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Abstract

The kinetic regularities of benzoic acid esterification with 1-butyl alcohol catalyzed by p-toluenesulfonic acid under
stationary conditions have been studied. The study shows that the reaction has the first order with respect to
benzoic acid. It is proposed a method for calculating the forward and reverse reaction constants, and the
equilibrium constant using the determined effective rate constant of the esterification reaction. The preexponential
factors and activation energies of the forward and reverse reactions as well as the thermal effect and the entropy
change of the esterification reaction have been calculated. In particular, the thermal effect of benzoic acid
esterification reaction with 1-butyl alcohol at a temperature of 365.2-389.4 K is 622 ]J-mol-}, and the activation
energies of the forward and reverse reactions are 58.40 and 57.70 kJ-mol-1, respectively. The calculated Kinetic
characteristics of the esterification reaction were used in mathematical modeling of the butyl benzoate obtaining
process under nonstationary conditions. Taking into account the Kkinetic characteristics of the reactions and the
stages peculiarities of the butyl benzoate obtaining process the calculation of the change in the benzoic acid
conversion over time was performed. The study shows that under optimal conditions the benzoic acid conversion in
120 min reaches 92 %. The use of the experimental results and the created mathematical model of benzoic acid
esterification process with 1-butyl alcohol makes it possible to calculate of kinetic curves of the reagent
consumption under nonstationary conditions. The experimentals can be used to improve the technological process
of butyl benzoate manufacture in the industry.

Keywords: benzoic acid; 1-butyl alcohol; butyl benzoate; esterification; kinetic; p-toluenesulfonic acid; modeling.

KIHETHYHI JOCJIJXKEHHA TA MOJAEJIIOBAHHA IMPOIIECY ECTEPU®IKAILII
BEH30MHOI KHCJIOTH

CrenaH P. MesnbHuK, YasHa . Xni6keBuy, H0piit P. MenbHuk, ['anuna 4. MaropiBcbka
HayionanawvHuli yHisepcumem «/Ibgicbka nosimexHika», eya. C. Bandepu, 13, m. JIveis, 79013, Ykpaina

AHoTaliq

Y cranioHapHUX yMOBax J0CAiJKeHO KiHeTU4YHi 3aKOHOMipHOCTi ecTrepudikanii 6eH30MHOI KUC/I10TH 6yTaH-1-0710M
B NPUCYTHOCTI N-ToayeHCy/1bPOHOBOI KHCIOTH. [loka3aHo, 10 peaknis Ma€ mepmyi NOpAAOK 3a 6eH30HHOI0
KHUCJI0TOI0. 3alIpONIOHOBAHO METOAUKY PO3PaXyHKY KOHCTAHT NPAMOi Ta 3BOPOTHOI peakuiil i KOHCTaHTH piBHOBaru
3a BM3HAa4eHOI0 e(peKTHUBHOI KOHCTAHTOI0 WIBUAKOCTI peakuii ecrepudikanii. Po3paxoBaHo nmpeekcnoHeHIiiHi
MHO>KHUKM Ta eHeprii akTuBalii npAMoi Ta 3BOPOTHOI peakiiiii, a TakoXK TelJIOBUI edeKT i 3MiHy eHTpomii peaknii
ectrepudikanii. 3okpema TemoBHMHA edekT peaknii ecrepudikanii 6eH30MHOI KHCJIOTH O6yTaH-1-010M 3a
TeMnepaTtypu 365.2-389.4 K ctaHoBuUTb 622 /I>k-M0J1b-1, a eHeprig akTuBalii npsMoi Ta 3BopoTHOI peaknii 58.40 Ta
57.70 xk[x-moub-1, BignoBigHO. OAepKaHi KiHETUYHI XapaKTepUCTUKMU peaknii ecrepudikanii BUKopucraHi aasa
MaTeMaTU4YHOI0 MOJe/JIBaHHA NepioAUYHOro Mpouecy oAepKaHHA GYyTUA6eH30aTy B HeCTalliOHapHMX YMOBax. 3
BpaxyBaHHAAM KiHETMYHMX XapaKTepPUCTHMK peakliid Ta cTajiii mpouecy ojep>KaHHA GYTU/I6eH30aTy BHKOHAHO
pO3paxyHOK 3MiHH CTyneHs nepeTBOPeHHs GeH30iHOiI KUCJ0TH 3 4YacoM. [lokasaHo, 0 3a ONTHMa/JIbHUX YMOB
KOHBepcisa 6eH30iHOI Kuca0TH 3a 120 xB peakii gocsarae 92 %. BUKOpUCTaHHS OJep:KaHUX eKCIlePUMEeHTa/IbHUX
pe3y/bTaTiB i cTBOpeHOi MaTeMaTU4YHOI MoJeJii npouecy ecrepudikanii 6eH30iHOI KMC/JIOTH GyTaH-1-010M Jajio
3MOry OTPUMAaTH KiHeTH4YHi KPpUBi BUTpaTH peareHTiB y HecTalliOHapHUX yMoBax. Oaep>kaHi pe3y/ibTaTH MOXYThb
6yTH BUKOPHUCTaHI A1 BJOCKOHA/JIeHHS TeXHOJIOTiYHOTr0 Npouecy ojep>kKaHHs 6yTHU/I6eH30aTy B NPOMHUC/I0BOCTI.
Karouoei ci06a: 6eH30HHa KUCI0Ta; 6yTaH-1-01; 6yTUIGEH30aT; ecTepUdikarliisi; KiHeTHKa; M-TONMYeHCYIbPOHOBA KUCIOTA;
MO/Ie/TIOBAHHS.
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KIHETUYECKHUE UCCJIEAOBAHHUS U MOIEJIMPOBAHME ITPOLIECCA
3TEPUPUKALIUY BEH30MHOM KUC/IOTHI

Cremnan P. MenbHUK, YabsaHa U. Xnubkeudy, lOpuit P. MenbHuk, lanuna J. Maropusckas
HayuoHanwvHblll yHisepcumem «/Ibgosckasi noaumexHukay, yA. C. bandepwl, 13, e. /Ibsos, 79013, YkpauHa

AHHOTaNU

B cTanMOHapHBIX YC/I0BUAX UCC/IeA0BaHbl KHUHETUYECKHE 3aKOHOMEPHOCTH 3TepUPUKALUI GeH30HHOM KMCIOTHI H-
GYTHJIOBBIM CHHMPTOM B NPHCYTCTBMHU N-TOJIYO0JICYJ1bPOHOBOH KHMCI0ThHI. [loKa3aHO, YTO peakuusA MMeeT NepPBBIH
NopAAOK Mo GeH30MHON KuciaoTe. IIpeasokeHa MeToAMKA pacyeTa KOHCTAaHT NMPAMOM M 0o6GpaTHOIl peakumil u
KOHCTaHTbl PpaBHOBecHUs MO omnpejeleHHON 3(Q(PeKTUBHONH KOHCTAHTe CKOPOCTH peaknuu 3TepuPUKaLHM.
PaccunTaHsbl npe3KcOHeHMa/IbHble MHOKHTE/IM M JHEPTUHM aKTUBALlUM NPAMON M 06paTHOM peaKkuuii, a Takxke
TenJIoBoi 3¢ PeKT U u3MeHeHUe IHTPONUM peaKUyu 3TepuPukanuu. B yacTHoCcTH, Ten10Boil adpPekT peaknumn
sTepuduKanum 6eH30MHOH KMCJIOTHI H-GYTUJIOBBIM CIMPTOM NIpuU Temmnepartype 365.2-389.4 K cocraBisieT 622
Jx-MoJIb-1, a 3Heprus aKTHMBaLlUM NpAMOH M o6GpaTHOH peaknuil 58.40 u 57.70 k/X-M0JIb-1, COOTBETCTBEHHO.
IToslydyeHHble KHMHeTHYeCKHEe XapaKTepPUCTHMKH peaKI UM 3TepuMHKaLMM HCNOJIb30BaHbl AJS MaTeMaTH4eCKOro
MO/e/IMPOBAaHUsA NepHOAUYECKOro Mpolecca nojy4yeHus 6yTHAGeH30aTa B HECTAlMOHAPHBIX YCJA0BUAX. C y4eToM
KMHETHYEeCKHX XapaKTepMCTUK peaKUMi M CTaAuHd mNponecca MoJy4eHMsA OGyTU/IGeH30aTa BBINOJHEH pacyeT
HU3MeHeHHUs CTeleHM NpeBpalleHusa 6eH30i1HO0I KHCA0ThI BO BpeMeHHU. [loka3aHo, YTO NpU ONTUMAaJIbHBIX yC/I0BUAX
KOHBepcHsi GeH30HHOH KucCaoThl 3a 120 MuMH peakuuu pgocrturaetr 92 %. Hcnosib3oBaHUEe MNOJIyYEHHbIX
3KCHepUMeHTa/IbHbIX Pe3y/JbTaTOB U CO3JaHHOM MaTeMaTU4eCKOil Mojeau mponecca 3Tepupukanyu 6eH30MHON
KHMCJIOTBI H-GYTMJIOBBIM CIOMPTOM TNO3BOJIMJIO MNOJY4YUTh KHHETHYeCKHMe KpUBble pacxoja peareHTOB B
HeCTallMOHapHbIX yca0BUAX. [loslydeHHble pe3y/ibTaThl MOTYT GbITh HCHOJIb30BaHbl [JJs COBEpPIIEHCTBOBAHMS

TEXHOJIOTHYECKOTIo nponecca nojy4yeHusda 6yTPlJ]6€H30ﬂTa B IPOMBIIIVIECHHOCTH.

Kawuesvle cnoea: 6GeH30WHasi KUCIOTA; H-GYTUJIOBBIN
TOJIy0JICyTbGOHOBAsA KUCJI0TA; MOJEJINPOBaHUE.

CIIUPT;

OyTU/N6€H30aT; I3TepudUKalus; KUHETHKa; I-

Introduction

Esters are an important substance in the
industry as components of pesticides [1], food
additives and cosmetics [2], biodiesel [3],
plasticizers [4], etc.

The benzoic acid (BAc) esterification process
is investigated both in batch and continuous
conditions. In particular, it has been shown that
the process in a continuous flow microwave
reactor takes less time to provide a high yield of
butyl benzoate than a batch process. At the same
time, the esterification process in a continuous
flow microwave reactor requires temperatures
above 140 °C and high pressure, respectively [5].

The use of catalysts makes it possible the
reaction temperature reducing and provides high
specific productivity of the process. Today it is
known about the use of a wide range of
substances  that accelerate the  esters
manufacture. Usually these are homogeneous and
heterogeneous catalysts [6].

The advantage of wusing homogeneous
catalysts is their high activity and, accordingly,
high conversion degree of carboxylic acid and
alcohol. Such properties are possessed by mineral
acids and organic sulfonic acids [7; 8], a number
of metal salts [9; 10], N-bromosuccinimide [11],
enzymes [12], etc.

Ionic liquids also are homogeneous
esterification catalysts. It was found that in the
benzoic acid esterification reaction with different
alcohols catalyzed by ionic liquids in 3 h high
degrees of the acid conversion are reached [13].
In particular, the yield of the corresponding

esters is from 83 to 98 % in the benzoic acid
esterification reaction with methyl, butyl,
cyclohexyl, benzenemethyl and lauryl alcohols
catalysed by [C3SOz:Hmim]HSOs,.

Heterogeneous catalysts of an esterification
process are easily isolated from the reaction
products. They are often suitable for repeated
use, and also they are characterized by better
environmental performance. It is known to use of
ion exchange resins [14], heteropolyacids [15],
Zirconium based double salts [16], metal salts
[17], iron oxide nanoparticles supported on
mesoporous materials (FeNP@SBA-15) [18], etc.
to accelerate esterification reactions.

It should be noted that today a study of the
regularities of benzoic acid esters manufacture is
carried out using all the above catalysts. A
significant number of publications also present
kinetic study results of the esterification
reactions. The experimental make it possible to
predict the chemical process intensity and the
reaction mixture composition [19].

In particular, sulfuric acid and Amberlyst-15
ion exchange resin were used as esterification
catalysts. The determined preexponential factor
and activation energy of the reaction catalysed by
sulfuric acid are 1.48+0.02-1081-mol!-s'! and
80.5%0.5 kJ-mol-, respectively. The authors also
declare that the reaction kinetic equation has a
second order with respect to benzoic acid for
both catalysts. They also proposed a
mathematical model describing temperature
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profiles and predicting the benzoic acid
conversion in a microwave reactor [20].

Ionic  liquid (1-butyl-3-methylimidazole
chloride), deep eutectic solvent, and ion exchange
resin were used as the catalysts of benzoic acid
esterification with ethyl, butyl, and hexyl alcohols
[21]. p-Toluenesulfonic acid (pTSA) was used as a
hydrogen donor, and benzyltriethylammonium
chloride was used as an acceptor for the deep-
eutectic solvent. The deep-eutectic solvent
provided the highest catalytic activity among
three different catalysts. The benzoic acid
conversion in the reaction with ethyl, butyl, and
hexyl alcohols is 88.3, 87.8, and 67.5 %,
respectively. The molar ratio of BAc : alcohol was
1 : 10, and the catalyst content in the reaction
mixture was 10 wt. %. It is shown that the
benzoic acid conversion increases from 43.39 to
87.87 % with temperature increasing from 55 to
75 oC in the reaction catalysed by deep-eutectic
solvent.

A high yield of methyl benzoate was also
achieved in the benzoic acid esterification with
methyl alcohol in toluene over the H;S04/SiO;
catalyst [22]. Benzyl benzoate was also
synthesized using H,SO. and Si0;-SOsH as a
catalysts [23]. These catalysts promote the benzyl
benzoate and/or benzyl ether accumulating in
different amounts according to the process
conditions.

Silica gel silanized with (3-
mercaptopropyl)trimethoxysilane in toluene first
heated under reflux (S1), and then at room
temperature (S3), and oxidized with H,0, and
methanesulfonic acid was used in the benzoic
acid esterification reaction with methyl alcohol
[24]. The activation energies determined for
catalysts S1 and S3 were 65.9+0.7 and 44.9+0.6
kJ'mol!, and the preexponential factors were
(17.58+0.19)-108 and (6.00 * 0.10)-10> h-,
respectively. The authors emphasize that the
determined activation energies correlate well
with the corresponding activation energies for
other heterogeneous catalysts of benzoic acid
esterification with ethyl alcohol such as S04%
/TisAlC; (42.65 k]-mol1) [25], Amberlyst-15 (69.1
k] mol-1) [20], and Amberlyst-39 [26]. At the same
time, the ceramic catalyst SO42-/ TizAlC; provides
an acid conversion of 80.4 % and selectivity of
ester over 99 % in the benzoic acid esterification
reaction with ethyl alcohol at a temperature of
120 oC in 34 h [25]. The authors also point to the
first reaction order with respect to benzoic acid.

It is obvious that today the improving the
process of benzoic acid esters obtaining remains
relevant, and kinetic studies of the esterification

reaction are the basis for optimizing the
technological parameters of this process.

Accordingly, the purpose of this study is to
determine the Kkinetic characteristics of the
esterification reaction benzoic acid with 1-butyl
alcohol (BA) catalysed by p-toluenesulfonic acid,
as well as to create a mathematical model and to
establish an optimal condition of the butyl
benzoate obtaining process.

Materials and methods

Benzoic acid (reagent grade, 299,5 %, Merck),
and 1-butyl alcohol (reagent grade, 299,5 %,
Panreac Quimica SLU, Spain) were used in the
studies. p-Toluenesulfonic acid (monohydrate,
reagent grade, 298 %, Merck) was used as the
catalyst. The 1-butyl alcohol for kinetic studies
was further purified by distillation for kinetic
research. Benzoic acid and p-toluenesulfonic acid
were purified by recrystallization from a hot
aqueous solution. p-Toluenesulfonic acid was
isolated from an aqueous solution by adding
hydrochloric acid.

Kinetic studies were performed in stationary
conditions in a glass flask equipped with a
thermometer and reflux. A silicone oil bath was
used to heat the reaction mixture. The
temperature fluctuations in the reactor did not
exceed 0.2 K. The reaction medium was stirred
using a magnetic glass stirrer with a speed of 400
rpml. Benzoic acid and 1-butyl alcohol were
charged to the flask, heated to the reaction
temperature, and a catalyst was added. At certain
time intervals samples of the reaction mixture
were taken to determine the acid number.

The benzoic acid esterification process with 1-
butyl alcohol was investigated in nonstationary
conditions in the glass flask equipped with a
Dean-Stark trap and reflux, and placed in a bath
with silicone oil. The reaction temperature was
measured using a thermometer placed in the
flask. The reaction medium was stirred both by
using a magnetic glass stirrer and by boiling the
mixture in the reactor.

The reaction product’s acid number was
determined according to the procedure described
in [29].

Since the kinetic regularities of benzoic acid
esterification reaction were studied wunder
significant 1-butyl alcohol excess, the rate of this
reaction is described by the kinetic equation of
the first order with respect to acid and zero with
respect to alcohol:

AC 4
d—BA = _kefC BAc
v ) (1)
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where k, =kC is an effective constant of

pTSACBA
reaction rate, s1;

k is the effective constant of esterification
reaction rate without taking into account the
catalyst and 1-butyl alcohol concentrations,
12:mol-2-s-1;

Cprsa is the catalyst concentration, mol-1-3;

Csa is 1-butyl alcohol concentration, mol-l-L.

The values of the reaction rate effective
constant were calculated using linearizing the
kinetic curves of benzoic acid consumption in the
InCgac - time coordinates.

The esterification process of benzoic acid with
1-butyl alcohol is based on the equilibrium

reaction
k1

Ce¢HsCOOH + C4HyOH <~ C¢HsCOOC4Hy + H,0
k1

dC,, dC

The equilibrium constant of this reaction is
expressed by the equation:

PRI (2)
k71

where k; is the forward reaction rate constant,
J2:MoJib-2:c-1 12:mol-2:s-1;

k.1 is the reverse reaction rate constant, ji2*MoJ1b-
2.c-1 12.m01—2.s-1_

The kinetic equations for the reagents
consumption and products formations are as
follows:

- benzoic acid and 1-butyl alcohol:

dCd:% = d;:% = _klcpTSAC BacC BA+k—1C pTSACBBCHZO ; (3)

- butyl benzoate and water:

H,0
dr = T = klcpTSAC BACC BA_k—lcpTSACBBCHZO ' (4)
The reagents and product concentrations can where ,_ Ceso isan alcohol excess
: . B=
be expressed through the benzoic acid Coaco
conversion degree Xpac: ratio
CBAc=C BAC,0 (1_ XBAc)' (5) CBB:CHZO:C BAc,ox BAC (7)
Cea=Caco (8= Xgac ) (6) Then the kinetic equation of benzoic acid

d (C BAC,0 (1— X ge ))
dr

and finally
dx BAc

consumption is:

= _klc pTSAC BAc,0 (1 -X BAc )C BAc,0 (:B -X BAc)+ k—lcpTSACéAc,OX éAc (8)

kl(l_ XBAcXﬁ_ XBAC)_k—lxéAc

This equation solution when changing of
benzoic acid conversion degree from 0 to Xpac
and time from 0 to T is:

:CBAc,onTSAdT' %)

|2 K )X gpe — Ky (B+1)—k2(B+1) —4(k,

Y

) BAC

\z(kl

K (B+1)+K2(5+1) -4k,

In| K, (B+1)-k2(B+1) -4k,

To determine the value of ki we written the
equation
k=k, —Ak.(11)
Respectively

k,=k+Ak. (12)

k| (10)

_1)'< /3| =kt (8 1F ks~ o CaseaCpre?
(e ek (5 417 ol ko

Taking into account the equilibrium constant
of the esterification reaction (2):
k + Ak
k =
K
After substituting equations (11) and (12) into
equation (10):

(13)
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z(k+Ak_"+KA"j (ks AR 1) \/(k+Ak)2(ﬂ+1)2—4(k+Ak_k+KAkj(k+Ak)ﬂ_

In
2(k+Ak—k+KAkj o —(k+AKYB+1)+ \/(k+Ak)2(,B+1)Z—4(k+Ak—k+KAkj(k+Ak),b’
k + Ak
—(k+Ak)(,B+1)—\/(k+Ak)(ﬂ+1) ( oK )(k+Ak)ﬂ
“In =
_(k+Ak)(ﬂ+1)+\/(k+Ak)2(,B+1)z—[ T L
_ \/(k +Ak)2(ﬂ+1)2—4(k +Ak—k”")(kwk)ﬁcsmocpﬁg
) (14)
and after the series of transformations is
completed we got:
{1 g -5+ (=17 + 22| |pan)- i1y o 22
In[ 1j Kﬂ I 4Kﬁ
A1-L)x,. 1 1 —(+1 1
At Lot I A in T d I
CancoC prsa® (ﬂ 1) 4Kﬁ

From equation (15) we calculated the values
of Ak and K. When the value of K changes from 2
to 30, the value of Ak will change minimally, in
particular at a temperature of 389.4 K it is
(3.8438-3.6120)-105 12:mol-2s1, at 381.0 K it is
(3.4129-3.3610)-105 12'mol-2-s-land at 365.2 K it
is (2.8284-2.8232)-105 12-mol-2-s-1, respectively.

The value of K and then the value of Ak were
calculated from equation (15). In particular the
value of K is valid when Ak is equal to zero. The
calculated value of K is the equilibrium constant
of the benzoic acid esterification reaction with 1-
butyl alcohol.

The determined value of Ak was used to
calculate the value of the forward reaction rate
constant ki. Using the value of ki and the
equilibrium constant K, the reverse reaction rate
constant k.; was calculated.

Results and discussion

The kinetic regularities of benzoic acid
esterification with 1-butyl alcohol catalysed by p-
toluenesulfonic acid were investigated in the
temperature range from 365.2 to 389.4 K in batch
reaction. The catalyst concentration was 1.8:10-2
mol-l-1. Because benzoic acid is limitedly soluble
in 1-butyl alcohol, a significant excess of alcohol

was used in the kinetic studies. In particular, the
molar ratio of BA : BAc was (15.6-15.7) : 1.

A significant excess of alcohol makes it
possible to consider the reaction as almost
nonequilibrium.

Fig. 1 shows the change of the reaction
mixture acid number over time, and Fig. 2 shows
kinetic curves of benzoic acid consumption.
Obviously, the reaction intensity increases with
temperature.

Fig. 3 shows the logarithmic dependence of
benzoic acid concentration on time at different
reaction temperature. The linear character of the
curves points on the reaction first order with
respect to benzoic acid. These results were used
to calculate the reaction rate effective constants k
at the corresponding temperature (Table 1).

The calculated high values of the equilibrium
constant of benzoic acid esterification reaction
with 1-butyl alcohol correlate well with the
results obtained using a phosphotungstic acid as
a catalyst. In particular, the benzoic acid yield in
the batch reaction catalysed by phosphotungstic
acid at 1.5-fold alcohol excess was very high, and
it was 88 % at a temperature of 110 °C, and 91 %
at a temperature of 120 °C [27].
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Fig. 1. Dependence of the reaction mixture acid number on time at different reaction temperatures (K): 1 - 365.2;
2 -381.0; 3-389.4
Fig. 2. Dependence of benzoic acid concentration on time at different reaction temperatures (K): 1 - 365.2;
2 - 381.0; 3-389.4

According to the determined rate constants of
the forward and reverse reactions, the benzoic
acid conversion degree was calculated, and the
curves of it depending on time at the studied

0 2000 4000 6000 8000
_0.2 'l 'l 'l 'l

INCeAc

Time, s

10000

reaction temperatures were plotted. They are in
good agreement with the obtained experimental
results (Fig. 4).

0.6 7 /t

0 2500 5000 7500 10000 12500
Time, s

Fig. 3. Logarithmic dependence of benzoic acid concentration on time at different reaction temperatures (K):
1-365.2; 2 - 381.0; 3 - 389.4
Fig. 4. Dependence of benzoic acid conversion degree on time at different temperatures (K) of benzoic acid
esterification reaction with 1-butyl alcohol: 1 - 365.2; 2 - 381.0; 3 - 389.4. Points are experimental results. Lines are
plotted using calculated constants. Error levels are 10%

Fig. 5 shows the dependence of Ink; on the
reaction temperature. According to this
dependence, the effective activation energies and
activation energy of forward and reverse

esterification reactions, as well as preexponential
factors of the Arrhenius equation, were
calculated (Table 2).

Table 1

The effective rate constant (k), the rate constants of forward (ki) and reverse (k-1) reaction, and the equilibrium constant (K) of
benzoic acid esterification reaction with 1-butyl alcohol at different temperatures

Temperature, K

The constant of reaction rate, 122mol-2-s-1

The equilibrium

k-104 ki-104 k1105 constant K
389.4 4.57 4.93 3.24 15.2
381.0 2.92 3.26 2.16 15.1
365.2 1.20 1.48 0.99 15.0
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Table 2
Activation energies and preexponential factors of benzoic acid esterification reaction with 1-butyl alcohol catalysed by p-
toluenesulfonic acid

Indicator effective forward reaction reverse reaction
Ea, J-mol1 65090 58400 57770
ko,i, 122mol-2-s1 2.5-105 3.4-104 1.8-103

The changes in the standard enthalpy and
standard entropy of benzoic acid esterification
reaction with 1-butyl alcohol, which are 622
J'molt and 24.2 J-mol1K-, respectively, were
calculated from the dependence of the
determined equilibrium constant on temperature
(Fig. 6). The calculated thermal effect and the
reaction entropy change correlate with the data
obtained by the study of the reaction between
benzoic acid and isoamyl alcohol [28].

It is known that the equilibrium constant
dependence on temperature describes the
equation:

AG? __AH? +AS$
RT RT R

To model the benzoic acid esterification
process with 1-butyl alcohol, we assumed that
the process occurs in several stages:

InK =-

T K!
0.00255 0.00260 0.00265 0.00270 0.00275
70 L L L '
Ink; =-7029,5T"" +10,432
R?=0,9998

-7.5 4

-8.0 1
-8.5 4

Ink =-7835,7T" +12,431

9.0 1 R =1

-9.5 1

Inki

-10.0 1
-10.5 A

-11.0 1

-11.5 1 Ink, =-6954,6 T +7,5188

-12.0 R?=0,9999

i - the reagents heating from a temperature of
293 K to the reaction mixture boiling point: at
low water content in the reaction mixture the
beginning of boiling corresponds to the 1-butyl
alcohol evaporation temperature, and at high
water content the boiling temperature is higher
than the azeotrope evaporation temperature of
water and 1-butyl alcohol, and it is below the
boiling temperature of 1-butyl alcohol;

ii - the water and 1-butyl alcohol evaporation,
subsequent condensation, and separation of the
aqueous and organic layers until the water
separator is completely filled;

iii - the returning of butyl alcohol to the
reactor after filling the water separator in the
amount corresponding to the volume of distilled
water. The third stage lasts until the esterification
process is complete.

2.722

2.120 1 InK =-74,922T" +2,9128

2.718 R?=0,9651

2.716 A

InK

2.714 A

2.712 A

2.710 A

2.708 A

2.706 T T T
0.00255 0.00260  0.00265 0.00270

Tl K—l

0.00275

Fig. 5. Arrhenius plot of benzoic acid esterification reaction with 1-butyl alcohol catalysed by p-toluenesulfonic
acid
Fig. 6. Dependence of the equilibrium constant of benzoic acid esterification reaction with 1-butyl alcohol
catalysed by p-toluenesulfonic acid on the reaction temperature

The first stage of butyl benzoate obtaining is
described by a kinetic equation (15)
dXBAc

dr
where k =2.5-10° exp(65090/RT), 12mol-2-s-.

By sufficiently and intensive removal of water
the conversion degree change of benzoic acid at

= kaTSAC BAc,0 (1 — Xgac )(:B — Xgac )'

using a determined effective constant of
reaction rate:

(15)

the second stage is described by an equation (16)
containing the forward reaction rate constant:
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dX BAc

where k, =3.4-10" exp(58400/RT ), I2mol-2-s1,
The mathematical model describing the
second stage of the esterification process should

dC

—BA = —k1C pTSAC BACC BA_WBAC‘BA )

dr
where W, is the volumetric flow rate of
alcohol evaporating from the reactor, 1's-1;

Civo

dr

where W, 0 is the volumetric flow rate of water

evaporating from the reactor, 1-s-1;
C'Hzo is water concentration in the flow

evaporating from the reactor, mol-l-.

Equation (16) also describes the change of
benzoic acid conversion degree over time at the
second stage of the esterification process.

dXga
dr

Equation (18) also describes the change of
water concentration over time at the third stage
of the esterification process.

To determine the regularity of reaction
temperature changes over time the experiments
with different excess alcohol, in particular, at a
ratio of BA : BAc - 1.2 : 1 and 3.0 : 1 were
performed.  The concentration  of  p-
toluenesulfonic acid as catalyst was 2:10-2 mol-l-L.

It is established that the reaction temperature
depends on the initial alcohol content in the
reaction mixture: the lower it is the higher is the

final reaction temperature, which
asymptomatically  approaches the heater
temperature with increasing benzoic acid

conversion. The volumetric flow rate of water
and 1-butyl alcohol, which accumulates in the
water separator, was also calculated using these
experiments. We also assumed that the alcohol
and water molar concentration in the flow
evaporating from the reactor corresponded to the

= klcpTSAC BAc,0 (1 — Xgac )(ﬂ — Xeac )'

=k,C pTSAC 8acC BA_WHzoCﬁzo )

= klcpTSACBAc,O (1 -X BAc )(ﬁ -

(16)

additionally contain the equation of alcohol and
water concentration change:

(17)

C,, is 1-butyl alcohol concentration in the
flow evaporating from the reactor, mol-1%;

(18)

The mathematical model describing the third
stage of the process esterification should
additionally contain the equation of alcohol and
water concentration change (19): the distilled
water displaces the equivalent volume of alcohol
into the reactor, taking into account the
molecular weights of water (18) and alcohol (74):
)+WHZOCH20 -18 . (19)

>(BA(: 74

molar concentration of pure substances Cg, =
10.9 mol‘lI'* and C'HZO = 55.6 mol'l4, respectively.

The obtained results were used to optimize
the esterification process of benzoic acid with 1-
butyl alcohol in nonstationary conditions. Fig. 7
shows the dependence of the reaction mixture
acid number on time at the estimated optimal
ratio of BA : BAc - 2.9 : 1 (mol.) and the catalyst
concentration 5.2:10-2 mol-1'l. Using these data
the benzoic acid conversion degree was
calculated (Fig. 8). Also, using the mathematical
model of the esterification process, the graphical
dependence of the benzoic acid conversion
degree on time under the reaction conditions was
plotted (Fig. 8). It is obvious (Fig. 8) that the
determined preexponential factors and activation
energies as well as the proposed esterification
process model adequately describe the process of
butyl benzoate obtaining.
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Fig. 7. Dependence of the reaction mixture acid number on time. The ratio of BA : BAcis 2.9 : 1 (mol.). The p-
toluenesulfonic acid concentration is 5.2:10-2 mol-1-1
Fig. 8. Dependence of the calculated (black dots are without taking into account the first stage of the process; red
dots are taking into account the first stage of the process Xga = 4 %) and the experimentally determined (dots) BAc
conversion degree on time. Error levels are 5%. The ratio of BA : BAcis 2.9: 1 (mol.). The pTSC concentration is
5.2:10-2 mol-1-1

Using the mathematical model of the butyl
benzoate obtaining process the dependence of
reagent concentrations on time was determined
(Fig. 9). It is obvious that under the process
conditions of butyl benzoate obtaining a part of

the water remains in the reactor. These data
correlate well with experimental results,
according to which the aqueous layer volume per
120 min consists 33 % of the water volume that
should have been formed during the reaction.

10

C, mol/L

0 = |

0 50

150

Time, min

Fig. 9. Dependence of reagents concentration on time in the butyl benzoate obtaining process. The ratio of BA : BAc
is 2.9: 1 (mol.). The pTSC concentration is 5.2:10-2 mol-1-1

Since in the esterification process a part of the
water remains in the reaction mixture, it is more
correct to create a mathematical model of the
second and the third stages of the process using
preexponential factor and activation energy
calculated for effective rate constant k. At the
same time, the recalculation of the benzoic acid
conversion degree according to this assumption

does not show a significant difference between
the calculated curves.

Conclusions

The kinetic regularities of benzoic acid
esterification reaction with 1-butyl alcohol at
different temperatures were investigated and the
effective rate constant and rate constants of the
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forward and reverse reactions were determined.
The calculated preexponential factors and
activation energies of the reactions are 2.5-105,
3.4:104, and 1.8:103 12:mol-?'s-1 and 65.09, 58.40,
and 57.77 KJ'mol-, respectively.

It was shown that the equilibrium constant of
benzoic acid esterification reaction with 1-butyl
alcohol varies from 15.0 to 15.2 at a temperature
range from 365.2 to 389.4 K. These results
correspond to the change of the reaction enthalpy
and entropy of 622 ]J'mol! and 24.2 J-mol-1-K!

respectively.
The proposed mathematical model of
nonstationary process of butyl benzoate

obtaining adequately describes the reaction
course using determined kinetic parameters.
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