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ABSTRACT: Recently, the synthesis of biolubricants has been the focus of researchers because of 

their good lubricating properties and environmentally friendly products. This study was performed 

to optimize reaction parameters for the enzymatic transesterification reaction between waste edible 

oil methyl ester (biodiesel, FAME) and trimethylolpropane (TMP) by using Response Surface 

Methodology (RSM). The parameters that affect the enzymatic transesterification reaction were 

chosen as temperature (35–55°C), amount of catalyst (0–10 %wt. of mixture), TMP-to-FAME molar 

ratio (0.17-0.33), and reaction time (0–96 h), to produce TMP triester (biolubricant). Response 

surface methodology (RSM) and three-level–four-factor Central Composite Design (CCD) were 

employed to evaluate the effects of these synthesis parameters on the percentage conversion of FAME 

by transesterification. Enzyme amount and reaction time were the most important variables.  

The optimum reaction conditions were determined to be the temperature at 50°C; the amount of catalyst, 

5%wt; molar ratio, 0.25 and 48 h of reaction time, under these conditions 91% TMP ester's yield was 

obtained. The interaction parameter of the lipase quantity with the FAME to TMP molar ratio was 

found to be the most important among all of the other parameters. 
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INTRODUCTION 

The lubricants primarily form a thin film layer that 

provides slipperiness between the surfaces to prevent friction, 

wear, and energy loss. The secondary task is preventing 

corrosion on the metal surfaces that may occur over time [1,2]. 

During the use of lubricants in environmentally sensitive areas 

(water-related sectors, municipal activities, mountaineering, 

forestry, and agricultural sector), accidents and leaks cause oil 

losses which amount to around 50%. Due to the toxic 

properties of mineral-based lubricants, the damage to the 
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environment is very high. They can also stay in nature for 

many years without degradation. To protect the environment, 

especially from the pollution caused by mineral-based 

lubricants and hydraulic oils, it is necessary to reduce the 

losses that can occur during use as much as possible and make 

the oil to be reusable [2]. The interest in biolubricants is  

an ever-expanding volume of the market worldwide, but also 

because of the limited availability of fossil resources. Natural 

oils and environmentally friendly products make these 
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materials more valuable. Because they are cheaper, 

renewable, respectful to nature, and biodegradable compared 

to hydrocarbon-based synthetic lubricants, there has been an 

increase in the use of biolubricants in recent years. Synthetic 

lubricants are approximately eight times more expensive than 

mineral oils. Vegetable oils have half the price of synthetic 

oils, but low yield points and rapid degradation is a 

disadvantages. As of 2014, the lubricant market in the world 

has been announced as 36 million tons and it is projected to 

be 43,87 million tons in 2022 with an annual growth rate of 

2,4% [3]. Governments impose sanctions on users to prevent 

the negative effects of mineral oils on the environment [4]. 

For example, in Germany, Austria, and Switzerland, the use 

of mineral oil in marine and forest areas is prohibited by law. 

Besides, the German government has established a mechanism 

for the reimbursement of the costs of using lubricants 

containing more than 50% renewable base oils instead of 

mineral oils with the Market Research Program of Biofuels 

and Biolubricants (MIP). This program, carried out b 

y the German Renewable Resources Agency, has been an 

important success, especially for hydraulic fluids [5]. 

Biolubricants are chemically or enzymatically 

produced from plants such as palm, soybean, sunflower, 

rapeseed, and coconut. Biodegradable trimethylolpropane 

(TMP) esters of sunflower oil and canola oil can be used 

in the production of hydraulic fluids [6]. Due to the 

increasing population of the world, it is increasingly 

important that oils and waste oils that cannot be eaten 

instead of edible oils be considered as raw materials for 

these reactions and be converted into high-value-added 

products. Today, the amount of waste edible oil is 

increasing due to the use of increased vegetable oils.  

Instead of edible oils, fatty acids or fatty acid methyl esters 

obtained from the waste edible oils can also be used as raw 

materials in these reactions and TMP esters (biolubricant) 

can be obtained [7]. 

Response Surface Methodology (RSM) is an 

optimization technique in which the variable-response 

profile of the system is determined according to the 

relationship between the independent variables and the 

responses of the experimental system designed according 

to these variables [8]. This technique provides that optimal 

conditions are determined by saving time and materials, 

especially in experiments using multiple variables. On the 

other hand, the purpose of the technique is to determine the 

effect of changes between the points determined 

throughout the process on the process response. Thus, it is 

possible to predict the response of possible variables  

at specified intervals without the need to experiment. It is 

also an effective method that determines the accuracy  

and standard deviation of the experiments performed  

in a chemical process [9]. 

Several significant and comparable studies have been 

reported in the literature where the reaction parameters to 

produce biolubricants are optimized. However, all of these 

optimization studies were carried out using chemical 

catalysts and edible vegetable oils [10-14]. The 

optimization of process parameters was provided by using 

RSM for the transesterification reaction between palm oil 

methyl ester and pentaerythritol (PE). In the sodium, and 

methoxide-catalyzed reaction, the parameters such as the 

reaction temperature, catalyst amount, methyl ester / PE 

molar ratio, and reaction time were investigated and tetra-

ester yield was examined [10]. Borugadda and Goud used 

RSM for optimization of biolubricant basestock synthesis 

from high free fatty acids castor oil. In the hydrogen 

peroxide catalyzed reactions, C=C / hydrogen peroxide 

molar ratio, catalyst amount, reaction temperature, and 

reaction time were chosen as independent parameters for 

the Central Composite Design (CCD) optimization, the 

model verification has been given with ANOVA control. 

Design-Expert Software 7.0.0 was used in the study. The 

products were analyzed by 1H and 13C-NMR to determine 

the epoxy structure [11]. Somidi et al. (2016), carried out 

a process optimization study on the synthesis of canola oil-

based biolubricant catalyzed MoO3/Al2O3 [12].  

Somidi et al. (2017) investigated the synthesis of o-propylated 

canola oil derivatives using Al-SBA-15 catalyst and 

studied their application as a fuel additive. Process 

optimization and statistical analyses were conducted by 

RSM using CCD and the effect of reaction temperature, 

molar ratio, catalyst amount, and reaction time parameters 

were investigated [13]. Ocholi et al. (2018) used RSM  

to optimize the extractive synthesis of biolubricant from 

sesame oil methyl esters and TMP. In the study, reaction 

temperature, molar ratio, and reaction time were chosen as 

independent parameters for the optimization. Fig.1 

illustrates the reaction of fatty acid methyl esters to obtain 

TMP esters. As a result of optimization, it has been reported 

that the predicted findings are in full agreement with the 

experimental results [14]. Waste edible oils can be considered 

as an alternative and  cheap raw material for biolubricant
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Fig. 1: Reaction mechanism of lubricant synthesis 

 

production. There are a limited number of studies using waste 

edible oils in biolubricant synthesis. A chemical catalyst 

(KOH) was used in a single study on the production of TMP 

esters (biolubricant) from fatty acid methyl esters obtained 

from waste edible oil. Trimethylolpropane fatty acid triester 

with a yield of 85.7% was obtained, and a 99.6% pure TMP 

triester was achieved at the end of the reaction at a high 

temperature (128ºC) [15]. There is only one research group 

investigating the production of enzymatic biolubricant from 

waste edible oil. In the study, fatty acids were obtained  

as a result of the hydrolysis of waste oil with C.rugosa lipase. 

The fatty acids obtained from waste edible oil were used  

in the production of the octyl ester biolubricant using  

the chemical catalyst [16] and Novozyme 435 lipase [17]. 

Using the Taguchi experimental design method the enzymatic 

production of octyl ester biolubricant was optimized and 

95.5% conversion was achieved [18.]. In the literature, there 

are optimization studies on biolubricant production in recent 

years. However, these studies are with different oil sources 

and chemical catalysis [18-21]. There is a review study  

on the production of biolubricants from several oleaginous 

feedstocks using lipase catalyst. In this study, both enzyme 

immobilization methods and the most commonly used lipase 

catalyzed biolubricant production processes in literature such 

as transesterification, esterification, sequential epoxidation, 

ring-opening processes, and hydroesterification are given [22]. 

These are preferably obtained by transesterification reactions 

using vegetable oils methyl esters or vegetable oils directly  

as feedstocks, direct esterification of commercially FFA or 

low-cost materials as vegetable oil refining sludge, 

hydroesterification using crude or processed vegetable oils 

and fatty acids epoxidation. There is no study in the literature 

on optimizing the production of TMP esters (biolubricant)  

by enzymatic transesterification from the obtained waste 

edible oil fatty acid methyl esters using RSM. With this study, 

waste edible oil was evaluated and converted for the first time 

in the literature enzymatically into a product with high added 

value (TMP esters, biolubricant) using RSM and an 

environmentally friendly process. 

 

EXPERIMENTAL SECTION 

Materials 

Waste edible oil was collected from our local fast-food 

restaurants. The average fatty acid compositions of the 

lipids are listed in Table 1. TMP, methyl heptadecanoate 

was purchased from Merck (Germany). Lipase catalysts, 

Novozyme 435 (Candida antarctica), and Lipozyme TL IM 

(Thermomyces lanuginosus) are a gift from NOVO 

Nordisk (Denmark). All other chemicals used in the 

experiments are analytical grade and purchased from 

Sigma Aldrich. 

 

Synthesis of biodiesel from waste edible oil 

Biodiesel (waste edible oil fatty acid methyl ester, FAME) 

was synthesized by Thermomyceslanuginosus lipase-

catalyzed transesterification reaction from waste edible oil 

and methanol. The reaction was carried out in solvent-free 

media and the 500 mL open flasks. The conditions were,   the 
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Table 1: Fatty acid contents of waste edible oil 

Fatty acid Content (%) 

C8:0 Caprylic 0.28 

C14:0 Myristic 0.16 

C16:0 Palmitic 9.02 

C18:0 Stearic 4.20 

C18:1 Oleic 34.90 

C18:2 Linoleic 51.44 

 

oil/methanol molar ratio 1/4, initial water content (% 

substrate, w/w) 15%, temperature 35 0C, and  Thermomyces 

lanuginosus lipase content 5%,  shaking rate 250 rpm for 24h 

reaction time. Methanol was added to the reaction media in 

three steps to prevent alcohol inhibition on lipase. At the end 

of the reaction, by-product glycerin was centrifuged (5000 

rpm, 5 min) and removed from the reaction media. Biodiesel 

obtained was used as raw material in the enzymatic 

biolubricant production reaction.  

 

Biolubricant (TMP esters) synthesis 

The Novozyme 435 catalyzed enzymatic 

transesterification reaction of FAME obtained from waste 

edible oil with trimethylolpropane (TMP), resulting in the 

synthesis of mono-di-triesters of fatty acids. If the final 

product contains mostly TMP triesters, it is defined as  

a biolubricant in the literature. Preliminary studies 

examining the effect of agitation speed (200-500 rpm) 

amount of catalyst (0-10 %, w of mixture), and reaction time 

(0-96 h) on the production of biolubricant were carried out at 

a temperature of 45 °C and a TMP-to-FAME molar ratio of 

0.33. Transesterification reactions were implemented that 50 mL 

open flasks on IKA brand magnetic stirrers, 400 rpm 

agitation speed with optimization design parameters. At 

the end of all the experimental sets, samples were taken 

for biolubricant analysis and centrifuged (5000 rpm, 5 

min) for phase separation, and samples were stored at 

4°C until GC analysis. 

 

Determination of fatty acid distribution 

The fatty acid composition was determined using a 

GC 7820 Agilent gas chromatograph equipped with a 

flame ionization detector (FID) and a 30 m × 320 μm× 

0.25 μm capillary column (CARBOWAX 20M). The 

detector temperature is 280ºC and the split ratio is 

1:50. The oven temperature at 50ºC after waiting for 

the one-minute same temperature, increases to 200ºC 

by 25ºC/min, and increases to 230ºC by 3ºC/min after waiting 

at the same temperature for 18 minutes, increasing to 280ºC 

by 40ºC/min and waiting for 3 minutes at the same 

temperature are programmed. Helium was used as the carrier 

gas. To determine the fatty acid composition, the oils were 

first resolved as methyl esters by the next steps. A 0.1 g lipid 

sample was weighed and placed into a 5 mL glass tube.  

10 mL of n-heptane was added to the sample and mixed. 

Then, KOH resolved in 0.2 mL 2 N methanol was added and 

stirred for 30 seconds at the vortex mixer. The mixture was 

centrifuged at 5000 rpm for 10 minutes. The upper phase 

containing methyl esters was separated. Finally, a 1μL 

injection was performed [1]. 

 

FAME (biodiesel) content determination 

The amount of FAME (biodiesel) in the reaction 

mixture after the reaction was determined by an Agilent 

7820 GC analysis system equipped with a flame ionization 

detector (FID) and a 30m × 320μm × 0.25μm capillary 

column (CARBOWAX 20M). The system was calibrated 

using the internal standard methyl heptadecanoate 

according to EN 14103. The reaction medium was 

separated into phases by centrifugation and the bulk  

of the sample from the upper phase was diluted with  

the specified internal standard solution. FAME conversion 

was calculated by using Eq. (1). 

FAME Conversion 

(%) = [
(FAME0-FAMEt)

FAME0
⁄ ] x100                (1) 

Where, 

FAME0: Initial free fatty acid methyl ester content  

in the reaction mixture (%) 

FAMEt: Amount of free fatty acid methyl ester  

in the reaction mixture at any time t (%) 

 

TMP ester analysis  

Mono-di-tri ester contents of the synthesized TMP 

esters were determined by a Gas Chromatography device 

equipped with a Flame Ionization Detector (FID) and SGE 

HT-5 (12m, 0.53mm, 0.15µ) capillary column. The 

samples to be analyzed were analyzed by derivatization 

with BSTFA after dissolution with ethyl acetate. The oven 

temperature was set initially at 80ºC, held for 3 min,  

then increased at 6ºC/min to 340ºC, and held for another  

6 min. The injector and detector temperatures were at 

300 and 360ºC, respectively. 
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Table 2: Range of coded and actual levels of independent 

variables for central composite design 

Independent variables Units 
Coded value 

-1 0 1 

X1:Lipase amount (wt %) 0 5 10 

X2:Time (h) 0 48 96 

X3:Temperature (°C) 35 45 55 

X4:TMP/FAME molar ratio - 0.17 0.25 0.33 

 

 
Fig. 2: Agitation speed effect on FAME conversion 

 

Helium was used as the carrier gas at a flow rate of  

26.7 mL/min. The split ratio was set at 1:1, and 1.0 μL of 

the sample was chosen as injection volume 0.03 g of sample 

was measured exactly into a 5-mL vial and diluted with  

1.0 mL of ethyl acetate. The sample was vortexed for 1 

minute to dissolve the mixture. Then BSTFA (0.5 mL) was 

then added to the mixture and vortexed. The sample was 

then transferred to a 2-mL autosampler vial for injection into 

the chromatography system [9]. 

 

Optimization design  

To analyze the effects of the variables to optimize  

the process, Central Composite Design (CCD) was used with 

the Response Surface Method in the Design Expert 7.0.0 

(State Ease Inc., Minneapolis, MN, USA) package program. 

This method is suitable for the phasing of a second-order 

surface and assists in optimizing the effective parameters with 

a minimum number of experiments, as well as helping to 

analyze the interaction between the variables [8,9]. A second-

order polynomial equation has been used to express 

transesterification efficiency (Y) as a function of independent 

variables (Eq. (2)). 

Y=b0+ ∑ bixi
4
i=1 + ∑ biixi

2+ ∑ ∑ bijxixj
4
i<j

4
i=1    (2) 

According to the equation, Y (FAME conversion %) is 

the response (dependent factor), b0 is the offset term, bi  

is the linear effect, bii is the quadratic effect, bij is the 

interaction effect, and xi is its independent variable. 

Variance analysis (unidirectional one-way ANOVA) 

model was used to determine the adequacy of the model. 

Response surfaces have been formed to determine the 

individual and interactive effects of test variables on 

FAME conversion. A face-centered (α=1) three-level-four 

factor Central Composite Design (CCD) was employed in 

this study, requiring 30 experiments. The range of coded 

and uncoded values for CCD were shown in Table 2. Four 

important factors affecting the process as reaction 

temperature (35-55oC), reaction time (0-96 h), amount of 

enzyme (0-10 % wt of the mixture), and TMP / FAME 

molar ratio (0.17-0.33) were used as independent 

variables. Selection of these levels was carried out based 

on results obtained in our preliminary study, considering 

the experimental installation limits and the working 

conditions limit for each chemical species.  

 

RESULTS AND DISCUSSION 

Preliminary study of process variables 

The effect of agitation speed was studied for 200-500 rpm 

in preliminary studies (Fig. 2). The results show that it has  

a positive effect on increasing the conversion. Mass transfer 

restrictions are one of the parameters that affect conversion  

in enzymatic processes. The mixing speed must be above  

a certain value to overcome the restrictions on the enzyme-

substrate interface [1,9]. Accordingly, selecting the mixing 

speed too high may cause the arrested enzyme to leave  

the support. It may cause structural deformation on the 

support material and enzyme reusability rate decrease. Also, 

high agitation speed needs more energy consumed. With  

the agitation speed increased from 400 rpm to 500 rpm,  

there was only a 4.3% increase in conversion. Therefore,  

the agitation speed was taken as constant as 400 rpm  

in subsequent experimental studies. 

According to preliminary experiments using different 

amounts of enzymes to determine the minimum and  

maximum values of the enzyme amount, the results in Fig. 

3 were obtained. It is observed that the FAME conversion 

increases as the amount of enzymes increases and there is 

no significant difference in the conversion at 2 % and 

above enzyme concentrations. 

A preliminary trial was conducted for 96 hours to examine 

the effect of reaction time on biolubricant production.  
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Fig.3: Effect of lipase content on FAME conversion  

 

 

Fig.4: Effect of reaction time on FAME conversion  

 

The reaction time appears to have a significant effect on 

FAME conversion (Fig. 4). This situation was observed 

and supported in studies conducted before optimization. 

TMP triester yield reaches a maximum value at 48-72 h 

and then slightly gets constant with further reaction 

times. This phenomenon is supported by studies in the 

literature [1,9].  If there was a reaction catalyzed  

by acidic catalysis, the total ester conversion would be 

expected to decrease because of the ester bonds 

hydrolyzed over time. 

 

Model fitting 

The minimum and maximum limit values of the factors 

were determined according to the preliminary 

experimental studies. Studies were done randomly. When 

the combined effects are examined, the FAME conversion 

is the response (dependent) variable used to develop the 

empirical model. This is done to determine the best 

conditions for optimum FAME conversion. The CCD 

generally consists of a six-centered design, with 2n 

factorial study and 2n axial condition, where n is the 

number of factors. Three-level and four-factor central 

composite designs with coded and uncoded values and 

observed FAME conversions are shown in Table 3. 

The RSM procedure for statistical analysis was 

employed to fit the second-order polynomial equation to the 

experimental data FAME conversions. For the generated 

model, Table 4 shows the ANOVA for biolubricant 

production variables about the response FAME conversion. 

Finally, a forecasted response model equation for the 

composition of biolubricant (in terms of original factors)  

has been shown below (Eq.2), with the observance of  

the second-degree polynomial model (Eq. 3). 

Y =   +94.23 + 27.50*X1+27.54*X2+0.40*X3+0.25*X4         

           +24.75X1*X2+0.12*X1*X3+0.14*X1*X4+0.12*X2*X3+0.14*X2*X4 

       - 0.044*X3*X4-41.54*X1
2 - 1.25*X2

2+5.80*X3
2+7.11*X4

2 (3) 

From the ANOVA test, the nominal probability value (p-

value < 0.0001) and high F-value (F-model = 31.52) 

presented a high statistical significance of the embedded 

model. The F value implies that the model is important; 

this shows that the model is considerably less than 

p<0.0001[8,9]. The higher the F values, the lower the p-

values are the suitability of the model (Table 4). 

Regression coefficients of the FAME conversion model 

were shown in Table 5. The determination factor (R2) of 

the model was 0.97, which indicated that the model 

adequately represented the real relationships among the 

selected reaction parameters and the FAME conversion 

response. The corrected coefficient of determination 

(Adj. R-Squared, 0.94) was also very high, which 

represents as a high significance of the model.  

It was observed that the first-order main effects of both 

enzyme amount  (A) and reaction time (B), and their 

second-order main effects (A2 and B2) are highly 

significant according to their respective p values being 

very small (p < 0.0001). A and B have a positive influence 

while A2 and B2 have a negative effect on production. 

Among the interactions, those between enzyme amount 

and reaction time (AB) was highly significant (p < 

0.0001). This interaction has a negative effect on 

production. An adequate Precision value is required to 

have greater than 4. This rate for the model is 12,55  

(Table 5). This phenomenon is supported by studies  

in the literature [19].  

Response surface plots of FAME conversion showing 

the relationship between reaction parameters are shown in 

Fig. 5. Other synthesis parameters are constant at 0 levels. 
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Table 3: Three-level and four-factor central composite design with coded values and FAME conversion to TMP esters. 

(Symbols X1-X4 (the independent variables and coded values are presented in Table 2) 

Run 
X1 X2 X3 X4 FAME Conversion 

(%, obtained) coded actual coded actual coded actual coded actual 

1 (-1) 0 (-1) 0 (1) 55 (-1) 0.17 0.3 

2 (0) 5 (0) 48 (-1) 35 (0) 0.25 94.2 

3 (0) 5 (0) 48 (0) 45 (0) 0.25 97.6 

4 (-1) 0 (-1) 0 (1) 55 (1) 0.33 0.2 

5 (1) 10 (1) 96 (1) 55 (1) 0.33 99.8 

6 (-1) 0 (-1) 0 (-1) 35 (-1) 0.17 0.5 

7 (-1) 0 (1) 96 (1) 55 (-1) 0.17 2.9 

8 (-1) 0 (1) 96 (-1) 35 (-1) 0.17 1.7 

9 (-1) 0 (1) 96 (-1) 35 (1) 0.33 2.2 

10 (0) 5 (0) 48 (0) 45 (0) 0.25 96.9 

11 (1) 10 (1) 96 (-1) 35 (1) 0.33 99.2 

12 (0) 5 (0) 48 (0) 45 (0) 0.25 97.5 

13 (0) 5 (0) 48 (0) 45 (1) 0.33 99.3 

14 (-1) 0 (1) 96 (1) 55 (1) 0.33 2.6 

15 (1) 10 (-1) 0 (-1) 35 (1) 0.33 0.5 

16 (0) 5 (0) 48 (0) 45 (0) 0.25 97.4 

17 (0) 5 (0) 48 (1) 55 (0) 0.25 99.5 

18 (1) 10 (-1) 0 (1) 55 (-1) 0.17 0.8 

19 (1) 10 (0) 48 (0) 45 (0) 0.25 99 

20 (0) 5 (0) 48 (0) 45 (-1) 0.17 97 

21 (0) 5 (1) 96 (0) 45 (0) 0.25 99.6 

22 (0) 5 (0) 48 (0) 45 (0) 0.25 97.8 

23 (0) 5 (-1) 0 (0) 45 (0) 0.25 1.1 

24 (1) 10 (-1) 0 (-1) 35 (-1) 0.17 0.9 

25 (0) 5 (0) 48 (0) 45 (0) 0.25 97.2 

26 (1) 10 (1) 96 (-1) 35 (-1) 0.17 97.8 

27 (1) 10 (-1) 0 (1) 55 (1) 0.33 1.4 

28 (1) 10 (1) 96 (1) 55 (-1) 0.17 99.1 

29 (-1) 0 (0) 48 (0) 45 (0) 0.25 5.1 

30 (-1) 0 (-1) 0 (-1) 35 (1) 0.33 0.9 

 

Fig. 5a shows the effect of the amount of enzyme and 

reaction time, their mutual interaction on FAME 

conversion at 45°C, and substrate molar ratio of 0.25. 

When the amount of enzyme and reaction time is 

increased together, the response value increases (Fig. 5a). 

Novozyme 435, 5 % lipase amount sufficient for the 

desired yield of 94.3%. In lipase-catalyzed reactions, the 

most common problem comes from the increase in the 

number of enzymes and the aggregation of enzymes in 

the medium thus a decrease in their effects [1,9]. This 

effect was eliminated by using Novozyme 435 lipase  

for this transesterification reaction. In the relationship 

between the reaction temperature and the amount of 

enzyme examined, the molar ratio (0.25) and the reaction 

time (48h) are constant while the amount of enzyme 

increased with the conversion increased first, then 

decreased at any reaction temperature (Fig. 5b). When 

the relationship between the molar ratio and the amount



Iran. J. Chem. Chem. Eng. Kutluk Gürkaya B. et al. Vol. 42, No. 6, 2023 

 

2002                                                                                                                                                                  Research Article 

Table 4: Analysis of variance (ANOVA) for the fitted quadratic polynomial model for  optimization of independent variables (Symbols 

X1-X4 (the independent variables and coded values are presented in Table 2) 

Source Sum of Squares df Mean Square 
F 

Value 

p-value 

Prob > F 

Model 67588.53 14 4827.75 34.63 < 0.0001 

X1 12921.35 1 12921.35 92.69 < 0.0001 

X2 13802.36 1 13802.36 99.01 < 0.0001 

X3 4.18 1 4.18 0.030 0.8649 

X4 1.54 1 1.54 0.011 0.9178 

X1*X2 9262.62 1 9262.62 66.45 < 0.0001 

X1*X3 0.25 1 0.25 1.775E-003 0.9669 

X1*X4 0.24 1 0.24 1.740E-003 0.9673 

X2*X3 0.81 1 0.81 5.778E-003 0.9404 

X2*X4 0.24 1 0.24 1.740E-003 0.9673 

X3*X4 0.064 1 0.064 4.574E-004 0.9832 

X1
2 4061.92 1 4061.92 29.14 < 0.0001 

X2
2 4421.41 1 4421.41 31.72 < 0.0001 

X3
2 69.93 1 69.93 0.50 0.4897 

X4
2 109.47 1 109.47 0.79 0.3895 

Residual 2091.04 15 139.40   

Lack of Fit 2090.54 10 209.05 2095.85 < 0.0001 

Pure Error 0.50 5 0.100   

Cor Total 69679.57 29    

Table 5: Regression coefficients of the FAME conversion model 

Regression coefficients FAME conversion 

Standard deviation 11.81 

Mean 53.01 

R-Squared 0.97 

Adj. R-Squared 0.94 

Pred. R-Squared 0.87 

Adequate Precision 12.55 

 

of enzyme is examined, the response surface indicates 

that the highest ester conversion will be obtained by 

increasing the amount of enzyme. TMP/FAME molar 

ratio is 0.25 and the amount of enzyme is 5%, move away 

from these points, it is seen that there is a decrease  

in ester conversion (Fig.5c). The actual stoichiometric 

molar ratio between FAME and TMP is 0.33. The molar 

ratio values studied had little effect on ester conversion. 

The maximum TMP tri ester yield at a stoichiometric 

molar ratio of 0.33 was achieved at around 94   %. The 

fact remains that a similar relationship between reaction 

temperature and reaction time (Fig. 5d). With the 

increase in the reaction time at any reaction temperature, 

the ester conversion is first increased and then decreased. 

Optimization study 

For the transesterification reaction between FAME and TMP 

in the presence of Novozyme 435 catalyst, the possible 

response value (92.2% FAME conversion) as a result of one 

of the conditions suggested as a result of model optimization 

is given in Fig. 6. It is seen that it has no significant effect  

on FAME conversion with the increase in reaction time. 

When the amount of enzyme and reaction time are increased 

together, it is seen that the response value also increases. 

When examining the relationship between the reaction 

temperature and the amount of enzyme, while the mole ratio 

and reaction time are constant, the conversion first increased 

with the increase of the amount of enzyme and then 

decreased. When the relationship between enzyme amount 

and mole ratio is examined, the response surface indicates that 

the highest FAME conversion will be obtained with an increase 

in both factors. 

 In addition, the reaction was studied by selecting 5% 

enzyme, 48 hours, TMP / FAME molar ratio 0.25, 

temperature 50 °C and 500 rpm stirring speed from the 

conditions suggested as a result of model optimization 

for the reaction (Table 6). While the predicted FAME 
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Table 6: Model values for biolubricant production 

Variables Goal Lower limit Upper limit Lower weight  Higher weight Importance 

Lipase amount (%) 5.00 0 10 1 1 4 

Reaction time (h) 48 0 96 1 1 4 

Reaction temp. (°C) 50.00 35 55 1 1 3 

Molar ratio 0.25 0.167 0.333 1 1 3 

FAME conversion (%) optimization 0 99.98 1 1 5 

 

 
Fig. 5:  Response surface plots of FAME conversion (showing the relationship between reaction parameters: (a) reaction time-

enzyme amount, (b) temperature-enzyme amount, (c) molar ratio-enzyme amount, (d) temperature-reaction time. In graphs, other 

synthesis parameters are constant at 0 levels. 

 

 
Fig. 6: Model optimization sample study for biolubricant production 
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conversion value as a result of the optimization was 95%, 

91% FAME conversion was achieved as a result of the 

reaction performed.  As a result of the optimization study, 

it has been determined that the model created applies  

to this system. It is envisaged that the method can be used 

safely in similar studies [8,9,19]. 

Table 7 shows the studies with different oil sources and 

experimental parameters used in biolubricant production 

and a comparison of this work. In the literature, there are 

no studies in which enzymatic biolubricant production is 

made by using metal esters obtained from waste cooking 

oil. Therefore, biolubricant synthesis results obtained from 

different oil sources are given. Different oleaginous 

feedstocks such as rapeseed oils FFA [23], and FAME 

[24], castor oils biodiesel [25], and FFA [26], and soybean 

oils FFA [33] were used to obtain TMP esters using 

enzyme catalysts. The esterification between palm oils 

FFA and hexanol were optimized by RSM and the 

conversion to hexyl ester was found to be 92% [29].  As 

can be seen from Table 7, there are studies conducted with 

Novozyme 435 catalysts. When the studies are examined, 

it is seen that there are a limited number of studies on the 

production of lipase-catalyzed biolubricant from waste oils 

in the literature. Chemical catalysts (potassium hydroxide) 

were used in a single study on the production of TMP 

esters (biolubricant) from fatty acid methyl esters from 

waste cooking oil and no statistical experimental design 

method was used. Under the selected conditions (molar 

ratio of catalyst to TMP of 1:4, the molar ratio of FAME 

to TMP of 4:1, reaction temperature of 128 0C, and 

vacuum pressure at 200 Pa), a TMP triester with a yield of 

85.7% was obtained [15].  There are limited studies on the 

enzymatic synthesis of biolubricant from waste edible oil. 

In these studies, fatty acids obtained after enzymatic 

hydrolysis of waste cooking oil and then esterified with 

different alcohols (octanol [17,18], NPG [32], 2-

ethylhexanol [28]) have been used in esterification 

reactions to the immobilized lipase-catalyzed synthesis of 

biolubricant. The optimum conditions inferred from the 

Taguchi design were: temperature, 60 0C, Novozyme 435, 

5 wt% of FFA, the molar ratio of octanol: FFA, 2.5:1,  

and reaction time, 3 h, and under these conditions, the octyl 

ester yield obtained was determined as 96% [17].  

In our previous study, TMP ester synthesis 

(biolubricant) production was carried out by enzymatic 

esterification of FFA obtained from waste coffee oil. the 

highest FFA conversion of 88% with 93% TMP tri-ester 

content was obtained at a temperature of 55°C, 5% enzyme 

(w/w), non-aqueous media, 3/1 FFA/TMP mole ratio, 500 

rpm mixing speed, and 24 hours [1]. Thus in this study, waste 

cooking oils were evaluated, and in the presence of different 

types of lipase catalysts (Lipozyme TL IM (Thermomyces 

lanuginosus), Novozyme 435 (Candida antarctica) called 

perfect lipase catalyst by the researchers) firstly biodiesel was 

produced for the first time in the literature, and then 

biolubricant was synthesized to determine the optimum 

conditions of the process. Also, it is the greatest output and 

success of this study to achieve promising results for future 

pilot-scale applications by successfully synthesizing 

biolubricant with environmentally friendly lipase catalyzed 

processes. This product has the potential to compete with 

hydraulic system oils, which are already used in industrial 

applications, as an alternative to conventional lubricating oils 

of petroleum origin.  

 

CONCLUSIONS 

This study discloses the application of RSM to the 

enzymatic production of TMP tri esters (biolubricant) for the 

optimization of reaction parameters. The results show that the 

model predictions agreed well with the experimental evidence. 

The following conclusions are drawn. 

➢ TMP esters synthesized from waste edible oil methyl 

ester environmentally-friendly enzymatic process. 

➢ The transesterification reaction between waste edible 

oil methyl ester and TMP was successfully optimized 

requiring a simple computational effort.   

➢ The optimum reaction conditions were determined to be 

the temperature at 50°C; the amount of catalyst, 5 wt%; 

TMP/FAME molar ratio, 0.25, and reaction time, 48 h. At 

these conditions, the actual yield of ester conversion was 95 

% but the predicted yield was 92%. 
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Table 7:  Studies biolubricant synthesis by using different oil sources 

Oil source Alcohol Temperature (°C) Catalyst  (%) 
Reaction time 

(hours) 
Conversion (%) Ref. 

Rapeseed oil (FFA) 

TMP 

mol ratio 

TMP/FFA 1:3.5 

58 

(vacuum pressure at 

5300 Pa) 

40 

(R. miehei lipase, 

Lipozyme IM 20) 

66 90 [23] 

Rapeseed oil 

(FAME) 

TMP 

TMP/FAME 1:3.5 

42 

(vacuum pressure at 

2000 Pa) 

40 

(C rugosa) 
72 98 [24] 

Castor oil biodiesel 
TMP 

TMP/Biodiesel 1:4.5 
40 

0,4 

Lipomod 34 MDP 

(C.rugosa) 

50 88 [25] 

Castor oil FFA 
TMP/PE/NPG 

3.75:1 / 5:1 / 2.5:1 
40 

4 

Lipomod34 MDP 

(C.rugosa) 

96 91 / 75/ 90 [26] 

Palm kernel oil 

Fusel oil (mixture of ethyl, butyl, and 

isoamyl alcohols) 

Oil/alcohols  1:4 

45 

500U/g oil 

Immobilized 

Burkholderia cepacia 

48 99 [27] 

Waste Cooking Oil 

(FFA) 

Octanol 

Octanol/FFA  3:1 
60 

5 

(Novozym 435) 
4.5 95 [18] 

Waste Cooking Oil 

(FFA) 

Octanol 

Octanol/FFA  2.5:1 

Taguchi’s design 

60 
5 

(Novozym 435) 
1.5 96 [17] 

Waste Cooking Oil 

(FFA) 

2-ethylhexanol 

2-ethylhexanol/FFA   1.1:1 

(epoxy ester/octanoic acid 1:5) 

50 

150 

5 

(Novozym 435) 

5 (ionic liquid catalyst) 

12 

 

24 

2- ethylhexyl ester 

conversion 98 

Lubricant  Yield 85 

[28] 

Palm oil 

(FFA) 

Hexanol 

FFA/ Hexanol  1:1 

Solvent: Heptane 

Optimization by RSM 

33 

16 

immobilized 

T.lanuginosus lipase 

30 min 92 [29] 

Waste Fish Oil 

(Fatty Ethyl Esters) 

2-ethyl-1-hexanol (EH) 

EH/FAME: 1.5:1 

60 

vacuum pressure at 

10mbar 

 

5 

(Novozym 435) 

(Immob. CalB) 

5 ≥ 90 [30] 

Soybean biodiesel 

Castor bean 

biodiesel 

NPG 

 

Biodiesel/NPG  3.75:1 

40 

4 

(Novozym 435) 

(Lipozyme RM IM) 

24 ≥ 95 [31] 

Waste Cooking Oil 

(FFA) 

NPG 

FFA/NPG   4:1 
45 

5 

T.lanuginosus lipase 

immobilized on 

 Fe3O4-CA 

24 

88 

(94 with addition 

molecular sieves) 

[32] 

Soybean oil (FFA) 

TMP/PE/NPG 

mol ratio 

3.75:1 / 5:1 / 2.5:1 

40 

4 

Free C.rugosa 

(Lipomod34 MDP) 

Immobilized C.rugosa 

on Accurel MP1000 

24 
100/55/97 

92/--/99 
[33] 

Waste Cooking Oil 

(FAME) 

TMP 

TMP/FAME   1:4 

128 

vacuum pressure at 

2000 Pa 

Basic catalyst (potassium 

hydroxide, KOH) 

KOH/TMP   1:4 

1.5 
85.7 (Yield) 

99.6 (Purity) 
[15] 

Waste coffee oil 

(FFA) 

TMP 

TMP/FFA  1:3 
55 

5 

(Novozym 435) 
24 

88 

(with 93% TMP  

tri-ester content) 

[1] 

Waste Cooking Oil 

(FAME) 

TMP 

TMP/FAME  1:4 

Optimization by RSM 

50 
5 

(Novozym 435) 
48 

90 

(with 89 % TMP 

tri-ester content) 

This 

study 

NPG: neopentyl glycol, PE: Pentaerythritol 



Iran. J. Chem. Chem. Eng. Kutluk Gürkaya B. et al. Vol. 42, No. 6, 2023 

 

2006                                                                                                                                                                  Research Article 

REFERENCES 

[1] Unugul T., Kutluk T., Kutluk B.G., Kapucu N., 

Environmentally Friendly Processes from Coffee 

Wastes to Trimethylolpropane Esters to be Considered 

Biolubricants, J. Air & Waste Man. Assoc., 70(11): 

1198-1215 (2020). 

[2] Salimon J., Salih N., Yousif E., Review article-

Biolubricants: Raw Materials, Chemical 

Modifications, and Environmental Benefits, E. J. of 

Lipid Sci. Tech., 112(5): 519-530 (2010). 

[3]  Gunam-Resul M.F.M., Ghazi T.I.M., Idris, A., Kinetic 

Study of Jatropha Biolubricant from 

Transesterification of Jatropha Curcas Oil with 

Trimethylolpropane: Effects of Temperature, In. Crops 

and Prod., 38: 87-92 (2021). 

[4] Nagendramma P., Kaul S., Development of eco-

Friendly/Biodegradable Lubricants: An Overview, 

Ren. and Sus. En. Rev.,16 (1): 764-774 (2012). 

[5] Samidin S., Salihn., Salimon J., Synthesis And 

Characterization Of Trimethylolpropane Based Esters 

As Green Biolubricant Basestock, Bio. Res. in App. 

Chem., 11(5): 13638-13651 (2021). 

[6] Appiah G., Tulashie S.K., Akpari E.E.A., Rene E.R., 

Dodoo D., Biolubricant Production via Esterification 

and Transesterification Processes: Current Updates  

and Perspectives, Int. J. En. Res.,46(4): 1-31. (2021). 

[7]  Hájek M., Vávra A., de Paz Carmona H., Kocík J., The 

Catalysed Transformation of Vegetable Oils or Animal 

Fats to Biofuels and Biolubricants: A Review, 

Catalysts,11(9): 1118-1128 (2021). 

[8] Kibar, M.E., Akin A.N., Optimization of Carbon 

Dioxide Capture Process Parameters in Sodium 

Metaborate Solution,  Iran. J. Chem. Chem. Eng. 

(IJCCE), 40(5): 1554-1565(2021). 

[9] Kutluk T., Kutluk B.G., Lipase Catalysis: an 

Environmentally Friendly Production for Polyol Esters 

(Biolubricant) from Microalgae Oil, Environ. Tech.,  

1-24 (2022). doi.org/10.1080/09593330.2022.2079999 

[10] Aziz N.A.M, Yunus R, Rashid U., Syam A.M., 

Application of Response Surface Methodology (RSM) 

for Optimizing the Palm-Based Pentaerythritol Ester 

Synthesis, Ind. Crops and Prod.,62: 305-312 (2014). 

[11] Borugadda V.B, Goud V.V., Response Surface 

Methodology for Optimization of Biolubricant 

Basestock Synthesis from High Free Fatty Acids 

Castor Oil, En. Science & Eng., 3(4): 371-383 (2015). 

[12] Somidi Asish K.R., Das U., Dalai Ajay K., One-pot 

Synthesis of Canola Oil-Based Biolubricants 

Catalyzed by MoO3/Al2O3 and Process Optimization 

Study, Chem. Eng. J., 293: 293-272 (2016). 

[13] Somidi Asish, K.R., Roayapalley P.K., Dalai A.K., 

Synthesis of O-propylated Canola Oil Derivatives 

Using Al-SBA-15 Catalyst and Study on Their 

Application as a Fuel Additive, Cat. Today, 291: 

204-212 (2017). 

[14] Ocholi O., Menkiti M., Auta M., EzemaguI., 

Optimization of the Operating Parameters for the 

Extractive Synthesis of Biolubricant from Sesame 

Seed oil Via Response Surface Methodology, Egyptian 

J. of Pet., 27(3): 265-275 (2018). 

[15] Wang E., Ma X., Tang Z., Yan R., Wang Y., 

Riley W.W., Reaney M. J. T., Synthesis and 

Oxidative Stability of Trimethylolpropane Fatty 

Acid Triester as a Biolubricant Base Oil from 

Waste Cooking Oil, Biomass Bioeng.,  66: 371-378 

(2014). 

[16] Chowdhury A., Mitra D., Biswas D., Biolubricant 

Synthesis from Waste Cooking Oil via Enzymatic 

Hydrolysis Followed by Chemical Esterification,  

J. Chem. Technol. Biotechnol., 88(1): 139-144 (2013). 

[17] Chowdhury A., Chakraborty R., Mitra D., 

Biswas D., Optimization of the Production 

Parameters of Octyl Ester Biolubricant Using 

Taguchi’s Design Method and Physicochemical  

Characterization of the Product, Ind. Crops Prod., 

52: 783-789 (2014). 

[18] Chowdhury A., Mitra D., Biswas D., Synthesis of 

Biolubricant Components from Waste Cooking Oil Using 

a Biocatalytic Route, Env. Prog. Sustain., 33(3): 933-940 

(2014). 

[19] de Lima R., Bento H.B.S., Reis C.E.R. Boas R.N.V., 

de Feriatas L., Carvalho A.K.F., de Castro H.F.,  

Biolubricant Production from Stearic Acid and 

Residual Secondary Alcohols: System and 

Reaction Design for Lipase-Catalyzed Batch and 

Continuous Processes, Catal. Lett.,152: 547–558 

(2022) 

[20] Bahadi M., Salimon J., Derawi D., Synthesis of Di-

Trimethylolpropane Tetraester-Based Biolubricant 

from ElaeisGuineensis Kernel Oil via Homogeneous 

Acid-Catalyzed Transesterification, Ren. Eng., 171: 

981-993 (2021).   

https://www.tandfonline.com/doi/full/10.1080/10962247.2020.1788664
https://www.tandfonline.com/doi/full/10.1080/10962247.2020.1788664
https://www.tandfonline.com/doi/full/10.1080/10962247.2020.1788664
https://onlinelibrary.wiley.com/doi/full/10.1002/ejlt.200900205
https://onlinelibrary.wiley.com/doi/full/10.1002/ejlt.200900205
https://onlinelibrary.wiley.com/doi/full/10.1002/ejlt.200900205
https://www.sciencedirect.com/science/article/pii/S0926669012000453
https://www.sciencedirect.com/science/article/pii/S0926669012000453
https://www.sciencedirect.com/science/article/pii/S0926669012000453
https://www.sciencedirect.com/science/article/pii/S0926669012000453
https://www.sciencedirect.com/science/article/pii/S1364032111004527
https://www.sciencedirect.com/science/article/pii/S1364032111004527
https://biointerfaceresearch.com/wp-content/uploads/2021/02/20695837115.1363813651.pdf
https://biointerfaceresearch.com/wp-content/uploads/2021/02/20695837115.1363813651.pdf
https://biointerfaceresearch.com/wp-content/uploads/2021/02/20695837115.1363813651.pdf
https://onlinelibrary.wiley.com/doi/10.1002/er.7453?af=R
https://onlinelibrary.wiley.com/doi/10.1002/er.7453?af=R
https://onlinelibrary.wiley.com/doi/10.1002/er.7453?af=R
https://www.mdpi.com/2073-4344/11/9/1118
https://www.mdpi.com/2073-4344/11/9/1118
https://www.mdpi.com/2073-4344/11/9/1118
https://www.ijcce.ac.ir/article_40538.html
https://www.ijcce.ac.ir/article_40538.html
https://www.ijcce.ac.ir/article_40538.html
https://www.tandfonline.com/doi/abs/10.1080/09593330.2022.2079999
https://www.tandfonline.com/doi/abs/10.1080/09593330.2022.2079999
https://www.tandfonline.com/doi/abs/10.1080/09593330.2022.2079999
https://www.sciencedirect.com/science/article/pii/S0926669014005214
https://www.sciencedirect.com/science/article/pii/S0926669014005214
https://www.sciencedirect.com/science/article/pii/S0926669014005214
https://onlinelibrary.wiley.com/doi/full/10.1002/ese3.77
https://onlinelibrary.wiley.com/doi/full/10.1002/ese3.77
https://onlinelibrary.wiley.com/doi/full/10.1002/ese3.77
https://onlinelibrary.wiley.com/doi/full/10.1002/ese3.77
https://www.sciencedirect.com/science/article/abs/pii/S1385894716301772
https://www.sciencedirect.com/science/article/abs/pii/S1385894716301772
https://www.sciencedirect.com/science/article/abs/pii/S1385894716301772
https://www.sciencedirect.com/science/article/abs/pii/S1385894716301772
https://www.sciencedirect.com/science/article/abs/pii/S0920586117302730
https://www.sciencedirect.com/science/article/abs/pii/S0920586117302730
https://www.sciencedirect.com/science/article/abs/pii/S0920586117302730
https://www.sciencedirect.com/science/article/pii/S1110062117300442
https://www.sciencedirect.com/science/article/pii/S1110062117300442
https://www.sciencedirect.com/science/article/pii/S1110062117300442
https://www.sciencedirect.com/science/article/pii/S1110062117300442
https://www.sciencedirect.com/science/article/abs/pii/S0961953414001408
https://www.sciencedirect.com/science/article/abs/pii/S0961953414001408
https://www.sciencedirect.com/science/article/abs/pii/S0961953414001408
https://www.sciencedirect.com/science/article/abs/pii/S0961953414001408
https://onlinelibrary.wiley.com/doi/abs/10.1002/jctb.3874
https://onlinelibrary.wiley.com/doi/abs/10.1002/jctb.3874
https://onlinelibrary.wiley.com/doi/abs/10.1002/jctb.3874
https://www.sciencedirect.com/science/article/abs/pii/S0926669013006286
https://www.sciencedirect.com/science/article/abs/pii/S0926669013006286
https://www.sciencedirect.com/science/article/abs/pii/S0926669013006286
https://www.sciencedirect.com/science/article/abs/pii/S0926669013006286
https://aiche.onlinelibrary.wiley.com/doi/abs/10.1002/ep.11866
https://aiche.onlinelibrary.wiley.com/doi/abs/10.1002/ep.11866
https://aiche.onlinelibrary.wiley.com/doi/abs/10.1002/ep.11866
https://link.springer.com/article/10.1007/s10562-021-03663-z#citeas
https://link.springer.com/article/10.1007/s10562-021-03663-z#citeas
https://link.springer.com/article/10.1007/s10562-021-03663-z#citeas
https://link.springer.com/article/10.1007/s10562-021-03663-z#citeas
https://www.sciencedirect.com/science/article/pii/S0960148121003426?casa_token=uaWgaGcLt_MAAAAA:YKfLQ6JEOI0GjyNSlUdEdiqaQJ3dWoJ6RTf5k5oSHOBtNoXrSovrlu_ah0Suy4ZDaOyvQ7aptVOK
https://www.sciencedirect.com/science/article/pii/S0960148121003426?casa_token=uaWgaGcLt_MAAAAA:YKfLQ6JEOI0GjyNSlUdEdiqaQJ3dWoJ6RTf5k5oSHOBtNoXrSovrlu_ah0Suy4ZDaOyvQ7aptVOK
https://www.sciencedirect.com/science/article/pii/S0960148121003426?casa_token=uaWgaGcLt_MAAAAA:YKfLQ6JEOI0GjyNSlUdEdiqaQJ3dWoJ6RTf5k5oSHOBtNoXrSovrlu_ah0Suy4ZDaOyvQ7aptVOK
https://www.sciencedirect.com/science/article/pii/S0960148121003426?casa_token=uaWgaGcLt_MAAAAA:YKfLQ6JEOI0GjyNSlUdEdiqaQJ3dWoJ6RTf5k5oSHOBtNoXrSovrlu_ah0Suy4ZDaOyvQ7aptVOK


Iran. J. Chem. Chem. Eng. Statistical Analysis of Enzymatic Reaction Parameters … Vol. 42, No. 6, 2023 

 

Research Article                                                                                                                                                                  2007 

[21] Almasi S., Ghobadian B., Najafi G., Soufi M.D.,  

A Novel Approach for Biolubricant Production from 

Rapeseed Oil-Based Biodiesel Using Ultrasound 

Irradiation: Multi-Objective Optimization, Sus. Eng. 

Tech. Ass.,43: 100960 (2021). 

[22] Bolina I.C.A., Gomes R.A.B., Mendes A.A., 

Biolubricant Production from Several Oleaginous 

Feedstocks Using Lipases as Catalysts: Current 

Scenario and Future Perspectives, BioEng. Res.,14: 

1039–1057 (2021). 

[23] Linko Y.Y., Tervakangas T., Lämsä M., Linko P., 

Production of Trimethylolpropane Esters of Rapeseed 

Oil Fatty Acids by Immobilized Lipase, Biotech. Tech., 

11: 889–892 (1997). 

[24] Uosukainen E., Linko Y.Y., Lämsä M., Tervakangas 

T., Linko P., Transesterification of Trimethylolpropane 

and Rapeseed Oil Methyl Ester to Environmentally 

Acceptable Lubricants, J. Am. Oil Chem. Soc., 75: 

1557–1563 (1998).  

[25] Diaz P.A.B., Kronemberger F.A., Habert A.C.,  

A Pervaporation-Assisted Bioreactor to Enhance 

Efficiency in the Synthesis of a Novel Biolubricant 

Based on the Enzymatic Transesterification of  

a Castor Oil Based Biodiesel, Fuel, 204: 98–105 

(2017). 

[26] Greco-Duarte J., Oliveira E.D.C., Da Silva J.A.C., 

Lafuente R.F., Freire D.M.G., Two-Step Enzymatic 

Production of Environmentally Friendly 

Biolubricants Using Castor Oil: Enzyme Selection 

and Product Characterization, Fuel, 202: 196–205 

(2017). 

[27] Cerón A. A., Boas R. N. V., Biaggio C. F., Castro H. F., 

Synthesis of Biolubricant by Transesterification of Palm 

Kernel Oil with Simulated Fusel Oil: Batch and Continuous 

Processes, Bio. and Bioen., 119: 166–172 (2018). 

[28] Zhang W., Ji H., Song Y., Ma S., Xiong W., Chen C., 

Chen B., Zhang X., Green Preparation of Branched 

Biolubricant by Chemically Modifying Waste Cooking 

Oil with Lipase and Ionic Liquid, J. Clean.Prod., 274: 

122918 (2020). 

[29] Bressani A.P., Garcia K.C., Hirata D.B., Mendes 

A.A., Production of Alkyl Esters from Macaw Palm 

Oil by a Sequential Hydrolysis/Esterification Process 

Using Heterogeneous Biocatalysts: Optimization by 

Response Surface Methodology. Bio.and Biosys. Eng., 

38(2): 287-297(2015). 

[30] Angulo B., Fraile J.M., Gil L., Herrerías C.I., 

Comparison of Chemical and Enzymatic Methods for 

the Transesterification of Waste Fish Oil Fatty Ethyl 

Esters with Different Alcohols, ACS Om., 5 (3): 1479-

1487 (2020). 

[31] Aguieiras E.C.G., Cavalcanti E.D.C., Silva P.R., 

Soares V.F., Lafuente R.F., Assunçao C. L. B., Silva J.A.C., 

Freire D.M.G., Enzymatic Synthesis of Neopentyl 

Glycol-Bases Biolubricants Using Biodiesel from 

Soybean and Castor Bean as Raw Materials, Ren. Eng., 

148: 689-696 (2020). 

[32] Sarno M., Iuliano M., Cirillo C., Optimized Procedure 

for the Preparation of an Enzymatic Nanocatalyst to 

Produce a Bio-Lubricant from Waste Cooking Oil, 

Chem. Eng. J., 377: 120273 (2019).  

[33] Cavalcanti E.D.C., Aguieiras E.C.G., Silva P.R., Duarte J.G., 

Cipolatti E.P., Lafuente R.F.,  Silva J.A.C., Freire D. M.G., 

Improved Production Of Biolubricants from Soybean Oil 

and Different Polyols via Esterification Reaction 

Catalyzed by Immobilized Lipase from Candida Rugosa, 

Fuel,  215: 705–713 (2018). 

 

https://www.sciencedirect.com/science/article/pii/S2213138820313886?casa_token=CnP_Em5slN4AAAAA:9rxCXPFZezOwPkSwBM9p0TyzFOnFUUQilyFoNJ2QvtELc7Yb8knlJh4r_0AuiZC_t1z8yWfxzL_L
https://www.sciencedirect.com/science/article/pii/S2213138820313886?casa_token=CnP_Em5slN4AAAAA:9rxCXPFZezOwPkSwBM9p0TyzFOnFUUQilyFoNJ2QvtELc7Yb8knlJh4r_0AuiZC_t1z8yWfxzL_L
https://www.sciencedirect.com/science/article/pii/S2213138820313886?casa_token=CnP_Em5slN4AAAAA:9rxCXPFZezOwPkSwBM9p0TyzFOnFUUQilyFoNJ2QvtELc7Yb8knlJh4r_0AuiZC_t1z8yWfxzL_L
https://link.springer.com/article/10.1007/s12155-020-10242-4
https://link.springer.com/article/10.1007/s12155-020-10242-4
https://link.springer.com/article/10.1007/s12155-020-10242-4
http://lib3.dss.go.th/fulltext/Journal/J.AOCS/J.AOCS/1998/no.11/nov998,vol75,no11,p1557-1563.pdf
http://lib3.dss.go.th/fulltext/Journal/J.AOCS/J.AOCS/1998/no.11/nov998,vol75,no11,p1557-1563.pdf
http://lib3.dss.go.th/fulltext/Journal/J.AOCS/J.AOCS/1998/no.11/nov998,vol75,no11,p1557-1563.pdf
https://www.scirp.org/%28S%28lz5mqp453edsnp55rrgjct55%29%29/reference/referencespapers.aspx?referenceid=1380007
https://www.scirp.org/%28S%28lz5mqp453edsnp55rrgjct55%29%29/reference/referencespapers.aspx?referenceid=1380007
https://www.scirp.org/%28S%28lz5mqp453edsnp55rrgjct55%29%29/reference/referencespapers.aspx?referenceid=1380007
https://www.sciencedirect.com/science/article/pii/S0016236117305975
https://www.sciencedirect.com/science/article/pii/S0016236117305975
https://www.sciencedirect.com/science/article/pii/S0016236117305975
https://www.sciencedirect.com/science/article/pii/S0016236117305975
https://www.sciencedirect.com/science/article/pii/S0016236117304209
https://www.sciencedirect.com/science/article/pii/S0016236117304209
https://www.sciencedirect.com/science/article/pii/S0016236117304209
https://www.sciencedirect.com/science/article/pii/S0016236117304209
https://www.sciencedirect.com/science/article/pii/S096195341830237X
https://www.sciencedirect.com/science/article/pii/S096195341830237X
https://www.sciencedirect.com/science/article/pii/S096195341830237X
https://www.sciencedirect.com/science/article/pii/S0959652620329632
https://www.sciencedirect.com/science/article/pii/S0959652620329632
https://www.sciencedirect.com/science/article/pii/S0959652620329632
https://europepmc.org/article/med/25098684
https://europepmc.org/article/med/25098684
https://europepmc.org/article/med/25098684
https://europepmc.org/article/med/25098684
https://pubs.acs.org/doi/10.1021/acsomega.9b03147
https://pubs.acs.org/doi/10.1021/acsomega.9b03147
https://pubs.acs.org/doi/10.1021/acsomega.9b03147
https://www.sciencedirect.com/science/article/pii/S0960148119316532
https://www.sciencedirect.com/science/article/pii/S0960148119316532
https://www.sciencedirect.com/science/article/pii/S0960148119316532
https://www.sciencedirect.com/science/article/pii/S1385894718321715
https://www.sciencedirect.com/science/article/pii/S1385894718321715
https://www.sciencedirect.com/science/article/pii/S1385894718321715
https://www.sciencedirect.com/science/article/pii/S0016236117315326
https://www.sciencedirect.com/science/article/pii/S0016236117315326
https://www.sciencedirect.com/science/article/pii/S0016236117315326

