of oil from IGK has been studied over 276 

temperatures range of 35 – 55 °C, keeping the particle size constant at particle sizes (0.5, 1.0, 277 

1.5, 2.0 and 2.5 mm), in each case [Fig. 1 (a – e)]. It could be observed that increase in 278 

temperature from 35 to 55 °C, resulted in the increase of the oil extraction yield irrespective 279 

of the solute particle size. This could be attributed to the increase in diffusion of oil with 280 
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decrease in its viscosity as the temperatures increased [26,52]. Similarly, the mass transfer 281 

coefficient of the process also increased with temperature thereby affecting diffusion [26].     282 

Fig. 1(a – e) shows the extraction of oil from IGK using soxhlet extractor operated at 283 

maximum time of 150 mins. It could be seen that the rate of extraction was fast at the 284 

beginning of the process, and gradually reduces. This was due to the dissolution of free oil 285 

from the surface of the IGK when exposed to the fresh solvent, thereby leading to quick oil 286 

extraction. This leads to fast increase in the rate of extraction. This was in agreement with the 287 

findings of Sulaiman et al. [26] and Sayyar et al. [53] for the extraction of solid coconut 288 

waste and jatropha seeds oils, respectively.    289 

 290 

 291 

 292 

 293 

 294 

 295 

 296 
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    299 
 300 

 301 
 302 
Fig. 1: Effect of temperature on the oil yield of IGK at different average particle sizes 303 

(mm): (a) 0.5, (b) 1.0, (c) 1.5, (d) 2.0, and (e) 2.5 mm 304 

3.1.2. Effect of particle size 305 

Extraction rate increases as the particle size decreases [26,54]. Fig. 2a and b shows the effect 306 

of particle size on the extraction of oil from IGK using hexane as solvent. The particle sizes 307 
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(a) 0.5 mm

20.00

30.00

40.00

50.00

60.00

70.00

0 40 80 120 160

%
 Y

ie
ld

Time (mins)

35°C

40°C

45°C

50°C

55°C

(b) 1.0 mm
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(c) 1.5 mm

20.00

30.00

40.00

50.00

60.00

70.00

0 40 80 120 160

%
 Y

ie
ld

Time (mins)

35°C

40°C

45°C

50°C

55°C

(d) 2.0 mm

20.00

30.00

40.00

50.00

60.00

70.00

0 40 80 120 160

%
 Y

ie
ld

Time (mins)

35°C

40°C

45°C

50°C

55°C

(e) 2.5 mm



15 | P a g e  
 

considered in this study were 0.5, 1.0, 1.5, 2.0 and 2.5 mm. It could be seen that their 308 

(particles sizes) respective oil yields were 60.08, 42.01, 39.70, 37.18 and 35.4 %, at 35 °C 309 

and 150 mins. This shows that highest oil yield was obtained with the smallest particle size of 310 

0.5 mm, and the least with the largest particle size of 2.5 mm.  These findings were in line 311 

with the works of Sulaiman et al. [26] and Huang et al. [55], for the extractions of solid 312 

coconut waste oil and Baizhu, respectively.  313 

The additional oil extracted from smaller particle size was attributed to the larger interfacial 314 

area of the solid present in them. Also, the solvent requires minimal distance to penetrate the 315 

solid particles in other to extract oil from it. In other words, contributes to increase in pore 316 

diffusion between the solute (solid) and the solvent. On the other hand, larger particles have 317 

limited contact surface area, which causes more resistance to solvent penetration and oil 318 

diffusion. Hence, smaller quantity of oil would be transported from the inside of the larger 319 

particles to the surrounding solution [26,53].  320 

      321 
Fig. 2: Effect of particle size on percentage oil yield of IGK at 35 °C 322 
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3.2. Kinetic parameters  324 

The values of the kinetic parameters and the individual error estimates for the nonlinear 325 

kinetics of hyperbolic and pseudo second order models are presented in Table 1. In Table 1, it 326 
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Pseudo second order models, respectively, increased with the increase in temperature. This 328 

could be attributed to the reason behind the increase in the oil yield as temperature increased 329 

[18,42]. Similarly, the kinetic parameters of C2 and K also increased with increase in 330 

temperature as could be observed in Table 1. This increase in oil yield with temperature was 331 

as a result to the thermodynamic effect of oil solubilization inside the solid seed particles 332 

[32]. The observations in the kinetic parameters of the hyperbolic and Pseudo second order 333 

models, were in line with the results obtained by Kitanovic  et al. [19] and Agu et al. [56] for 334 

the solvent extraction of resinoid from aerial part of Hypericum perforatum L and extraction 335 

of oil from Colocynthis vugaris Shrad seed, respectively. 336 
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Table 1: Hyperbolic and Pseudo second order models kinetic parameters for IGK oil extraction at 35, 40, 45, 50 and 55 °C, and oil yields 337 
at 150 min 338 

 35°C     40°C     45°C     50°C     55°C     
 0.5mm 1.0mm 1.5mm 2.0mm 2.5mm 0.5mm 1.0mm 1.5mm 2.0mm 2.5mm 0.5mm 1.0mm 1.5mm 2.0mm 2.5mm 0.5mm 1.0mm 1.5mm 2.0mm 2.5mm 0.5mm 1.0mm 1.5mm 2.0mm 2.5mm 

 
Hyperbolic 
                           

60.08 42.01 39.70 37.18 35.40 62.25 44.15 41.50 39.09 37.78 64.69 46.60 43.90 41.63 39.00 66.70 47.20 45.10 43.15 41.10 68.80 50.20 47.70 45.00 43.00 
 

60.26 41.49 39.46 38.16 35.78 62.36 43.35 41.36 39.69 37.24 65.31 45.97 43.31 41.91 39.74 66.56 47.53 45.61 43.63 41.58 68.63 49.91 47.32 45.26 43.58 

C1 4.671 1.844 1.921 1.866 1.541 4.844 2.244 2.219 2.241 1.935 5.289 2.318 2.298 2.349 2.060 5.522 2.576 2.791 2.734 2.449 6.257 2.849 2.977 3.134 2.850 

C2 0.0708 0.0376 0.0420 0.0422 0.0364 0.0710 0.0451 0.0470 0.0498 0.0453 0.0743 0.0438 0.0464 0.0494 0.0452 0.0763 0.0475 0.0545 0.0560 0.0522 0.0845 0.0504 0.0563 0.0626 0.0587 

R2 0.9979 0.9920 0.9923 0.9888 0.9883 0.9974 0.9932 0.9931 0.9916 0.9880 0.9950 0.9938 0.9923 0.9929 0.9899 0.9973 0.9917 0.9972 0.9957 0.9942 0.9967 0.9964 0.9963 0.9954 0.9956 

RMS (%) 0.0196 0.0386 0.0375 0.0441 0.0459 0.0220 0.0352 0.0348 0.0380 0.0460 0.0307 0.0334 0.0370 0.0354 0.0418 0.0223 0.0382 0.0224 0.0275 0.0318 0.0249 0.0255 0.0258 0.0280 0.0275 

SEE 0.4284 0.5863 0.5461 0.6313 0.6064 0.4881 0.5667 0.5378 0.5715 0.6500 0.7106 0.5671 0.6002 0.5572 0.6254 0.5365 0.6854 0.3759 0.4504 0.4967 0.6108 0.4698 0.4572 0.4831 0.4546 

ARE % 1.4134 2.4687 2.3486 1.4811 2.3101 1.4863 2.4892 1.5915 1.7874 3.1997 2.3165 1.7099 2.3369 1.8069 1.6329 1.4461 2.1957 0.2843 1.1166 1.2426 1.5130 1.4500 1.6661 1.5070 1.2685 

 
2nd order 
                           

60.08 42.01 39.70 37.18 35.40 62.25 44.15 41.50 39.09 37.78 64.69 46.60 43.90 41.63 39.00 66.70 47.20 45.10 43.15 41.10 68.80 50.20 47.70 45.00 43.00 
 

60.40 41.49 39.27 37.83 35.51 62.55 43.22 41.25 39.42 37.05 65.50 45.86 43.16 41.68 39.44 66.75 47.46 45.46 43.42 41.36 68.88 49.81 47.19 45.06 43.36 

Cs 66.810 47.735 44.481 42.079 40.466 69.378 48.913 46.512 43.305 41.497 72.337 52.226 48.508 46.111 43.706 73.529 53.771 50.283 47.566 45.511 75.562 55.866 52.145 48.855 47.170 

K 9.4x10-4 9.3x10-4 1.1x10-3 1.4x10-3 1.2x10-3 8.8x10-4 1.0x10-3 1.1x10-3 1.6x10-3 1.3x10-3 8.8x10-4 9.2x10-4 1.1x10-3 1.4x10-3 1.4x10-3 8.9x10-4 9.3x10-4 1.3x10-3 1.5x10-3 1.5x10-3 9.1x10-4 9.8x10-4 1.2x10-3 1.6x10-3 1.6x10-3 

R2 0.9984 0.9943 0.9944 0.9898 0.9914 0.9980 0.9948 0.9943 0.9928 0.9912 0.9963 0.9948 0.9941 0.9943 0.9912 0.9979 0.9926 0.9971 0.9960 0.9948 0.9972 0.9971 0.9972 0.9961 0.9959 

RMS (%) 0.0175 0.0349 0.0344 0.0527 0.0469 0.0202 0.0311 0.0329 0.0425 0.0412 0.0265 0.0312 0.0336 0.0365 0.0475 0.0206 0.0361 0.0259 0.0309 0.0356 0.0242 0.0234 0.0234 0.0296 0.0319 

SEE 0.3711 0.4957 0.4650 0.6003 0.5212 0.4260 0.4956 0.4895 0.5297 0.5559 0.6107 0.5181 0.5239 0.4977 0.5825 0.4738 0.6461 0.3823 0.4302 0.4702 0.5617 0.4186 0.3973 0.4453 0.4413 

ARE % 0.6386 1.1096 0.9599 1.1205 0.0829 0.5053 1.6077 0.7970 0.3582 1.6930 1.3477 0.9898 1.2316 0.1023 0.6683 0.5106 1.7920 0.7151 0.3767 0.4372 0.2921 0.8298 0.8339 0.0376 0.3920 

  339 

 340 

 341 

!̅#$% 
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3.3. Degree fitting of the studied kinetic models 342 

The principles for the determination of the model that best fit the experimental data for the 343 

two nonlinear models studied were !", !$%, &!'	%	*+,	%''.  Conventionally, the higher 344 

the value of the !" and the lower the values of the error estimates (RMS, ARE % and SEE), 345 

the better would be the goodness of the model to fit the experimental data [19,56]. Across the 346 

various particles sizes and temperatures, the average values of !", !$%, &!'	%	*+,	%'' 347 

evaluated from Table 1 were (0.9937, 0.0326, 1.7628 and 0.5477) and (0.9949, 0.0324, 348 

0.7772 and 0.4940), for hyperbolic and pseudo second order models, respectively. From these 349 

values, it could be seen that the RMS average values for both models were all less than ± 5 350 

%, while those of SEE and ARE were all greater than 5 %. Therefore, on the basis of the 351 

pseudo second order model’s values for	!$%, &!'	%	*+,	%'' , that were lower than those 352 

of hyperbolic model, as well as, its higher	!" value, pseudo second order model, gave better 353 

fit to the experimental kinetic data when compared to the hyperbolic model. As such, pseudo 354 

second order model was chosen as a better model for oil extraction from IGK. Similar result 355 

was reported by Agu et al. [56] for the modeling of oil extraction from Colocynthis vugaris 356 

Shrad seed using five different kinetic models. 357 

Furthermore, it could be seen in Table 1 that the experimental and models’ calculated oil 358 

yields for both hyperbolic and pseudo second order models, were relatively close. For 359 

instance, the highest calculated models’ oil yields for hyperbolic and pseudo second order, 360 

were 68.63 and 68.88 %, respectively. These values were obtained at 55 ° (328 K), 0.5 mm 361 

particle size and 150 min. As could be seen in Table 1, these values were very close to the 362 

68.80 % obtained experimentally. This is therefore an indication that both models fit the 363 

extraction of oil from IGK using n-hexane as solvent. In other words, variation in particle 364 

size, extraction time and temperature, influenced the oil yield significantly, as evident form 365 

the obtained results [18,26,57]. 366 
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3.4. Extraction curves for IGK oil extraction 367 

Fig. 3 shows the increase in IGK oil yield during the extraction of oil from the ground 368 

Irvingia gabonensis kernel using n-hexane at different particle sizes and extraction 369 

temperature. The extraction curve exhibits the shape of a typical soxhlet and batch extractions 370 

of substances from plant materials as could be seen in previous works [26,57]. From the 371 

curve, it was observed that at a particular temperature, the IGK oil yield increased rapidly at 372 

the onset of the extraction, and gradually slows in the later stages. This initial extraction stage 373 

was characterized by an exceeding fast extraction rate. This fast extraction rate was due to the 374 

exposure of the milled IGK particles to fresh solvent which makes the solubilization of the 375 

free oil on the surface of the IGK very easy, and as such, oil was quickly extracted [26]. 376 

However, during the later extraction stages, the oil diffused from the interior of the IGK 377 

particles and dissolve in the solvent. The oil yield of Irvingia gabonensis kernel was found to 378 

increase with increase in extraction temperature. This was attributed to better oil solubility at 379 

higher temperatures as could be seen in Fig. 3 (a – e) [26]. From Fig 3 a – e, it could be seen 380 

that at a particular temperature, higher oil yields were obtained at lower particle size due to 381 

bigger interfacial area of the kernel particles [55].  382 

 383 

 384 

 385 
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        386 
 387 

        388 

 389 

Fig. 3: Extraction curve of Irvingia gabonensis kernel oil yield at different particle size 390 
diameters, temperatures and time 391 

 392 

3.5. Temperature dependence and temperature effects 393 

Fig. 1 (a) to (e) shows the effects of temperature on the oil yield of Irvingia gabonensis 394 

kernel at particle sizes of 0.5, 1.0, 1.5, 2.0, and 2.5 mm, respectively. Similar to the effect of 395 
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time, oil yield increased with increase in temperature from 35 °C to 55 °C. Thus, increasing 396 

the temperature from 35 to 55 °C favors the extraction yield. This is because of the ease of 397 

penetration of the IGK matrix by the already energized n-hexane solvent molecules [58]. This 398 

was also due to the increase in the diffusivity of the IGK oil and decrease in solvent viscosity 399 

at increased temperature. In general, increase in temperature enhances softening of IGK, thus, 400 

improves the mass transfer coefficient of extraction leading to improved extraction oil yield 401 

[59-60].       402 

From the plots in Fig 1 (a – e), it is evident that the extraction process was very fast at the 403 

inception, between 30 and 90 min. Afterwards, it gradually slowed between 90 and 150 min. 404 

This phenomenon was due to internal diffusion. However, the rapid extraction process at the 405 

inception was due to free oil present on the surface of the milled IGK that was exposed to 406 

fresh solvent. Thus, there was easy solubility of the oil in the solvent, which lead to fast 407 

extraction of the oil [26,59]. In this present study, like the previous works in the literature, the 408 

oil yield of IGK increased with temperature and time. The highest oil yield of 68.8 % was 409 

obtained at 55 °C, 150 min and 0.5 mm particle size.  410 

It is important to state at this point that rate of extraction at the very beginning, C1, and the 411 

constant related to maximum extraction yield, C2, were determined at different temperatures. 412 

They were dependent on temperature as could be seen in Figs. 4 and 5, respectively. On the 413 

other hand, the extraction capacity, Cs, the second order extraction rate constant, k, and the 414 

initial extraction rate, h, were also determined at different temperatures. They were also 415 

dependent on temperature as evident in Figs. 6, 7 and 8, respectively. 416 
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 417 
 418 
Fig. 4: Relationship between the absolute temperature and the hyperbolic model 419 
extraction rate constant at the beginning C1 for the extraction of oil from Irvingia 420 
gabonensis kernel at particles size of 0.5mm. 421 
 422 
 423 

 424 
 425 
Fig. 5: Relationship between the absolute temperature and the hyperbolic model rate 426 
constant related to maximum extraction yield C2 for the extraction of oil from Irvingia 427 
gabonensis kernel at particles size of 0.5mm. 428 
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 434 
 435 
Fig. 6: Relationship between the absolute temperature and the pseudo second-order 436 
extraction capacity constant Cs for the extraction of oil from Irvingia gabonensis kernel 437 
at particles size of 0.5mm. 438 
     439 
 440 

 441 
 442 
Fig. 7: Relationship between the absolute temperature and the pseudo second-order 443 
extraction rate constant k for the extraction of oil from Irvingia gabonensis kernel at 444 
particles size of 0.5mm. 445 
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 450 
 451 
Fig. 8: Relationship between the absolute temperature and the pseudo second-order 452 

initial extraction rate h for the extraction of oil from Irvingia gabonensis kernel at 453 

particles size of 0.5mm. 454 

Obviously, the initial extraction rate, C1, increased with temperature, so did the constant that 455 

is related to maximum extraction yield, C2. Similarly, the initial extraction rate, h, extraction 456 
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findings were in line with the findings of Rakotondramasy et al. [42] for the solid–liquid 458 

extraction of protopine from Fumariaofficinalis L. It is important to note that when the 459 
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order model calculated oil yield, Ct, 68.52 wt. %. This is an indication of the fitting of the 467 

second-order model for the extraction of oil from IGK. 468 

3.6. Activation energy determination 469 

The linearized Arrhenius equation [Equation (14)], was used to determine the relationship 470 

between k and T, the k0 and Ea. This was done by plotting In k versus 1000/T for pseudo 471 

second-order kinetic model (Fig. 9). The plot shows that the rate constant increases with the 472 

increases in temperature. However, a modified form of Arrhenius equation [Equation (25)] 473 

was used to determine the relationship between C2 and T, the k0 and Ea for hyperbolic kinetic 474 

model. Like the pseudo second-order model, this was carried out by plotting In C2 against 475 

1000/T (Fig. 10). 476 

.+	/" 	= .+	12 	+	4−	
67
8
	 ∙ 	 :

;
<       (25) 477 

Using Equations 14 and 25, activation energies were calculated from the slopes and the 478 

values of temperature independent factors calculated from the intercept for the pseudo 479 

second-order (Fig. 9) and hyperbolic (Fig. 10) models, respectively. The relationships for the 480 

activation energy of extractions at 328K and 2.5 mm particle size, modeled using pseudo 481 

second-order and hyperbolic models, are given by Equations (26) and (27), respectively.  482 

1	 = 	12	=>?	 4
@::A22

B.C:D	×C"B
<        (26) 483 

/" 	= 	12	=>? 4
@:BFA2

B.C:D	×C"B
<        (27) 484 

Their respective R2 values for pseudo second-order and hyperbolic models were 0.9582 and 485 

0.9453.  486 

In both models, the activation energies were positive, which is an indication that the 487 

extraction of oil from IGK is an endothermic process. In the case of pseudo second-order 488 
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models, the activation energies for average particles size of 0.5, 1.0, 1.5, 2.0 and 2.5 mm 489 

were 5.49, 5.57, 5.79, 6.11, and 11.90 kJ/mol, respectively. Similarly, for hyperbolic model, 490 

the activation energies at these average particle sizes were 7.03, 11.03, 12.52, 16.63 and 491 

18.79 kJ/mol, respectively. These results show that irrespective of the kinetic model used, the 492 

rate constants were dependent on the temperature, and they increased with increase in 493 

temperature.  Also, the rate constants for the models were more temperature sensitive for 494 

larger particles size than for the smaller ones. This is manifested in the higher values of the 495 

activation energies obtained for larger average particles sizes. This observation is in close 496 

agreement to that obtained by Bucic-Kojic et al. [43] for the extraction of polyphenols from 497 

grape seeds.  Thus, the influence of temperature on the extraction rate constant was more 498 

pronounce in larger particles size, than in the smaller ones. Finally, it could be seen that the 499 

activation energy values obtained for hyperbolic model at different particles size diameters, 500 

were higher than those obtained for pseudo second-order model. This could be attributed to 501 

the higher values of the rate constant obtained for hyperbolic model, compared to those 502 

obtained for pseudo second-order model [18].  503 

 504 
Fig. 9: Arrhenius plots for the extraction of oil from Irvingia gabonensis kernel at 0.5, 505 
1.0, 1.5, 2.0 and 2.5 mm particle sizes for pseudo second-order kinetic model.  506 
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 508 
Fig. 10: Arrhenius plots for the extraction of oil from Irvingia gabonensis kernel at 0.5, 509 
1.0, 1.5, 2.0 and 2.5 mm particle sizes for hyperbolic kinetic model. 510 

3.7. Modeling  511 

From Equations 7 and 12, the initial extraction rates h and C1 for pseudo second-order and 512 

hyperbolic models, respectively, could be modeled by plotting In h verses 1/T and In C1 513 

verses 1/T for the respective models. Figs. 11 and 12 show their respective plots. From the 514 

plots, the relationships (28) and (29) were established at temperature of 328 K and 2.5 mm 515 

particle size.  516 

ℎ	 = 	12	=>? 4
@"A"D

;
<         (28) 517 

/: 	= 	12	=>? 4
@	"A:C

;
<         (29) 518 

It could be seen that their initial extraction rates where close, although pseudo second-order 519 

model had the higher value than that of hyperbolic. This also reflects in the values obtained in 520 

Equations (28) and (29).   521 
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 523 
Fig. 11: Relationship between the initial extraction rate, In h and temperature, for oil 524 
extraction from Irvingia gabonensis kernel at 2.5 mm particles size, using pseudo 525 
second-order model. 526 
 527 
 528 

 529 
Fig. 12: Relationship between the initial extraction rate, In C1 and temperature, for oil 530 
extraction from Irvingia gabonensis kernel at 2.5 mm particles size, using hyperbolic 531 
model. 532 
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By the combination of equations (13), (28), and (30), the equation that describes the 537 

development of Ct versus time and temperature model for pseudo second-order model can be 538 

written as Equation (31).   539 

/P 	= 	
P

QR	STU4
VWXV
Y
<	Z	4

[
R.\\Y	]^W._X

<
       (31) 540 

This equation shows the model for the evaluation of oil yield during solvent extraction of oil 541 

from Irvingia gabonensis kernel, for different temperature at any given time, using pseudo 542 

second-order model. This equation simply explains that the longer the time of extraction and 543 

the higher the extraction temperature are, the higher would be the concentration /P.   544 

 545 
Fig. 13: Relationship between the saturated extraction capacity, `a, and temperature, 546 
for the extraction of oil from Irvingia gabonensis kernel at 2.5 mm particles size, using 547 
pseudo second order model. 548 

Similarly, Fig. 14 shows the relationship between the constant related to maximum extraction 549 

yield C2 (min-1) and temperature at 2.5 mm particle size. The plot gives rise to equation (32). 550 
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The combination of equations (3), (29) and (32), the equation that describes the development 552 

of y̅ versus time and temperature model for hyperbolic model can be written as Equation (33). 553 
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de 	= 	
QR	STU4

VWf\
Y
<P

:	Z	(2.22:;V	@2."BD;)
        (33) 554 

Similarly, this equation shows the model for the evaluation of oil yield during solvent 555 

extraction of oil from Irvingia gabonensis kernel, for different temperature at any given time, 556 

using hyperbolic model.  557 

 558 
Fig. 14: Relationship between the constant related to maximum extraction yield, `i, and 559 
temperature, for the extraction of oil from Irvingia gabonensis kernel at 2.5 mm 560 
particles size, using Hyperbolic model. 561 

The models represented by equations (31) and (33) for pseudo second-order and hyperbolic 562 

models, respectively, were compared with the experimental data. Fig. 15 shows the 563 

comparison between the experimental and the models calculated IGK oil yield at different 564 

particle sizes and time, for temperature of 55 °C. From the plots (Fig. 15 and Table 1), good 565 

fit between the experimental and the calculated models’ data was obtained for both pseudo 566 

second-order and hyperbolic models. This is an indication of the validity of the relationships. 567 
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  569 
 570 

  571 
 572 

 573 
Fig. 15: Comparison between experimental and models’ oil yield at different particles 574 
sizes and time at 55 °C. 575 
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Furthermore, Table 1 shows the results of the IGK oil yields obtained at different 576 

temperatures and particle size diameter at 150 min, and compared with the calculated models’ 577 

oil yields values. The compared results of the experimental and calculated models’ oil yields 578 

data indicate good agreement of the models with the experimental data, as evident from the 579 

low error analysis values (Table 1). 580 

3.8. Thermodynamic parameters  581 

The values of the equilibrium constant and other thermodynamic parameters of IGK oil 582 

extraction are presented in Table 2. Similarly, the plots of In K verses 1/T for different 583 

particles sizes of 0.5, 1.0, 1.5, 2.0 and 2.5 mm, that were used in the determination of 584 

thermodynamics parameters (∆H, ∆S and ∆G) values are shown in Fig. 16. For the 585 

thermodynamics of IGK oil extraction, the enthalpy values for the process were in the ranges 586 

of 251.81 – 569.28 kJ/mol, for the various particle sizes considered. The enthalpy values for 587 

the IGK oil extraction in the present study, were within the ranges (266.18 – 435.87 kJ/mol) 588 

and (182.81 – 598.74 kJ/mol) for Colocynthis vugaris Shrad seed and Terminalia catappa 589 

kernel oil extractions, reported by Agu et al. [56] and Menkiti et al [59], respectively. 590 

However, the enthalpy result in this work was higher than (4 – 13.5 kJ/mol) reported by 591 

Meziane and kadi [61], for olive cake oil. This difference in the enthalpy values was due to 592 

seeds morphology, as their morphology often affects oil extraction [56]. The positive values 593 

of the enthalpy change are an indication that IGK oil extraction process was endothermic 594 

[59]. Similarly, as could be seen in Table 2, the entropy change of the process was also 595 

positive. The entropy values for IGK oil extraction ranged between 1.08 – 1.99 kJ/mol, with 596 

larger IGK particle sizes having higher entropy change values. The implication of this 597 

positive entropy values is that the process was irreversible in nature [26,61]. For the Gibbs 598 

free energy change values of the process, the entire values were negative. Hence, this is an 599 

indication of the feasibility and spontaneous nature of the process. From Table 2, it could be 600 
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seen that the ∆G values were highly negative and in the range of -43.22 to -105.49 kJ/mol. 601 

This relatively high negative value(s) of ∆G is an indication that the extraction process was 602 

highly spontaneous [26,56].   603 

 604 
Fig. 16: Plot of In K (equilibrium constant) vs. 1/T (temperature, j@k) for the five 605 
different particle sizes.  606 
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Table 2: Thermodynamic parameters for the extraction of IGK oil n-hexane 607 

T 0.5mm    1.0mm    1.5mm    2.0mm    2.5mm    
(K) K ΔH ΔS ΔG K ΔH ΔS ΔG K ΔH ΔS ΔG K ΔH ΔS ΔG K ΔH ΔS ΔG 

  KJ/mol KJ/mol KJ/mol  KJ/mol KJ/mol KJ/mol  KJ/mol KJ/mol KJ/mol  KJ/mol KJ/mol KJ/mol  KJ/mol KJ/mol KJ/mol 
308 1.10×1014   -82.80 4.87×107   -45.33 4.07×108   -50.77 8.14×108   -52.54 2.14×107   -43.22 
313 1.21×1014   -84.39 2.70×108   -50.52 1.57×109   -55.10 1.10×1010   -60.16 3.92×109   -57.48 
318 2.16×1014 251.81 1.08 -87.27 3.69×108 302.01 1.12 -52.15 4.53×109 364.60 1.34 -58.78 5.11×1010 541.57 1.92 -65.19 4.66×109 569.28 1.99 -58.86 
323 1.38×1015   -93.61 8.88×109   -61.51 1.14×1011   -68.36 2.19×1012   -76.31 1.26×1011   -68.63 
328 6.31×1016   -105.49 7.02×1010   -68.11 2.59×1012   -77.95 6.13×1014   -92.88 9.04×1013   -87.63 

 608 
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3.9. Physicochemical properties of Irvingia gabonensis kernel oil (IGKO) 

The physicochemical characteristics of IGKO are shown in Table 3. In terms of IGK oil 

yield, it was found to be 68.80% (by weight) (see Table 3). This value was higher than oil 

yield values reported for cottonseed [62], and soybean [63], hence, an indication of its 

economic benefit and possible industrial application of IGKO. As a result, IGKO could 

constitute an alternative source of oil for industrial application due to its relatively high oil 

yield. Similarly, Matos et al. [12] and Zoué et al. [11], reported 73.83 % (in mass) and 69.76 

% (in mass), respectively, for Irvingia gabonensis kernel oil. These values were higher than 

that obtained in this work. The variation in the IGKO yield in this work when compared to 

those in the literature could be linked to the extraction methods and conditions, in addition to 

the type of solvent used [56]. Also, this difference in IGKO yield could also be attributed to 

factors like, geographical location, seed variety and period of harvest [59,64]. From Table 3, 

it would be seen that the viscosity and acidity of IGKO were 19.37 mm2 S-1 and 5.18 mg 

KOH/g, respectively. However, the value of the viscosity in this work was found to be lower 

than 45 mm2 S-1 for Irvingia gabonensis kernel oil, but higher than 3.2 mm2 S-1 for the IGK 

oil biodiesel, as reported by Bello et al. [15]. For the acid value, the IGKO acid value (5.18 

mg KOH/g) in this work was found to be lower than 9.40 mg KOH/g, reported by Etong et al. 

[65], but higher than 4.67 mg KOH/g and 1.2 mg KOH/g, reported by Zoué et al. [11] and 

Bello et al. [15], respectively. As already stated, the difference in the viscosity and acidity of 

IGKO in this work when compared to those reported elsewhere could be attributed to the 

breed of Irvingia gabonensis kernel used [56,59]. This difference in viscosities of IGKO in 

this work and those in the literature could be due to differences in the extraction 

temperatures, since temperature significantly affects viscosity [58]. As could be seen in Table 

3, the iodine value (IV) of the IGKO (98.75 g/I2/100g oil) in this work was higher than the 

32.43 g/I2/100g oil and 4.17 g/I2/100g oil reported by Zoué et al. [11] and Yusuf et al. [66], 
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respectively. The high iodine values of the oil are an indication of the high level of 

unsaturation nature of the oils. As evident in Table 3, the density and moisture content of 

IGKO were 900 g/cm3 and 3.75 mg kg-1, respectively. This density was lower than 930 

g/cm3, reported by Bello et al. [15]. In case of moisture content, that of IGKO was higher 

than 0.023 reported by Matos et al. [12]. The difference in the moisture content could be 

attributed to the initial moisture content of the IGK sample prior to the extraction process, as 

well as the method of extraction used [67]. Furthermore, the pour and flash points values of 

IGKO were 17 °C and 285 °C, respectively (see Table 3). These values were lower than 28 

°C and 300 °C, respectively, reported by Bello et al. [15] for IGKO. However, the pour point 

value IGKO was lower than the pour point (-6 °C) values of Irvingia gabonensis kernel oil 

biodiesel, while its flash point was higher than that of Irvingia gabonensis kernel oil biodiesel 

(140 °C) [15]. This high flash point of IGKO in this work is an indication of the safety 

handling nature of the oil, hence, could easily be stored at room temperature [68]. The 

dielectric strength (DS) value of Irvingia gabonensis kernel oil (IGKO) was 25.83 KV (Table 

3). This value was found to be lower than those of soybean oil (39 KV) [69] and Terminalia 

catappa kernel oil (30.61 KV) [59], but slightly higher than that of palm kernel oil (25 KV) 

[69]. Although this value is lower than the minimum requirement of 40 to 60 KV for 

conventional mineral transformer oil, it is important to know that the DS value of IGKO 

could as well be improved with further purification and transesterification [70].  
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Table 3: Physicochemical properties of IGK oil 

Oil property  Unit IGKO Standard method 

Oil Yield  % 68.80 AOAC 920.85 
Dielectric strength KV 25.83 IEC 60156 
Moisture content mg kg-1 3.75 AOAC 926.12 
Pour point °C 17 AOCS 969.17 
Flash point °C 285 ASTM D93 
Density, 20°C g cm-3 900 ASTM D1298 
Viscosity, 40 °C mm2 s-1 19.37 ASTM D93 
Acidity/Acid value mg KOH/g  5.18 AOAC 969.17 
Iodine value g/I2/100g oil 98.75 AOAC 993.20 

 

3.10. FTIR Analysis of Irvingia gabonensis Kernel Oil (IGKO) 

The result in Fig. 17 was analyzed and compared with known signature of identified 

materials in the FTIR library [71]. For the IGKO sample (Fig. 17), the peak center at 

900.7966 cm-1 is characteristics of P – F stretching, indicating the presence of phosphorus 

compounds. The peak at 1047.5 cm-1 is a characteristic of C – O stretching, indicating the 

presence of alcohol and phenol, which are oxygen-containing compounds. For the peak at 

1369.536 cm-1, it is a characteristic of aromatic nitro compound NO2 stretching, which is an 

indication of the presence of nitrogen-containing compounds. The peaks centers at 1473.258 

cm-1and 1664.323 cm-1, are characteristics of C = C stretching and nitrite N – O stretching, 

respectively, indicating the presence of aromatic compounds and nitrogen-containing 

compounds, respectively. In a similar way, the peak at 2020.284 cm-1 is characteristics of 

combination N – H stretching, combination O – H stretching, indicating the presence of 

organic compounds. The peaks at 2353.372 cm-1 and 2659.711 cm-1 are characteristics of 

phosphorus acid/ester P – H stretching and phosphorus acid/ester O – H stretching, 

respectively, which are indications of the presence of phosphorus compounds. Also, the 

peaks centered at 3002.457 cm-1 and 3289.143 cm-1 are characteristic of O – H stretching, 

indicating the presence of carboxylic acids, which are oxygen-containing compounds and 
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water. Lastly, the peak at 3772.403 cm-1 is beyond the infrared band of 3700 wavenumber 

(cm-1) for organic compounds as such, could not be identified. 

 
Fig. 17: FTIR spectrum of IGKO. 

4. Conclusion 

In this work, it has been established that process parameters (temperature, time and particles 

size), influenced the IGK oil yield. This is due to the fact that increases in temperature and 

time resulted in the increase in the IGK oil yield, while smaller particle size gave higher IGK 

oil yield. The highest oil yield of 68.80 % was obtained at 55 °C, 150 min., and 0.5 mm 

particle size. The physicochemical properties of the IGK oil indicated its potential for use as 

transformer fluid upon further treatment. Of the two kinetic models studied, pseudo second 

order gave better fitting to the experimental data than hyperbolic model. The activation 
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energies determined using Arrhenius equation and modified form of Arrhenius equation for 

pseudo second order and hyperbolic models, respectively, were all positive, an indication that 

oil extraction from IGK is an endothermic process. The obtained results indicate that 

irrespective of the model used, the rate constant k and the constant related to maximum 

extraction yield C2, for pseudo second order and hyperbolic models, respectively were 

temperature dependent, as they increased with temperature increase. Also, the constants k and 

C2 for pseudo second order and hyperbolic models respectively were more temperature 

sensitive for larger particles size than for the smaller ones. This is manifested in the higher 

values of the activation energies obtained for larger average particles sizes. Kinetic models 

equations were successfully developed to describe the IGK oil extraction processes under the 

different process parameters (temperature, time and particle size) for both models. Finally, 

the ∆G, ∆S and ∆H values obtained at the different particles sizes during the extraction 

indicated that the process was spontaneous, irreversible and endothermic.    
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