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Abstract. This paper presents a comprehensive study on the synthesis of ethyl acetate through
the esterification of acetic acid with ethanol using a continuous stirred tank reactor (CSTR). Ethyl
acetate is a significant solvent in various industries due to its eco-friendly characteristics and economic
efficiency. The study develops a detailed mathematical model focusing on the operating of the CSTR to
enhance the understanding of the reaction kinetics and thermodynamics in a continuous processing
environment. The reactor model was validated with experimental data to optimize process parameters,
aiming to improve yield and selectivity. Key variables such as reactant ratios, and operational
temperatures were methodically varied to study their effects on the esterification process. Results
indicated that optimal conditions achieved a significant yield improvement while maintaining process
sustainability. This research not only advances the operational efficiency of ethyl acetate synthesis but
also supports the broader application of CSTR in similar chemical processes.

Keywords. reaction kinetics, simulation, ethyl acetate, esterification, continuous stirred tank
reactor, reaction rate

Annotatsiya. Ushbu maqola uzluksiz aralashtirgichli reaktor (CSTR) yordamida sirka
kislotasini etanol bilan eterifikatsiya qgilish orqgali etil asetat sintezi bo ‘yicha keng gamrovli tadgiqotni
taqdim etadi. Etil asetat ekologik toza xususiyatlari va igtisodiy samaradorligi tufayli turli sohalarda
muhim ertituvchi sifatida foydalaniladi. Tadgigot uzluksiz ishlab chigarish muhitida reaktsiya kinetikasi
va termodinamikasini batafsil tushunish uchun CSTR ishlashini tavsiflovchi matematik model asosida
imitatsion modellashtirish amalga oshirildi. Reaktor modeli jarayon parametrlarini optimallashtirish
uchun eksperimental ma'lumotlar bilan muvofiglikka tekshirilgan bo ‘lib, samaradorlik va selektivlikni
yaxshilashga garatilgan. Reaktivlar nisbati va ish harorati kabi asosiy o ‘zgaruvchilar ularning
eterifikatsiya jarayoniga ta'sirini o ‘rganish uchun uslubiy jihatdan g‘zgartirildi. Natijalar shuni
kg ‘rsatdiki, optimal sharoitlar asosida jarayonning bargarorligini saglab, unumdorlikni sezilarli
darajada oshirishga erishildi. Ushbu tadgiqot nafagat etil asetat sintezida reaksiya unumdorligini
oshiribgina golmay, balki shu kabi kimyoviy jarayonlarda CSTR ning kengroqg gg ‘llanilishi bg ‘yicha
ham tadgiqotlar g ‘tkazilishi magsadga muvofigligini kg ‘rsatadi.

Kalit sg“zlar. reaksiya kinetikasi,imitatsion modellashtirish, etil asetat, eterifikatsiya, doimiy
aralashtirish reaktori, reaksiya tezligi

Annomauusn. B Oannou cmamve npedcmasieno KOMNIEKCHOe UCCIe008aAHUe CUHME3A
amunayemama nymem dMepuduKayuu YKCyCHOU KUCIOMbL IMAHOIOM C UCHOTb308AHUEM PEAKmMOopa
Henpepuvlgnozo  Oeticmgus ¢ nepemewusanuem (CSTR). Dmunayemam A61SeMCA  8ANHCHLIM
pacmeopumenem 6 pPA3IUYHBIX OMPACTAX NPOMBIUIEHHOCIMU 61a200aps C80UM IKOIOSUHECKUM
Xapakmepucmukam u 3KOHOMUYeckol s@gexmusnocmu. B uccredosanuu paspabamviéaemcs
noopobOHas mamemamudeckas mooenb, opuenmuposannas Ha pabomy CSTR, umober ymyuuwume
HOHUMAHUE KUHEMUKU Deakyuu U mepMOOUHAMUKU 6 cpede HenpepwlsHoti obpabomxu. Modenwb
peakmopa Oblia HOOMEEPICOeHA IKCNEPUMEHMATLHBIMU OAHHLIMU OJisi ONMUMUZAYUU NAPAMEMPOS
npoyecca ¢ yenvlo NOGblleHUs 8bIXx00a u celekmugHocmu. Kniouegvie nepemennvie, maxue Kax
COOMHOWEHUSL Pea2eHmos U paboyue MmemMnepamypul, MeMmoOUYecK 8apbUPOSAIUCh Oist U3VUEHUsL UX
GIUSAHUSL HA npoyecc smepudurayuu. Pezynomamel noxazanu, umo onmumaibhvle YCi08Us NO360IUIU
3HAYUMENbHO NOBbICUMb NPOU3EOOUMENLHOCMb NPU COXPAHEHUU YCMOUMUBOCMU npoyeccd. Dmo
uccnedogamue He moibko nOGblulaem hGeKmueHOCMb CUHME3A IMULAYEMAMA, HO U NOOJepIHCUBAen
bonee wupoxoe npumenenue CSTR 68 aHan02uyHbIX XUMUYECKUX NPOYECCAX.
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ELECTRICAL AND COMPUTING ENGINEERING

Knroueevie cnosa. runemuxa peakyuu, MOOeIUpOSAHUe, 3Muiayemam, mepugurayus,
PeaKmop HenpepvleHo20 OeliCmEuUsi ¢ nepeMeuudanuem, CKOpoCns peaKyuu

Introduction

Ethyl acetate is a solvent widely used in
industrial applications, including coatings, adhesives,
printing inks, and in the pharmaceutical industry. It is
most commonly produced via the esterification of
acetic acid with ethanol, a reaction that combines
environmental ~ friendliness  with ~ economic
viability[1]. The growing demand for ethyl acetate
due to its favorable solvent properties, including low
toxicity and relatively fast evaporation rate,
necessitates efficient production methods[2].

The continuous stirred tank reactor (CSTR) is
among the most extensively utilized types of reactors
in chemical process industries due to its simplicity
and continuous operation mode[3]. However, the
design and optimization of a CSTR for the production
of ethyl acetate pose unique challenges due to the
reversible nature of the esterification reaction and the
need to manage byproduct formation and energy
consumption[4]. An accurate reactor model is
essential for optimizing these processes, reducing
costs, and enhancing yield and selectivity.

Previous studies have focused on the batch
processing of ethyl acetate and the Kkinetics of
esterification under varying conditions of
temperature and catalyst concentration[5]. Although
valuable, these studies often do not translate directly
into continuous process applications, which are
operationally distinct and economically more viable
for large-scale production. Some research has
explored continuous processes but has often
neglected aspects such as dynamic behavior under
different operational settings and comprehensive
energy balance considerations [6].

This study aims to bridge these gaps by
developing a detailed mathematical model of a CSTR
for the esterification process to produce ethyl acetate.
By focusing on both the kinetics and thermodynamics
within a continuous operational context, this model
will provide insights into optimizing process
parameters, enhancing reactor design, and improving
the overall efficiency and sustainability of the
production process. Moreover, this research will
contribute to the broader field of chemical process
modeling by introducing a validated model that
incorporates a nuanced approach to the interaction
between reaction kinetics and process dynamics.
According to the results of the last research, various
catalysts were used in the synthesis of ethyl acetate,
including Ni-based [7], ZrC-based nano powder
catalyst [8], CuO/CeO2-based catalysts [9], and ion-
exchange resin catalysts[10].

Despite the development of heterogeneous
catalysts, homogeneous acidic catalysts are still used

in many studies. Usually, when ethyl acetate (EtAc)
is synthesized based on etherification of acetic acid
(HAc) and ethanol (EtOH) in the presence of acidic
catalysts (sulfuric acid, methanesulfonic acid,
phosphoric acid), water is also formed as an
additional substance[11], [12], [13].

kislota(H)
HAc + EtOH «——— EtAc+ H,0 (1)

The acid esterification process has several
practical difficulties related to the type of process
(batch or continuous). The main problem is that the
formation of water slows down the reaction, resulting
in less ethyl acetate[14].

In this work, we discussed in detail on the
modeling results of ethyl acetate synthesis based on
esterification in a CSTR. The effect of key process
parameters on the reaction performance is studied and
discussed. These parameters include the amount of
catalyst, the ratio of reactant ethanol to acetic acid,
the initial concentration of ethanol, the reaction
temperature, and other such factors. In this study,
optimal conditions were selected based on known
reaction kinetics and compared with experimental
results.

Research Methods
The esterification of acetic acid with ethanol to
form ethyl acetate (C) and water (D) can be
represented by the following reversible reaction:

cat
A+B—C+D @)

The Kinetics of the reaction were assumed to
follow first-order Kkinetics with respect to each
reactant and product. The rate of the forward reaction
and the reverse reaction are described by the rate
constants kr and k.., respectively. The net rate of

reaction r can be expressed as[15]:

r = k¢[A][B] — k. [C][D] 3)
ks = 2.145exp (—_1;;94) 4)
kr = 0.0545exp (—=—) (5)

where, kg, k,— values representing the forward and

reverse reaction rates, respectively.

The reactor modeled in this study is a
continuous stirred tank reactor (CSTR) with a
constant volume V. The reactor is equipped with a
mechanical agitator to ensure uniform mixing of the
reactants and products. The inflow and outflow rates
of the reactants and products are controlled to
maintain steady state conditions, with inflow
concentrations corresponding to typical industrial
feed ratios. Esterification of acetic acid with ethanol
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was carried out in a two-liter stirred tank reactor. The
optimal temperature for the reactor was selected by
modelling. The inner diameter of the reactor is 60 mm
and the height is 710 mm. It is provided with a water
shell (jacket). As the main elements of the continuous
system, a magnetic stirrer and a water bath are used
to maintain the temperature of the reactor at a certain
temperature. The calculated amount of reagents is
mixed and the process is carried out at the specified
temperature. There is a cooler to prevent substances
from evaporating out of the reactor. After the
reactants reach the desired temperature, the H,S0,
catalyst and the reactants are introduced into the
reactor. During the 150-minute experiment, 2 ml of
product samples were taken every 10 minutes. Four
samples were randomly selected and centrifuged at
2500 rpm for 20 minutes to enhance the separation of
the organic phase (ethyl acetate and unreacted acetic
acid) and the aqueous phase (ethanol and water). A
total of 5 different experiments were performed for
different ratios of incoming reagents. During the two-
hour experiment, samples were taken from the reactor
for analysis every 10 minutes. Four 1 mL samples of
the upper organic layer were analyzed by 0.1 M KOH
titration method using phenolphthalein indicator to
determine acid value (AV). Then, the conversion of
acetic acid and the quantitative value of the formed
ethyl acetate were calculated using the following
equations (Egs. 6-7):

KOH content (mL)XNX56.1
AV = (mL) (6)
sample weight
XHac, Yo = — —— (7

For each component i (i.e., A, B, C, D), a
steady-state mass balance was performed:

Fini = Fouti + 1V =0 (8)
where Fi,; and F,,.; are the molar flow rates of
component i entering and leaving the reactor, and r;
is the rate of generation (or consumption) of
component i per unit volume, V.

The energy balance for the reactor was calculated to
account for the thermal effects of the reaction and
external heat transfer:

7801

775¢
@x 77.0t
S765;
60¢
X755}
q75.0t
D745
0 740t
<735¢
w730t

725}

Q+ FinCpTin - FouthTout —AH, 1V =0 (9)
where C, is the heat capacity of the mixture, T;, and
T,y are the inlet and outlet temperatures, Q is the
heat added or removed, and AH, is the heat of
reaction.

According to the obtained experimental
results, a simulation model of the process was built in
the Aspen Plus program and checked for validity (Fig.
1). In this case, the UNIFAC method based on
activation energy was used to take into account the
thermodynamic properties of the process. In
statistical thermodynamics, the UNIFAC method is a
semi-empirical system used to predict non-electrolyte
activity in non-ideal mixtures. UNIFAC uses the
functional groups present in the molecules that make
up the liquid mixture to calculate activity coefficients
[16].

o o
SN NN

EtAc yield, mol/hr

=
N R o

w
w N

0,30 0,50 0,70 0,90
Alcohol/acid molar ratio in feed stream

Experimental results Simulation results

Fig.1. Model validation results

After checking the consistency of the modeling
results with the experimental results, the industrial
scale ethyl acetate synthesis process was analyzed
according to these kinetic parameters. As the initial
consumption of raw materials, 100 kmol per hour was
chosen for alcohol and acid.

72.0 1 1 1 1 1 1 1 1 1 1 1
30 40 50 60 70 80

90 100 110 120 130 140 150 160 170 180 190 200

REACTOR TEMPERATURE, C
Fig.2. Effect of temperature on reaction yield
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Results and discussions
Effect of temperature and residence time on
reaction efficiency
The temperature at which the process is carried
out is important in reaction kinetics, and according to
the Arrhenius equation, the reaction rate constant
changes depending on the reaction temperature.
When analysing the effect of temperature on the
reaction conditions using 99% pure ethyl alcohol
according to the given reaction Kinetics, it was shown
that at a temperature of 95-100 °C, a yield of at least
75 percent was achieved with respect to the raw
materials of acetic acid (Fig. 2), which is consistent

76.0

with the experimental results. It was observed that the
reaction yield increases as the temperature in the
reactor increases, but the required reaction yield was
assumed to be 75% to ensure consistency with the
experimental results and reduce excess energy
consumption. In this case, alcohol/acid molar ratio
was taken as 1:1.

Figure 3 shows the influence of the reactor
residence time on the productivity. The maximum
productivity was achieved when the time of the
presence of reactants in the reactor was 1.5 hours.
Further time change did not significantly affect the
yield of this reaction.

7551

00 02 04 06 08 10 12

14 16 18 20 22 24 26 28 30 32 34

RESIDENCE TIME, HR
Fig.3. Effect of residence time on reaction yield

Effect of ethanol flow rate and concentration on
reaction efficiency

Esterification of acetic acid with ethanol is a
stoichiometric reverse reaction at a 1:1 alcohol/acid
molar ratio. Usually, an excess amount of ethanol is
used to achieve a good yield of ethyl acetate. Table 1
shows the yield of ethyl acetate formation at 95 °C,
=90 minutes and in the presence of 4% catalyst,
using different concentrations of ethanol at different
initial ethanol/acetic acid molar ratios. According to
the modeling results, it was observed that the higher
the concentration of ethanol, the higher the

100

production efficiency of ethyl acetate. It was found
that when the alcohol/acid molar ratio increased from
1:1 to 3:1, the reaction efficiency reached up to 95
molar fractions compared to acetic acid. When this
ratio was higher than 3:1, the growth rate did not
increase significantly (Fig. 4). In this case, the
consumption of acetic acid in the raw material stream
was taken in the amount of 100 kmol/h. It should be
remembered that the higher the ratio of incoming
impurities, the higher the percentage of additional
products in the mixture of products leaving the
reactor, and this causes to the higher the cost of
separating this mixture.

o0}
8o}
70}
60/
50}
10}
30}

Ethyl acetate, kmol/hr

40 80 120 160 200 240 280 320 360 400 440 480 520 560 600
Ethanol mole flow in feed stream, kmol/hr
Fig.4. Effect of ethanol flow rate on reaction yield

From Table 2 and for each ethanol
concentration, the yield of ethyl acetate increased

proportionally with the increase of the alcohol/acid
ratio, and it can be understood that when this ratio
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increases from 1/1 to 3/1, the yield of ethyl acetate
increases significantly, and then this ratio increasing
from 3/1 to 6/1 did not significantly increase the ethyl
acetate vyield. Similarly, increasing ethanol
concentration slightly increases the yield of ethyl
acetate (Table 1) and produces less water per mole of
acetic acid feed.

Table 1
Change in reaction productivity at 95 °C
temperature and in the presence of 4% catalyst
at different concentrations of ethanol raw

materials
Ethyl acetate production efficiency
) with respect to 100 kmol/hr acetic acid
A|C°h°|/a‘_3'd raw-material, kmol/hr
molar ratio
90 mol% 95 mol% 99 mol%
ethanol ethanol ethanol
1/1 70.1 73.7 75.7
2/1 89.1 90.5 91.5
3/1 93.0 94.1 94.7
Conclusion
This study developed and validated a

mathematical model for synthesizing ethyl acetate via
esterification in a continuous stirred tank reactor
(CSTR), demonstrating its predictive accuracy
against experimental data under various conditions.
Key findings highlight the significant impact of
catalyst selection, reactant ratios, and temperature on
reaction efficiency and yield. Optimal conditions
were identified that enhance ethyl acetate yield while
reducing byproducts and energy use. Notably, using
a sulfuric acid catalyst and maintaining a
stoichiometric balance between acetic acid and
ethanol, along with operating at 95-100°C, optimized
the reaction rate and product yield. This research
provides valuable insights for applying CSTR
dynamics to industrial esterification, offering
guidelines that improve efficiency and sustainability.
Future work should integrate this model with real-
time systems to optimize production further and
broaden its application to other esterification
processes. This study significantly advances chemical
engineering by refining process design and operations
for producing ethyl acetate in a CSTR, underscoring
the benefits of detailed modeling and experimental
validation for sustainable industrial processes.
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