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                                                      ABSTRACT   8 

This work focused on the chemical synthesis and characterization of palm kernel oil (PKO) 9 
for bio-lubricant production using transesterification of palm kernel methyl ester (PKME) 10 
with trimethylolpropane (TMP) and epoxidation-esterification methods. The PKO was 11 
extracted using solvent extraction method. The physicochemical characteristics of the PKO 12 
and produced bio-lubricant samples were determined using standard methods.  Fourier 13 
Transform Infrared (FTIR) spectrometry and Gas Chromatographic analyses, were 14 
respectively, used to determine the predominant functional groups and fatty acids of PKO and 15 
the produced bio-lubricant samples. At 55 °C, 150 min and 0.5 mm particle size, kernel oil 16 
yield was 49.82 % (by weight). The viscosities at 40 °C, 100 °C, viscosity index, pour and 17 
flash points of the bio-lubricants produced by transesterification of TMP (PKBLT) and 18 
epoxidation-esterification (PKBLE) methods, were [42.53 cSt, 10.65 cSt, 139, - 11 °C, 235 19 
°C] and [44.69 cSt, 11.42 cSt, 132, - 12 °C, 240 °C], respectively. Time, mole ratio and 20 
temperature effects were the main factors that significantly influenced the transesterification 21 
and epoxidation processes. The obtained physicochemical properties of PKBLE and PKBLT 22 
samples showed conformity with ISO VG 32 standard, hence, their possible application as 23 
bio-lubricant basestock. 24 
 25 
Keywords: Bio-lubricant; palm kernel; Transesterification; Trimethylolpropane; 26 

Epoxidation-esterification. 27 

1. Introduction 28 

Globally, the crude oil reserves have significantly drooped, due to its high consumption, as 29 

well as the slow natural mineral deposit formation. There is therefore possible impeding 30 

energy crisis if not quickly addressed [1]. In other to avert this, scientist and researchers have 31 

therefore sought for alternative energy sources using bio-based oil materials. As such, 32 

alternative oil sources for chemical process industries, which are renewable, biodegradable, 33 
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as well as eco-friendly, are currently being researched. Mostly, vegetable oils obtained from 34 

seeds and nuts are often used as a suitable substitute to mineral oil obtained from petroleum 35 

[2]. There is therefore need for the development/modification of the vegetable oils into 36 

industrial products like biodiesel [3], biolubricants [4], transformer fluid [2], as well as other 37 

vital fuels that could be used as replacement for conventional mineral base fuels/fluids. 38 

In Nigeria, due to the availability of huge crude oil reserves, as well as the production, 39 

exploration, and refining of petroleum into products like, petrol, kerosene, diesel, our interest 40 

is on the production of petrochemical products like bio-lubricants. This is because of the 41 

environmental friendliness of the bio-lubricants, when compared to its petroleum base 42 

counterpart [4].   43 

In the recent past, researchers have successfully synthesized bio-lubricants from different 44 

vegetable oil sources for use as environmentally friendly lubricant. Some of these include but 45 

not limited to Jatropha curcas oil [4], palm kernel oil [1], palm oil [5], Fluted Pumpkin Seed 46 

oil [6], and castor bean biodiesel [7]. It is on this premises that this project seeks to synthesize 47 

bio-lubricant from palm kernel oil using different process routes, in other to evaluate the 48 

method with better lubricant properties.   49 

Palm kernel oil (PKO) is edible oil that is obtained from the kernel of palm fruit, otherwise 50 

scientifically known as Elaeis guinueensis [8-9]. It is yellowish in color and the tree plant 51 

(palm tree) originates from tropical Africa and some part of Asia [8]. Palm kernels are 52 

essential by-products obtained during the palm oil milling and processing. It is about 45 to 48 53 

% (by weight) of the palm nut of the Elaeis guinueensis fruit. The oil yield of palm kernel is 54 

about 47 to 59 % by weight [9-10]. The predominant fatty acid in palm kernel oil is lauric 55 

acid, with about 48 % of the fatty acid composition of the oil. It also contains muriatic acid 56 

and oleic acid at 16 % and 15 % compositions, respectively [9,11]. Due to the relatively high 57 
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oil yield of PKO, a number of studies be carried out on its utilization for the production of 58 

biodiesel [12], as well as in bio-lubricant production [1]. 59 

It is as a result of the foregoing, that the authors extend this present study to the use of PKO 60 

(because of its high oil yield, availability, as well as bio-degradability), in bio-lubricant 61 

production, using a modified process routes, for the purpose of comparison, since limited or 62 

no studies by authors, have been channeled towards this direction.  63 

Previously, a good number of studies have been reported on bio-lubricant production using 64 

vegetable oils, for potential use as alternative to mineral base lubricant, using the two stage 65 

transesterification and epoxidation-esterification methods. In case of two stage 66 

transesterification using methanol (using alkali catalyst) and subsequently 67 

trimethylolpropane, have been extensively reported in the literature. For instance, Heikal et 68 

al. [13], Menkiti et al. [4], Yunus et al. [14], da Silva et al. [7] and Shote et al. [15], 69 

successfully used this approach for the production of bio-lubricants using palm oil, jatropha 70 

curcas oil, palm-based methyl ester, castor bean biodiesel, and palm kernel oil, respectively.  71 

In this method, the main drawback of straight alkali catalyzed transesterification stage, 72 

without initial esterification pretreatment stage, is its low alkyl ester yield, as well as product 73 

separation difficulty, due to formation of soap [2]. As such, in this work, successive two-step 74 

conversion process: an acid-catalyzed esterification (aimed at lowering the FFA content), 75 

followed by the alkali-catalyzed transesterification (aimed at improving the alky ester yield 76 

and purity), prior to the final stage of transesterification with trimethylolpropane, was chosen. 77 

The essence is to eliminate these short-coming and ensure higher high grade bio-lubricant 78 

with high purity level and yield [4].  79 

For the epoxidation-esterification procedure, the method is often considered because of its 80 

advantage of better thermo-oxidative stability, as well as the associated low temperature 81 
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properties of the final product [2]. Epoxidation reaction is the reaction of the double bonds 82 

and peracetic acid to produce epoxy ring [2,16].  In this work, it is worth mentioning that 83 

instead of using the PKO, the obtained alkyl ester form the alkali catalyzed 84 

transesterification, was reacted with the peracetic acid to get the desired epoxy methyl ester. 85 

This decision is based on the improved thermo-oxidative stability and lower pour point of the 86 

final desired product [2,16]. Within the authors’ knowledge disposal, there is no existing 87 

published work that compares bio-lubricants produced from PKO using these two 88 

approaches.  Though, several works have reported the production of bio-lubricant from PKO 89 

using transesterification with trimethylolpropane [1,14,17].  90 

Therefore, this study focuses on bio-lubricant production from PKO, using alkali-catalyzed 91 

transesterification, followed by transesterification with trimethylolpropane and 92 

transesterification-epoxidation-esterification methods. The qualities of the produced bio-93 

lubricants were evaluated on the basis of the two methods used, and on the referenced 94 

standards. Furthermore, the physicochemical properties of the PKO and the PKO bio-95 

lubricants samples produced were evaluated using standard procedures. Also, the prevalent 96 

functional groups, and the fatty acid compositions of the PKO and the PKO bio-lubricant 97 

samples, were determined using Fourier Transform Infrared (FTIR), and Gas 98 

Chromatography, respectively.      99 

2. Materials and methods  100 

2.1. Materials  101 

Palm kernels were obtained from Aguneze, Ahiazu-Mbaise, in Imo State. 102 

Trimethylolpropane was purchased from Sigma Aldrich, Germany. Methanol, sulphuric acid 103 

(H2SO4), orto-phosphoric (H3PO4) and analytical grade n-hexane were purchased from 104 

Conraws, Presidental Road, Enugu. The reagents had purity levels of above 99 %, and they 105 

were used without further purification. 106 
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2.2. Extraction of PKO 107 

Oil extraction from the milled palm kernel oil sample was carried out according to 108 

Association of Official Analytical Chemists (AOAC) 963.15 method [18], using soxhlet 109 

extractor unit for the five different average particle sizes (0.5, 1.0, 1.5, 2.0, and 2.5 mm). 110 

Soxhlet extractor was chosen in order to enhance the solubility of the palm kernel sample in 111 

the chosen solvents used. Milled kernels of a particular average particle size (15 g) were 112 

packed in a thimble of the soxhlet extractor and the extractor was filled with 150 ml of n-113 

hexane. Oil extraction was performed at temperatures of 35, 40, 45, 50, and 55 °C using n-114 

hexane. For each temperature, extraction was performed for five average particle size (0.5, 115 

1.0, 1.5, 2.0 and 2.5 mm). At a specific temperature and particle size, extraction was carried 116 

out for 30, 60, 90, 120, and 150 min. The oil yield obtained at the end of every extraction 117 

time for every extraction condition was calculated and recorded. The extraction temperature 118 

was measured using an electronic thermometer (Hanna HI-9063), while the time was 119 

measured using a stop watch. The oil yield was calculated (see equation 3.1) using AOAC 120 

method no. 920.85 at the end of each extraction cycle (30, 60, 90, 120, and 150 min). After 121 

each extraction batch/cycle, the solvent was removed at 60 °C using rotary evaporator 122 

(model N- 1000S-W, EYELA, Tokyo, Japan). The solute to solvent ratio used for the entire 123 

extraction was 1:5 (15 g: 150 ml). Similarly, the extraction times were 30, 60, 90, 120 and 124 

150 min. The entire extraction process carried out under each set of conditions was 125 

performed three times and the average values reported, while the total extraction yield was 126 

obtained using AOAC 920.85 standard method.  127 

The oil yield of sample was calculated using equation 3.1.    128 

           (1) 129 

  130 

The extracted oil sample was palm kernel oil (PKO).  131 

%	Oil	yield	 = 	 *+,-./	01	0,2	+3/456/+7	(-)
*+,-./	01	:5;<2+	(-)

 × 100 
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2.3. Physicochemical properties of PKO and PKO bio-lubricant samples 132 

The oil yield (AOAC 920.85) was determined according to AOAC approved techniques [18]. 133 

On the other hand, viscosity index (ASTM D2270), viscosity (ASTM D445) and specific 134 

gravity (ASTM D1217 – 15), were determined using ASTM standard methods. Also, the pour 135 

and flash points were determined using ASTM D97 and ASTM D93 standard methods, 136 

respectively. Each physicochemical property was measured three times, and the average 137 

values of the properties were determined and noted. 138 

2.4. Fatty acid composition of PKO and PKO bio-lubricants samples 139 

Fatty acid profile was evaluated in line with the AOAC 996.06 (1990). In this procedure, a 140 

gas chromatograph (GC) (Shimadzu GC–14B, Model 910), was used to determine 141 

quantitatively, the prevalent fatty acids in the PKO and PKBL samples. According to the 142 

equipment, a HP 88 capillary column (0.25 mm i.d. × 100 m, film thickness 0.25 µm – 143 

Shimadzu Corporation, Tokyo, Japan), was used to equip the GC’s  flame ionization detector 144 

and integrator. This was achieved by using 250 °C temperatures for both the injector and 145 

detector. However, the oven temperature was retained at 190 °C for a period of 15 min. 146 

Thereafter, this temperature was then increased intermittently, up to 230 °C, at the rate of 5 147 

°C per min. Afterwards it was maintained at this temperature for the same time interval as the 148 

initial step. The carrier gas used was nitrogen, and was maintained at a pressure of 500 kPa. 149 

Finally, the prevalent fatty acids were identified and compared with standard compounds; 150 

while the quantity of each fatty acid was calculated from the percentage area of the individual 151 

fatty acid [19]. The analysis was carried out three times. 152 

2.5. Transesterification experiment 153 

2.5.1. Synthesis of Palm kernel methyl ester 154 

25 ml of each of the palm kernel oil (Triglyceride) sample was poured into 250 ml conical 155 

flasks and heated to 60 °C using a water bath. Solution batches of potassium methoxide were 156 



7 | P a g e  
 

prepared by dissolving 5.1 g (30 wt. %) of KOH pellets in an agitated 250 ml beaker 157 

containing 150 ml anhydrous methanol. The potassium methoxide solution was then 158 

transferred into warm 25 ml palm kernel oil (triglyceride) sample at a methanol to oil ratio of 159 

6:1. The solution was then stirred strongly, using magnetic stirrer at 500 revolutions per 160 

minute (RPM) for 120 min. In other to ensure proper settling, the mixture was left 161 

undisturbed in a separating funnel for 24 hrs. At ending of the settling process, the upper 162 

layer (methyl ester sample) was poured into a beaker and afterwards properly washed with 163 

distilled water. This was aimed at removing unreacted methanol, catalyst, glycerin, soap and 164 

other impurities. The demoisturization of the fatty acid methyl ester (FAME) sample was 165 

then carried out by heating slowly to constant temperature of 100 °C. Finally, the lower layer 166 

that consists of glycerol and soap was collected via the bottom of the funnel.  167 

The percentage methyl ester yield of the palm kernel oil sample was calculated using the 168 

relationship in equation 2: 169 

            (2) 170 
 171 

The product of the transesterification of the extracted palm kernel oil is the palm kernel 172 

methyl ester (PKME), or generally referred to as fatty acid methyl ester (FAME); see 173 

equation 3.  174 

 175 

 176 

 177 

 178 

%	Methyl	ester	yield	 = 	 E5::	01	;+/.F2	+:/+4	<407G6+7	(-)
E5::	01	0,2	:5;<2+	G:+7	(-)

 × 100 
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 179 

Triglyceride   Methanol  Glycerol               Methyl Esters  180 
(Extracted oil)          (FAME)181 

           (3) 182 

On the other hand, in the present method, FAME of PKO was also obtained using this 183 

procedure. Here, a mixture comprising of 300 g of palm kernel oil (Triglyceride), 100 g of 184 

methanol, as well as 1% wt/wt orthophosphoric acid catalyst were decanted into continuously 185 

stirred reactor. This reactor was that was equipped with a water-cooled reflux condenser to 186 

ensure complete reaction. Thereafter, the mixture was then heated to 65 °C and maintained at 187 

this temperature for 1hr 30min. After the reaction, the mixture was dosed with 0.2 molar 188 

solution of sodium trioxocarbonate IV. This was to ensure complete neutralization of the 189 

acid, and eventually stop the reaction. The mixture was then poured into a separating funnel 190 

and subsequently allowed to stand for 24 hrs. This was to ensure complete separation of 191 

methyl esters and glycerol phases. Glycerol phase at the bottom was emptied into a clean 192 

container and allowed to stand. The PKME (FAME) was then heated to 65 °C, so as to ensure 193 

the removal of the residual methanol. Finally, the remaining catalyst in the PKME was 194 

removed by successively rinsing with hot distilled water at 80 °C. Thereafter, the remaining 195 

water in the PKME was eliminated by oven-heating at 100 °C [4]. 196 

2.5.2. Synthesis of Bio-lubricant from PKME using trimethylolpropane (TMP) 197 

The synthesis of biolubricant adapted was as described by Surapoj et al. [20] with slight 198 

modifications. The obtained palm kernel methyl ester (PKME) or generally Fatty acid methyl 199 
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ester (FAME) was synthesized with trimethylolpropane (TMP) to obtain trimethylolpropane 200 

ester or palm kernel biolubricat (PKBLT) as shown in equation 4. 201 

202 
           (4) 203 

Here, trimethylolpropane (TMP) was initially heated using a transesterification experimental 204 

set-up. This set-up comprises of 50 mL three necked round-bottom flask that are fitted to a 205 

water-cooled reflux condenser, a thermometer, Kipp’s apparatus and a stirrer operated at 206 

1000 rpm. At 1000 rpm, and under the flow of CO2, the TMP in the flask was heated to 110 207 

°C, and maintained at this temperature for 15 min, before allowing cooling. In other to ensure 208 

the evolution of moisture from the TMP, the temperature was maintained at 110 °C. 209 

Thereafter, a Ca(OH)2 catalyzed batch transesterification reactions between PKME (FAME) 210 

and already cooled TMP were conducted at PKME–TMP ratios: 3:1, 4:1, 5:1, 6:1 and 7:1, 211 

using the same experimental set-up. At 80, 100, 120, 140 and 160 °C, each of the stated 212 

PKME–TMP ratios was subjected to transesterification. At intervals of 1, 2, 3, 4, and 5 h, 213 

samples from the respective individual runs of the experiment (at a particular mole ratio and 214 

temperature) were monitored, collected and analyzed. After every reaction, the mixture was 215 

allowed to cool to room temperature, prior to carrying out filtration process, so as to separate 216 

the residual solid catalyst from the liquid mixture, which is the palm kernel biolubricat 217 

(PKBLT). The filtered palm kernel bio-based stock was analyzed using the GC to determine 218 

the product composition. Furthermore, prior to the characterization of the biobased TMP 219 

ester, unreacted methyl ester was not expunged. This was aimed at the improvement of the 220 
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wear resistance of the biobased TMP ester, as well as to prevent conjugation reaction that 221 

occurs at elevated temperatures (180 – 200 °C), which involves poly unsaturated fatty acid 222 

(PUFA) [14,21].  223 

2.5.3. Synthesis of Biolubricant from PKME using epoxidation-esterification reaction   224 

Fifty (50) g of the palm kernel methyl ester sample was placed in three-necked flasks. 7 g of 225 

acetic acid was placed in the round bottom flask, followed by the addition of 0.02 g (1.5 wt. 226 

%) of H2SO4 to the flasks. The mixtures were stirred continuously, followed by the addition 227 

of 15 g (1.5 moles) of hydrogen peroxide (15 wt. %). The mixture was added to the flask 228 

containing 7 g acetic acid to produce peracetic acid (PAA). The methyl ester sample in the 229 

three-necked flask was then heated to 70 ºC, followed by the addition of PAA mixtures. 230 

These were allowed to react at 70 °C for 7 hours with continuous stirring at 1,200 rpm. 231 

Samples were taken out every 1 hour from each of the reaction set up for FTIR analysis to 232 

determine the effect of reaction time on the yields (i.e changes in functional groups as the 233 

reaction proceeds) at 70 °C. At the end of the reaction, 3 ml of the epoxy methyl ester sample 234 

was then removed two times using diethyl ether (2 x 20 ml) in separating funnels. The 235 

organic phases (oily layer) of samples were purified (washed) three times with 5% saturated 236 

sodium bicarbonate NaHCO3 (3 x 15 ml) to neutralize the unreacted acid present. Thereafter, 237 

organic phase of sample was also washed three times with saturated solutions of sodium 238 

chloride NaCl (3 x 15 ml) to obtain epoxy methyl ester of the sample. The sample was dried 239 

over anhydrous magnesium sulphate. The solvent (diethyl ether) was then removed using a 240 

rotary evaporator. The epoxy oxygen (oxirane) content and iodine value (IV) of the sample 241 

was measured according to procedure described by Arumugam et al. [22] and Arumugam and 242 

Sriram [23]. 243 
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The obtained epoxy methyl ester sample was epoxy methyl ester (oxirane) of palm kernel oil 244 

(EMPKOo). Fig. 1 shows the reaction scheme for the epoxidation reaction of PKME to obtain 245 

EMPKOo. 246 

 247 

Fig. 1: Reaction Scheme for Epoxidation Reaction of PKME to obtain EMPKOo [24].  248 

Esterification ring opening reaction 249 

Twenty (20) g of epoxy methyl esters (oxirane) sample (EMPKOo) was placed in a round 250 

bottom flask. 10 ml of ethyl acetate was added to the flask. Each of the mixtures was stirred 251 

continuously and followed by the addition of 4 g of acid anhydride. The flask were purged 252 

with nitrogen (to exclude air) and followed by the addition of 1ml boron trifluoro 253 

diethyletherate to the flask. The epoxy methyl esters (oxirane) sample in the flask was heated 254 

to 70 °C. The mixtures were left to react at this temperature for 7 hrs in fume cupboard with 255 

continuous stirring. The organic phase (oily layer) of sample was purified three times with 5 256 

% NaHCO3 (3 x 15 ml) to neutralize the unreacted acid present. Thereafter, organic phase of 257 

sample was also washed three times with saturated solutions of sodium chloride NaCl (3 x 15 258 

ml) to obtain the branched methyl ester sample. The sample was dried over anhydrous 259 

magnesium sulphate. The solvent (ethyl acetate) was then removed using a rotary evaporator. 260 

The unreacted anhydrides were removed at atmospheric pressure using distillation at 80 °C. 261 
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The distillation unit can only process about 20 ml of sample each time, limiting the amount of 262 

sample that can be processed. 263 

The obtained branched methyl ester sample was then used as precursors for the synthesis of 264 

modified triester-derivatives by acetylation with octanoyl chloride to obtain the palm kernel 265 

biolubticant (PKBLE). Fig. 2 shows the reaction scheme for the esterification of EMPKOo 266 

(epoxide).  267 

 268 

Fig. 2: Reaction Scheme for Esterification of EMPKOo (epoxide). 269 

3. Results and Discussion  270 

3.1. Transesterification of PKME with TMP for palm kernel biolubricant production  271 

Figs. 3 and 4 show the progress of the transesterification reactions at different times for 3.0 272 

and 4.0 molar-ratios, respectively. From the plots, it could be seen that transesterification 273 

advanced stepwise. At first, monoester (ME) formation reached a maximum value. This was 274 

immediately followed by diester (DE) formation. At maximum DE formation stage, triester 275 
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(TE) formation increased at a fast rate.  This was attributed to the fact that during the 276 

transesterification of FAME with TMP which occurs stepwise, intermediate products are 277 

produced, prior to the final preferred product formation, which is the triester (TE) [25]. 278 

Firstly, during the reaction, the ME, that is a single branch polyol ester was formed. 279 

However, increasing the ME quantity, would result to immediate conversion to DE with 280 

another FAME molecule. Finally, the TE was formed by the reaction of DE and FAME 281 

(PKME). It is worth noting from the plots that the TE concentration increased with decrease 282 

in concentrations of DE and ME, as evident in the Figs. 3 and 4. This reaction mechanism has 283 

been reported by a number of other researchers [4,26-27].  284 

 285 
Fig 3: Transesterification between TMP and PKME of 140 °C and 3:1 molar-ratio, using 1 wt 286 
% Ca(OH)2 catalyst 287 
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 288 
Fig 4: Transesterification between TMP and PKME of 140 °C and 4:1 molar-ratio, using 1 wt 289 
% Ca(OH)2 catalyst.  290 

3.1.1. Temperature Effects 291 

For the determination of temperature effect on synthesis of biolubricant from PKME, 292 

experiment was conducted at FAME to TMP molar ratio of 4:1, with catalyst concentration 293 

of 1.0% wt/wt of reaction mixture. At these conditions, the reaction was carried out at 80, 294 

100, 120, 140 and 160 °C, in other study the effect of temperature on biolubricant synthesis. 295 

Figs. 5 and 6 show the temperature effects results for the synthesis PKO biolubricant. It could 296 

be seen from the Fig. 5 that an increase in the temperature, resulted to the increase in TE 297 

composition, until at about temperature of 140 °C, when the TE composition increase became 298 

negligible. This was attributed to the fact that at higher temperature (see Fig. 6); the quantity 299 

of FAME in the reactor was low, due to vaporization, favoring the reverse reaction. In other 300 

words, the re-condensation of the FAME vapor back into the reactor. Hence, the reverse 301 

reaction would be contained; thereby leading to more esterification of the DE to TE. 302 

Therefore, there is need for the condenser water to be cold enough, in other to ensure 303 

condensation of the vaporized FAME back into the reactor [4,28].  304 
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 305 
Fig. 5: Effects of temperature on PKME composition at 4:1 PKME-TMP mole ratio and 1% 306 
catalyst loading for 5 hrs. 307 

 308 
Fig. 6: Temporal yield of PKTE at various temperatures, 4:1 PKME-TMP mole ratio and 1% 309 
catalyst loading. 310 

3.1.2. Mole Ratio Effects 311 

In other to ensure improve yield of the triester during the transesterification of FAME with 312 

TMP, excess quantity of FAME or TMP is used. This is because transesterification reaction is 313 

a reversible reaction. However, in this study, excess FAME was chosen over TMP due to 314 

economic reasons of its lower cost. The molar ratio of FAME to TMP was varied at 3:1, 4:1, 315 

5:1, 6:1 and 7:1, at temperature of 100 oC, time of 5hr and Ca(OH)2/wt catalyst weight of 316 

1.0% wt. Fig. 7 shows the effect of PKME: TMP mole ratio on % composition of TMP ester 317 

at 100 °C and catalyst loading of 1% each. Then again, Fig. 8 shows the temporal yield of 318 
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palm kernel triester (PKTE) at various mole ratios for temperature of 100 °C and 1 % catalyst 319 

loading. It could be seen from Fig. 7 that as the molar ratio of FAME: TMP was increased, 320 

the yield of TE increased as well. In other to obtain better and more product yield, the 321 

reactants molar ratios were kept above the stoichiometric values.  This is because the reaction 322 

was driven more toward completion. However, in Fig. 8, it was evident that increasing the 323 

molar ratio beyond 4:1 gave negligible improvement in TE yield for palm kernel biolubricant. 324 

This phenomenon could be attributed to the low rate of conversion of DE to TE, as well as 325 

occurrence of reverse reaction that caused the breaking of DE to TE [4,29]. Noureddini and 326 

Zhu [29], reported that for the chemical and enzymatic transesterification of rapeseed methyl 327 

ester using TMP, maximum conversion was attained at mole ratios of 3.3:1 and 3.5:1, 328 

respectively.   In this work, it could be seen that the conversion to TE increased from 71.34 to 329 

77.10 % as the mole ratio increased from 3:1 to 4:1 (see Fig. 7). However, a small amount of 330 

DE was an added value to the properties of the lubricant. Meanwhile, the large excess of 331 

FAME remaining in the final product would affect the physical properties of lube which 332 

would require additional energy to remove [26]. 333 

 334 
Fig. 7: Effects of PKME: TMP mole ratio on % composition of TMP ester at 100 °C and 1% 335 
catalyst loading 336 
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 337 
Fig. 8: Temporal yield of PKTE at various mole ratios, 100oC and 1% catalyst loading  338 

3.2. Epoxidation and subsequent esterification of PKME for biolubricant production  339 

The result of the effect of temperature and time at different times and temperatures, on the 340 

relative fractional conversion of the palm kernel methyl ester sample to oxirane is presented 341 

Fig. 9. The conditions used for this study were H2O2-ethylenic unsaturation molar ratio of 342 

1.5:1, 2.5 wt% H2SO4 catalyst conc., and 1200 rpm stirring speed.  343 

Temperature and time effects on the rate of epoxidation of the palm kernel methyl ester 344 

sample, was determined at 35, 45, 55, 65 and 75 °C. The result indicates that the relative 345 

fractional conversion to oxirane, increased directly with reaction time during the early stages 346 

of the reaction as could be seen in Fig. 9. However, it later started to decrease with additional 347 

increase in time of the reaction. This abnormality associated with additional increase in time 348 

was due to the commencement of oxirane ring opening [30-31]. Also, it was found that 349 

temperature increase favored peracetic acid formation. Hence, the resulting implication was 350 

not limited to accelerated epoxidation, but also in enhanced hydrolysis rate; that is oxirane 351 

ring opening of the product [32].  352 
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Furthermore, Fig. 9 shows the times necessary to achieve maximum relative conversion at 353 

different temperatures. As could be seen in the Figure, the time necessary to attain maximum 354 

relative conversion were 8, 7.9, 6, 6, and 4 hr., at temperatures of 35, 45, 55, 65 and 75 °C, 355 

respectively. From the Fig. 9, it was observed that smaller rates were noticed for the reactions 356 

at lower temperatures of 35 and 45 °C. Though, more stable oxirane rings were obtained at 357 

these temperatures, compared to those of higher temperatures 55, 65 and 75 °C, which 358 

showed higher rate, but more unstable oxirane ring, leading to higher degradation of the 359 

epoxide. It is important to state that at the higher temperatures of 55, 65 and 75 °C; the 360 

relative conversion of the PKME sample to oxirane attained maximum values in 6, 6 and 4 361 

hr., respectively. Nevertheless, it was noticed that there was decrease in the relative 362 

conversion to oxirane with additional increases in time. For instance, at temperature of 75 °C, 363 

the observed decrease in the relative conversion to oxirane was very clear since it began after 364 

4 hr. In the same way, at temperatures of 55 and 65 °C, their relative conversion started after 365 

6 hr.  Nevertheless, at 35 and 45 °C, more stable rings were obtained for the sample. This is 366 

because there was no decrease in the relative conversion to oxirane within the studied time 367 

intervals (see Fig 9).  368 

Similar results were also obtained by Agu et al. [2], Goud et al. [32] and Cai et al. [33] for the 369 

epoxidations of Terminalia catappa L. methyl ester, mahua and soyabean oils, respectively. 370 

The highest fractional conversion to oxirane obatined was 0.87, at 75 °C in 4 hr. as shown in 371 

Fig 9. 372 

 373 
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 374 
Fig. 9: Effects of temperature and time on relative fractional conversion to oxirane for the 375 
epoxidation of palm kernel methyl ester  376 

3.3.  Physicochemical properties of PKO and PKO biolubricants 377 

The physicochemical properties of the PKO and the biolubricants produced by 378 

transesterification with trimethylolopropane (TMP) and epoxidation-esterification methods 379 

are presented in Table 1. The obtained oil yield of palm kernel was 49.82 %. This value was 380 

slightly higher than the 47.5 % and 49.2 % yields reported for palm kernel by Ibiam and 381 

Anosike [8] and Hossain et al. [34]. However, this value was lower than the 49.9 % yield, 382 

reported by Zaidul et al. [35]. This difference in the PKO yields could be attributed to the 383 

extraction method used [36].      384 

A number of studies have shown that vegetable oils have short comings with respect to its use 385 

as biolubricant without modification of its structure [37-38]. These limitations include 386 

thermal, oxidative and hydrolytic instability as well as inadequate low temperature fluidity as 387 

a result of their high pour points [1]. These limitations are as a result of the glycerol moiety 388 

which is a major constituent in vegetable oil. Most of these problems are significantly 389 

reduced by chemical modification of the vegetable oil, in this case PKO. Hence, the reason 390 
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for the modification of the PKO using the methods of transesterification with 391 

trimethylolopropane (TMP) [1,17] and epoxidation-esterification [37-40].  392 

The synthesis of PKO biolubricant using two stage transesterifaction methods causes the 393 

removal of the β-hydrogen atom from the oil structure. Hence, provides an ester with high 394 

oxidative and thermal stability [41]. In this two stage transesterification process, the unstable 395 

hydrogen that is bared by the glycerol molecule is substituted by a more stable TMP. At the 396 

first stage of the transesterification reaction, the glycerol molecule is removed, while in the 397 

second stage, a more effective TMP molecule, replaces the glycerol. Thus, 398 

trimethylolpropane triester (TMPTE) that has more superior properties and performance is 399 

produced [1]. 400 

Similarly, the synthesis of PKO biolubricant was also achieved using the three step synthesis 401 

of the methyl ester that involves epoxidation, ring opening and esterification steps. The 402 

epoxidation process helps in the removal of unsaturation in the methyl ester by converting 403 

them into epoxy-groups that improves the oxidative stability. It is a known fact that the 404 

existence of double bonds in vegetable oils chains accelerates oxidative degradation. On the 405 

other hand, there are poor low temperature properties in the oil, leading to solidification at 406 

lower temperatures like 0 °C. These short comings, limit their application at low operating 407 

temperature, especially as biolubricants for automotive and industrial purposes [40]. Hence, 408 

suitable method to improve the low temperature flow properties is to attach branching sites at 409 

the epoxy carbons. This leads to the need for the ring opening step of this synthesis approach. 410 

This was achieved by careful carrying out esterification ring opening reaction using acid 411 

anhydride and boron trifluoro diethyletherate catalyst. The obtained branched methyl ester 412 

was used as precursors for the synthesis of modified triester-derivatives by acetylation with 413 

octanoyl chloride. 414 
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Conventional lubricant, the petroleum lubricant sample was analyzed using similar 415 

parameters as those determined for the biolubricant. This was to evaluate the properties 416 

nearness of the biolubricant samples to the conventional lubricant. Table 1 shows the 417 

physicochemical properties of the PKO, palm kernel biolubricat (PKBLT) synthesized by 418 

transesterification of trimethylolpropane (TMP), palm kernel biolubricat (PKBLE) 419 

synthesized by epoxidation-esterification of the methyl ester and the conventional petroleum 420 

lubricant.  421 

Generally, it could be seen from the table that the biolubricants samples were more viscous 422 

and have higher weight than the petroleum lubricant counterpart. Hence, these properties give 423 

rise to the advantages of better mechanical load and thermal resistance of biolubricants over 424 

mineral lubricant [1]. Furthermore, the viscosity indices and pour points values of the studied 425 

samples were similar to the petroleum lubricant sample. The flash point values of the 426 

synthesized biolubricant samples were higher than the PKO sample. This is an indication that 427 

the synthesized samples had enhanced thermal resistance as a result of the transesterification 428 

with trimethylolpropane (TMP) and epoxidation-esterification reactions. The flash point 429 

values of the synthesized biolubricant samples were close to that of petroleum lubricant. 430 

Thus, this is an indication of their greater thermal stability. 431 

Table 1: Physicochemical properties of PKO and modified PKO biolubricants 432 

Property units PKO PKBLT PKBLE Petrolubricant Methods 
       
Oil yield  % 49.82 

   
AOAC 920.85 

Specific gravity g/ml 0.910 0.990 1.10 0.848 ASTM D1217-15 
Viscosity @ 40 °C cSt 24.08 42.53 44.69 46.476 ASTM D445 
Viscosity @ 100 °C cSt 5.02 10.65 11.42 6.940 ASTM D445 
Viscosity index 

 
180 139 132 105 ASTM D2270 

Pour point °C 18 -11 -12 -20 ASTM D97 
Flash point °C 210 235 240 220 ASTM D93 

   433 

 434 
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3.3.1. Specific Gravities (SG) of synthesized PKO biolubricants  435 

As could be seen in Table 1, the specific gravity value of PKO biolubricant PKBLT 436 

synthesized by transesterification with trimethylolpropane (TMP) (0.990 g/mL), is similar to 437 

that PKBLE synthesized by epoxidation-esterification (1.10 g/mL). However, it could be seen 438 

from the table that there was increase in the specific gravity of these two samples when 439 

compared to the SG of the raw PKO sample (0.910 g/mL). However, the petroleum lubricant 440 

had the least SG value of 0.848 g/mL. The higher SG values of the PKBLT and PKBLE 441 

samples, compared to the PKO value, was attributed to increase in molecular complexity 442 

resulting from the trimethylolpropane (TMP) backbone and the elongated chain of the 443 

triester, resulting from the epoxy ring opening, respectively [1,40]. It could be seen that the 444 

specific gravity value for the biolubricant samples were higher than the petrolubricant. This 445 

could be attributed to chemical structural change in the constituent molecules. It is worth 446 

noting that the specific gravity change leads to a corresponding change in the mass of the 447 

products. In other words, the higher the specific gravity, the heavier and more viscous the 448 

lubricant oil would be. Hence, the biolubricant has the advantages of better sustenance at 449 

elevated temperature, as well as the ability to withstand greater loads [42]. The compatibility 450 

of biolubricant products with either the heavy or light duty engines is determined by its SG. 451 

This compatibility is the ability of the sample to mix with other liquids [42]. As such, 452 

materials with lower SG (<1) floats in water, where as those with higher SG (>1), sink in 453 

water. Therefore, biolubricants with higher SG and viscosity, last longer on the applied 454 

surfaces and joints [1,42]. 455 

3.3.2. Viscosities of the synthesized PKO biolubricants samples at 40 °C and at 100 °C 456 

The viscosities of PKO biolubricants synthesized by transesterification with TMP PKBLT 457 

were 42.53 cSt at 40 °C and 10.65 cSt at 100 °C, respectively. Similarly, the viscosities of 458 

PKO biolubricants synthesized by epoxidation-esterification PKBLE were 44.69 cSt at 40 °C 459 
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and 11.42 cSt at 100 °C, respectively. From the values in Table 1, it could be seen that 460 

viscosities values of the PKBLE sample were comparatively higher than those of the PKBLT 461 

sample. For the PKO sample, its viscosity was lower than the values reported for PKO and 462 

palm oil, by Alang et al. [1] and Reddy et al. [43], respectively. However, the PKO sample 463 

viscosity was lower than the value reported for Jatropha oil by Menkiti et al. [4]. These 464 

values for PKO biolubricant samples were less than those of biolubricant from PKO reported 465 

as 480.63 cSt at 40 °C and 20.54 cSt at 100 °C, by Alang et al. [1]. Also, the values of the 466 

viscosities of PKO biolubricants in this work were lower, when compared to Jatropha bio-467 

lubricants with values of 55.17 cSt at 40 °C and 10.96 cSt at 100 °C, as reported by Bilal et 468 

al. [44]. The values for PKO biolubricant are comparable with those of petroleum lubricants 469 

which were evaluated to be 46.476 cSt and 6.940 cSt, at 40 °C and 100 °C, respectively. 470 

However, it is vital to state that the viscosities at 100 °C of the PKO bio-lubricants samples 471 

obtained in this work were greater than that of the petroleum lubricants. As such, the 472 

synthesized PKO biolubricants exhibits greater thermal stability and can endure greater 473 

mechanical stress than petroleum lubricants.  474 

3.3.3. Viscosity Index 475 

The viscosity index values for the PKO biolubricant synthesized by transesterification with 476 

trimethylolpropane (TMP) PKBLT, synthesized by epoxidation-esterification PKBLE, and 477 

petroleum lubricant are 139, 132 and 105, respectively. These values are higher, though close 478 

to that of the petroleum lubricant value. Viscosity index is defined as the property of a liquid 479 

that helps to resist changes in viscosity with increases or decreases in temperature. In 480 

lubricants, it is important to have higher viscosity index values. This is because lubricants 481 

with higher viscosity index significantly resist viscosity changes with changes in temperature. 482 

The viscosity index of PKO is this work is 180. This value is slightly lower than 185, 483 
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reported by Alang et al. [1] for PKO. Also, this value was lower than the 233 viscosity index 484 

value for Jatropha oil, reported by Menkiti et al. [4].  485 

3.3.4. Pour Points  486 

The temperature, at which oil solidifies enough to resist flow, is the pour point of the oil 487 

sample [42]. The pour point reduced from 18 °C for PKO to – 11 °C and – 12 °C for 488 

biolubricants after double transesterification and epoxidation-esterification processes, 489 

respectively. However, the pour point of the petroleum lubricant is – 20 °C. Hence, these 490 

results show that the pour point of the biolubricants and petro-lubricant are good enough for 491 

to permit their use at low temperatures. This was possible because, in the biolubricants, the 492 

products thermal resistance was greatly enhanced, due to the fact that the thermally fragile 493 

glycerol in the PKO triglycerides are replaced by the trimethylolpropane backbone and the 494 

elongated chain obtained during epoxy ring opening, which are thermally stable. Therefore, 495 

the significant thermal stability and cold properties of the PKO biolubricants, compared to the 496 

PKO. Similar results were obtained by Alang et al. [1] and Musa [42] for the synthesis of 497 

biolubricant using PKO; as well as by Bello et al. [45], for the synthesis of biodiesel from 498 

PKO.  499 

3.3.5. Flash Points  500 

Flash point of a fuel can be defined as the temperature at which the fuel can ignite when 501 

exposed to a heat source. This is of importance when safe handling, storage and 502 

transportation are involved [2]. The flash points of PKO and palm kernel biolubricants 503 

samples PKBLT and PKBLE were 210 °C, 235 °C and 240 °C, respectively. Thus, the 504 

products are categorized as non-hazardous products due to their high flash point values. With 505 

respect to lubricants, flash point of a lubricant is the temperature at which some vapor is 506 

emitted from the lubricant to temporarily ignite a flame [1]. Flash point is a very important 507 

property that must be considered in evaluating the overall flammability hazard of a 508 
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biolubricant, as well as other similar materials. On the other hand, the flash point of the 509 

petroleum lubricant was 220 °C. The obtained results were similar to those reported by Alang 510 

et al. [1] (>210) and Salih et al. [17] (>300), for PKO biolubricant. These flash point values 511 

of the obtained PKO biolubricants samples were also in the range of those reported by Aji et 512 

al. [38] for Neem biolubricant (262 °C) and by Bilal et al. [44] for Jatropha biolubricant (274 513 

°C).  514 

3.4. Fourier Transform Infrared (FTIR) analyses of PKO and PKO biolubricants 515 

The surface chemistry of the extracted PKO sample and the synthesized biolubricants 516 

samples were analyzed using FTIR spectroscopy in other to determine the functional groups 517 

present in them. The results in Figs. 10 – 12 were analyzed and likened with known signature 518 

of identified materials in the FTIR library [46]. For all the samples, the main peaks of 519 

importance would be highlighted and briefly discussed. 520 

For the PKO sample (Fig. 10), the peak at 1047.5 cm-1 is a characteristic of C – O stretching, 521 

an indication of the presence of alcohol and phenol, which are oxygen-containing 522 

compounds. Similarly, the peak at 2020.284 cm-1 is characteristics of combination N – H 523 

stretching, combination O – H stretching, indicating the presence of organic compounds. 524 

Furthermore, the peaks centered at 3002.457 cm-1 and 3289.143 cm-1 are characteristic of O – 525 

H stretching, indicating the presence of carboxylic acids, which are oxygen-containing 526 

compounds and water; as such the easy biodegradability of the oil sample.  527 

Fig. 11 shows the FTIR spectrum of synthesized biolubricant to confirm that the 528 

transesterification reaction between methyl esters and trimethylolpropane (TMP) actually 529 

occurred. From the spectrum, the peak at 1773.514 cm−1, which falls in the range of carbonyl 530 

(C=O) group, indicates the absorption for esters [47]. Similarly, the absorption peaks at 2931 531 

and 2886 cm−1, are within the absorption range for C – H stretching in the hydrocarbon 532 
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component of the biolubricant. Finally, the broad peak at 3340 cm−1, indicates the presence of 533 

O – H groups, which is an indication of the presence of oxygen-containing compounds and 534 

water molecules which appear as impurities in the TMP. 535 

Fig. 12 indicates the FTIR spectrum ranges of the PKO biolubricant obtained by the 536 

epoxidation-esterification of the methyl ester sample. This spectrum indicates that 537 

epoxidation had taken place. For instance, the appearance of the band peaks of 1100 cm-1 and 538 

1110 – 1290 cm-1, which were not present in the methyl ester sample, is characteristics of the 539 

epoxide. This is because the functional groups of C – O – C stretching of ethers oxirane ring 540 

and Aliphatic C – O stretching of esters, indicate the presence of oxygen-containing 541 

compounds [46]. The band corresponding to the carboxylic acid functional group is located at 542 

3509 – 3533 cm-1. The presence of this group is associated with the ester hydrolysis during 543 

epoxidation reaction [22]. Furthermore, the band corresponding to the alkane group is located 544 

at 2850 – 2873 cm-1. The presence of this functional group which was not present in the raw 545 

PKO sample indicates the stability of the biolubricant sample obtained by epoxidation-546 

esterification. Finally, predominance of epoxy groups 1100 – 1290 cm-1, indicates that 547 

epoxidation reaction actually occurred. 548 
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 549 
Fig. 10: FTIR spectrum of PKO 550 



28 | P a g e  
 

 551 
Fig. 11: FTIR spectrum of PKO biolubricant obtained by transesterification of methyl esters 552 
and TMP 553 
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 554 
Fig. 12: FTIR spectrum of PKO biolubricant obtained by epoxidation-esterification of methyl 555 
ester sample 556 

3.5. Fatty Acid composition of PKO, and synthesized biolubricant 557 

The fatty acid compositions of palm kernel oil (PKO), PKO biolubricant synthesized by 558 

transesterification with trimethylolpropane (TMP) (PKBLT), and PKO biolubricant 559 

synthesized by epoxidation-esterification (PKBLE) methods are presented in Table 2. 560 

Similarly, the fatty acid profile of PKO, PKBLT, and PKBLE are presented in Figs. 13, 14 and 561 

15, respectively. From the results in the table, it could be seen that the saturated and 562 

unsaturated fatty acid compositions of PKO, PKBLT and PKBLE, were (72.69 % and 27.31 563 

%), (81.81 % and 18.19 %), and (83.45 % and 16.55 %), respectively. This is an indication 564 

that the PKO, PKBLT and PKBLE samples were all highly saturated. For the PKO sample, the 565 

predominant saturated fatty acid was lauric acid, with 41.85 %. On the other hand, oleic acid 566 
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was the predominant unsaturated fatty acid, with 17.45 %. Similar fatty acid composition was 567 

obtained for PKO by Alamu et al. [48]. However, there is the need to further improve on the 568 

saturated level of the PKO using modification prior to their possible application as 569 

biolubricant [4]. 570 

Table 2: Fatty acid compositions of the PKO, PKBLT and PKBLE samples 571 

Fatty acid Fatty acid Type PKO (%) PKBLT (%) PKBLE (%) 

C 8:0 (Caprylic acid) Saturated 0.11 0.58 1.89 
C10:0 (Capric acid) Saturated 5.08 2.13 6.71 
C12:0 (Lauric acid) Saturated 41.85 47.61 45.36 
C14:0 (Myristic acid) Saturated 18.34 20.42 19.08 
C16:0 (Palmitic acid) Saturated 6.13 8.52 7.56 
C18:0 (Stearic acid) Saturated 1.18 2.55 2.85 
C18:1 (Oleic acid) Unsaturated 17.45 16.11 15.44 
C18:2 (Linoleic acid) Unsaturated 9.86 2.08 1.11 
     
Saturated fatty accids (%)  72.69 81.81 83.45 
Unsaturated fatty acid (%)  27.31 18.19 16.55 
Total (%)  100.00 100.00 100.00 

 572 

From the results presented in Table 2, it could be observed that the saturated and unsaturated 573 

fatty acid compositions of PKBLT, were 81.81 % and 18.19 %, respectively. These results 574 

show that, the percentage compositions of the saturated fatty acids for the PKBLT sample 575 

increased, while that of the unsaturated decreased, after transesterification of the PKO sample 576 

using TMP. This could be due to the heat assimilation. This is because as the heating 577 

temperature rises, it results to in the fatty acids modification. Hence, the saturation level 578 

increases due to decreased prevalence of two or three double bonds [49]. Henceforth, this 579 

results in the polyunsaturated fatty acids (PUFA) decrease, with corresponding increase in the 580 

saturated fatty acids (SFA) [50]. Therefore, transesterification of PKO using TMP increases 581 

its saturation level, making the modified oil more usable as biolubricant. The predominant 582 

saturated fatty acid in PKBLT sample was lauric acid, with 47.61 %. On the other hand, oleic 583 

acid was the predominant unsaturated fatty acid, with 16.11 %. Similar fatty acid composition 584 
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was obtained for transesterification with trimethylolpropane (TMP) of methyl ester of 585 

Jatropha curcas oil [4]. 586 

From the results presented in Table 2, it could be seen that the saturated and unsaturated fatty 587 

acid compositions of PKBLE sample, were 83.45 % and 16.55 %, respectively. From these 588 

results (Table 2), it could be seen that even though the percentage compositions of the 589 

saturated fatty acids increased, leading to decrease in percentage of unsaturated fatty acid 590 

(oleic acid and linoleic acid). It could be observed that there was more increase in the 591 

percentage of saturated fatty acids present in the PKBLE sample, when compared to that of 592 

PKBLT samples. However, like in the case of the transesterification of methyl ester with 593 

trimethylolpropane (TMP), there was increase in the percentage of saturated fatty acids. This 594 

was due to the heating, resulting in increase in temperature, associated with epoxidation 595 

reaction. This is because of the fact that heat treatment of oils or methyl esters, induces fatty 596 

acids modifications with two or three double bond [49]. These explanations, substantiates the 597 

reason for the decrease and increase of the unsaturated fatty acids (UFA) and saturated fatty 598 

acids (SFA), respectively [50]. The improvements in the stability of the PKBLE and PKBLT 599 

samples were due to increase in SFA samples as evident in the Table 2. Like in the PKO and 600 

PKBLT, the predominant saturated and unsaturated fatty acids in PKBLE sample, were lauric 601 

acid and oleic acid, respectively.  602 

 603 
Fig. 13: Fatty acid profile of PKO 604 
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 605 
Fig. 14: Fatty acid profile of PKBLT 606 

 607 
Fig. 15: Fatty acid profile of PKBLE 608 

4. Conclusion 609 

The production of biolubricant from PKO using transesterification PKME using TMP and 610 

epoxidation-esterification processes was achieved successfully. However, the PKBLE sample, 611 

produced by transesterification of PKBLT using TMP, showed conformed better to the 612 

stipulated standard, when compared to the PKBLE sample obtained by the epoxidation-613 

esterification method. That notwithstanding, both samples have shown potential for 614 

utilization as ecofriendly bio-lubricant. The presence of the C – H, OH functional groups 615 

identified by the FTIR results, is an indication that they would enhance the biodegradability 616 

of the produced bio-lubricants samples. The effects of time, temperature and mole ratio 617 

significantly affected the transesterification reaction with TMP; while time, temperature and 618 

molar ratio of H2O2 significantly influenced the epoxidation reaction. Therefore, chemical 619 
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modifications of PKO for bio-lubricant production using the aforementioned methods were 620 

useful in successful development of ecofriendly PKO bio-lubricant samples.       621 
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Nomenclature 627 

AOAC  Association of Official Analytical Chemists’ 628 

DE  Diester 629 

EMPKOo  Epoxy Methyl Ester (Oxirane) of Palm Kernel Oil 630 

FAME  Fatty Acid Methyl Ester 631 

FTIR  Fourier Transform Infrared  632 

GC   Gas Chromatography  633 

ME  Monoester 634 

PAA  Peracetic Acid 635 

PKBLE  Palm Kernel Biolubricant obtained by Epoxidation-Esterification 636 

PKBLT  Palm Kernel Biolubricant obtained by transesterification of TMP 637 

PKME  Palm Kernel Methyl Ester 638 

PKO  Palm Kernel Oil 639 

PKTE  Palm Kernel Triester 640 

PUFA   Polyunsaturated Fatty Acids 641 

RPM   Revolutions per Minute 642 

SFA  Saturated Fatty Acids 643 
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TE  Triester 644 

TMP  Trimethylolpropane 645 

TMPTE  Trimethylolpropane Triester 646 

UFA   Unsaturated Fatty Acids  647 
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