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Abstract : Biodiesel is a credible substitute for diesel fuel. It is attracting more and more interest,
especially its obtaining from unconventional seeds oils. The physical properties of seed oils of Afzelia
africana, harvested in Benin, have been determined and its conversion to ethyl esters have been done.
Thermophysical properties such as density, kinematic viscosity and isothermal compressibility of
extracted seed oil, derivated biodiesel and biodiesel mixtures obtained with pure diesel were studied
under wide ranges of pressure [0.1-40MPa] and temperature [293.15-353.15 K]. Experimental values of
density were correlated using the TAIT-Like equation. The results revealed that Afzelia africana seeds
have good lipid potential [33.33% (m/m)]. Similarly, the seed oil of Afzelia africana from Benin has a
chemical composition in fatty acids that is different from that generally known. Its main fatty acid are
palmitic (C16:0) (7.95%), stearic (C18: 0) (18.81%), oleic (C18:1) (19.08%), linoleic (18:2) (7.86%) and
linolenic (C18:3) (29.99%) acids. Estimates of density and kinematic viscosity have identified pure
biodiesel-diesel blends that meet ASTM D6751 and EN 14214 standards for their use in diesel engines as
substitutes for fossil fuels.
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Introduction

Energy is one of the fundamental needs of our daily life and plays a leading role in industrial, transport, and
electricity production sectors [1]. The transportation sector is the second-largest energy consumer worldwide
after industry. It accounts for 30% of the total energy delivered worldwide and has grown steadily over the past
30 years. Over 97.6% of energy consumption in this sector comes from petroleum and fossil fuels that are
exhaustible sources. They are also responsible for the environmental problems associated with their
combustion. Many researchers have studied the possibility of using alternative fuels [2,3]. The sustainable
production of renewable energies is the subject of a lively debate at a global level, since first-generation
biofuels, mainly produced from food crops, have a limited capacity to achieve the objectives of biofuel
production, mitigation climate change, and economic growth [4]. These concerns have led researchers to turn to
the development of second-generation biofuels produced from non-food raw materials that offer the best
opportunities in the long term. In fact, vegetable oils are renewable in nature and can be produced locally. In
addition, their use has the advantage of reducing the cost of fuel and harmful emissions of greenhouse gas [5].
Indeed, unconventional vegetable oils can be used as fuel [6]. However, their low volatility and the large values
of kinematic viscosity and associated density can cause problems when used in diesel engines [7,8]. On the
other side, the alkyl esters formulated from vegetable oils by the transesterification reaction have kinematic
viscosities and densities close to those of fossil diesel [9,10]. These methyl or ethyl esters commonly known as
biodiesel must meet American Society for Testing and Materials (ASTM D 6751) and European Union (EN
14214) standards before being used as a substitute for fossil fuels in diesel engines. Better, the biodegradability
and non-toxicity of biodiesels favor their use as an alternative fuel. More, the European Union directive
recommends the use of at least 10% of biodiesel in mixture with fossil diesel or 100% biodiesel in the transport
sector by 2030. Benin has a rich and varied ecosystem that remains in the under-exploited state including
Afzelia africana (smith) called Lingué belonging to the family of Fabaceae. It's a tree that is widely distributed
and also exploited for its wood. This wood is better known as doussie. It's a hardwood, sought after as lumber
for construction and as energy wood [11]. The seeds of Afzelia africana would be used in Sierra Leone as
harmful bait for fish, so it would therefore be unwise to use them in food [12]. This plant species risks
disappearing if other farms such as those of seeds are not valued. Ajiwe et al. (1995) have extracted the oil from
the seeds of A. africana in Nigeria and proceeded its physicochemical characterization [13]. They have also
evaluated the thermal stability of its methyl esters [14]. In addition, the work carried out by Janat et al. (2009)
in Cote d'lvoire on A. Africana has shown the fatty acid composition of its vegetable oil [15]. However, to our
knowledge, studies on the fuel potential and the complete characterization of the Benin plant species are not
documented. Indeed, knowledge of the thermophysical and derivative properties under wide ranges of pressure
and temperature of biodiesels and biodiesel-diesel mixtures is essential to assess the performance of engines.
These properties are useful for better understanding the behavior of fuels during their injections and their
combustion in engines. Among them, density and compressibility are of importance to optimize the injection
process. Density is the fundamental property that influences the conversion of volume flow rate into mass
biodiesel flow rate while the compressibility the fuel injection timing. Density depends both on the raw
materials used for biodiesel fuel production and on the profile of the biodiesel methyl ester. The knowledge of
viscosity is also an important concern as higher viscosity values tend to alter injection spray characteristics,
resulting in fuel impregnement on the chamber. So, fuel which is too highly viscous can damage the fuel pump
[16].

The few works reported in the literature for Benin plant species relate to the density and viscosity measured at
atmospheric pressure. Unfortunately, very little data is available in the literature on these properties under
conditions of elevated temperature and pressure [17,18].

In this context, this study details the main features of an ethyl- biodiesel produced from of Afzelia africana seed
oil. We study the thermophysical profile for the pure ethyl biodiesel and mixtures of biodiesel with diesel. Data
are also reported for the Afzelia africana seed oil.

Density measurements were carried out over extended ranges of pressure [0,1-40 (MPa)] and temperature
[293,15 (K)- 353,15 (K)]. Isothermal compressibility was derivated from density data in the same experimental
ranges. Additionally, kinematic viscosity was determined at atmospheric pressure for temperatures ranging
from 293, 15 (K) to 353,15 (K).
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Materials and methods
Materials, packaging, and vegetable oil extraction

The seeds of Afzélia africana (Figurel) were collected in the Park of the Pendjari between 11° 13 ' 50 " North,
1° 31’36 " in the town of Tanguieta, in Northwestern Benin. They were dried, in the laboratory at 32 + 2 °C, to
a moisture content of 3.44+0.17% and freed from all impurities. These seeds were mechanically ground and the
obtained powders were sieved and then kept in an oven (40 °C) up reducing their water and volatile matter
contents. These powders were then extracted with hexane using the Soxhlet device for 6 hours at 69 °C,
according to the NF V03-924 standard protocol. The extracted vegetable oil were then conditioned in a dry
place, in opaque bottles and yields were evaluated by gravimetry.

L

Figure 1. Seeds of A. Africana acclimated in Benin

Quiality indexes determination of A. africana seed oil

The water and volatile matter contents as well as the seed oil density were determined in accordance with DIN
EN ISO 12937 and NF T 60-214 methods respectively. The acid (1A), peroxide (IP) and saponification (IS)
indices (1) were determined respectively according to T 60-204, T 60-220 and T 60-206 standards. The iodine
value (I1) was evaluated by the Winkler method [19].The ester value (IE) has been calculated on the basis
of the analytical data according to the formula [20].

IE=IS—IA (1)

Production of ethyl biodiesel from Afzelia africana seed oil and biodiesel-diesel blends

The transesterification reactions were carried out in two stages. During the first step, the fatty acids in vegetable
oil were esterified by homogeneous acid catalysis using a 30:1 molar ethanol:oil ratio in the presence of
concentrated H,SO, (1% m/m of oil) and moderate agitation (250 rpm at 78°C/1 hour). Then, the reaction were
neutralized with 25% (m/m oil) of a sodium bicarbonate solution for 5 min with slow stirring and the phases
have been separated in a separatory funnel. The ester obtained was dried and then filtered afterwards with a
mixture of anhydrous sodium sulphate (Na,SO,). The residual solvent was evaporated under reduced pressure
and the ester-rich phase was then weighed. The unreacted triglycerides and the partial glycerides (mono- and di-
glycerides) contained in the ester-rich phase were transesterified in second step. The reaction was continued by
varying the ethanol: oil molar ratio (6 and 8), the concentration of the KOH catalyst 1.1% (m/m oil) and the
temperature 60 °C for 2 hours with moderate stirring (250 rpm). The final mixture was separated in a funnel
separatory and the phase rich in esters was dried with anhydrous sodium sulfate and filtered on a filter paper.

Formulated ethyl biodiesel has been used to prepare diesel blends. The blends were made at 20°C in an
Erlenmeyer flask with a lid and stirred at 250 rpm for 10 minutes. Ethyl biodiesel from A. africana was blended
with diesel in three proportions: 5%, 10% and 20% by volume. These blends were named B5, B10, and B20,
respectively.
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Fatty acids analysis
Preparations of ethyl esters of fatty acids (EEFA)

400uL of 2N KOH solution (85%, Sigma Aldrich) in ethanol (99.8% for CPL-HP, Fischer Scientific) is mixed
with 60 mg of oil. The mixture is then heated reflux at 70 °C with vigorous stirring. After 1 hour of reaction,
mixture was cooled to room temperature. Then, 5 mL of n-heptane (Pesti-S grade, Biosolve) and 1 g of sodium
sulfate were added to the mixture, vortexed for 10 seconds and left to stand for 20 min. The ethyl esters
dissolved in heptane formed the upper layer which was separated from the decanted glycerol at the bottom of
the aiming tube. 100 pL of ethyl esters extracted from the upper layer is diluted in 900 puL with n-heptane for
analysis.

Analysis conditions

The fatty acid profile of the sample was carried out by a GC Scion 486 coupled to timsTOF HRMS BRUKER
Daltonic equipped with an electrospray ionization source (GC-APCI). 1uL of diluted sample (20x in heptane)
was injected in Split mode (x20) into the GC-TOFHRMS system, on a Restek RXi Sil-5MS column 30m long,
0.25 mm internal diameter and 0.25um d film thickness. The injector temperature was 260 °C. The carrier gas
used was helium at a constant rate of 4.0 mL.min-1. The programming of the initial oven temperature were 80
°C for 1min followed by an increase of 25 °C per minute at 140 °C, then a temperature increase by 20 °C per
minute at 200°C and at last rise by 15 °C per minute to 310 °C with a Hold time of 5 min. The mass
spectrometer worked in scan mode from 100 to 1000 m/z at 3 Hz. The temperature of the transfer capillary was
200 °C and the corona needle of 1800 nA. Chromatograms and mass spectra are analyzed using Bruker's
Compass Data Analysis V4.3 software.

Density and kinematic viscosity measurements

Density measurements

The density (p) was measured with an Anton Paar K.G. DMA 45 vibrating tube density meter as a function of
pressure and temperature for unconventional vegetable oil, ethyl biodiesel and pure biodiesel-diesel blend. An
additional cell DMA 512 has been adapted to this instrument, which can measure under pressure up to 40 MPa.
In this study, the apparatus allowed us to perform measurements by varying the temperature from 293.15 to
353.15 K and the pressure from 0.1 to 40 MPa. The DMA 45 was connected to an mPDS 2000V3, allowing us
to measure the vibration period with a high certain accuracy. A Julabo Polystat 36 thermostatic bath is used to
control the temperature of the vibrating tube cell. The temperature is measured inside the cell by an AOIP
thermometer PN 5207 with an uncertainty of 0.05 K. A volumetric piston pump is used to apply pressure to the
system, which is measured by an HBM PE 200/2000 sensor with an uncertainty of 0.1 %. Before and after each
handling (sample loading), the density meter and all capillaries are cleaned with petroleum hexane ether to
remove any traces of residues of the previously investigated substance. Once this cleaning process is completed,
a vacuum is applied to the system before introducing the sample to be studied. When thermal equilibrium is
reached, the vibration period of the cell is determined at different pressures, starting with 0.1 MPa, followed by
the highest pressures. Then the temperature of the liquid bath is changed and a new isotherm is studied.

In this type of device, the density is related to the period of vibration by the equation (2):

p(p,T) = A(p, TIC(p,T) —B(p, T) (2)

With p (p, T) the density of the sample, { (p, T) the period of oscillation, A (p, T) and B (p, T) two characteristic
parameters of the instrument.

As far as calibration is concerned, we have opted for the method used by Comufias et al. (2008) which is more
suitable for our field of investigation and is based on the hypotheses made by Lagourette et al. 1992 [*,%].

Taking into account these hypotheses, the equation (3) can be written:

ZZ (Tl P) - Zgau (Tl P)
(T ; 0,1MPa) — 3,4, (T, P)

vide

p(T,P) = peau(T,P) + Peau(T;0,1MPa) 3)
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The estimated uncertainty of the measured pressure was + 0.015 MPa (Presens Precise Gold Plus pressure
transmitter) and the estimated uncertainty of the determined density was = 0.5 kg m—3 (i.e., around 0.05% for
density close to water density).

Kinematic Viscosity measurements

The kinematic viscosity of our samples was determined with a SCHOTT-GERATE Ubbelohde viscometer. A
kinetic energy correction is applied depending on the diameter of the capillary tubes used. For this purpose,
approximately 15 mL of the filtered sample was introduced into the reservoir (capillary tube). The maximum
filling volume is limited by the markings on the reservoir. After filling, the viscometer is hung with its holder in
a transparent thermostat from SCHOTT-GERATE. In order to avoid measuring errors of the viscometer, the
temperature in the thermostat has been kept constant at + 0.01°C. Each capillary tube is provided with a
calibration certificate, but the calibration of the capillary viscometer was checked at several temperatures using
“Viscosity Reference Standard” fluid S20 provided by ColeParmer. The uncertianty is less than 1%.

Results and discussion

Quality indexes and fatty acids profile of Afzelia Africana seeds oils from Benin

Quiality indexes of Afzelia Africana from Benin
Table 1 presented the quality indexes of seed oils extracted from A. africana seeds acclimated in Benin.

Table 1 : Quality indexes of Afzelia Africana seeds oils from Benin

Properties This study Ajiwe et al.[12] Janet et al. [14]
Extraction yield (%, g/g) 33.23+3.26 19.96-29.1

Acid index (mg KOH/g-Qil) 6.75+0.16 5.61-18.29

Saponification Index (mg KOH/g-Oil) 186.97 £ 5.04 185.32£0.12

lodine value (mg 1,/100 g-Qil) 114.66 £ 0.64 109.13 £ 0.04

Peroxide value (meq O,/Kg-Qil) 7.24 £ 0.58 -

Calculated ester index (mg KOH/g-Qil) 180.21£5.19 179.71£0.10

Afzelia africana seeds from Benin revealed high oil extraction yield (33.23 + 3.26%). Ajiwe et al., Ene-Obong
and Carnovale found lower yields (19.96-29.1%) of seed oil from Afzelia africana seeds, harvested in Nigeria
[12,23]. Lipid potential of the seeds could depend on several parameters such as those related to origin, seed
maturity and edaphic conditions [24]. However, considering the seed oil content (> 30%) of Afzelia africana
seeds harvested in Benin, their use as fuel oil could be considered [25].

While the acid index evaluates the degradation of vegetable oil by hydrolysis, depending on its free fatty acids,
the peroxide index makes it possible to briefly assess its oxidative stability. The acid (6.75 + 0.16 mg KOH/g-
oil) and peroxide (7.24 £ 0.58 meq O,/Kg-oil) indices of the oil extracted from Afzelia africana seeds from
Benin are lower than those reported in previous studies. However, these indices are well above the threshold
values recommended by the Codex-alimentarus for food vegetable oils. This reinforces our reluctance for the
food uses that could be made of this oil [26].

The saponification and ester indices of the seed oil of Afzelia africana are 186.97 + 5.04 mg KOH/g-oil and
180.21 + 5.19 mg KOH/g-oil respectively. It is inferred that this seed oil is richer in short-chain fatty acids.

The iodine index of the studied seed oil is 114.66 + 0.64 mg 1,/100 g-Oil. This value is close to the limit (120 g
1,/100 g-oil) defined by the EN 14214 23 standards. It infers that the oil of Afzelia africana can be classified as
a batch of semi-dried linoleic type oils [27].

Fatty acid composition of vegetable oil and its influence on fuel properties

The fatty acid composition of a seed oil have a great influence on its fuel properties. Fatty acids of Afzelia
africana seed oil from Benin is recorded in the Table 2.
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Table 2: Fatty acid composition of unconventional seed oil

Fatty acids and sub-classes Skeleton This study (%) | Other studies (%)
[12,13]

Capric C10:0 0.26 -

Undedecylic C11:0 1.56 -

Lauric C12:0 1.50 0.67- 0.91

Tridecylic C13:0 1.72 -

Myristic C14:.0 1.10 0.79-1.54

Palmitic C16:0 7.95 6.97-10.53

Stearic C18:0 18.81 21.97-25.59

Arachidic C20:0 0.70 -

Behenic C22:0 1.57 -

Tricosylic C23:.0 0.89 -

Lignoceric C24:0 0.39 -

Saturated Fatty Acids: SFA 36.45 32.04-38.57

Myristolic Cl4:1 0.79 -

Palmitolic C16:1 1.30 -

Oleic C18:1 19.08 12.65-13.39

Gondoic C20:1 0.66 -

Monounsaturated Fatty Acids: MUFA 21.83 12.65-13.39

Linoleic C18:2 7.86 0.01-6.66

Linolenic C18:3 29.99 41.25-42.14

Homo-y Eicosatrienoic C20:3 3.88 -

Polyunsaturated Fatty Acids: PUFA 41.72 41.25-48.04

Total saturated fatty acids 36.45 38.51

Total unsaturated Fatty Acids 63.55 61.49

- . Fatty acids not quantified

The seed oil of Afzelia africana is rich in polyunsaturated fatty acids (63.55%) with a dominance of linolenic
fatty acids (29.99%). Knothe described that as the number of unsaturations increases, so does the viscosity of
fuels. However, temperature variation can also influence this parameter [28]. The seed oil of Afzelia africana of
our study has also a good proportion on saturated fatty acids (36.45%), mainly on stearic acid (18.81%).
Monounsaturated fatty acids (21.83%) are greatly represented by oleic acid (19.08%). The seed oil of Afzelia
africana is generally very rich in linolenic acid (41.25-42.14%). The vegetable oil of Afzelia africana extracted
from Benin has the particularity of a much smaller proportion on linolenic acid but higher proportion on oleic
acid. Linolenic acid can cause low oxidative stability in vegetable oils and a reduction in its quantity could
optimize the energy properties of biofuels. At the same time, a decrease in linolenic acid composition added to
an increase in oleic acids could have many industrial applications [29]. The proportion of saturated fatty acid
(36.45%) in the vegetable oil of Afzelia africana harvested in Benin is close to the values reported in the
literature [12]. A good cetane number has been associated with fuel vegetable oils with a good composition of
saturated fatty acids such as palmitic and stearic acids [30].

Density measurements

Density (p) is an important parameter that influences the dissolution of fuel injected into the engine cylinder.
Table 3 shows the density of Afzelia africana seed oil, ethyl biodiesel and biodiesel-diesel blends (B5, B10 and
B20) formulated in this way by varying the pressure from 0.1 to 40 MPa and in a temperature range from
293.15t0 353.15 K.
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Table 3: Density (p) of seed oil (VOAa), ethyl biodiesel (B100) and biodiesel-diesel blends of Afzelia
africana of Benin, as a function of temperature (T) and pressure (P)

Pression / MPa Temperature /K
293.15 | 313.15 | 333.15 | 353.15
| Density p, (Kg/m®)
VOAa
0.1 933.32 918.79 906.80 891.29
10 938.34 926.16 911.36 897.95
20 943.74 932.31 916.25 904.39
30 948.37 937.39 921.20 910.34
40 953.26 942.09 927.97 915.66
B100
0.1 908.59 893.18 878.40 862.66
10 914.09 899.26 885.35 870.67
20 919.29 905.01 891.46 877.49
30 924.31 910.63 897.33 884.02
40 929.09 915.71 903.06 890.02
B5
0.1 837.62 823.38 808,88 794,48
10 843.73 830.03 816,33 802,94
20 849.41 836.34 823,15 810,17
30 854.60 841.99 829,34 817,16
40 859.51 847.49 835,39 823,42
B10
0,1 839.88 825.24 810.83 795.93
10 845.80 832.04 818.28 804.54
20 851.57 838.25 825.29 812.31
30 856.71 844.19 831.68 819.39
40 861.77 849.69 837.54 825.51
B20
0.1 848.32 834.28 819.40 802.96
10 855.12 841.03 826.70 813.32
20 860.26 847.00 833.43 820.65
30 865.45 852.55 839.72 827.70
40 870.32 857.91 844.75 833.92

Figure 2 and 3 show the effect of temperature and pressure on the density of the studied oil, of its formulated
ethyl biodiesel and of the biodiesel-diesel blends (B5, B10 and B20). As one would expect, A. africana's seed
oil is denser than its biodiesel. It has also been observed that at constant temperature, increasing the pressure
from 0.1 MPa to 40 MPa with a 10 MPa step increase the density of our samples. On the other hand, when
measurements were made at constant pressure, as a function of temperature, the density decreases. The
variation in density as a function of pressure and temperature is virtually identical for all biodiesel-diesel
blends. In fact, the density values of each of the formulated biodiesels as a function of temperature and pressure
make it possible to estimate the quality of the spraying of these biodiesels in engine combustion chambers. Very
little data exists on the evaluation of the density of ethyl biodiesels as a function of pressure and temperature to
compare with our experimental data. Nevertheless, Rodriguez-Anton et al. (2008) were able to report
experimental data on methyl esters of rapeseed and petroleum diesel at atmospheric pressure and at 293.15 K.
Thus, they found densities of 883 kg/m® for rapeseed methyl esters and 835 kg/m® for petroleum diesel [31].
The density of studied seed oil is greater than 0.900 kg/m® recommended by European standards EN 14214 for
pure fuel oils. It is important to note that the density increases with the length of the chain (number of carbon
atoms) and with the increase in the number of double bonds contained in the fatty acids of this oil [27]. On the
other hand, the density values measured at temperatures greater than or equal to 313.15K depending on the
pressure (0.1MPa - 40MPa) for biodiesel derived from the vegetable oil of Afzelia africana and for mixtures of
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5%, 10% and 20% by volume of biodiesel formulated with pure diesel are in accordance with the value
recommended by standards EN 1424 and ASTM (860 kg/m® -900 kg/m®).
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Figure 2. Effect of temperature and pressure on the density of vegetable oil (VOA) and pure biodiesel
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Figure 3. Effect of temperature and pressure on the density of biodiesel-diesel blends (B5, B10 and B20)

The density values for biodiesel and biodiesel-diesel blends betwen temperatures 298.15 - 353.15 K and
pressures ranging from 0.1 to 40 MPa were summarized in Table 3 were correlated using the TAIT-Like
equation (4).

po(T; 0.1 MPa)

T1- po(T ;0.1 MPa)AlIn(1 —

(4)
r)
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With po(T; 0.1 MPa) the density of the sample at the reference pressure. A and B are two temperature-
independent adjustable parameters (5).

pp(T) = Ao + Ay T + A, T? + A3T? (5)
The comparison of the experimental density values and those found with the TAIT-Like correlation was made
using the mean absolute deviation (AAD), the maximum deviation (DMax) and the mean deviation (Bias).
These AAD, DMax and Bias parameters were determined from the equations defined below (6, 7, 8):

100\ exp calc
100 S =P
AAD = B i (6)
N i=1 P
p?xP _ pgalc
DMax = Max <1oo e ); (7)
i
N exp calc
100 P — Py
Bias = Z : 3
N i=i piexp

calc

With N the number of experimental data for each sample, p® and p
and the density obtained with equation (3).

respectively the experimental density

Isothermal compressibility of ethyl biodiesel and pure diesel blends

The parameters of the TAIT-Like equation as well as AAD, DMax and Bias determined with the density
correlation are grouped in Table 4. Density measurements along the isotherms (298.15 - 353.15 K) and as a
function of pressure of 0.1-40 MPa, allow the estimation of isothermal compressibility.

Table 4: Parameters and deviation obtained from the TAIT equation for density correlation and
calculation of derived properties

Coefficients B5 B10 B20 B100

A (g.cm”) 0.787122722 1.53506466 1.40477544 0.692335055
A; (g.cm® K™ 0.001687669 -0.0052703 -0.00436199 0.001872306
A; (g.cm>.K?) -7.36551x 1076 1.4245x 1075 1.2696x 1075 -3.9375x 10~¢
A (g.cm®.K?) 7.49136x 10~° -1.4859x 1078 -1.464x 1078 -

po (g.cm®) & 293,15 0.837618922 0.83987592 0.84831742 0.902486832
A (MPa) -0.082548797 -0.1119324 -0.07372371 -0.106497732
B (MPa) 89.60242434 128.602412 80.1030041 156.6024093
AAD (%) 0.00392356 0.006612694 0.002325367 0.18206635
DMax (%) 0.01103486 0.011642682 0.00565426 0.98480418
Bias (%) -0.00214265 -0.006642630 0.000124368 -0.000039189

Isothermal compressibility

The coefficient of isothermal compressibility is an important volumetric property of fluids. It helps to
understand the thermodynamic behavior of fluids in engines. Based on the results of density measurements of
biodiesel-diesel blends presented above (Table 3), we were able to calculate the isothermal compressibility as a
function of pressure (0.1 to 40 MPa) in the temperature range (298.15 to 353.15 K) using the parameters of the
TAIT-Like equation. The coefficient of isothermal compressibility depends on the structure of the fuel and
indicates the trend in density as a function of pressure. The coefficient of isothermal compressibility (xr) was
calculated using equation (3) and the following expression (9):

Xr = % (%—ﬁ)T )

By replacing equation (3) in the expression of equation (8), we obtain (10):
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_ Apo(T)
(B+p—0.1MPa) [1+ApoIn(1+

Xt p—0.1 MPa)] (10)

B

The values of the isothermal compressibility coefficient calculated from equation (9) are summarized in Table
5. Isothermal compressibility coefficient estimates for formulated biodiesel and pure biodiesel-diesel blends
were made by varying the pressure from 0.1 to 40 MPa and for isotherms of 293.15, 313.15, 333.15 and 353.15
K (Table 5).

Table 5: Isothermal compressibility coefficients for ethyl biodiesel (B100) and biodiesel-diesel blends
(B5, B10 and B20)

Pressure (MPa) Blends Temperature (°C)
20315 [ 31315 333.15 | 353.15
10° kr/MPa’*

B100
0.1 0.6137 0.7244 0.7990 0.9560
10 0.5807 0.6683 0.7400 0.8547
20 0.5509 0.6202 0.6891 0.7727
30 0.5241 0.5788 0.6450 0.7056
40 0.5000 0.5428 0.6064 0.6497

B5

0.1 0.7717 0.8674 0.9672 1.1386
10 0.7000 0.7827 0.8758 0.9916
20 0.6403 0.7130 0.8002 0.8783
30 0.5904 0.6550 0.7371 0.7889
40 0.5479 0.6061 0.6837 0.7167

B10
0.1 0.7310 08642 0.9762 1.1769
10 0.6835 0.7886 0.8841 1.0181
20 06417 0.7250 0.8078 0.8972
30 0.6050 0.6714 0.7442 0.8027
40 0.5725 0.6254 0.6903 0.7269

B20
0.1 0.7808 0.8409 0.9777 1.3234
10 0.7000 0.7585 0.8488 1.0837
20 0.6342 0.6908 0.7499 0.9178
30 0.5800 0.6345 0.6722 0.7969
40 0.5347 0.5871 0.6095 0.7049

Based on the values presented in this Table 5 and the graphs in Figure 4, it was found that the isothermal
compressibility coefficient (x ) of formulated ethyl biodiesel decreased when the pressure increases at
constant temperature. On the other hand, this coefficient increases with temperature at constant pressure. The
calculated isothermal compressibility coefficient values ranged from (0.500 to 0.956) 10° MPa-1. These
recorded isothermal compressibility values corroborate those of (0.461 - 1.377) GPa™ sunflower methyl and
ethyl esters and are consistent with literature data [32]. As expected and similar to the coefficient of
compressibility of formulated ethyl biodiesel, the isothermal compressibility of biodiesel-diesel blends (B5,
B10 and B20) decreases with pressure and increases with temperature at constant pressure. In addition, the
largest variation in compressibility is associated with B20 (0.535-1.323)10° MPa™ followed by B10 (0.572-
1.177) 10° MPa™ and B5 (0.548-1.139) 10 MPa™ in that order.
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Figure 4. Variation of isothermal compressibility coefficient as a function of pressure at 293.15 K; 313.15
K; 333.15 K and 353.15 K

Measurement of kinematic viscosity

Viscosity is also an important physical property of biofuels. It allows a better appreciation of the conditions
under which fuel is injected into engines. Viscosity measurements were carried out by varying the temperature
from 293.15 to 373.15 K (Table 6).

Table 6: Measurements of kinematic viscosity as a function of temperature.

Temperature (K) VOAa B100 B5 B10 B20
293.15 106.77 14.12 4.35 4.76 6.00
303.15 76.04 10.35 3.57 3.88 4.86
313.15 45.30 6.58 2.78 2.99 3.71
323.15 33.37 5.23 2.38 2.54 3.14
333.15 21.44 3.87 1.97 2.09 2.56
343.15 17.22 3.35 1.76 1.84 2.23
353.15 12.99 2.83 1.55 1.59 1.90
363.15 8.81 2.59 1.42 1.42 1.74
373.15 4.64 2.36 1.30 1.32 1.58
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Figure 5 shows the change in kinematic viscosity of seed oil and formulated ethyl biodiesel as a function of
temperature. First, it should be noted that ethyl esters of vegetable oils have the advantage of having a much
lower kinematic viscosity compared to the corresponding seed oils. The kinematic viscosity of a seed oil can be
used to monitor biodiesel production. Thus, it can be seen that the kinematic viscosity curves of seed oil and
biodiesel (ethyl esters) decrease as the temperature increases. Furthermore, we have noticed that the ethyl ester
viscosity of seed oils decreases more rapidly than that of pure diesel. It has been observed that from 313.15 K
onwards, the kinematic viscosity of ethyl biodiesel is very close to that of pure diesel evaluated under the same
conditions. Like density, kinematic viscosity is an important fuel property which is related to the fatty acid
composition of seed oil and therefore that of formulated biodiesel. Indeed, an oil rich in unsaturated fatty acids
has a lower kinematic viscosity compared to an oil which contains a large composition of saturated fatty acids
[32]. Previous work has shown that the configuration of the double bond influences viscosity (configuration of
the cis double bond giving a lower viscosity than trans) while the position of the double bond affects viscosity
less [33]. Afzelia africana vegetable oil contains a proportion of unsaturated fatty acids, the most predominant
of which are linolenic (29.99%) and oleic (19.08%) acids. This fatty acid composition of this oil gives the oil
good fluidity, therefore the derived biodiesel, good kinematic viscosity. Kinematic viscosity values of many
fatty acid methyl esters have been reported [34,35].

Figure 6 shows the influence of temperature on the kinematic viscosity of biodiesel-diesel blends and the
corresponding ethyl biodiesels. It shows that the kinematic viscosity decreases with the proportion of biodiesel
in the blend and temperature. Thus, the viscosity of the B5 blend is lower than that of the B10, B20 and B100
(100% biodiesel) blends in that order. From all of the above, we can conclude that the kinematic viscosity of all
blends meets ASTM and EN 14214 standards and can be considered as substitutes for fossil fuels in diesel
engines. Furthermore, it has been noticed that the viscosity of biodiesel-diesel blends has improved significantly
with increasing temperature.
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Figure 5. Kinematic viscosity variation as a function of temperature: vegetable oil (VO) and ethyl
biodiesel (B100)
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Figure 6. Effect of Temperature on Kinematic Viscosity of Biodiesel-Diesel Blends (B5, B10 and B20)
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Conclusion

A. africana seeds from Benin have a high lipid potential (30%). The two main fatty acids identified in A.
africana oil using gas phase Chromatography coupled with mass spectrometry are linolenic acids (29.99%) and
oleic acids (19.08%) (18.81%). As far as the quality of this unconventional seed oil is concerned, the values of
the quality indices are close to those of fuels.

The density and kinematic viscosity were measured for temperatures between 293.15 and 353.15 K and
pressures ranged from 0.1 to 40 MPa. Of all the above, the density and kinematic viscosity of diesel and
biodiesel-diesel blends (B5, B10 and B20) decrease with the increase in temperature. On the other hand, they
increase with the increase in the amount of ethyl biodiesel in each blend. Estimates of density and kinematic
viscosity have identified pure biodiesel-diesel blends that meet ASTM D6751 and EN 14214 standards for their
use in diesel engines as substitutes for fossil fuels.

The insulated compressibility coefficient was calculated for each of the biodiesel-diesel mixtures formulated
from the TAIT-Like equation. In general, the insulated compressibility coefficient of all our samples decreases
with increased pressure along the isotherms. The three B5 blends give satisfactory values comparable to that of
pure diesel.

The estimation of density, kinematic viscosity, the isothermal compressibility of biodiesel and biodiesel-diesel
blends, will be necessary for industrial applications and the development of high-power engines.
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