Kragujevac J. Sci. 44 (2022) 45-55. UDC 677.027.622.1:661.741.3:544.478.02
doi: 10.5937/KgJSci2244045K Original scientific paper

ESTERIFICATION OF PROPANOIC ACID
IN THE PRESENCE OF A HOMOGENEOUS CATALYST

Vlatko R. Kastratovi¢!*, Milica M. Radulovi¢?, Kristina K. Kastratovi¢?

! Faculty of Natural Sciences and Mathematics, University of Montenegro,
Dzordza Vasingtona bb, 81000 Podgorica, Montenegro,
2 Faculty of Metallurgy and Technology, University of Montenegro, Podgorica, Montenegro
*Corresponding author; E-mail: vlatkok@ucg.ac.me

(Received December 10, 2021; Accepted April 04, 2022)

ABSTRACT. Esters are organic compounds that are widely used even on an industrial
scale, so their production has been extensively investigated. The aim of this work is to
carry out the optimization process of esterification of propionic acid with lower
monohydric alcohols. The influence of the amount of catalyst (H,SO.,), the size and
structure of the alcohol, the influence of the a-substituent, the molar acid/alcohol ratio
and temperature on the esterification process were investigated. The descending order of
reactivity tested alcohol is: 1-butanol> 1-propanol> ethanol> 2-propanol. As the acid/
alcohol molar ratio increases, the rate and yield of the esterification reaction increase. The
maximum Yyield of n-propyl propanoate in our experiments was 96.9%, achieved at a
molar ratio of propanoic acid/1-propanol/catalyst 1/10/0.20 and a temperature of 65°C for
210 minutes of reaction.
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INTRODUCTION

Esterification is a frequently used reaction in the chemical industry due to its great
importance and practical application of esters. Esters are suitable intermediates in the
synthesis of different compounds; have great application as solvents, plasticizers, pesticides,
emulsifiers and monomers; they are used in the food, cosmetics, chemical and pharmaceutical
industries (ALl et al., 2007; NeJ et al., 2009; Ju et al., 2011; MEKALA and GoLl, 2015). Due
to the widespread use of esters in the chemical and related industries, there are currently about
500 commercial esters (SAHU and PANDIT, 2019).

The advantage of esters for their practical application is that they do not accumulate to
any great extent in the Humans, do not pollute the environment, pose a low chemical risk,
provide maximum safety during use and most are generally biodegradable.

In the esterification reaction, acids (mostly organic) and alcohol give esters and water.
The reaction is reversible, slow and without the use of catalysts lasts an infinitely long time
and with low yield (JyoTi et al., 2016; KeEsHAV et al., 2018; SAHU and PANDIT, 2019).
Therefore, the rate of the esterification reaction is increased in the presence of a catalyst. In an
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acid-catalyzed esterification reaction, the first step is the protonation of the carbonyl group of
carboxylic acid. The rate-determining step is the nucleophilic addition in the reaction
mechanism. In order to suppress the reversibility of the reaction, the process is carried out in
excess of alcohol or water drained from the system. The presence of water as a by-product
and undesirable product reduces the reaction rate due to the hydrolysis of the resulting ester
into acid and alcohol. Water can be removed from the reaction mixture by distillation, using
molecular sieves for water absorption, or some other separation technique (AL-JENDEEL et al.,
2010; KoNG et al., 2011).

The production of esters is not an efficient process. Conventional production requires
energy consumption, the use of a catalyst, and a significantly greater amount of alcohol than
stoichiometric. The process is often expensive with unnecessary energy loss, impure
compounds are obtained as by-products, with inconsistent quality of the final product. Many
researchers examine the esterification reaction to obtain a waste-free process, with the lowest
possible energy consumption, higher yield and shorter duration of the esterification process.

The main factors influencing the esterification reaction are the type and amount of
catalyst, the size and structure of the alcohol and acid, the molar ratio of acid/alcohol and the
reaction temperature. The study of the influence of the main factors on the esterification
process shows that they are interrelated and might have ambivalent effects (CHoLAKoOV et al.,
2013).

Mineral acids as catalysts have many disadvantages such as corrosivity, difficulty in
separating from the reaction mixture, polluting the environment and often giving side
reactions. The advantages of mineral acids as a catalyst are low cost and high solubility,
which gives a large number of reactive sites and thus higher efficiency. Of the mineral acids,
sulfuric acid is mostly used due to its high acid strength and significant dehydrating ability.

A comparative study of homogeneous or heterogeneous catalyzed esterification
reactions can be found in the literature (SAHU and PANDIT, 2019). In general, the use of
homogeneous catalysts (liquid-liquid phase) leads to a higher reaction rate compared to
heterogeneous catalysts (liquid-solid phase). In heterogeneous catalysis, steric hindrance
occurs due to competition of binding to the solid phase and decreased availability of free
protons (SAHU and PANDIT, 2019).

There are many papers in the literature on the topic of esterification of propanoic acid
with sulfuric acid as a catalyst (RATHOD et al., 2014; SALMAHAMINATI and JUMINA, 2017). In
recent decades, heterogeneous catalysts have been used due to easy separation from the liquid
phase, reusability, high selectivity and environmental friendliness. The researchers used
heterogeneous catalysts to esterify propanoic acid: fibrous polymer Smopex 101 (LILJA et al.,
2005), various enzymes (VARMA and MADRAS, 2010), activated Nigerian clay (Dim et al.,
2013), Amberlyst and Dowex resins (CHANDANE et al., 2017), sulfonated rice cumin (TIWARI
etal., 2017).

The aim of this work is to carry out the optimization process of esterification of
propionic acid with lower monohydric alcohols. It is also intended to examine the influence of
the amount of catalyst (H2SO.), the size and structure of the alcohol, the influence of
increasing the length of the acid chain by one C-atom and the presence of substituents in the
side chain, the molar acid/alcohol ratio and temperature on the esterification process.

MATERIALS AND METHODS

In the experimental part of this work, esterification reactions of propanoic acid with
lower monohydroxy alcohols were carried out using sulfuric acid as a catalyst. The influence
of the size and structure of alcohol and a carboxylic acid, acid/alcohol molar ratio, catalyst
amount and reaction temperature on the esterification reaction was investigated.
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The reactions were performed according to the procedure given in the work of
KASTRATOVIC and BiGgovi¢ (2018). Propanic acid esterification reactions were performed
with alcohols: ethanol, 1-propanol, 2-propanol and 1-butanol. The alcohols used were both
reactants and solvents. To test the introduction of the side chain in the structure of propanoic
acid, lactic acid (a-hydroxypropanoic) and a-methylpropanoic acid were tested. In order to
examine the effect of excess alcohol on the yield of the obtained ester, the following molar
acid/alcohol/catalyst ratios were used: 1/2.5/0.20 (propanoic acid 13.61 g, 182.8 mmol / 1-
propanol, 99.5 wt%, density 0.803 g/cm? 34.4 cm?3, 457 mmol / sulfuric acid, 98 wt%, density
1.83 g/cm?® 2.00 cm?, 36.6 mmol); 1/5.0/0.20 (propanoic acid 6.804 g, 1-propanol 34.4 cm?,
sulfuric acid 1.00 cm® and 1/10.0/0.20 (propanoic acid 3.402 g, 1-propanol 34.4 cm?
sulfuric acid 0.50 cm?®). The effect of the amount of catalyst on the reaction rate was
investigated at molar ratios acid/alcohol/catalyst: 1/10/0.06; 1/10/0.11; 1/10/0.15 and
1/10/0.20. The selected temperatures were: 35, 45, 55 and 65°C.

The degree of conversion of the propanoic acid into propyl propanoate is calculated
with the formula:

% conversion = 100 - 2= (1)
Co

where Co is the propanoic acid concentration at the beginning of the esterification process and
Ct — propanoic acid concentration at the point of time t.
Propanoic acid concentrations were calculated based on expressions (2) and (3):
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where cnaon is the concentration (= 0.0001 mol/dm?) of the standard solution of NaOH; Vinitial
— consumption of NaOH (cm?®) for the titration of carboxylic acid at the beginning of
esterification; Vo — consumption of NaOH (cm?) for titration of carboxylic and sulfuric acid at
the beginning of esterification; Vi — consumption of NaOH for carboxylic and sulfuric acid in
the reaction mixture at the point of time t; Vaiiquot — volume (cm?®) of reaction mixture taken for
analysis.

RESULTS AND DISCUSSION

Alcohol reactivity

The influence of alcohol size and structure was investigated in the reaction with
propanoic acid in the presence of sulfuric acid as a catalyst (Fig. 1).

In Figure 1. it can be concluded that the conversion of propionic acid into ester, after a
fixed time (210 min) increases with the increasing number of C-atoms in the chain because in
this way the nucleophilicity of alcoholic oxygen also increases. The yield of the esterification
reaction also depends on the physical properties of the alcohol. 1-Butanol, which has the
highest boiling point of used alcohols (117.5°C), i.e. has the highest content in the reaction
mixture at given temperatures. With branching, alcohol decreases in reactivity due to steric
hindrance. Other authors (LILJA et al.,, 2005; BRAGA et al., 2008; Neu et al., 2009;
KASTRATOVIC and BiGovi¢, 2018) also find a decreasing series of reaction rates in relation to
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the type of alcohol: primary> secondary> tertiary, during esterification of carboxylic acids, at
similar molar ratios acid/alcohol/catalyst and temperatures. In contrast, some authors (ALI,
2009; CARDOSO et al., 2009; SAHU and PANDIT, 2019) find that increasing the length of the
alcohol chain has a negative effect on the conversion of propanoic and other carboxylic acids
to esters due to steric interference in the presence of heterogeneous catalysts. By using
heterogeneous catalysts, larger alcohols interfere with the binding of acids to the active site.
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Figure 1. Influence of the chain length and structure of the alcohol on esterification of propanoic acid.
Conditions: acid/alcohol/catalyst (H.SO,) molar ratios: 1/10/0.20; temperature 45°C.

Influence of acid

Figure 2 shows the results of the investigation of the influence of the acid structure on
the rate and yield of the esterification reaction. The influence of the length of the alkyl chain
and the presence of substituents in the side chain were investigated. The esterification reaction
of propanoic, butanoic, a-hydroxypropanoic and a-methylpropanoic acid with 1-propanol in
the presence of sulfuric acid at 45°C was investigated. The molar ratio of acid/alcohol/catalyst
was 1/10/0.20.
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Figure 2. Influence of the length of the alkyl line and substituent in acid side chain
on the rate and yield of esterification reaction with 1-propanol.
Conditions: molar ratios: acid/alcohol/catalyst (H.SO4) was 1/10/ 0.20; temperature 45°C.
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For the reactivity of carboxylic acids in esterification reactions, both the steric and
electronic factors are important in homogeneous catalysis, while in heterogeneous steric are
of higher importance. In the work of Liu et al. (2006) it has been found that for small acids,
from acetic to butanoic, the reaction rate decreases with an increasing number of C-atoms. For
larger acids, a small additional effect on the rate and yield of the reaction was observed with a
further increase in the number of C-atoms. Increasing the number of C-atoms in the linear
saturated acid chain slightly reduces the rate of the esterification reaction. A slightly larger
difference is observed in heterogeneous catalysis (CAETANO et al., 2009; NEeJ et al., 2009;
SRILATHA et al., 2009; FERREIRA et al., 2012) due to the inhibitory effect of longer chain
acids, which are more difficult to adsorb on the surface of the solid catalyst.

The presence of a substituent in the side chain of propanoic acid reduces the rate and
yield of acid conversion to the ester. Comparing the reaction of oa-hydroxy- and o-
methylpropanoic acid, a higher reactivity of lactic acid is noticed in the first 90 minutes of the
reaction. Probably the electronic effects of hydroxy and methyl groups have an advantage
over the steric effects of the substituent. As the reaction progresses, a-methylpropanoic acid
shows a higher conversion to the corresponding ester and approaches the yield of unbranched
acids. We assume that the reason for this is significantly less hydrolysis of a-methylpropanoic
acid ester in an acidic medium, due to significantly less solubility of the acid in the aqueous
medium created during the reaction.

Acid/alcohol molar ratio

Figure 3 shows the results of investigating the effect of the acid/alcohol molar ratio on
the rate and yield of the esterification reaction of propanoic acid with 1-propanol.

The molar ratio of acid/alcohol is one of the most important variables that can affect
the degree of conversion of acid to an ester (KASTRATOVIC and BIGovi¢, 2018). As the
acid/alcohol molar ratio increases from 1/2.5 to 1/10, the rate and yield of the esterification
reaction increase. In the first 30 min, the difference in ester yield is small while with the con-
tinuation of the process it increases and after 120 min it reaches a mainly constant difference
in ester yield.
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Figure 3. Effect of acid/alcohol molar ratio (1/10; 1/5 and 1/2.5)
on the rate of esterification of propanoic acid with 1-propanol.
Conditions: molar ratio of acids/catalyst (H.SO4) 1/0.20; temperature 45°C.

Tsal et al. (2011) performed experiments with molar ratios of methanol and propanoic
acid from 1/1 to 5/1. CHANDANE et al. (2017) performed esterification of propanoic acid with
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2-propanol at molar ratios of alcohol and acid of 1/1 to 3/1. The results of these works show
that the equilibrium conversion of propanoic acid to ester increases with an increasing molar
ratio. In several papers (CARDOSO et al., 2009; JyoTi et al., 2016; KASTRATOVIC and BIGOVIC,
2018; SAHU and PANDIT, 2019) higher molar ratios of alcohol/acid (15/1, 20/1 and more) do
not lead to an increase in the yield of the formed ester, but only shorten the required time to
reach equilibrium concentrations.

Due to the dilution of the reaction mixture with alcohol, the changes in the acid
concentration are smaller.

Influence of catalyst quantity

Figure 4 shows the results of testing the effect of the amount of catalyst on the
reaction of esterification of propanoic acid with 1-propanol in the presence of sulfuric acid as
a catalyst at a temperature of 45°C. The acid/alcohol/catalyst molar ratios were 1/10/0.06;
1/10/0.11; 1/10/0.15 and 1/10/0.20.
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Figure 4. Influence of the catalyst (H.SO.) amount on the kinetics of esterification of
propanoic acid with 1-propanol. Conditions: acid/alcohol molar ratio 1/10;
temperature 45°C; acid/catalyst molar ratios: 1/0.06; 1/0.11; 1/0.15 and 1/0.20.

Catalyst concentration may be an alternative way to speed up the esterification
reaction. Increasing the molar ratio of catalyst/acid from 0.06/1 to 0.20/1 results in an increase
in the reaction rate. The difference in ester yield at the beginning of the reaction is significant
(A = 31.9%), while the difference is reduced later. By the end of the experiment (210 min),
the conversion of propanoic acid to propyl propanoate was similar (A = 1.7%) in the range of
catalyst/acid molar ratios from 0.11/1 to 0.20/1. This slight increase in ester yield with
increasing catalyst concentration (H2SOs) is explained by the occurrence of dehydration of
alcohol to an alkene in the presence of an excess acid catalyst.

SAHU and PANDIT (2019) examine the influence of the concentration of a
homogeneous catalyst (H2SOa4) on the esterification reaction of a series of lower alicyclic
acids with lower monohydroxylic alcohols. With increasing concentration of the catalyst
increases the yield of the reaction when its amount is up to 3% wt. In the range of 3.0-5.0
wt.% with increasing catalyst concentration, there is a small decrease in the yield of the
obtained ester, with the same other reaction parameters.

ALTIC (2010) investigated the influence of sulfuric acid concentration as a catalyst on
the esterification reaction of free fatty acids with methanol. The rate and yield of the reaction
are significantly increased within the range of sulfuric acid concentrations from 0.3 wt.% to
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1.0 wt.% in relation to the oil used. Outside this range, further addition of sulfuric acid does
not lead to significant further transformation of acids into esters.

Dim et al. (2013) investigated the influence concentration of clay, in the range of 1-3
wt.%, as a catalyst for the reaction between propanoic acid and 1-propanol. It has been
observed that the degree of acid conversion increases with the amount of catalyst. On the
other hand, the conversion decreases by the same amount of catalyst when the molar ratio of
alcohol versus acid increases. This is explained by the increase in the number of alcohol
molecules at the active sites of the catalyst, which interferes with the adsorption of the acid
and therefore has a lower rate and yield of the reaction.

Influence of temperature

Data on the influence of temperature on the reaction rate help us to calculate the
reaction rate constant and the activation energy. Conversion and reaction rate increase with
increasing temperature due to a larger number of successful collisions with enough energy to
break the bonds leading to product formation (KONG et al., 2011; SAHU and PANDIT, 2019).

In this work, the effect of the reaction temperature on the reaction of esterification of
propanoic acid with 1-propanol was investigated. Esterification reactions were performed at
35°C, 45°C, 55°C and 65°C, and with an acid/alcohol/catalyst molar ratio of 1/10/0.20. The
results are shown in Figure 5. As the temperature increases, the rate of formation and the yield
of propyl propanoate increase. After 30 min of reaction appears the greatest difference in the
conversion of acid (w) of the ester, 0.423 and 0.856 at 35°C to 65°C. The further duration of
the process, up to 210 min, reduce the difference in ester yield: 0.837 and 0.969 at 35°C to
65°C.
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Figure 5. Influence of temperature on the conversion of propanoic acid into propyl propanoate.
Conditions: acid/ alcohol/catalyst (H.SO.) molar ratio 1/10/0.20.

Reaction rate constant and activation energy
Literature data show that most reactions of esterification of monocarboxylic acids with
a large excess of monohydroxyl alcohols are first-order reactions (SAHU and PANDIT, 2019;
CARDOSO et al., 2009). Therefore, the following equation can be used to describe changes in
substrate concentration over time:

In[propancic acld], = —kt + In[propanoic acid], 4)
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where [propanoic acid]o - propanoic acid concentration at the beginning of esterification
process, and [propanoic acid]t - propanoic acid concentration at the point of time t.

Table 1 shows the values of the rate constant (k) of the esterification reaction obtained
for each tested temperature (Figure 5). As expected, an increase in the reaction temperature
leads to an increase in the reaction rate.

Table 1. Values of rate constant, k, as the slopes of the linear equation (4) and linear correlation
coefficient (R?) for the H,SO, catalyzed propanoic acid esterification with 1-propanol.

In [propanoic acid]: = -kt + In [propanoic acid]o

Temperature (K) k (min™) R?
308 y=-0,252x + 0,150 0,910
318 y=-0,263x — 0,135 0,769
328 y=-0,283x - 0,188 0,772
338 y=-0,384x — 0,397 0,768

The Arrhenius equation is applied to consider the effect of reaction temperature on the
forward rate constant:

— A .p—Ea/RT
k=4-¢ (5)

where A is the pre-exponential factor, Ea is the activation energy, R is the ideal gas constant,
and T is the reaction temperature.

This equation can be rearranged as follows:
1

Eq
Ink=InA — % -~ (6)
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Figure 6. Linear plot of In k versus 1/T resulting from H,SO4
catalyzed esterification of propanoic acid with 1-propanol.

Figure 6 shows the linear dependence of In k vs. 1/T. The activation energies of the
reaction are calculated from the slope of the line (-Ea/R). The activation energy of the
esterification reaction of propanoic acid with 1-propanol is 11.36 kJ/mol. This value is
generally lower than the values found in the literature (LILJA et al., 2005; TsAl et al., 2011,
JyoTl et al., 2016; SAHU and PANDIT, 2019) for the activation energy of the formation of
similar esters. However, it is often difficult to compare the calculated values of the activation
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energies of the esterification process due to different reaction conditions, primarily due to the
type and amount of catalyst used, different acid/alcohol molar ratios, reaction temperatures
and process techniques.

CONCLUSIONS

As the number of C-atoms increases, the reactivity of alcohol in the esterification
reaction with propanoic acid increases. The descending series of reactivities of the tested
alcohols is: 1-butanol> 1-propanol> ethanol> 2-propanol. In addition to the physical
properties of alcohol due to the length of the chain, the esterification process is also
influenced by the structure of the alcohol. Due to the steric factor, faster esterification of
primary alcohols is observed compared to secondary alcohols.

The longer length of the alkyl chain in carboxylic acid slightly reduces the rate and
yield of esterification. There is a small difference in reactivity between butanoic and
propanoic acid in contrast to a-substituted acids in which the difference in ester yield is
higher. Interesting is the behavior of a-methylpropanoic acid, which in the first 90 minutes of
the reaction shows less conversion to an ester than a-hydroxypropanoic (lactic) acid. With the
further duration of the esterification process, o-methylpropanoic acid reacts faster and
approaches the yield of the reaction given by the unsubstituted acid. Probably the reason is the
suppressed hydrolysis of the formed ester, due to the low solubility of a-methylpropanoic acid
in water.

As the acid/alcohol molar ratio increases from 1/2.5 to 1/10, the rate and yield of the
esterification reaction increase. In the first 30 min, the difference in ester yield is small while
with the continuation of the process it increases and after 120 min it reaches a constant
difference in ester yield.

As the temperature increases, the rate of formation and the yield of the obtained esters
increase. After 30 min of reaction, the largest difference in the conversion of propanoic acid
(w) to n-propyl propanoate occurs, 0.423 at 35°C and 0.856 at 65°C. The further duration of
the process, up to 210, reduces the difference in ester yield: 0.837 and 0.969 at 35°C to 65°C.

The maximum yield of ester (n-propyl propanoate) in our experiments was 96.9%, at a
molar ratio of propanoic acid/1-propanol/catalyst (H.SO4) of 1/10/0.20 and a temperature of
65°C for 210 min of reaction.

References:

[1] AL, S.H. (2009): Kinetics of catalytic esterification of propionic acid with different
alcohols over Amberlyst 15. International Journal of Chemical Kinetics 41: 432—-448.
doi: 10.1002/kin.20416

[2] ALl, S.H., TARAKMAH, A., MERCHANT, S.Q., AL-SAHHAF, T. (2007): Synthesis of
esters: development of the rate expression for the dowex 50 Wx8-400 catalyzed
esterification of propionic acid with 1-Propanol. Chemical Engineering Science 62:
3197-3217. doi: 10.1016/j.ces.2007.03.017

[3] AL-JENDEEL, H.A., AL-HAssANI, M.H., Zeki, N.S.A. (2010): Kinetic study of
esterification reaction. Al-Khwarizmi Engineering Journal 6 (2): 33-42. ISSN: 1818-
1171 (Print), 2312-0789 (Electronic)

[4] ALTic, L.E.P. (2010): Characterization of the esterification reaction in high free fatty
acid oils. Graduate Theses and Dissertations. University of South Florida. Digital
Commons @ University of South Florida.



54

[5]

[6]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

https://digitalcommons.usf.edu/cgi/viewcontent.cgi?article=4742&context=etd

BRAGA, V.S., BARROS, I.C.L., GARCIA, F.A.C., DiAs, S.C.L., DiAs, J.A. (2008): Esteri-
fication of acetic acid with alcohols using supported niobium pentoxide on silica—
alumina catalysts. Catalysis Today 133 (35): 106—112.

doi: 10.1016/j.cattod.2007.12.091

CAETANO, C.S., GUERREIRO, L., FONSECA, .M., RAmMOS, A.M., VITAL, J., CASTAN-
HEIRO, J.E. (2009): Esterification of fatty acids to biodiesel over polymers with sulfonic
acid groups. Applied Catalysis A 359: 41-46. doi: 10.1016/j.apcata.2009.02.028

CARDOSO, A.L., NEVES, S.C.G., DA SiLvA, M.J. (2009): Kinetic study of alcoholysis of
the fatty acids catalyzed by tin chloride (I1): an alternative catalyst for biodiesel produc-
tion. Energy Fuels 23 (3): 1718-1722. doi: 10.1021/ef800639h

CHANDANE, V.S., RATHOD, A.P., WASEWAR, K.L., SONAWANE, S.S. (2017): Esterifi-
cation of propionic acid with isopropyl over ion exchange resins: Optimization and
kinetics. Korean Journal of Chemical Engineering 34 (1): 249-258.

doi: 10.1007/s11814-016-0249-5

CHoLAKkov, G., YANEV, S., MARKOV, V., STOYANOV, S. (2013): Esterification of
mixtures of pure fatty acids with methanol. Journal of Chemical Technology and
Metallurgy 48 (5): 489—496. ID: 25898934

Dim, P.E., OKAFOR, J.0., EDOGA, M.O., ONUkwuULI, O.D. (2013): Nigerian clay as a
catalyst for esterification of propan-1-ol with propanoic acid. Research Journal of
Engineering Sciences 2 (2): 7-10.

FERREIRA, A.B., CARDOSO, A.L., DA SILVA, M.J. (2012): Tin-catalyzed esterification
and transesterification reactions: a review. ISRN Renewable Energy 142857: 13 pp. doi:
10.5402/2012/142857

Ju, I.B., Lim, H., JEON, W., SuH, D.J., PARK, M., SuH, Y. (2011): Kinetic study of
catalytic esterification of butyric acid and n-butanol over dowex. Chemical Engineering
Journal 168 (1): 293-302. doi: 10.1016/j.cej.2010.12.086

JyoTl, G., KESHAV, A., J. ANANDKUMAR, J. (2016): Experimental and kinetic study of
esterification of acrylic acid with ethanol using homogeneous catalyst. International
Journal of Chemical Reactor Engineering 14 (2): 571-578. doi: 10.1515/ijcre-2015-
0131

KASTRATOVIC, V., BIGOVIC, M. (2018): Esterification of stearic acid with lower mono-
hydroxylic alcohols. Chemical Industry and Chemical Engineering Quarterly 24 (3):
283-291. doi: 10.2298/CICEQ170327040K

KESHAV, A., POONIA, A.K., JosHI, N. (2018): Experimental study of esterification of
carboxylic acid with different alcohol using various catalysts. International Journal of
Science Engineering and Management 3 (1): 27-29.

KONG, P.S., ARouA, M.K., RAMAN, A.A. (2011): Kinetics study of esterification
reaction of 2-methyl-4-chlorophenoxyacetic acid (MCPA acid). International Journal of
Chemical Reactor Engineering 9 (1): 1-22. doi: 10.2202/1542-6580.2652



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

55

LiLA, J., WARNA, J., SALMI, T., PETTERSSON, L.J., AHLKVIST, J., GRENMAN, H.,
RONNHOLM, M., MuRzIN, D.Y. (2005): Esterification of propanoic acid with ethanol, 1-
propanol and butanol over a heterogeneous fiber catalyst. Chemical Engineering
Journal 115 (1-2): 1-12. doi: 10.1016/j.cej.2005.08.012

LIU, Y., LOTERO, E., GOODWIN, J.G. (2006): Effect of carbon chain length on esterify-
cation of carboxylic acids with methanol using acid catalysis. Journal of Catalysis 243
(2): 221-228. doi: 10.1016/j.jcat.2006.07.013

MEKALA, M., V.R. GoLl, V.R. (2015): Kinetics of esterification of methanol and acetic
acid with mineral homogeneous acid catalyst. Chinese Journal of Chemical Engineering
23 (1): 100-105. doi: 10.1016/j.cjche.2013.08.002

NEJI, S.B., TRABELSI, M., FRIKHA, M.H. (2009): Esterification of fatty acids with short-
chain alcohols over commercial acid clays in a semi-continuous reactor. Energies 2 (4):
1107-1117. doi: 10.3390/en20401107

RATHOD, A.P., WASEWAR, K.L., Yoo C.K. (2014): Enhancement of esterification of
propionic acid with isopropyl alcohol by pervaporation reactor. Journal of Chemistry
2014: 539341. doi: 10.1155/2014/539341

SAHU, A., PANDIT, A.B. (2019): Kinetic study of homogeneous catalyzed esterification
of a series of aliphatic acids with different alcohols. Industrial Engineering Chemistry
Research 58 (8): 2672—2682. doi: 10.1021/acs.iecr.8b04781

SALMAHAMINATI, JUMINA (2017): Synthesis propyl propanoic from propanoic acid by
esterification reaction. Energy Procedia 105: 1090-1095.
doi: 10.1016/j.egypro.2017.03.469

SRILATHA, K., LINGAIAH, N., SAI PRASAD, P.S., PRABHAVATHI DEvI, A.B.L., PRASAD
R.B.N., VENKATESWAR, S. (2009): Influence of carbon chain length and unsaturation on
the esterification activity of fatty acids on Nb.Os catalyst. Industrial and Engineering
Chemistry Research 48 (24): 10816-10819. doi: 10.1021/ ie900864z

TIwARI, A., KESHAV, A., BHowMICK, S. (2017): Optimization of esterification of
propionic acid with ethanol catalyzed by solid acid catalysts using response surface
methodology (RSM): a kinetic approach. International Journal of Chemical Reactor
Engineering 15 (4): 20160101. doi: 10.1515/ijcre-2016-0101

Tsal, Y.T., LIN, HM., LEE, M.J. (2011): Kinetics of catalytic esterification of propionic
acid with methanol over amberlyst 36. Industrial and Engineering Chemistry Research
50 (3): 1171-1176. doi: 10.1021/ie1001179

VARMA, M.N., MADRAS, G. (2010): Effect of chain length of alcohol on the lipase-
catalyzed esterification of propionic acid in supercritical carbon dioxide. Applied
Biochemistry and Biotechnology 160: 2342—-2354. doi: 10.1007/s12010-009-8696-7



