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ABSTRACT: Esterification reactions of some polyols and diols were investigated in the presence
of SnO, and nano-SnO; and the results were compared with the catalyst-free conditions. High
conversions were obtained for most of the reactions in the presence of SnO, and nano-SnO, which
shows the high catalytic activity of SnO, and nano-SnO; for the esterification reaction. Low cost of
the catalysts compared to alkyl tins, high safety compared to protic acids such as sulfuric acid
and high chemical and thermal stability of the catalysts make the reactions interesting for the large-
scale production of various polyol esters. Due to the important role of the polyol esters in various
industries especially in the lubricant industry, the introduced approach can be interesting.
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INTRODUCTION

Animal fats such as sperm oil, lard oil, or vegetable
oil such as rapeseed or castor oil were the main classes of
lubricants until the nineteenth century. Around 1937,
the investigation into the preparation of synthetic oil was
begun in Germany. During World War |1 a range of synthetic
oils with low pour point was developed with application
in cold conditions. The synthesized esters resolved
the freezing problem of the lubricants in cold weather,
but the superior properties of polyol esters such as high
flash point and low viscosity encourage the researchers
to develop new lubricants [1].

Today, a wide range of application was recognized for
esters such as automotive and marine engine oils,
compressor oils, hydraulic fluids, gear oils, and grease
formulations. Ester oils are interesting due to low pour
point, high flash point, low viscosity, high breakdown
voltage and high performance. Moreover, ester lubricants

are nontoxic and biodegradable, so their applications
have been extended to the food and cosmetic industry [2-8].

The reaction of a multi-functional carboxylic acid
with alcohol or multi-functional alcohol with carboxylic
acids gave a diester or polyol ester [9]. The most
important esters with a wide application in the lubricant,
the industry can be synthesized from alcohols such as
pentaerythritol (PE), trimethylol propane (TMP) and
neopentyl glycol (NPG). A wide variety of carboxylic acids
were introduced for the reaction, that the number of
carbons of carboxylic acid determined the properties of
the final product [10-12]. Various catalysts are able to
catalyze the esterification reaction such as sulfuric acid,
p-toluenesulfonic  acid, sodium bisulfate, various
phosphorus compounds, zinc oxide, ion-exchange resins,
tin compounds, etc [13]. Some of these catalysts have
disadvantages which cause many problems in the synthetic
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procedure. For example, sulfuric acid is a dangerous and
corrosive acid which due to the increase of the acid
number of the product is avoided. Increasing the acid
number led to the corrosion in the instruments. There is
a similar problem for p-toluenesulfonic acid and
phosphoric acid. Various tin compounds were used
as the catalyst for the esterification reactions. Among
them, SnO; due to its high performance and the low cast
is interesting. For improving the catalytic activity of
Sn0,, various modified SnO; catalysts such as SnO2/y-Al,Os3
[14], SnO.-TiO2/SiO; [14], SO4*/Sn0,-Si0O; [15, 16],
SnO,/WO3 [17], SO4’2/Fe203—Sn02 [18], 80472/F8203-
SnO; [19] were introduced. These modifications led
to the increase of the catalyst performance with respect to
time consuming and cost for the modifications. Herein,
we report a novel method for the high conversion of
esterification reaction using nano-SnO, as the catalyst
under the dean-stark system for removing of the produced
H,O from the reaction. To the best of our knowledge,
this work is the first report about esterification reactions of
PE, TMP, NPG, ethylene glycol (EG), diethylene glycol
(DEG) and glycerol with SnO; and nano-SnO;
as the catalyst. As part of our current studies on the catalytic
reactions [20-25], we have investigated the synthesis of
polyol esters using SnO. and nano-SnO,. Various
alcohols in the reaction with acetic anhydride or
a carboxylic acid derivative gave diesters or polyol esters
in the presence of SnO; and nano-Sn0O,.

EXPERIMENTAL SECTION
General

The chemicals used in this work were purchased from
Merck and Sigma-Aldrich Chemical Companies.
'H NMR spectra were recorded on a BRUKER DRX-300
AVANCE spectrometer at 300.13. NMR spectra
were obtained on the solution in CDCls.

The typical procedure for the esterification reaction of
PE with acetic anhydride in the presence of nano-SnO2
PE (10 mmol), acetic anhydride (44 mmol) and nano-
SnO; (0.08 g) were added to a two-necked flask attached
to a thermometer and a dean-stark apparatus. A reflux
column was connected above the dean-stark apparatus.
The reaction mixture was heated with a mantle heater at
80 °C for 3.5 h. Then, the temperature was elevated to
140 °C for 0.5 h under vacuum to remove the excess of
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acetic anhydride and produced acetic acid. Finally,
the catalyst was separated via filtration, and the product
was characterized by 'H NMR.

The typical procedure for the esterification reaction of
NPG with 2-EHA in the presence of nano-SnO:

NPG (10 mmol), 2-EHA (22 mmol) and nano-SnO,
(0.08 g) were added to a two-necked flask attached to
a thermometer and a dean-stark apparatus. A reflux column
was connected above the dean-stark apparatus,
and vacuum pomp attached to the reflux column. The reaction
mixture was vacuumed with vacuum pomp (1076 bar), and
then heated with a mantle heater at 160 °C for 8 h. Then,
the vacuum was removed, and the produced H-O and the
excess of 2-ethylhexanoic acid which collected
in the dean-stark were discharged. The system was operated
for again to complete removing of the 2-ethylhexanoic
acid at 160 °C in vacuum for 1 h. Finally, the catalyst
was separated via filtration, and the mixture was cooled
to room temperature and characterized by 'H NMR
without any purification.

RESULTS AND DISCUSSION

Synthesis and characterization of nano-SnO:
Nano-SnO, was synthesized from SnCl, via the sol-gel

process [26-28]. For confirming the synthesis of

nano-particles of SnO, SEM analysis was performed.

SEM analysis showed that nano-SnO, with the particle

size of about 30-40 nm were prepared.

Esterification reactions of PE, TMP, NPG, EG, DEG,
and glycerol with acetic anhydride

The esterification reaction of PE, TMP, NPG, EG,
DEG, and glycerol with acetic anhydride were
investigated to evaluate the catalytic activity of SnO, and
nano-Sn0,. Since acetic anhydride is an active reagent,
the esterification reaction can be performed even without
the catalyst. So, the reaction was investigated in the
catalyst-free conditions and in the presence of SnO;
and nano-SnO,. The catalyst amount was optimized
for the esterification of PE and acetic anhydride. The best
conditions for the esterification reaction of 10 mmol of
PE were obtained using 0.08 g SnO; or 0.08 g nano-SnO,
at 80 °C and ambient pressure. Table 1 shows the various
examined reaction conditions for the esterification of PE
with acetic anhydride. The reaction needs to prolong times
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Table 1: Optimization of the reaction conditions for esterification of PE with acetic anhydride?.

4 Entry Catalyst amount (g) Temp. °C Time (h) A h
Sno; nano-SnoO, Sno, nano-SnO, Sno; nano-SnoO,
1 0.07 0.07 80 45 4 Q° QP
2 0.08 0.08 80 4 35 Q° QP
3 0.09 0.09 80 4 35 Q° QP
4 0.08 0.08 70 6 45 Q° QP
\_ 5 0.08 0.08 90 4 35 Q°  J

a) Reaction conditions: PE (10 mmol), acetic anhydride (44 mmol), ambient pressure. A: esterification percent according to the determination

with sampling and *H NMR study. °Q = quantitative yield

7 Signal A= GBSD  Date :3 Oct 2015
EWT=1500kv  WD= 8mm  photoNo.=6908  Time :17:53.00
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Fig. 1: SEM image of nano-SnOs..

for completion in the presence of low catalyst amounts
and low temperatures.

Table 2 shows the results of esterification reactions of
PE, TMP, NPG, glycerol, EG, and DEG with acetic
anhydride to afford polyol ester or diester. The reaction
gave acetic acid as the only by-product. The products
were assigned with 'H NMR and the completion of
reactions was determined with the investigation
of the amount of polyol. For this propose, the sampling
was performed in each 0.5 h during the reaction, impurity
of acetic anhydride and acetic acid of the sample
was removed with heating under vacuum, and *H NMR
was prepared from the product. The completion of reactions
cannot be determined with the produced H,O, since H,O
and acetic anhydride are homogeneous. Excess amount of
acetic anhydride for obtaining quantitative yield is
necessary. The esterification reactions for all of the
alcohols gave a quantitative yield. Short reaction time is
needed for diols in comparison to triols and PE. The use
of SnO increase the reaction rate, but reducing of
catalyst dimension to the nanometer did not decrease
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the reaction duration for all of the reactions. For some of the
alcohols including PE, TMP and glycerol the reaction times
was decreased significantly. Also, the esterification
reaction of PE with acetic acid instead of acetic anhydride
was investigated which gave quantitative yield during 12 h
in the presence of nano-SnO.. Due to the high activity of
acetic anhydride compared to acetic acid in the esterification
reaction, we used acetic anhydride in the reactions.

Esterification reactions of PE, TMP, NPG, EG, DEG,
and glycerol with 2-ethyl hexanoic acid (2-EHA)

The low impact of SnO, and nano-SnO; in the esterification
reactions may be attributed to the high activity of the acetic
anhydride, so the investigation of esterification reaction of
a highly steric carboxylic acid such as 2-EHA is important
for observing the catalytic efficiency of nano-SnO..
Therefore, the esterification reactions were examined
with 2-EHA instead of acetic anhydride in vacuum and
refluxing conditions with the dean-stark system. Vacuum
was used for reducing the reflux temperature since the boiling
point of 2-EHA is about 228 °C at ambient pressure.
High temperatures make the oil color darker, so the vacuum
system assists to reduce the reaction temperature. Reflux
conditions is necessary for removing of the produced H,0O,
since 2-EHA as a H,O carrier transferred the produced
H,O from the reaction vessel to the dean-stark tank.
The progress of the reactions was monitored by the collected
H,0 in dean-starks, and unlike the acetic anhydride did not need
'H NMR study during the reaction. The collected
H,O for complete esterification transformation of each
molecule of PE, triol and diol are four, three and two,
respectively. So, the percent of esterification for alcohol is
determined with the produced H,O. As can be seen from
Table 3, the esterification reaction of PE and 2-EHA
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Table 2: The esterification reaction of alcohols with acetic anhydride.

4 HO OH HO —~©OH )
Ho—(_)—oH
HO e OH T?igl Diol
4.4Anhydride acetic 3.3Anhydride acetic 2.2Anhydride acetic
l -4 AcOH -3 AcOH ‘ -2 AcOH
O O 0

o}

J<o o% 0 O \cf 4/<
SV A

(0] (0]
Time (h)
Entry Alcohol Product A
catalyst-free Sno, nano-SnO,
(0] (0]
HO OH — >—

(0] (0]

1 X 5 4 35 Q®
HO OH

OH
glycerol /&o ©
o)
o
o~ by b
5 o~ 2 15 15 Q
EG P
o
HO (0] OH 04 LOJ \O
6 (\%2 Mz N ™, {‘/}2 Y 2 15 15 Q
DEG O (0]

\_ J

Reaction conditions: alcohol (10 mmol), acetic anhydride (22 mmol for diol, 33 mmol for triol, 44 mmol for PE), 80 °C, dean-stark. A: esterification
percent determined with *H NMR. °Q = quantitative yield
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Table 3: The esterification reaction of alcohols with 2-EHA?,
HO.____OH \

HOxOH Q HO—C}OH

HO OH OH .
PE (1 mol) Triol (1 mol) Diol 1.1 (mol)
4.4 x 2-EHA 3.3 x 2-EHA 2 x 2-EHA
-4 H0 3 H,0 2 H,0
3
;Y 7(% O\C@/O Qo 0@
0._0
Lo, ’
3
catalyst-free Sno; Nano- SnO,
Entry Alcohol Product - - -
Time (h) A Time (h) A Time (h) A
j% 3
1 PE 24 21 22 65 18 69
PYO OY%
348 S 3
j_«o o) %
3
)3 © o
2 TMP 24 26 19 91 15 92
F QOYQ)
IS 3
ﬁtg—« g
)3 O
3 NPG X 24 26 16 Q 12 Q
Oj(g )
5 3
ﬁtg—( g

4 Glycerol ?\ 7(; 24 21 19 93 15 93
o o
o )3
o
3
(

5 EG o 24 29 13 Q° 8 Q°
5&
)
(o]
SO )
O O 3
6 DEG b/go 24 27 16 QP 12 Q°

\ s J
@Reaction conditions: alcohol (10 mmol, except entries 5 and 6 with 11 mmol), 2-EHA (20 mmol for diol, 33 mmol for triol, 44 mmol for PE), 160 °C,

dean-stark. A: esterification percent according to collected H,O in dean-stark except entries 5 and 6 which they were determined with *H NMR. °Q =
quantitative yield
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Scheme 1: The proposed mechanism for the esterification reaction in the presence of SnO: .

did not complete in the catalyst free conditions,
and 21% conversion was obtained in 24 h. The use of
Sn0; as the catalyst improved the reaction conversion to
65% for 22 h. Nano-SnO, decreased the reaction duration
to 18 h with a little increasing in the reaction yield.
Failure to achieve 100% efficiency for this reaction
is related to the high steric repulsion of 2-ethyl hexanoate
groups on the product. The esterification reaction
was performed with TMP instead of PE in the catalyst free
conditions. Again, the low yield was obtained in the
catalyst free conditions which approve the necessity
of the catalyst for esterification reactions. The reaction
was examined in the presence of SnO; with 91% conversion
during 19 h and nano-SnO; with 92% conversion during
15 h. For glycerol, 100% esterification reaction did not
perform even in the presence of SnO; and nano-SnO..
NPG performed the esterification reaction with
quantitative yield in the presence of SnO2and in shorter
reaction time in nano-SnO,. For EG and DEG the
esterification reactions were performed with an excess
of them, regarding that their boiling points are lower
than 2-EHA and they evaporated earlier from 2-EHA.
Also, for these reactions due to homogeneous mixing of
EG and DEG with H,0, determination of the reaction
progress with the produced H.O is impossible,
so, for these reactions, 'H NMR study was performed in each
2 h during the reaction. The esterification reactions of EG
and DEG with 2-EHA gave a quantitative yield in the
presence of SnO, and nano-SnO; under a shorter time
using nano-Sn0;.

Esterification reactions of PE, TMP, NPG, and glycerol
with isovaleric acid (1VA)

The esterification reactions of isovaleric acid with
the alcohols were examined in the presence of SnO; and
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nano-SnO; under vacuum at 110 °C (Table 4). The yield
of esterification reaction of PE with IVA is significantly
improved in the presence of SnO; and nano-SnO;
in comparison to the catalyst-free conditions.
The esterification reaction for TMP, glycerol, and NPG
with IVA were performed completely in the presence of SnO,
and nano-SnO;, with short reaction times in the presence
of nano-SnO;.

Mechanism of the reaction

The esterification reaction mechanism in the presence
of SnO; as a Lewis acid can be presented as Scheme 1.
The hydroxyl group of carboxylic acid was activated for
the leaving via coordination with SnO,. In continue,
hydroxyl group of the carboxylic acid can be replaced
with the nucleophilic attack of hydroxyl group of the alcohol.

CONCLUSIONS

In conclusion, we have developed an efficient and
potentially useful SnO, and nano-SnO; catalyzed
esterification reactions of some important polyols and
diols. The importance of the work is due to broad
applications of polyol esters especially polyol esters of
PE, TMP, and NPG. The excellent catalytic activity of
SnO2 and nano-SnO; in these reactions was approved
with the comparison of results with the catalyst-free
esterification reactions. SnO, and nano-SnO; are the
interesting catalysts for the esterification reaction due to
high activity, chemically inert behavior, and nontoxic
and noncorrosive properties.
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Table 4: The esterification reaction of alcohols with VA2,

/ HO OH HO

HO OH
PE
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1-4 H,0

e

Tt
5y

_OH HOX \
OH OH
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-3 H,0 -2H,0

catalyst-free Sno, Nano- SnO,
Entry Alcohol Product
Time (h) A Time (h) A Time (h) A
—<—<O (0]
Nabs
1 PE 24 33 22 78 18 89
O o
T T
O O,
ﬂo?gh
2 TMP 24 35 18 Q° 13 Q°
OW
[¢]
(0]
(0]
3 NPG X 24 39 16 Q 10 Q
LY
[e]
(0]
o
4 Glycerol }\ 24 32 16 93 10 93
o O O
N ! Y,
Received : Oct. 1, 2017 ; Accepted :Jun. 17, 2018 [3] Venkataramani P.S., Kalra S.L., Raman S.V.
Srivastava H.C., Synthesis, Evaluation and
REFERENCES Applications of Complex Esters as Lubricants:
[1] Rudnick L.R., “Synthetics, Mineral Qils, and Bio- A Basic study. Lubr. Sci., 5(4): 271-289
Based Lubricants”, Taylor & Francis, Chapter 3 (1989).

(2006).

[2] Coffin P.C., Linsay C.M., Mills AJ., Lind camp H.,
Fuhramm J., The Application of Synthetic Fluids
to Automotive Lubricant Development Trends,
Today and Tomorrow. Lubr. Sci., 7(2): 2-3 (1979).

Research Article

[4] Carr D., Hutter J., Kelley R., Hessell E., Ureggo R.,
Production of Polyol Ester Lubricants for
Refrigeration Systems, EP2382288A1 (2009).

[5] Farron W.A., Palmer T., Puterka G.J., Polyol Ester
Insecticides. US 6756046 (2004).

25


https://www.crcpress.com/Synthetics-Mineral-Oils-and-Bio-Based-Lubricants-Chemistry-and-Technology/Rudnick-Rudnick/p/book/9781439855379
https://www.crcpress.com/Synthetics-Mineral-Oils-and-Bio-Based-Lubricants-Chemistry-and-Technology/Rudnick-Rudnick/p/book/9781439855379
https://onlinelibrary.wiley.com/doi/pdf/10.1002/jsl.3000070204
https://onlinelibrary.wiley.com/doi/pdf/10.1002/jsl.3000070204
https://onlinelibrary.wiley.com/doi/pdf/10.1002/jsl.3000070204
https://onlinelibrary.wiley.com/doi/pdf/10.1002/jsl.3000050403
https://onlinelibrary.wiley.com/doi/pdf/10.1002/jsl.3000050403
https://onlinelibrary.wiley.com/doi/pdf/10.1002/jsl.3000050403
https://patents.google.com/patent/EP2382288A1
https://patents.google.com/patent/EP2382288A1
https://patents.google.com/patent/US6756046B2/en?oq=US6756046
https://patents.google.com/patent/US6756046B2/en?oq=US6756046

Iran. J. Chem. Chem. Eng.

[6] Wyman F.J., Porvaznik P., Serve P., Hobson D.,
Uddins D.E., High Temperature Decomposition of
Military Specification L-23699 Synthetic Aircraft
Lubricants, J. Fire Sci., 5(3): 162-173 (1987).

[7]1 Vanormer H.P., Trim Compressed-Air Cost with
Synthetic Lubricants, Power, 131(2): 43-46 (1987).

[8] Witts J.J., Diester Lubricants in Petroleum and
Chemical Plant Service, Lubr. Sci., 5(4): 319-326
(1989).

[9] da Silva M.J., Cardoso A.L., Heterogeneous Tin
Catalysts Applied to the Esterification and
Transesterification Reactions, J. Catalysts, Article
ID 510509, 11 pages (2013).

[10] Grenoble G.L., Biviers P.B., Grenoble B.S.,,
Trimethylolpropane Esters useful as Base Lubricants
for Motor Qils, US Patent 4061581B2 (2004).

[11] Hentschel K.H., Dhein R., Rudolph H., Neulussheim K.N.,
Mannheim K.M., Kruger W., Carboxylic Acid
Esters of Pentaerythritol,US Patent 4212816 (1980).

[12] Creve Coeur N.D., Chesterfield A.AB.,
Pentaerythritol Co-esters, US 4734519 (1988).

[13] Rudnick L.R., Shubkin R.L., “Synthetic Lubricants
and High-Performance Functional Fluids”, Revised
and Expanded, CRC Press; 2nd ed. (1999).

[14] Xie W., Wang H., Li H., Silica-Supported
Tin Oxides as Heterogeneous Acid Catalysts for
Transesterification of Soybean Oil with Methanol,
Ind. Eng. Chem. Res., 51(1): 225-231 (2012).

[15] Lam M.K., Lee K.T., Mohamed A.R., Sulfated
Tin Oxide as Solid Superacid Catalyst for Transesterification
of Waste Cooking Oil: an Optimization Study, Appl.
Catal. B, 93(1-2):134-139 (2009).

[16] Lam M.K., Lee K.T., Accelerating Transesterification
Reaction with Biodiesel as co-Solvent: A Case
Study for Solid Acid Sulfated Tin Oxide Catalyst,
Fuel, 89(12): 3866—-3870 (2010).

[17] Sarkar A., Ghosh S.K., Pramanik P., Investigation of
the Catalytic Efficiency of a New Mesoporous
Catalyst SnO2/WQO3; Towards Oleic Acid Esterification,
J. Mol. Catal. A, 327(1-2): 73—-79 (2010).

[18] Nuithitikul K., Prasitturattanachai W., Limtrakul J.,
Catalytic Activity of Sulfated Iron-Tin Mixed Oxide
for Esterification of Free Fatty Acids in Crude
Palmoil: Effects of lron Precursor, Calcinations
Temperature and Sulfate Concentration, Int. Chem.
Reactor Eng., 9(1): A98 (2011).

26

Houshyar M. et al.

Vol. 38, No. 4, 2019

[19] Mello V.M., Pousa G.P.A.G., Pereira M.S.C., Dias I.M.,
Suarez P.A.Z., Metal Oxides as Heterogeneous
Catalysts for Esterification of Fatty Acids Obtained
Fromsoybean Qil, Fuel Process Technol., 92(1): 53—
57 (2011).

[20] Keshipour S., Ahmadi F., Seyyedi B., Chitosan
Modified Pd(l1)-d-Penicillamine;  Preparation,
Characterization, and Catalyst Application,
Cellulose, 24(3): 1455-1462 (2017).

[21] Keshipour S., Shojaei S., Shaabani A., Palladium
Nano-particles Supported on
Ethylenediaminefunctionalized Cellulose as a Novel
and Efficient Catalyst for the Heck and Sonogashira
Couplings in Water, Cellulose, 20(2): 973-980

[22] Keshipour S., Shaabani A., Copper(l) and
Palladium Nanoparticles Supported on
Ethylenediamine-Functionalized Cellulose
as an Efficient Catalyst for the 1,3-dipolar
Cycloaddition/Direct Arylation Sequence. Appl.
Organometal. Chem., 28(2): 116-119 (2014).

[23] Keshipour S., Kalam Khalteh N., Oxidation of
Ethylbenzene to Styrene Oxide in the Presence of
Cellulose-Supported Pd Magnetic Nanoparticles,
Appl. Organometal. Chem., 30(8): 653-656 (2016).

[24] Keshipour S., Adak K., Pd(0) Supported on N-
Doped Graphene Quantum Dot Modified Cellulose
as an Efficient Catalyst for the Green Reduction of
Nitroaromatics, RSC Adv., 6(92): 89407-89412
(2016).

[25] Keshipour S., Khezerloo M., Gold Nanoparticles
Supported on Cellulose Aerogel as a New
Efficient Catalyst for Epoxidation of Styrene,
J. Iran. Chem. Soc., 14(5): 1107-1112 (2017).

[26] Wang Y.D., Ma C.L., Sun X.D. Li H.D,
Preparation and Characterization of SnO;
Nanoparticles with a Surfactant-Mediated Method,
Nanotechnology, 13(5): 565-569 (2002).

[27] Razeghizadeh A.R., Zalaghi L., Kazeminezhad I.,
Rafee V., Growth and Optical Properties
Investigation of Pure and Al-Doped SnO;
Nanostructures by Sol-Gel Method, Iran. J. Chem.
Chem. Eng. (IJCCE), 36(5): 1-8 (2017).

[28] Novinrooz A., Sarabadani P., Garousi J.,
Characterization of Pure and Antimony Doped SnO;
Thin Films Prepared by the Sol-Gel Technique. Iran.
J. Chem. Chem. Eng. (IJCCE), 25(2): 31-38 (2006).

Research Article


http://journals.sagepub.com/doi/abs/10.1177/073490418700500303
http://journals.sagepub.com/doi/abs/10.1177/073490418700500303
http://journals.sagepub.com/doi/abs/10.1177/073490418700500303
https://trid.trb.org/view/395406
https://trid.trb.org/view/395406
https://onlinelibrary.wiley.com/doi/abs/10.1002/jsl.3000050405
https://onlinelibrary.wiley.com/doi/abs/10.1002/jsl.3000050405
https://www.hindawi.com/journals/jcat/2013/510509/
https://www.hindawi.com/journals/jcat/2013/510509/
https://www.hindawi.com/journals/jcat/2013/510509/
https://patents.google.com/patent/US4061581A/en?oq=US4061581
https://patents.google.com/patent/US4061581A/en?oq=US4061581
https://patents.google.com/patent/US4212816A/en?oq=US4212816
https://patents.google.com/patent/US4212816A/en?oq=US4212816
https://patents.google.com/patent/US4734519A/en?oq=US4734519
https://www.crcpress.com/Synthetic-Lubricants-And-High--Performance-Functional-Fluids-Revised-And/Rudnick-Shubkin/p/book/9780203909898
https://www.crcpress.com/Synthetic-Lubricants-And-High--Performance-Functional-Fluids-Revised-And/Rudnick-Shubkin/p/book/9780203909898
https://www.crcpress.com/Synthetic-Lubricants-And-High--Performance-Functional-Fluids-Revised-And/Rudnick-Shubkin/p/book/9780203909898
https://pubs.acs.org/doi/abs/10.1021/ie202262t
https://pubs.acs.org/doi/abs/10.1021/ie202262t
https://pubs.acs.org/doi/abs/10.1021/ie202262t
https://www.sciencedirect.com/science/article/pii/S0926337309003762
https://www.sciencedirect.com/science/article/pii/S0926337309003762
https://www.sciencedirect.com/science/article/pii/S0926337309003762
https://www.sciencedirect.com/science/article/pii/S0016236110003522
https://www.sciencedirect.com/science/article/pii/S0016236110003522
https://www.sciencedirect.com/science/article/pii/S0016236110003522
https://www.sciencedirect.com/science/article/pii/S138111691000230X
https://www.sciencedirect.com/science/article/pii/S138111691000230X
https://www.sciencedirect.com/science/article/pii/S138111691000230X
https://www.degruyter.com/view/j/ijcre.2011.9.issue-1/1542-6580.2763/1542-6580.2763.xml
https://www.degruyter.com/view/j/ijcre.2011.9.issue-1/1542-6580.2763/1542-6580.2763.xml
https://www.degruyter.com/view/j/ijcre.2011.9.issue-1/1542-6580.2763/1542-6580.2763.xml
https://www.degruyter.com/view/j/ijcre.2011.9.issue-1/1542-6580.2763/1542-6580.2763.xml
https://www.sciencedirect.com/science/article/pii/S0378382010002845
https://www.sciencedirect.com/science/article/pii/S0378382010002845
https://www.sciencedirect.com/science/article/pii/S0378382010002845
https://link.springer.com/article/10.1007%2Fs10570-017-1206-0
https://link.springer.com/article/10.1007%2Fs10570-017-1206-0
https://link.springer.com/article/10.1007%2Fs10570-017-1206-0
https://link.springer.com/article/10.1007/s10570-012-9852-8
https://link.springer.com/article/10.1007/s10570-012-9852-8
https://link.springer.com/article/10.1007/s10570-012-9852-8
https://link.springer.com/article/10.1007/s10570-012-9852-8
https://link.springer.com/article/10.1007/s10570-012-9852-8
https://onlinelibrary.wiley.com/doi/abs/10.1002/aoc.3091
https://onlinelibrary.wiley.com/doi/abs/10.1002/aoc.3091
https://onlinelibrary.wiley.com/doi/abs/10.1002/aoc.3091
https://onlinelibrary.wiley.com/doi/abs/10.1002/aoc.3091
https://onlinelibrary.wiley.com/doi/abs/10.1002/aoc.3091
https://onlinelibrary.wiley.com/doi/abs/10.1002/aoc.3485
https://onlinelibrary.wiley.com/doi/abs/10.1002/aoc.3485
https://onlinelibrary.wiley.com/doi/abs/10.1002/aoc.3485
http://pubs.rsc.org/en/content/articlelanding/2016/ra/c6ra19668c#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2016/ra/c6ra19668c#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2016/ra/c6ra19668c#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2016/ra/c6ra19668c#!divAbstract
https://link.springer.com/article/10.1007/s13738-017-1060-x
https://link.springer.com/article/10.1007/s13738-017-1060-x
https://link.springer.com/article/10.1007/s13738-017-1060-x
http://iopscience.iop.org/article/10.1088/0957-4484/13/5/304/meta
http://iopscience.iop.org/article/10.1088/0957-4484/13/5/304/meta
http://www.ijcce.ac.ir/article_23801_0.html
http://www.ijcce.ac.ir/article_23801_0.html
http://www.ijcce.ac.ir/article_23801_0.html
http://www.ijcce.ac.ir/article_8077_1420.html
http://www.ijcce.ac.ir/article_8077_1420.html

