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Statistical optimization of the synthesis of plant-derived fatty acid esters of 
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A class of very important industrial-grade biolubricants was synthesized from plant-derived fatty acids (oleic and 
isostearic acid) by direct esterifi cation of trimethylolpropane according to novel effective and high selective method 
using Sn bis(2-ethylhexanoate) as catalyst. Model transesterifi cation reactions were performed with oleic and isostearic 
acids to optimize the reaction conditions to obtain maximum content of TMP triesters. Used specifi c homogeneous 
Sn catalyst allows to obtain TMP esters with very high content of triesters, above of 94 wt% without deep vacuum 
purifying distillation. Both TMP esters were evaluated for their physicochemical and tribological properties using 
ASTM standards. Both TMP esters exhibited high viscosity indexes and excellent low temperature properties. 
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INTRODUCTION

      Due to the higher environmental requirements and 
more restrictive regulations the development of biode-
gradable modern lubricants is observed1, 2. The modern 
lubricants should be more environmentally friendly and 
should by characterized by a higher level of performance 
and lower total life-cycle costs than the commonly used 
lubricants3. Synthetic esters biolubricants derived from 
renewable raw materials have been developed for applica-
tions in environmentally sensitive areas, such as forests, 
agriculture and aqueous areas due to their high biode-
gradability, low toxicity, and environmentally friendly 
nature. Synthetic esters biolubricants exhibit also good 
lubricity, excellent viscosity index, and lower volatility 
than common petroleum-based lubricants4, 5. Most of 
the synthetic esters biolubricants are manufactured based 
on branched polyols, especially neopentyl glycol (NPG), 
trimethylolpropane (TMP) and pentaerythritol (PE)5–10. 
Among them TMP esters are especially important. 
Trimethylolpropane esters of sunfl ower and rapeseed 
oil-derived fatty acids can be used in the production of 
hydraulic fl uids11, 12. Trimethylolpropane esters of low 
viscosity and high temperature stability have long been 
used as lubricants for aircraft, and a method has been 
patented to produce esters of the high thermal stability 
required for lubricants used in high-performance jet 
turbine engines13. It has also been shown that mixtures 
containing trimethylolpropane esters having a suffi ciently 
high viscosity as well as low pouring point for car engine 
oils can be prepared14, 15.

Esters of higher fatty acid and higher polyols (neo-
pentyl glycol, trimethylolpropane, pentaerythritol) are 
commercially available. Despite the important role of 
oleic acid esters of polyols, particularly TMP esters, 
in the market, the literature on the methods for their 
synthesis is very limited. Conventional methods of 
manufacturing trimethylolpropane esters of fatty acids 
are based on esterifi cation processes conducted in the 
presence of strong acidic catalysts. The most commonly 
used are homogeneous sulfonic acids, such as sulfuric 
acid, methanesulfonic acid or p-toluenesulfonic acid16. 
The yield of the product does not usually exceed 95% 
and the crude ester require careful purifi cation. Fatty acid 

esters of TMP can be also obtained by transesterifi cation 
of fatty acid methyl esters (FAME) using conventional 
homogeneous basic catalyst17–21.

An alternative to the homogeneous catalysts are 
various types of heterogeneous catalysts such as acidic 
phosphates, metal oxides, synthetic silicates or acidic 
ion exchange resins22–28. Their main advantage is a very 
convenient separation from the post-synthesis mixture, 
but the great disadvantage of heterogeneous catalysts 
is the gradual loss of their activity, which is associated 
with the formation of a very troublesome waste. Acidic 
heterogeneous catalysts are also characterized by rela-
tively low selectivity to the desired triester. In this context 
heterogeneous enzyme catalysts may be of interest4, 29–31. 
Enzyme catalysts, despite the high yield and selectivity, 
are of lesser signifi cance from the industrial point of view.

In the processes of manufacturing synthetic ester-
type biolubricants, particularly TMP fatty acid esters, 
organometallic Ti, Zr and Sn compounds may be used. 
They have been widely used as catalysts in synthetic 
polyester technologies. In the processes of esterifi cation 
they exhibit high activity with relatively small amounts 
are required to effectively catalyze the reaction, gener-
ally not exceeding 1 wt%. Thereby they not need to be 
removed from the post-synthesis mixtures. Method of 
the synthesis TMP oleate with the use of Sn oxalate as 
catalyst has been claimed German patent32. The described 
method allows to obtain a product characterized by 
good physicochemical and lubricant properties (viscosity 
and pour point), which can be acceptable for technical 
applications. Unfortunately, according to the described 
method it is possible to obtain ester characterized by low 
content of very important TMP triester (only 80 wt%). 
In this paper the novel more effective and more selective 
method of the synthesis of TMP fatty acid esters using 
homogeneous Sn bis(2-ethylhexanoate) as catalyst was 
described (Scheme 1). The use of Sn catalyst allows to 
obtain product contains above 94 wt% of TMP triester. 
Developed method has been also optimized according 
to common adopted statistical procedure.
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MATERIALS AND METHODS

Materials
Tallow based oleic acid was purchased from Oleon 

as Radiacid 0212. Isostearic acid was purchased from 
Oleon as Radiacid 0908. This product contains ca. 83 
wt% of branched and saturated acids C16-C22 and 16 
wt% cyclic derivatives. Trimethylolpropane was purchased 
from Perstorp (Sweden). As catalysts was used a com-
mercially available homogeneous Sn bis(2-ethylhexanoate) 
purchased as Fascat 2003 from PMC Organometallic.

Analytical method
Products were analyzed by gas chromatography with 

head-space system using HP 5890 Series II chromato-
graph equipped with fl ame ionization detector, capillary 
column, Ultra-high-2 (5HT), l = 15 m, d = 0,32 mm. 
All samples were transformed into silane derivatives 
with BSA (N,O-bis(trimethylsilyl)acetamide). Instru-
ment settings: injector temp. –360oC, detector temp. 
–380oC. Temperature programming: initial isotherm 
100oC – 1 min., 100–380oC – gradient 15oC/min., fi nal 
isotherm 380oC – 3 min. Carrier gas: argon – 1.8 ml/min. 
Quantitative interpretation of the results was performed 
by internal standardization for all components assuming 
a correction factor equal to 1. The conversion rate of 
acid was calculated as the ratio between the amount of 
the acid consumed in the synthesis to a total amount 
of the acid used in the synthesis. Resultant ratios were 
then converted to percentages.

Synthesis procedure
A 200 mL glass reactor, equipped with a mechanical 

stirrer, an electronic temperature control system, a ni-
trogen purge glass capillary and a receiver to collect 
esterifi cation water was charged with 180 g (0.6 mol) 
of oleic or isostearic acid and required amount of tri-
methylolpropane (according to planned COOH : OH 
molar ratio). The reactor was heated up to 150oC and 
then a proper amount of the catalyst was poured into 
the reactor. After stabilizing the fl ow of nitrogen, the 
temperature was raised to required temperature. The 
reaction mixture was stirred for 6 hours. During the 
synthesis, the esterifi cation water was collected in the 
receiver. The crude ester was fi rst washed with 5 wt% 
K3PO4 water solution and water to remove residual acidic 
impurities, and then it was dehydrated under slightly 
reduced pressure to remove residual water.

Experimental design 
The optimization studies were conducted according 

to 3-level 3-factor plan of experiments based on com-
mon Box-Behnken statistical methodology, in order to 

determination the effects of the catalyst amount and 
process temperature on the triester content in post-
synthesis mixtures33, 34. Fifteen runs of experiments (three 
repetitive experiments) have been conducted for three 
levels of three independent variables: X1 – COOO : OH 
molar ratio; X2 – reaction temperature (oC) and X3 – 
catalyst concentration (wt%) to study the effect of the 
TMP triesters content (wt%) in post-synthesis mixture 
(Y). Independent variables and their levels for TMP 
oleic acid ester are presented in Table S1 and for TMP 
isostearic acid in Table S3 (see Supporting Informations). 

Other than for oleic acid molar ratios adopted for the 
calculation of the isostearic acid due to lower content of 
carboxyclic groups in the product. Acid number adopted 
for oleic acid was 200 mg KOH/g and for isostearic acid 
180 mg KOH/g.

Statistical analysis 
A general linear interaction model (Eq. 1), which 

accounts for the independent parameters with their 
interaction effects was considered in this study.

 
where Xij – the levels of the factors adopted in this under 
study (i,j = 1,...,k) 
Y – the predicted response of the process (TMP triesters 
contents, wt%), 
n – the number of factors, 
βi and βij – the linear and interactive coeffi cients, re-
spectively (i,j = 1,...,k)

The method of least squares was employed as certain 
values of the model parameters and analysis of vari-
ance (ANOVA) was applied to establish their statistical 
signifi cance at a confi dence level of 95%. The optimum 
values of the selected explanatory variables (Xi) were 
determined using STATGRAPHICS CENTURION 15 
software for mathematical optimization and regression 
analysis. Microcal Origin 9.0 software was used for plot 
the response 3D plots and 2D surface plots.

Physicochemical properties of polyol esters 
Kinematic viscosity measurements were made at 40 

and 100oC using calibrated Ubbelohde Viscometer tubes. 
Viscosity and viscosity index (VI) were calculated using 
ASTM D 445 and ASTM D 2270 methods, respectively. 
All viscosity measurements were run in duplicate and 
the average value was reported. Pour points were 
determined according to standard ISO 3104. All runs 
were carried out in duplicate. Sample temperature was 
measured in 3oC increments at the top of the sample 
until it stopped pouring. Acid value was determined ac-
cording to standard ISO 660:1996. Saponifi cation value 
was determined according to standard ISO 3657:2013-10. 

Scheme 1. Highly selective synthesis of trimethylolpropane fatty acid esters
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Hydroxyl value was determined according to standard 
DIN 53240-1. Color of esters (Gardner) was determined 
on Hach-Lange Lico 100 colorimeter. 

Tribological properties of polyol esters 
Lubricating properties of the base oil and the infl uence 

of the modifi ers on these properties were assessed using 
the T-02U universal machine. T-02U universal four-ball 
testing machine is intended for determination of antiwear 
(AW) properties of lubricants and engineering materials, 
as well as determination of the tendency of lubricants and 
engineering materials to produce surface fatigue failures 
(pitting). All the tests may be carried out at an elevated 
temperature. T-02U machine determines AW properties 
in accordance with the standards: ASTM D 2783, ASTM 
D 2596, ASTM D 4172, ASTM D 2266, IP 239. 

The wear standardized measurements, the average 
wear scar diameter (d), was determined. The average 
wear scar diameter and limiting load of the wear, which 
characterizes the antiwear (AW) properties of the tested 
oils, were determined after the 3600-s runs at a constant 
rotational speed (1450 rpm) and constant load (392.4 N). 
Assessment of the antiseizure based on scuffi ng load (Pt) 
was determined according to the standardized methods. 
The scuffi ng load was determined after the 18 sec. runs 
at a constant rotational speed (500 rpm) and a step-wise 
increasing load that were performed until seizure of the 
test balls was observed. Determining the value of scuff-
ing load for steel-steel friction joint (100Cr6/100Cr6) 
lubricated with investigated oils. Taken as a measure of 
resistance to scuffi ng load Pt at which a sharp increase 
in friction torque and limiting pressure of seizure poz 
characterized by the value of the loading force at which 
there has been a seizure of friction. The parameters val-
ues adopted in the tribological test are given in Table 1. 

For tribological test steel balls 12.7 mm in diameter, 
with 60–65HRC hardness were used. The sample volume 
required for each test was 8 ±2 ml. The wear produced 
on the three stationary balls was measured under a cali-
brated microscope and reported as the WSD (wear scar 
diameter) or calculated wear.

RESULTS AND DISCUSSION

Preliminary evaluation the synthesis of trimethylolpro-
pane fatty acid esters 

Esterifi cation reaction of polyols such as trimethylol-
propane (TMP) and fatty acids in the presence of Ti, 
Zr, or Sn organometallic catalysts is similar to well-
known polyesterifi cation processes leading to synthetic 
polyester resins. The esterifi cation process catalyzed by 
homogeneous organometallic catalysts is characterized by 
relatively low requirements with respect to the amount of 

added catalyst and the temperature of 200–230oC, which 
is related to required activation temperature for this type 
of catalysts. Our previous experience in the esterifi cation 
process of fatty acids and polyols, particularly pentaeryth-
ritol, leading to determine the reaction conditions allow 
to obtain products with the desired composition35. The 
quality of synthesized TMP fatty acid ester depends on 
four key factors: reaction temperature, reagents molar 
ratio, amount of catalyst and reaction time. The use 
of organometallic tin catalyst in the synthesis of polyol 
esters was studied in more detail and we found that 
the high conversion of fatty acid (>95%) is obtained 
after 4–5 hours of the synthesis35. In this study we have 
adopted 6 hours as effective reaction time and three 
other reaction parameters were further optimized. From 
several evaluated organometallic Lewis-type catalysts (Ti, 
Zr and Sn) in studied process Sn bis(2-ethylhexanoate) 
was characterized by the highest activity and selectivity 
to desired products. The reaction conditions adopted for 
the synthesis of trimethylolpropane ester were analogous 
to the initial testing used in the esterifi cation of pen-
taerythritol with oleic acid and isostearic (molar ratio 
COOH : OH = 1 : 1, reaction temperature –220oC, the 
amount of catalyst – 0.9 wt%). After 6 hours the reac-
tion yielded a product comprising 94.4 wt% of triester. 
Similar results were achieved also for isostearic acid 
ester. Content of diesters in crude product was below 
5 wt% and monoesters <1 wt%. Content of unreacted 
fatty acids was 1.0–1.5 wt%. 

Regression model analysis 
The data obtained from Box-Behnken experimental 

plan were analyzed by linear multiple regression using 
STATGRAPHICS 15 software. Due to the different 
assumptions in the construction of plans for the experi-
ments for oleic acid and isostearic esters both processes 
have been described separately.

Trimethylolpropane oleic acid ester. 
Tables S1 and S2 (Supporting Informations) showed 

designed matrix of experiments and responses of trimethy-
lolpropane oleic acid triester contents in post-synthesis 
mixtures. The data obtained from Box-Behnken experi-
ments were analysed by linear multiple regression using 
STATGRAPHIC 15 software. Based on this statistical 
model analysis the process was set for two factors: COOH 
: OH molar ratio (for oleic acid and tromethylolpropane 
respectively) (X1), reaction temperature (X2) and COOH 
: OH molar ratio (X1), amount of added catalyst (X3) 
was performed. Analysis of variance (ANOVA) was 
applied to establish the statistical signifi cance of the 
model parameters. The signifi cance of each parameter 
(coeffi cient) was determined by F-values and P-values 
(Table 2 and 3).

Table 1. The Values of parameters values of the tribological test adopted in this Study
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The larger magnitude of the by F-values and smaller 
P-values (< 0.01) prove that, the corresponding coeffi cient 
is more signifi cant. The T-test was used to determine the 
signifi cance of the regression coeffi cients of variables, 
and P-value was the indicator of the signifi cance of the 
statistical test, whose value below 0.001 means the vari-
able is very signifi cant and almost (probably) signifi cant 
below 0.05. It was noticed that the COOH : OH molar 
ratio is highly signifi cant followed the esterifi cation 
temperature and catalyst amount.

To test the fi t of the model, the determination coef-
fi cients R2 were evaluated. In case of X1 and X2 as 
function of Y the value of R2 = 0.9377. This indicates 
that the model could explain 93.77% of variability. That 
is only 6.23% of total variation are not explained by 
the model, which ensures the high compatibility of fi t 
and confi rming the adequacy of the adopted regression 
model. In case of X1 and X3 as function of Y the value 
of R2 = 0.9417. This indicates that the model could 
explain 94.17% of variability and also ensures the high 
compatibility of fi t and confi rming the adequacy of the 
adopted regression model 

Based on the statistical analysis described above, it can 
be concluded that the adopted model is characterized 
by a very good degree of fi t. The parameter describing 
the degree of fi t of the model to experimental results 
reached 88.8%. For most processes the value of this 
index > 85% is considered to be satisfactory. The re-

sults in Tables 3 and 4 also indicate, as expected, that 
on the value of the parameter a function of response Y 
(content triesters reaction mixtures), the strongest effect 
has COOH : OH molar ratio.

Trimethylolpropane isostearic acid ester. 
Tables S3 and S4 (Supporting Informations) showed 

designed matrix of experiments and responses of tri-
methylolpropane isostearic acid ester contents in post-
synthesis mixtures. 

Analogously to trimethylolpropane oleate the analy-
sis of variance (ANOVA) was applied to establish the 
statistical signifi cance of the model parameters. The sig-
nifi cance of each parameter (coeffi cient) was determined 
by F-values and P-values (Table 4 and 5). 

The T-test was used to determine the signifi cance of 
the regression coeffi cients of variables, and P-value was 
the indicator of the signifi cance of the statistical test, 
whose value below 0.001 means the variable is very sig-
nifi cant and almost (probably) signifi cant below 0.05. It 
was noticed that in the synthesis of trimethylolpropane 
isostearate the COOH : OH molar ratio is also highly 
signifi cant followed the esterifi cation temperature and 
catalyst amount. To test the fi t of the model, the de-
termination coeffi cients R2 were evaluated. In case of 
X1 and X2 as function of Y the value of R2 = 0.8834. 
This indicates that the model could explain 88.34% of 
variability. That is only 11.66% of total variation are not 

Table 3. Signifi cance of regression parameters for TMP oleate synthesis (X1 i X3) 

Table 4. Signifi cance of regression parameters for TMP isostearate synthesis (X1 i X2) 

Table 5. Signifi cance of regression parameters for TMP isosterarate synthesis (X1 i X3) 

Table 2. Signifi cance of regression parameters for TMP oleate synthesis (X1 i X2)
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and amount of added catalyst on TMP trioleate content 
in post-synthesis mixture. The TMP trioleate content 
increased also as the reaction temperature increased 
from 210 to 230oC. The maximum of TMP trioleate 
content (94.8 wt%) can by obtained for the molar ratio 
from 0.99 : 1, reaction temperature 220–230oC. A similar 
effect was also observed in effect of COOH : OH molar 
ratio and amount of added catalyst. The maximum of 
TMP trioleate content can by obtained for the molar 
ratio from 0.98 : 1 to 0.99 : 1 and amount of added 
catalyst from 0.8 to 0.9 wt%. (see Figure 1B and 2B). 

This study did not evaluate the effect of reaction time 
on the TMP triester content in post-synthesis mixtures. 
From our preliminary studies on the esterifi cation of 
polyols with fatty acids shows, that eswterifi cation re-
action catalysed by Sn, Ti and Sn organocatalysts was 
only slightly infl uenced by residence reaction time at the 
studied levels of reaction variables35. The main driving 
force of this reaction is associated with two other process 
parameters: resistant rotation speed (350 rpm and N2 
stream at constant level).

According to the adopted model, the estimated opti-
mum conditions for esterifi cation of trimethylolpropane 

explained by the model, which ensures the high compat-
ibility of fi t and confi rming the adequacy of the adopted 
regression model. In case of X1 and X3 as function of Y 
the value of R2 = 0.9048 This indicates that the model 
could explain 90.48% of variability and also ensures the 
high compatibility of fi t and confi rming the adequacy of 
the adopted regression model.

Eff ect of reaction parameters on TMP oleic acid ester 
synthesis 

The 3D plots and 2D contout plots were developed 
with trimethylolpropane triester contents in post-synthesis 
mixtures. This parameter of crude trimethylolpropane 
fatty acid esters is crucial for most of application prop-
erties, especially lubricant properties and pour point. 

Figures 1A and 2A show the effect of COOH : OH 
molar ratio and reaction temperature on TMP trioleate 
content in post-synthesis mixture formed in esterifi cation 
reaction of oleic acid with trimethylolpropane catalysed 
by Sn di(2-ethylhexanoate) at a resident reaction time of 
6 hr. The TMP trioleate content increased as the COOH 
: OH molar ratio increased to close to equimolar. Figures 
1B and 2B show the effect of COOH : OH molar ratio 

Figure 1. 3D surface plots for the trimethylolpropane trioleate content in post-synthesis mixtures. Change variables were (A) 
COOH : OH molar ratio and reaction temperature (reaction time – 6 hr; catalyst – 0.7 wt%), (B) COOH : molar ratio 
and amount of catalyst (reaction time – 6 hr; reaction temperature – 220°C) 

Figure 2. Conture plots for the trimethylolpropane trioleate content in post-synthesis mixtures. Change variables were (A) COOH 
: OH molar ratio and reaction temperature (reaction time – 6 hr; catalyst – 0.7 wt%), (B) COOH : molar ratio and 
amount of catalyst  (reaction time – 6 hr; reaction temperature – 220°C)
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with oleic acid were: COOH : OH molar ratio, 0.99 : 
1; reaction temperature, 230oC; amount of added cata-
lyst, 0.7–0.9 wt%. Under this reaction conditions TMP 
trioleate content in post-synthesis mixture above of 94 
wt% was achieved.

Eff ect of reaction parameters on TMP isostearic acid 
ester synthesis 

The 3D plots and 2D contout plots were developed 
with trimethylolpropane triester contents in post-synthesis 
mixtures. Figures 3A and 4A show the effect of COOH 
: OH molar ratio and reaction temperature on TMP 
triisostearate content in post-synthesis mixture formed 
in esterifi cation reaction of oleic acid with trimethylol-
propane catalysed by Sn bis(2-ethylhexanoate) at con-
stant reaction time of 6 hr. The analogously to TMP 
trioleate the TMP triisostearate content also increased 
as the COOH : OH molar ratio increased to close to 
equimolar. Figure 3B and 4B show the effect of COOH 
: OH molar ratio and amount of added catalyst on TMP 
triisostearate content in post-synthesis mixture. Similarly 
to TMP trioleate the TMP triisostearate content increased 

also as the reaction temperature increased from 210 to 
230oC. The maximum of TMP triisostearate content 
in post-synthesis mixture (> 94 wt%) can by obtained 
for the molar ratio from 0.92 : 1 to 0.94 : 1, reaction 
temperature from 220 to 230oC. A similar effect was 
also observed in effect of COOH : OH molar rario 
and amount of added catalyst. The maximum of TMP 
triisostearate content can be obtained for the molar ratio 
0.94 : 1 and amount of added catalyst from 0.8 to 0.9 
wt%. (see Figure 3B and 4B). 

According to the adopted model, the estimated opti-
mum conditions for esterifi cation of trimethylolpropane 
with isostearic acid were: COOH : OH molar ratio, 
0.94 : 1; reaction temperature, 230oC; amount of added 
catalyst, 0.9 wt%. Under this reaction conditions TMP 
triisostearate content in post-synthesis mixture above of 
94 wt% was achieved.

Physicochemical characteristics of TMP fatty acid esters 
Under the optimal reaction conditions the synthesis of 

oleic acid and isosteraric acid esters of trimethylolpropane 
were performed. The crude TMP ester was washed with 

Figure 3. 3D surface plots for the trimethylolpropane triisostearate content in post-synthesis mixtures. Change variables were (A) 
COOH : OH molar ratio and reaction temperature (reaction time – 6 hr; catalyst – 0.7 wt%), (B) COOH : molar ratio 
and amount of catalyst (reaction time – 6 hr; reaction temperature – 220oC)

Figure 4. Surface plots for the trimethylolpropane triisostearate      mixtures. Change variables were (A) COOH : OH molar ratio 
and reaction temperature (reaction time – 6 hr; catalyst – 0.7 wt%), (B) COOH : molar ratio and amount of catalyst 
(reaction time – 6 hr; reaction temperature – 220oC)
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the use of 5 wt% water solution of K3PO4 (10 wt% in 
relation to crude ester). The amount of K3PO4 used 
for washing was calculated as a three-fold molar excess 
relative to the acid number of the crude product. The 
purifi cation washing was performed at 50oC for 30 min. 
After phase separation, the ester was washed twice with 
water to neutral pH and fi nally dried under reduced 
pressure. Table 6 summarizes the compositions of the 
purifi ed TMP oleic and isostearic acid esters. 

was 94.1 wt% and the content of the sum of di- and 
tresters was 98.1 wt%. 

In Figure 5 and 6 FTIR spectra of both TMP esters 
are presented.

FTIR spectroscopy confi rms the high purity of synthe-
sized esters. In particular, the appearance and intensity of 
absorption peaks corresponding to the stretching vibration 
of C=O of carboxylic ester groups at around 1730–1745 
cm–1 and OH hydroxyl polyol groups at 3440–3480 cm–1. 
The formation of carboxylic ester can be also confirmed 
by appearance of the peaks assigned to ester C–O 
stretching band at ca. 1150 cm–1 and ester C=O band 
at ca. 1740 cm–1. Moreover, the disappearance of peak 
corresponding to the stretching of polyols O–H groups at 
ca. 3460 cm–1 has also confi rmed the formation of esters. 
All FTIR spectra recorded for synthesized esters show 
the appearance of characteristic ester peaks (1162 and 
1740 cm–1) and peaks assigned to hydroxyl O–H groups 
which are significantly reduced.

For the obtained esters of oleic acid, the basic physico-
chemical properties were determined including viscosity 
characteristics, viscosity index, acid number and pour 
point. The results were compared with the values of the 
corresponding parameters for a commercial grade TMP 
oleic acid and isostearic acid esters (Table 7). 

Figure 5. FTIR spectrum of trimethylolpropane trioleate

Figure 6. FTIR spectrum of trimethylolpropane triisostearate

Table 6. Compositions of purifi ed trimethylolpropane ester of 
oleic and isostearic acid (GC, wt%)

The composition of the purifi ed TMP oleate obtained 
in this study was signifi cantly better than commercially 
available TMP oleate. The content of oleic acid triester 
was 95.7 wt% and sum of di- and tresters was 98.7 wt%. 
The composition of TMP isostearate was similar to the 
corresponding ester of oleic acid. The content of triester 
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Table 7. Physicochemical characteristics of oleic and isostearic acid esters of TMP

The results summarized in Table 7 show, that tri-
methylolpropane trioleate obtained with the use of 
homogeneous organotin catalyst is characterized by 
similar physicochemical data compared to commercial 
trimethylolpropane trioleate. However, commercial TMP 
ester is manufactured by using a more onerous technol-
ogy, that requires purifi cation distillation under very high 
vacuum. The new and convenient method described in 
this paper is free of this problem. Lower hydroxyl value 
proves also, that the use of Sn bis(2-ethylhexanoate) as 
catalyst leads to a product having a lower content of 
undesirable TMP mono- and diesters.

Table 6 presented also the chemical composition of 
purifi ed TMP isostearic acid ester. In our studies we 
used isostearic acid obtained from oleic acid, so it can 
also be considered as a raw material derived from re-
newable sources. Both oleic and isostearic acid esters of 
trimethylolpropane are used as lubricants for hydraulic 
and metalworking oils, plastics, textiles; in the cosmetic 
industry as emollients and also as replacements for 
petroleum-based lubricants in metalworking36. The chemi-
cal compositions of isostearic acid esters shown in Table 
8 does not signifi cantly differ from the corresponding 
of oleic acid esters. Table 7 presents the results of de-
terminations of physicochemical properties of isostearic 
acid esters. TMP isostearic acid ester is characterized 
by signifi cantly higher kinematic viscosity values, but 
also by lower, compared to the corresponding oleic 
acid ester, values of the viscosity index (V.I.). Obtained 
TMP isostearic acid ester is also characterized by lower, 
compared to commercial product, hydroxyl value.

Tribological characteristics of TMP fatty acid esters 
The results of the performed four-ball test of obtained 

esters show that esters of fatty acids (oleic and isostearic) 
and TMP synthetized according to the adopted method, 
which used easily accessible homogeneous organotin 
catalyst, are characterized by good lubrication properties. 
The results of four-ball test of synthesized esters were 
presented in Table 8. 

Measured scuffi ng load of esters were at the level of 
1850–1300 N and wear scar diameter of 0.73 and 0.71 
mm respectively can be considered as good and similar 
to published data for pentaerythritol oleate (1600 N and 
0.79 mm respectively), in particular wear scar diameter22. 
As can be seen in Table 10 lubrication properties of TMP 
isostearic ester are signifi cantly better compared to the 
corresponding oleic acid esters. Physicochemical and 
tribological properties of TMP esters indicated in Tables 
9 and 10 clearly show that the described method for the 
synthesis of polyol esters using the specifi c homogeneous 
organotin catalyst provides a convenient way to obtain 
products which are potentially useful for tribological and 
cosmetic applications.

CONCLUSIONS

The esterifi cation of trimethylolpropane with oleic 
acid and vegetable-derived isostearic acid was carried 
out using homogenous organometallic catalysts – Sn 
bis(2-ethylhexanoate). For this catalyst the optimal 
synthesis parameters were determined, in particular, the 
fatty acid-polyol molar ratio, the reaction temperature, 
the reaction time and the amount of added catalyst. 
Based on the preliminary studies on the synthesis of 
fatty acid esters of polyols we have adopted 6 hours 
as an effective reaction time and three other reaction 
parameters were further optimized. The optimization 
studies were conducted according to 3-level 3-factor 
plan of experiments based on Box-Behnken statistical 
methodology. Under the adopted reaction conditions 
the highest conversion of fatty acid, close to 99 % was 
achieved and additionally the sum of di- and triesters in 
post-synthesis mixtures was above 98 wt%, signifi cantly 
better compared to commercial available TMP ester 
without deep vacuum purifying distillation. The described 
method of the synthesis is suitable for industrial scale 
and allows to obtain high-quality products fully suitable 
for many technical applications. A systematic evaluation 
of basic physicochemical and lubricating properties of the 
synthesized esters was also carried out and their good 
properties as biolubricants were confi rmed. Table 8. Tribological properties of trimethylolpropane fatty 

acid esters
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SUPPORTING INFORMATIONS

Table S1. Independent variables and their levels used in the 
experimental design for trimethylolpropane oleic acid 
ester synthesis

Table S2. Design of experiments and response of TMP triester content for trimetylolopropane oleic acid ester synthesis

Table S4. Design of experiments and response of TMP triester content for trimetylolopropane isostearic acid ester synthesis

Table S3. Independent variables and their levels used in the 
experimental design for trimethylolpropane isostearic 
acid ester synthesis
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