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Abstract. Modeling and optimization of trans-esterification of palm kernel oil (PKO) to
trimethylolpropone ester (TMP ester- a bio-lubricant) via palm kernel oil methyl ester (PKOME-a
biodiesel) synthesis were investigated. The central composite design (CCD) component of the response
surface methodology (RSM) was adopted for the optimization of the process parameters, where
temperature and weight ratio of PKOME to TMP were held constant at 130 °C and 3.9 : 1 respectively,
to generate 20 experimental runs. Bio-lubricant yield was calculated for each experimental run. A
quadratic-like model was generated that related the yield to the process parameters (Reaction time,
Stirring Speed, and Catalyst concentration). The predicted and actual R2 value were 0.9856 and
0.9959 respectively, which indicate an excellent agreement between experimental and predicted bio-
lubricant yield. The predicted maximum bio-lubricant yield was 98.11 % at reaction time of 99.9084
mins, stirring speed of 863.794 rpm, and catalyst concentration 0.84522 wt. %. The experimental
value obtained under same conditions was 96.996 %. Physico-chemical analysis of the bio-lubricant
synthesized at optimum conditions were found to be within the range of the ASTM standard for bio-
lubricants.
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MopaenpoBaHue npouecca

H onnTUMHM3aAlludA CHHTE3a 3€JICHOI0 CMAa309HOIo MacJjia

P.I'. OBoaabu, M.A. Ycamas,

0. Oaysacoaa, T.C. Ukyn:xaBa

Tocyoapcmeennwiii ynusepcumem Jlaeoca

Kagpeopa xumuueckozo u negpmanoeo mawunocmpoenus
Hueepus, Jlacoc

Annomayus. BeIM UccieoBaHBl MOACIUPOBAHNE M ONTHUMHU3AIUS TPAHCITEPU(PUKALIMH KOCTOYKO-
Boro maspMoBoro Macia (PKO) B cnoxHbIN 2up TpuMeTHIoamnponana (caoxusri a3¢pup TMP — 6no-
TyOpHKaHT) TOCPEACTBOM CHHTE3a METHIIOBOTO dpupa KocTtoukoBoro macina (PKOME-a Onommsens).
KommnoneHT meHTpaspHOro KomMmno3utHoro nuiaifHa (CCD) MeTOmOJOTHH MOBEPXHOCTH OTKIIHKA
(RSM) ObL1 TPUHAT AL ONITUMH3AINHN TAapaMETPOB IIpoIlecca, IIe TeMIIepaTypa 1 MacCoBO€ OTHO-
menne PKOME x TMP nonaepxuBannce noctossHHsIME Ha ypoBHE 130 °C u 3,9:1 coOTBETCTBEHHO,
9TOOBI TOTYyYHTh 20 SKCIIEPUMEHTAIBHBIX IPOTOHOB. Pecypc 6mocMas3ku OB pacCUnTaH IS KaxK-
JIOTO HKCIIEPIMEHTAJIBHOrO IMKJIA. Bbllla co3naHa KBaapaTHyHas MOJEIb, KOTOpas CBs3ajla BBIXOA
C IapaMeTpaMH Ipolecca (BpeMs peakiMH, CKOPOCTh NepeMEeIIMBAHNS U KOHLEHTPALUs KaTaJln3a-
topa). [Iporaosupyemoe u paxtugeckoe 3HaueHust R2 cocrasmmm 0,9856 u 0,9959 cooTBeTCTBEHHO,
YTO yKa3bIBaeT Ha IPEBOCXOAHOE COOTBETCTBUE KCIIEPUMEHTAIBHOTO U TPOTHO3UPYEMOT0 BBIXOIOB
6rnocmasku. IIporao3upyemslii MakcuMaIbHBIN BbIX0J OMocMa3ku ObL1 paBeH 98,11 % npu BpemeHn
peakunu 99,9084 muH, ckopocTn mepememuBanus 863,794 00/MUH W KOHIEHTPAMH KaTaIH3aTo-
pa 0,84522 mac. %. DKcrepuMeHTaIbHOE 3HAUCHHE, OIYYEHHOE NPH TEX KE YCIOBUAX, COCTABUIIO
96,996 %. bpi1o oOHapykeHO, 9TO (HU3MKO-XUMUYECKHN aHaIN3 OMOCMAa30K, CHHTE3UPOBAHHBIX B
ONTHMAJBHBIX YCIOBUAX, HAXOAUTCS B IIpesenax quanazona crannapra ASTM st Gnocmasok.

Kniouesvle cnosa: MOJCIMPOBAHUEC, OIITUMU3AL WA, TpchaTepn(anauuﬂ, ouocmaska.

Luruposanune: OBonabwu, P.I. MozenipoBaHue nporecca 1 O THMA3ALUs CHHTE3a 3eJIeH0ro cMa3ouHoro Macia/ P.Im. OBoiadwu,
M.A. Ycaman, O. OnyBacona, T.C. Ukymxkasa // Kypn. Cub. penep. yH-ta. Texauka u rexsosnoruu, 2020. 13(8). C. 1002—1017.
DOI: 10.17516/1999-494X-0281

1. Introduction

There is a global campaign for the replacement of synthetic products with bio-based or green
products. This is as a result of the changing climate by virtue of the release of anthropogenic gases
into the atmosphere. These gases find their ways into the atmosphere during the course of synthetic
products production or through the environmental implications of the corresponding waste generated.
Studies have also shown that about 93 % of the biomass which are likely primary feedstocks for bio
industrial processes are untapped and allowed to rot. On account of these, there is a strong need to
harness the natural feedstocks such as bio-sourced oil for green lube production. More importantly,
fossil fuels have been strongly associated with the release of greenhouse gases, majorly CO,. The
drawback of the release are climate change, emergence of drought, spread of diseases and variation
in population sizes of both plant and animal species [38], depletion of the world’s crude oil reserve,
hike in petroleum products prices, and issues related to conservation. The drawbacks have brought
about renewed interest in the use of bio-based materials [70]. The non-biodegradability and non-

renewability of mineral lubricants and their associated contaminating effects in soil, water, and air,
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pose danger to public health and the environment where man, animals and plant operate. Emphasis
by policy makers and science and engineering communities on the acceptance and adoption of
renewable, biodegradable, and eco-friendly industrial fluids, such as diesel, lubricants which is
considered herein and other fuels have raised the need to search for alternative renewable sources
for them [60, 11, 16, 56, 72, 12].

Lubricant is a substance mostly fluid or semi-fluid like introduced between two moving surfaces
to lower the friction between them, increase efficiency and lower wearing rate [34, 12]. Lubrication
is the technique usually adopted to reduce wearing and tearing rate of one or both surfaces in contact
by applying lubricant between the surfaces which is expected to carry load between the contacting
surfaces [26, 52]. In addition, lubricant serves as heat transfer medium, liquid sealing, contaminant
suspension, and corrosion protection between closely moving surfaces. Previous researches have
confirmed that the mono-unsaturated fatty acids in plants oils, specifically oleic, and palmitic, are
ideal candidates for both lubricants and hydraulic oils [58]. Oleic acid for instance has been proved
by earlier researchers as the most ideal mono-saturated fatty acid for bio-lubricant application. Bio-
lubricants have edge over the conventional lubricants. For instance, bio-lubricants possess lower
volatility, higher flash, less vapour emissions and oil mist, and constant viscosity that offer them
better lubricity [19].

In other studies, the global transportation energy use is expected to increase by an average of
1.8 % per year from 2005 to 2025 [70]. The International Energy Agency (IEA) report (2007), and
Shahid and Jamal (2011) [66] have also indicated that the world will need 50 % more energy in 2030
than compared to present use, of which 45 % will be accounted for by China and India.

In this study, our focus is the statistical optimization of the production of bio-lubricants using
Palm Kernel Oil (PKO) as feedstock.The choice of PKO was informed by its relative abundance.
Besides, it has been reported that Nigeria ranks amongst the major world producers of PKO (USDA,
1998; [2]).

2. Methodology

The overall methodology for the synthesis of green lube oil is as depicted in Fig 1.

2.1. Design of experiment using RSM

Reaction time (mins), stirring speed (rpm) and catalyst concentration (%wt/wt) as process
variables were factored into the central composite experimental design Each of the independent
variables was studied at three levels (-1, 0, +1), with 20 experimental runs. The levels were selected
based on preliminary study, prior experience and information from literature. The variables optimized
were Reaction time (60 — 120 mins), stirring speed (800 — 1000 rpm) and Catalyst concentration (0.75 —
1.00 °C), respectively as contained in Table 1.

Table 2 shows both the coded and uncoded values of factors and levels used in the experimental
design. The statistical software Design Expert 10.0, (Stat-Ease Inc., Minneapolis, USA) was used to
evaluate the analysis of variance (P < 0.05), determine the significance level of each term in the model
equation and to estimate the goodness of fit.

The percentage production yield was determined according to (1) while the percentage yield of

bio-lubricant was determined using (2)

— 1004 —



Journal of Siberian Federal University. Engineering & Technologies 2020 13(8): 10021017

Table 1. Experimental range and the levels of the variables

Factors High level (+1) Medium level (0) Low level (-1)
A Reaction Time (mins) 120 90 60
B Stirring Speed (rpm) 800 900 1000
C Catalyst Conc. (Y%owt/wt) 0.75 0.875 1.00

Table 2. Experimental design for synthesis of bio-lubricants

Factor 1 (A): Factor 2 (B): Factor 3(C):
Run Reaction Time (mins) Stirring Speed (rpm) Catalyst Concentration (Yowt/wt)
Coded Value Acual Value Coded Value Actual Value Coded Value Actual Value
1 -1 60 -1 800 +1 1.000
2 90 0 900 +1 1.000
3 90 +1 1000 0 0.875
4 90 0 900 0 0.875
5 -1 60 0 900 0 0.875
6 90 0 900 0 0.875
7 90 0 900 0 0.875
8 90 0 900 0 0.875
9 90 -1 800 0 0.875
10 -1 60 -1 800 0 0.750
11 -1 60 +1 1000 +1 1.000
12 +1 120 +1 1000 -1 0.750
13 90 0 900 -1 0.750
14 90 0 900 0 0.875
15 +1 120 0 900 0 0.875
16 +1 120 -1 800 +1 1.000
17 0 90 0 900 0 0.875
18 -1 60 +1 1000 -1 0.750
19 +1 120 -1 800 -1 0.750
20 +1 120 +1 1000 +1 1.000

. . f hed biolubri 100
Production Yield = 1ass of unwas ed biolubricant x . )
mass of methyl ester used

% yield of biolubricant = mass of dried biolubricant x 100 ' o)
mass of methyl ester used

2.2. Physio-chemical analysis of bio-lubricants

The intermediate product (PKOME) and the synthesized bio-lubricant at optimum condition were
analyzed for the following physio-chemical properties; viscosity, viscosity index, pour point, flash

point, acid value and % free fatty acid (FFA) using standard methods.
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3. Results and Discussion

3.1. Statistical modeling

Table 3 depicts the actual and predicted yield of the bio-lubricant. The experimental data obtained
from the trans-esterification reaction was analysed by the RSM regression using the polynomial

equation shown in (3)
Y= bo + Zf biXi + Zi-{zl b”Xlz + Zi{>] Z? biiXin + e. (3)

Where Y is the response (yield of bio-lubricant), X; is the independence variables, b, is the
intercept, b; is first order coefficient of the model, b; is the quadratic coefficient of the i factor, b, is
the linear coefficient of the model for the interaction between the i and j™ varaiables, k is the number
of variables and e is the experimental error.

Experimental results were fitted using the polynomial (quadratic) equation (3) by multiple
regression analysis to obtain the quadratic regression model for the trans-esterification of PKOME

based on the coded values as shown in (4).

Y =+497.53 + 4.784 + 0.48B + 0.52C + 0.21AB + 0.18AC + 0.32BC- “4)
—6.204% — 0.036B2 — 0.026C?

where Y is the bio-lubricant yield, A is the Reaction time, B is the stirring speed, and C is the catalyst
concentration. The model equation in terms of actual factors is also presented in 5.

Table 3. The actual and predicted yield of Bio lube oil yield

Run Order Actual value Predicted value Residual
1 86.25 86.24 0.011
2 97.58 98.03 -0.45
3 97.52 97.98 -0.46
4 97.22 97.53 -0.31
5 86.31 86.55 -0.24
6 98.03 97.53 0.50
7 97.61 97.53 0.077
8 98.06 97.53 0.53
9 96.81 97.02 -0.21
10 86.25 86.20 0.047
11 87.57 87.40 0.17
12 95.88 95.72 0.16
13 96.77 96.99 -0.22
14 97.50 97.53 -0.033
15 95.69 96.12 -0.43
16 95.90 95.75 0.15
17 98.11 97.53 0.58
18 86.12 86.10 0.016
19 94.98 94.98 1.114E-003
20 97.88 97.76 0.12
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Y = +44.76 + 1.294 — 0.017B — 20.13C + 7.04e — 0.0054ABAC — 5)
—0.049AC + 0.025BC — 6.89¢ — 0.0374% — 3.59¢ — 0.006B% — 1.66C?>

3.2. Fitness of model and analysis of variance (ANOVA)

The statistical significance of the model was checked using the analysis of variance (ANOVA)
and the coefficient of determination (R?). The ANOVA was also used to determine the significance
of each term in the model. The model was considered satisfactory when the ANOV A data showed a
high level of significance. The statistical significance and fitness of the developed model as well as the
significance of the individual and interacting terms were analysed using ANOVA and results obtained
as shown in Table 4.

The model F — value of 266.96 and the P — value were found to be less than 0.0001. This is an
indication of the high significance of the model. The significance of each model terms was also checked
using the F — value and p — value. Results indicated that the most significant term in the model was the
reaction time (A) with an F-value of 1279.06, followed by the Catalyst concentration (B) with F — value
of 15.00 and stirring speed with F-value of 12.77. Though, all the three variables are significant since
all their p-values are less than 0.05, but with varied level of significance (For a term to be significant,
p — value must be less than 0.05) [1]. All interacting terms are insignificant since the P-values of AB,
AC and BC are; 0.1881, 0.2472, 0.0605 respectively which are greater than 0.05. In this case A, B, C,
A? are significant model terms.Therefore the terms; AB, AC, and BC can therefore be removed from
the model for sensitivity analysis test. The lack of fit was also determined for the quadratic model. The

lack of fit having the F-value of 1.68 and P — value of 0.2911 was not significant, an indication that the

Table 4. ANOVA result for the quadratic model

Sum of

Source squares df Mean square F-value P-value Remark
Model 429.74 9 4775 266.96 <0.0001 Significant
A-Time 228.77 1 228.77 1279.06 <0.0001
B-Spt;:(ljng 2.28 1 2.8 1277 0.0051
Ciliittilaytfén 2.68 1 2.68 15.00 0.0031
AB 0.36 1 0.36 2.00 0.1881
AC 0.27 1 0.27 1.51 0.2472
BC 0.80 1 0.80 4.47 0.0605
A? 105.74 1 105.74 591.20 <0.0001
B? 3.546E-003 1 3.546E-003 0.020 0.8908
c? 1.846E-003 1 1.846E-003 0.010 0.9211
Residual 1.79 10 0.18 1.68 0.2911
Lack of Fit 1.12 5 0.22 266.96 <0.0001 not significant
Pure Error 0.67 5 0.13
Cor Total 431.53 19

R?=0-9959, Adjusted R? = 0.9921, Predicted R? = 0.9856, Adequate Precision = 39.865, CV = 0.45 %.
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Ve e Sdttvre Predicted vs. Actual
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Fig. 2. Actual versus predicted bio-lubricant yield

model sufficiently describes the relationship between the trans-esterification variables and the bio-
lubricant yield.

The coefficient of variation (CV) was also used to check the adequacy of the model. According
to Daniel (1991), the CV should not be more than 10 %. The CV was 0.45 %, which further confirms
the model adequacy. The R? value was also used to test the suitability of the model. The R? value of
0-9959 which is close to 1.0000 indicates an excellent agreement between experimental and predicted
bio-lubricant yield [1]. The “Pred R-Squared” of 0.9856 is in reasonable agreement with the “Adj
R-Squared” of 0.9921; i.e. the difference is less than 0.2. “Adeq Precision” measures the signal to noise
ratio. A ratio greater than 4 is desirable. The ratio of 39.865 indicates an adequate signal. This model
can be used to navigate the design space. A plot of the predicted bio-lubricant yield versus the actual
bio-lubricant yield is shown in Fig. 2. The random scattering of data points around the diagonal line is

further evident of the suitability of the developed model [1].

3.3. Interactive Effect of process parameters on bio-lubricant yield

The response surface plots shown in Fig. 3 describes the interactive effect of two variables on the
bio-lubricant yield, while the other one variable is kept constant at their central point. The response
surface plot of the bio-lubricant yield as a function of reaction time and stirring speed at a catalyst
concentration of 0.95 wt. % is shown in Fig. 3. It is observed that an increase in reaction time from
83 mins to about 100 mins at constant 926 rpm increases the yield of bio-lubricant but beyond this
limit the yield declines. Also it can be observed that the bio-lubricant yield also increases slightly as
the stirring Speed incrreases at about 90 mins reaction time.

Fig. 4 shows the response surface plot of the bio-lubricant yield as a function of reaction time and
catalyst concentration at constant stirring speed of 900 rpm. Similarly, it was observed that increasing
the reaction time increases the bio-lubricant yield. However, beyond reaction time of 103.49 mins there

is a decrease in the bio-lubricant yield.
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Design-Expert® Software
Factor Coding: Actual
Yield (%)

I98.1 1

86.12

X1 =A: Time 105
X2 = B: Stirring speed

Actual Factor
C: Catalyst concentration = 0.945946 100

120

B: Stirring speed (rpmkso

800~ 60 A: Time (mins)

Fig. 3. Response surface plot of the bio-lubricant yield as a function of reaction time and stirring speed

Design-Expert® Software

Factor Coding: Actual

Yield (%)

* Design points above predicted value
e Design points below predicted value

I98.‘I1

86.12

X1 =A: Time

X2 = C: Catalyst concentration

Actual Factor
B: Stirring speed = 900

Yield (%)

0385
C: Catalyst concentration (Y%owt/'w A: Time (mins)

0.75 60

Fig. 4. Response surface plot of the bio-lubricant yield as a function of reaction time and catalyst concentration

Fig. 5 shows the response surface plot of the bio-lubricant yield as a function of stirring speed
and catalyst concentration at constant reaction time of 90 mins. The figures shows that the effect of
catalyst and stirring on yield of bio-lubricant is minimal compared to other factors or combination
of factors studied. Increase in Stirring speed and catalyst concentration slightly increases the bio-

lubricant yield.

3.4. Optimization of Bio-Lubricant Yield and Validation of Model

The optimum conditions for achieving maximum biodiesel yield was calculated using RSM
numerical optimization. The solutions to the numerical optimization were; a reaction time of

99.9084 min, stirring speed of 863.794 rpm and catalyst concentration of 0.84522 %wt/wt. This was
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Design-Expert® Software
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Fig. 5. Response surface plot of the bio-lubricant yield as a function stirring speed and catalyst concentration

L 2 >
60 120 800 1000
A:Time = 99.9084 B:Stiming speed = 863.794
- T
|
0.75 1 86.12 98.11
C:Catalyst concentration = 0.84522 Yield =98.1216

Desirability = 1.000

Fig. 6. Various maximum point for experimental variables

the best solution out of 100 solutions, having the desirability of 1.00. Fig. 6 shows the various maximal
point for each parameter that gave an optimum yield of 98.11.

For reproducibility and consistency of results, bio-lubricant synthesis was further carried out
at the observed optimum conditions (99.9084 mins reaction time, 863.794 rpm stirring speed, and
0.84522 %wt/wt catalyst concentration) to obtain results as contained in Table 5. The discrepancy was

1.114 which further shows the adequacy of the model generated.

3.5. Reduction in % FFA of PKO

Prior to trans-esterification reaction, the oil was esterified to reduce the % free fatty acid of the oil

for elimination of possible side reaction. Table 6 shows the reduction in % FFA with time.

3.6. Characterization of the intermediate product (PKOME- a biodiesel)

The intermediate product (PKOME) was characterized and the results are contained in
Table 7.
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Table 5. Optimum conditions bio-lubricants yield

Parameters Condition
Reaction time (mins) 99.9084
Stirring Speed (rpm) 863.794
Catalyst Concentration (Yowt/wt) 0.84522
Optimal Yeild (%) 98.11
Validated Optimal Yield (%) 96.996

Table 6. Reduction in % FFA with esterification reaction time

Reaction Time (mins) % Free fatty acid
0 3.95
30 2.89
60 0.68

Table 7. Characterization of PKOME

Parameter PKOME ASTM Standard Petroleum diesel
Density (g/cm?) 0.8143 0.86 - 0.9 0.84
Acid Value 0.82 Max. 0.80 0.35
%Free fatty acid 2.95 Max. 0.40 0.175
Kinematic Viscosity (mm?/s) @40 °C 5.22 19-6 2.98
Pour Point ( °C) -4 -15-10 -12
Flash point( °C) 141 Min.130 74

Source of Biodiesel ASTM and petroleum diesel standard are retrieved from Joseph C Obata [49].

3.7. Physiochemical properties of bio lube oil synthesized

The application of the synthesized bio-lubricant at optimum conditions was ascertained through
conducted tests as depicted in Table 4.

3.8. Physiochemical properties of PKO bio-lubricant

The physicochemical properties of the bio-lubricant produced under optimal reaction conditions
were analysed and compared with the petroleum lube oil shown in Table 8. It can be seen that the
major fuel properties such as density, viscosity, viscosity index and flash point are not too far from
the petroleum base except for the pour point. It was observed that the modification of the PKO
through esterification reduces the flash point of PKO from 211 °C to a biodiesel flash point of 141 °C
and subsequently increases again after reaction with TMP to 214 °C bio-lubricant flash point. The
viscosity of PKO reduced from 35.55 mm?/s to 5.22 mm?/s biodiesel and improve to 29.23 mm?/s after
modification with TMP.
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Table 8. Physiochemical properties of synthesized bio lube oil

Parameter Synthesized lube oil Petroleum lubricant
Density (g/cm?) 0.9834 0.848
Kinematic Viscosity @ room temp. (40 °C) (mm?*) 29.23 46.476
Kinematic Viscosity @ room temp. (100 °C) (mm?*) 3.67 6.940
Pour Point (°C) -9 -20
Flash point (°C) 214 >220

Source: Petroleum lube oil standard was adopted from work of Michael Bong Alang et al [3].

4. Conclusion

This study has focussed on modelling and optimizing the process parameters on the production
of bio-lubricant from palm kernel oil by reacting Palm kernel oil methyl ester (PKOME) and TMP
(a polyol) together, using KOH catalyst. The optimization of the process parameters was done using
response surface methodology (RSM) based on the central composite design (CCD). The parameters
optimized in the production process are reaction time, stirring speed, and catalyst concentration. A
second order quadratic model with R? = 0.9959 was developed to predict the bio-lubricant yield. The
predicted maximum biodiesel yield was 98.11 % under the following conditions (reaction time of
99.9084 mins, stirring speed of 863.794 rpm, catalyst concentration 0.84522. The reaction temperature
and weight ratio were kept constant at 130 °C and 3.9:1 respectively. The experimental value obtained
under these same conditions was 96.996 %. The quality of the bio-lubricant produced under these

optimum conditions is in the range of the ASTM standard for bio-lubricant.
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