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Abstract This study was intended to optimize the reaction parameters of formula-
tion of the rapeseed oil-based pentaerythritol ester (PE) biolubricant using response
surface methodology (RSM) based on the central composite design (CCD).The
parameters chosen for the reaction process to synthesize pentaerythritol ester were
catalyst concentration (0.5-1.5 wt%), temperature (140-160 °C), and rate of reac-
tion time (1-5 h). The outcome results of process variables revealed that an optimum
condition for the biolubricant synthesis was at the temperature of 145.09 °C, and
1.45 wt% of catalyst capacity and 1.89 h of reaction time were acquired with the
81.6% yield of pentaerythritol ester. The catalyst capacity and reaction process time
were found to be the highly considerable interaction variables. The yield predicted
after the optimization process has produced adequate results with the experimental
value with a coefficient of determination (R2) of 0.9667.
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1 Introduction

The rapid expansion and utilization of innovative resource of lubricants for various
industrial sectors are increasing every year [1]. The petroleum oil-based synthetic
lubricants may have a contamination hazard with respect to ecosystems, agricul-
tural land, and groundwater reserves owing to the toxicity and non-biodegradable
nature [2, 3]. Vegetable oils are the primary outrider by its uses, and because of
their sustainable energy resources, they offer energy independence [4]. Fatty acid
esters derived from vegetable oil have gained importance as an alternative lubricant
for various applications. Plant oil transesterification with polyol produce biolubri-
cants with high thermo-oxidative stability and pour point for the reason of glycerol
replacements by the polyol [5, 6].
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Extensive research works on formulation of biolubricants had been conceded
out previously on polyols especially pentaerythritol ester [7]. Hamizah Ammarah
et al. [8] analyzed the synthesis optimization of trimethylolpropane (TMP) ester and
pentaerythritol (PE) ester through the esterification of oleic acid with polyhydric
alcohols and stated that optimum condition for the TMP and PE synthesis was the
temperature at 150 and 180 °C, catalyst content of 1.5 wt%, molar ratio 3.9:1 and
4.9:1, and reaction time of 5 h and 6 h, respectively, obtained with the yield of
91.2% ester TMP and 92.7% ester PE. Musa et al. [9] investigated the optimization
process of transesterification of jatropha methyl ester with TMP using response
surface methodology. The model was satisfactorily predicting the yield of jatropha
biolubricant with a coefficient of determination (R?) of 0.9068. Venu and Goud [10]
analyzed the optimization of RSM-based castor oil synthesis and inferred that the
optimal condition was the temperature of 52.81 °C, catalyst capacity of 15.14 wt%,
1.65:1 molar ratio, and reaction time of 2.81 h. The present work aimed to synthesize
the rapeseed oil-based pentaerythritol ester by successive transesterification process.
The reaction parameters of transesterification process were optimized, and different
interaction parameters were also examined by using response surface methodology
(RSM) and further CCD was used to determine the effect of process variables using
analysis of variance (ANOVA).

2 Materials and Methods

2.1 Transesterification Reaction of Pentaerythritol Ester
of Rapeseed Oil

Methanol, sodium hydroxide (NaOH), pentaerythritol (99%), para-toluene sulfonic
acid (p-TSA), and xylene were purchased from M/s. Sigma Aldrich, USA, was used
in the synthesis of pentaerythritol ester. Rapeseed oil extracted from rapeseed was
transesterified to prepare the rapeseed oil methyl ester. A mixture of two-liter of
rapeseed oil with 880 ml of methanol and 18.46 g of NaOH catalyst was poured
into a round bottom flask equipped with a mechanical stirrer. The reaction mixture
was heated up to 55 °C in stirring condition of 300 rpm for 1 h. The mixture was
later cooled and drained in a funnel separation of methyl ester. To remove the excess
methanol and excess catalyst, the obtained methyl ester was heated to 70 °C and
washed with distilled water. The rapeseed oil methyl ester of one liter, 85 g of
pentaerythritol, and 55 g of para-toluene sulfonic acid was mixed with xylene. This
reaction product was then heated in the nitrogen atmosphere up to 160 °C for 5 h.
Finally, the product obtained from rapeseed oil was designated as pentaerythritol
ester [11].



RSM-Based Optimization of Process Parameters ... 511

Table 1 Coded and actual Factor Level
levels of variables for design
Low Center High
Temperature (°C) 140 150 160
Catalyst (wt%) 0.5 1.0 1.5
Duration (h) 1 3 5

2.2 Experimental Design

The CCD design was used in the design expert software to find out the three factors
which were the capacity of catalyst (sodium hydroxide, weight %), temperature,
and the reaction process duration. Table 1 depicts the coded and actual levels of
variables for design determined based on earlier literature findings. The temperature
was assorted between 140 and 160 °C, catalyst concentration between 0.5 and 1.5%
w/w, and rate of reaction time between 1 and 3 h. Three factors in 23 full factorial CCD
with three levels resulted in 20 runs of experiments (2k + 2k + 6), and k stands for
number of independent variables/factors chosen. Center point experiments of six runs
have analyzed the pure error augmented with 8 factorial and 6 axial experimental runs.
The response evaluated from the experiments was the percentage of pentaerythritol
ester composition obtained in terms.

2.3 Statistical Analysis

The regression coefficients of the second-order polynomial models were utilized to
effectuate the pentaerythritol ester biolubricant yield from the CCD optimization
data.

k k k  k
erild:b0+Zb0Xi+Zbin[2+ZZbinin+e (1)
i=1 i=1

ij>1j

where Y yic1q Was the response variable (composition of pentaerythritol ester), i and
Jj indicate linear and quadratic coefficients, regression coefficients were expressed
by by, b;, b, and b;;, k was the number of factors studied and optimized in the
experiments, while e denoted the random error [12]. The Design—Expert software
was used to produce the regression analysis of the obtained data, and analysis of
variance (ANOVA) was utilized to find out the model adequacy.
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3 Results and Discussion

3.1 Optimization of Process Parameters using RSM

The CCD based on RSM was used to optimize the reaction parameters for the formu-
lation of rapeseed oil-based pentaerythritol ester. The temperature, time, and catalyst
concentration were selected as independent variables. Their interaction between the
parameters was examined for finding out the optimum yield of biolubricant. The
design layout and experimental results are shown in Table 2. The composition of
pentaerythritol ester was determined using an estimated response model, and final
equation with respect to actual factors was given in Eq. (2).

Y = —330.013 + 4.844X, + 74.017X, + 5.699X;3
—0.01493X7 — 0.7441X3 — 0.625X3 — 0.403X, X,
+0.0004X; X5 — 2.313X, X3 (2)

Table 2 Design layout and experimental results for response surface analysis

Run | Temperature | Catalyst Reaction time | % yield | Actual | Predicted | Residual
°C) concentration | (hour)
(Wt%)
1 140 0.5 1 68.19 68.19 | 68.002 0.187
15 160 0.5 1 71.24 71.24 | 71.249 —0.009
5 140 1.5 1 81.51 81.51 |81.702 —0.192
13 160 1.5 1 76.9 76.9 76.884 0.015
140 0.5 5 71.32 71.32 | 71.419 —0.099
160 0.5 5 74.81 74.81 |74.701 0.108
16 140 1.5 5 75.79 7579 | 75.864 —0.074
3 160 1.5 5 70.81 70.81 | 71.081 —0.271
19 140 1 3 77.12 77.12 | 76.940 0.179
12 160 1 3 76.33 76.33 |76.172 0.157
10 | 150 0.5 3 75.15 75.15 |75.336 —0.186
9 150 1.5 3 80.9 80.9 80.376 0.523
20 | 150 1 3 76.89 76.89 | 78.050 —1.160
14 150 1 5 75.29 7529 |74.953 0.336
6 150 1 3 78.38 78.38 | 78.050 0.329
150 1 3 78.38 78.38 | 78.050 0.329
18 150 1 3 78.38 78.38 | 78.050 0.329
11 150 1 3 78.38 78.38 | 78.050 0.329
4 150 1 3 78.38 78.38 | 78.050 0.329
17 150 1 3 76.89 76.89 | 78.050 —1.160
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where Y was pentaerythritol ester yield composition, X, X, and X3 were the temper-
ature, catalyst capacity, and reaction duration, respectively. The highest percentage
of pentaerythritol ester (PE) yield of 81.51% was obtained at 150 °C, catalyst content
of 1.89%, and reaction time of 1.89 h [13].

Figure 1 shows the actual versus predicted values plot. The uniformly scattered
points in the plot showed that the points were very closer to the straight lines which
represent the better agreement of the experimental values with the predicted values of
the response. Figure 2 depicts the normal probability of residual plot. The residuals
distribution was established by the normal probability of residual plot. The data
normality is confirmed by the straight lines [14].
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Table 3 ANOVA for pentaerythritol ester synthesis

Source Sum of Degrees | Mean F value |p-value |R? Adj-R? Adequate
squares of square Prob. > F precision
freedom (AP)
Model 217.686 9 24.1870 | 62.208 | <0.0001 |0.9824 | 0.9666 31.07
A-temp 1.474 1 1.4740 3.792 0.0801
B-catalyst | 63.504 1 63.504 163.329 | <0.0001
C-duration | 2.980 1 2.9800 7.665 0.0198
AB 32.522 1 32.522 83.645 | <0.0001
AC 0.00061 | 1 0.00061 0.0015 | 0.9691
BC 42.827 1 42.8270 | 110.150 | <0.0001
A? 5.260 1 5.2600 13.529 0.0043
B? 0.088 1 0.0883 0.227 0.6439
c? 11.111 1 11.1110 | 28.577 0.0003
Residual 3.888 10 0.3880
Lack of fit 0.716 4 0.1790 0.338 0.842 Not
significant
Pure error 3.171 6 0.5280
Cor. total | 221.57 19

3.2 Fitting of Model and Variance Analysis (ANOVA)

The Model F-value of 62.21 has validated the importance of the model. In ANOVA
analysis-catalyst, duration, AB, BC, A2, C? have considerable model variables shown
in Table 3. The P-values higher than 0.1000 disclose the model terms are not note-
worthy. The lack of fit F-value of 0.34 complimented to the pure error. It may be
84.28% possibility with this large lack of fit F-value could arise as a result of noise.
The fitted model is guaranteed by the good non-significant lack of fit. There is a
reasonable agreement with the predicted R? of 0.9480 and adjusted R* of 0.9667 [13,
15]. The desirability is assured by the adequate precision (signal-to-noise) ratio more
than 4. The acquired signal-to-noise ratio of 31.072 point outs an adequate signal.

3.3 Effect of Process Parameter on Transesterification
Reaction

The 3D surface plot of the second-order model was used for the reaction parameters
to find out the variables’ interaction response on the biolubricant yield.

Figure 3a depicts the catalyst capacity and temperature interactive effect on the
biolubricant yield. The catalyst quantity considerably increases the pentaerythritol
ester biolubricant yield. This is due to the reason for the inclusion of more catalyst that
accelerated the higher reaction process in the lesser duration of time. The increasing
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catalysts’ effect was observed at the reaction condition; the temperature of 140 °C,
catalyst intensity of 1.45% w/w, and reaction time of 3 h produce the 81.51% yield,
and the pentaerythritol ester yield of 75.19% was recorded at a temperature of 150 °C,
catalyst capacity of 0.5% w/w, and reaction time of 3 h. The biolubricant yield
decreases with temperatures increase owing to the speeding up of saponification
reaction rate which leads to the decrease of transesterification reaction yield [9, 12].

Figure 3b depicts the interactive effect on biolubricant yield of temperature and
reaction time. The pentaerythritol ester yield decreases as temperature increases and
is attributable to reduced rate of reaction speed resulting in lower pentaerythritol
ester conversion [12]. The reduced effect of temperature demonstrates that 77.95%
yield was perceived at a temperature of 160 °C, the reaction time of 5 h, and 1.0%
catalyst quantity, whereas 72.67% yield was recorded at a temperature of 140 °C,
the reaction time of 3 h, and catalyst intensity of 1.0% w/w. The results showed
that the pentaerythritol ester yield increases with the increase in duration of the
reaction process. This raising effect of reaction time produces the yield of 74.12%
for the reaction condition of temperature at 160 °C, catalyst quantity of 1.0%, and
5 h reaction time. However, 77.95% yield was recorded at a temperature of 140 °C,
catalyst quantity of 1.0%, and reaction time.

Figure 3c shows the interaction response of catalyst concentration and reaction
process duration on biolubricant yield. The results show that the higher significant
effect of the increase in catalyst concentration on the biolubricant yield. This is due
to the more catalyst capacity that promotes the higher conversion of pentaerythritol
ester [16]. The yield of 81.51% was substantiated at a temperature of 145 °C, catalyst
intensity of 1.45%, and reaction process period of 1.89 h, whereas 61.19% yield was
observed at a temperature of 135 °C, the reaction time of 1 h, and catalyst strength of
0.5% [17]. The effect of the catalyst with respect to time had a higher considerable
impact contributing to the fitted model.

4 Conclusion

The outcome of this investigation is detailed below.

The formulation of the rapeseed oil-based pentaerythritol ester (PE) biolubri-
cant was successfully optimized. The obtained optimum reaction’s conditions are
temperature at 145.09 °C, the catalyst capacity of 1.45 wt% and process reaction
time of1.89 h with the pentaerythritol ester yield of 81.6%. The catalyst effect with
time had a higher considerable impact contributing to the fitted model. The yield fore-
seen after the optimization process produces good agreement with the experimental
values with a coefficient of determination (R?) of 0.9667.
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