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The thermal decomposition of ethyl acetate was experimentally studied in a newly designed

fast pyrolysis set-up. The results were compared to theoretical calculations and literature

values in order to proof the experimental concept. The reaction was carried out in a free

fall tubular reactor with a residence time of 0.15 s. The identification and quantification of

products stream composition was performed online using a GC-TCD/FID. First, an overview

of  the reaction rate at feed volumes of 0.25, 0.50 and 0.75 mL was obtained at reaction tem-

perature between 400 to 600 ◦C in intervals of 50 ◦C. As a result mass transfer limitation for

feeds larger than 0.5 mL were identified. For the second approach, a constant feed volume

of  0.25 mL  and temperatures between 420 to 550 ◦C were investigated. Using the experi-

mental results, a global kinetic model is proposed for the thermal decomposition of ethyl

acetate into ethylene and acetic acid through a first order unimolecular reaction. Also, theo-

retical calculations were performed at �B97XD/6-311++G(d,p) level. A concerted mechanism

through a six-membered transition state was identified in the reaction path. The theoretical

and  experimental activation energy values lie within the literature values between 193 and

213 kJ/mol.
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liquid, gaseous and solid phase, known as bio-oil, pyrolysis gas and bio-
.  Introduction

he use of fossil fuels have a negative impact on the environment due

o CO2 emissions, which are increasing in the atmosphere affecting

he climate conditions (Atabani et al., 2012). Also, due to the limited

eserves of non-renewable energy sources, the energy sustainability

annot be guaranteed for fossil fuels in the near future (Kothari et al.,

010; Zhang et al., 2016). These factors motivate the development of

ew technologies for the production of fuels, chemicals and alternative

aterials from renewable raw materials. Liquid biofuels are already

eing used as a replacement for petroleum-based fuels (Atabani et al.,
012; Wang et al., 2019). In the U.S., Europe and other countries, ethanol
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nder the CC BY-NC-ND license (http://creativecommons.org/licenses/
and biodiesel are blended with gasoline and diesel fuels, or are used as

fuels on their own (Zhang et al., 2016; Anon, 2018; Baeyens et al., 2015).

The utilization of ethanol or biodiesel implies that less gasoline and

diesel fuels are being burnt, which reduces the requirements of crude

oil and mitigates the atmospheric contamination resulting in less net

CO2 emissions to the atmosphere (Anon, 2018).

Fast pyrolysis is a thermochemical technology in which compounds

with large carbon containing molecules, like hydrocarbons or carbohy-

drates, are shortened by adding heat in absence of oxygen (Bridgwater,

2012; Choi et al., 2018). The products from pyrolysis are obtained in
m (D. Almeida Streitwieser).

char, respectively (Kung and Zhang, 2015). The advantages of pyrolysis

Institution of Chemical Engineers. This is an open access article
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are its high thermal efficiency and low CO2, SOx and NOx emissions

(Apaydin-Varol et al., 2014; Preciado-Hernandez et al., 2019). More-

over, fast pyrolysis of biomass is one of the most promising routes for

the production of alternative energies and green chemical precursors

(Stefanidis et al., 2014). In the case of fast pyrolysis, thanks to the short

residence time in the range of seconds or below, the main product is

the bio-oil with yields between 40% to 75% (Akhtar and Saidina Amin,

2012). The composition of the bio-oil depends on the feedstock, exper-

imental parameters and collection technique (Sharifzadeh et al., 2019).

This liquid contains high quantities of water (15–50 wt%), coming from

the moisture of the feedstock as well as from the pyrolysis reactions.

Since the main interest on fast pyrolysis of biomass lies in the potential

conversion into liquid bio-fuels or green chemicals (Zhang et al., 2016),

which can be stored or transported easily (Azargohar et al., 2013), the

removal of the water content is imperative. The bio-oil contains also

large amounts of oxygenated compounds which can cause corrosion

to the motor and other parts when uses as a fuel (Wang et al., 2019;

Van De et al., 2010). An upgrade can be achieved through the following

processes: hydrodeoxygenation, catalytic vapor cracking—in situ or ex

situ and gasification to syngas followed by synthesis to hydrocarbons

or alcohols (Sharifzadeh et al., 2019).

Biomass is defined as all the organic matter that is available on a

renewable basis, including industrial waste products from agriculture

and forestry (Almeida Streitwieser, 2017; Van de Velden et al., 2010).

Biomass can be used as renewable source for pyrolysis, since it does not

contribute to the increase of CO2 emissions (Lu et al., 2009). Although

biomass pyrolysis proceeds through a complex network of reactions,

the study of its reaction mechanism can be simplified by using model

molecules with similar molecular structures in such a way that the

biomass reactions are mimicked. The model molecule used for this

investigation is ethyl acetate, that is an alkyl ester, containing C O,

CO, CC, and CH bonds, which can be representative of some of the

more important bonds found in part of the biomass, and which is well

known that decomposes thermally mainly to acetic acid and ethylene

(AlAbbad et al., 2017; Metcalfe et al., 2007; Martín and Chuchani, 1981;

Saheb and Hosseini, 2013; Tosta et al., 2010; Adejoro and Bamkole, 2009)

(Fig. 1).

The thermal decomposition of ethyl acetate follows a first order uni-

molecular reaction (Silva, 2007). The accepted mechanism involves an

unimolecular six-centered transition state producing equimolar ethy-

lene and acetic acid (Metcalfe et al., 2007; Silva, 2007; Ren et al., 2014;

Kuo et al., 2014), where the polarization of the C O bond is reported

as the determining factor in the rate limiting step (Ren et al., 2014). In
the present work, ethyl acetate was chosen as a model molecule for the

determination of a kinetic model of its thermal decomposition by using

Fig. 2 – Flow diagram for pyrolysi
Fig. 1 – Thermal decomposition of ethyl acetate.

a new designed fast pyrolysis set-up. The kinetic and thermodynamic

parameters are obtained experimentally by applying the Arrhenius and

Eyring equation at a temperature range from 400 to 600 ◦C. The results

are compared to the theoretical kinetic and thermodynamic proper-

ties which are calculated at the level of theory �B97XD/6-311++G(d,p).

Finally, the experimental activation energy obtained from the Arrhe-

nius equation is compared with the theoretical value obtained from

the calculations with Gaussian 09, as well as with other reported values

from literature.

2.  Materials  and  methods

2.1.  Experimental  set-up

The unimolecular decomposition of ethyl acetate was studied
in a ceramic tubular pyrolysis reactor with an inner diameter
of 2.5 cm and a reaction section of 45 cm wrapped in a heating
jacket Carbolite Gero model VST 12/300. Helium was used as
the carrier gas with a flow rate of 50 mL/s with a temperature
controller Eurotherm 3508. Ethyl acetate was injected with a
syringe through the feeding system on the top of the tubu-
lar reactor (Fig. 1). The thermal decomposition reaction takes
place and a fraction of the products stream at the bottom of the
reactor goes directly to the gas chromatograph by a stainless
steel pipelines system, which analyzes the sample on line. The
remaining gas stream is purged to eliminate the overpressure
in the reactor. The flow diagram for the fast pyrolysis set-up
for liquid injection is shown in Fig. 2.

2.2.  Temperature  measurements

Before starting the experimental investigation, a temperature

profile for the reactor was obtained to define the isothermal
zone in the reaction zone. The thermocouple used for this

s set-up for liquid injection.
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Table 1 – Experimental conditions parameter screening
and kinetic analysis.

Parameter Units Initial
screening

Kinetic
analysis

Reactor temperature [◦C] 400–600 420–550
Temperature steps [◦C] 50 10
Reactor pressure [bar] 0.829 0.829
Sample residence time [s] 0.15 0.15
Reactant gas rate [mL/s] 50 50
Sample feed [mL] 0.25 / 0.5 / 0.75 0.25
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εA, of 2 should be considered in the expression given in con-
easurements is a single 3/16d̈iameter Inconel Type K Ther-
ocouple with a length of 800 mm.  The temperature profile for

he reactor is shown in Fig. 2. The temperature measurements
how an isothermal zone in the heated zone of the reactor of 30
m.  Thus the assumptions of isothermal system are confirmed
or the different reaction temperatures.

.3.  Design  of  experiments

he experimental conditions are presented in Table 1 for ini-
ial screening and for the kinetic analysis. The goal is to obtain
he kinetic parameters for the thermal decomposition of ethyl
cetate. Therefore, temperature and sample feed were varied,
hile the flow rate was kept constant to maintain a constant

esidence time in all experiments. Therefore, temperature and
ample feed were varied, while the flow rate at normal condi-
ions was kept constant. The residence time of ethyl acetate in
he reaction zone was calculated by adding the linear velocity
iven by the flow rate at real conditions and the gravity force
cting during free fall on the reactant, resulting in a constant
esidence time of 0.15 s.

.4.  Reactants

thyl acetate was bought from Fischer Scientific, purity grade:
9.5%. Acetic acid (glacial), 100% anhydrous for analysis, was
lso supplied by Fischer Scientific. Mixture of standard gases
Scott Mini-mix) was supplied by Air Liquid with a composition
f methane 1%, ethane 1%, acetylene 1%, carbon dioxide 1%,
arbon monoxide 1%, and ethylene 1% in nitrogen. The carrier
ases helium with UHP grade 5.0 and nitrogen UHP grade 5.0
ere supplied by Linde.

.5.  Analytical  methodology

he products from the pyrolysis of ethyl acetate were analyzed
y a gas chromatograph (GC) Thermo Scientific model Trace
310 with a split/splittless injector and a GSV (gas sampling
alve). The column used is a TG Bond Q Thermo Scientific 15

 × 0.53 mm × 20 �m with a nonpolar, 100% divinyl benzene
hase. The GC is coupled with both flame ionization detector

FID) and thermal conductivity detector (TCD) for characteri-
ation and quantification. The thermal decomposition of ethyl
cetate was analyzed with both detectors. The injections of
he products stream sample were made online through a gas
ampling valve (GSV). The oven temperature program started
t 30 ◦C, hold for 5 min  and heated at a rate of 10 ◦C/min–220 ◦C.
he column flow rate was 2.1 mL/min, split flow 60.1 mL/min
nd the sampling time 0.4–0.75 min. The specification of the
nalytical conditions in the GC can be found in the supple-

entary information SM1.
External calibration was used to identify and quantify ethyl
acetate, acetic acid and ethylene fractions. For acetic acid
and ethyl acetate different volumes of the pure compounds
were injected into the GC, while for ethylene the standard gas
mixture of gases described in Section 2.3 was used. These com-
pounds were injected in the feeding system with a constant
helium stream while using the same analytical conditions in
the gas chromatograph. The reactor was kept at a low temper-
ature (200 ◦C) to prevent any decomposition of the compounds.
The retention time in the column for the three compounds of
interest are shown in the supplementary information.

2.6.  Kinetics  analysis

According to previous investigations reported in literature,
various reaction pathways for the unimolecular reaction of
ethyl acetate may occur. These pathways are summarized
in Table 2 (Metcalfe et al., 2007; Martín and Chuchani, 1981;
Saheb and Hosseini, 2013; Tosta et al., 2010). Even though all
of the reaction pathways proposed could have contributions
to the overall reaction, the majority of experimental studies
have mainly focused on mechanism 1, which has proven to be
the dominant reaction pathway (Martín and Chuchani, 1981;
Saheb and Hosseini, 2013; Tosta et al., 2010) and the prod-
ucts obtained in this work (acetic acid and ethylene) confirm
this statement. For this study the first mechanism based on
an elimination pathway proposed by Martín and Chuchani,
(1981), Saheb and Hosseini, (2013) and Tosta et al. (2010) will
be used for developing the equations of the reactor design pre-
sented next (Mora et al., 2008; Lezama et al., 2009; Brea et al.,
2012; Marquez et al., 2010).

Based on the reactor design, the vertical tube can be consid-
ered an isothermal plug flow reactor (PFR) at stationary state
during the course of the reaction. The mass diagram for the
reactor is shown in Fig. 3. The rate of change, RA, expressed as
the rate of consumption of A (ethyl acetate) can be obtained
experimentally with the mass balance of the PFR presented in
Eq. (1).

FA|Z − FA|z+dz + RAdV = 0 (1)

Where FA is the molar flow rate of the reactant A in L/s, enter-
ing the control space at z and exiting at z + dz. RA is the rate
of consumption of A in mol/L·s  and is defined as the sum of
the individual reaction rates, rA, multiplied by its stoichiomet-
ric coefficients, �A, RA = ∑

�A (rA).  And dV is the differential
volume element, Adz.

As mentioned before, in this study the decomposition reac-
tion of ethyl acetate is considered as a first order elemental
reaction according to Eq. (2).

CH3COOC2H5 → CH2 = CH2 + CH3COOH (2)

A → B + C

Thus, the rate of consumption of A can be expressed as
presented in Eq. (3).

RA = −rA = −kCA (3)

The molar flow rate, FA, and the concentration, CA, can be
expressed in terms of the conversion, XA. An expansion factor,
centrations, if a pure reactant would be introduced in the gas
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Table 2 – Reaction mechanisms proposed for ethyl acetate.

Mechanism Reaction Source

1 CH3COOC2H5 → CH2 = CH2 + CH3COOH Metcalfe et al. (2007); Martín and Chuchani (1981);
Saheb and Hosseini (2013); Tosta et al. (2010)

2 CH3COOC2H5 → 2CH3COH Adejoro and Bamkole (2009)
3 CH3COOC2H5 → CH3CH2OH + CH2CO Saheb and Hosseini (2013)
4 CH3COOC2H5 → CH3COO · + · C2H5

CH3COOC2H5 → CH3COOCH2 · + · CH3

CH3COOC2H5 → CH3CO · + · OC2H5

CH3COOC2H5 → CH3COOCH · CH3 + · H

CH3COOC2H5 → H · + · CH2COOC2H5

CH3COOC2H5 → CH3COOC2H4 · + · H

Saheb and Hosseini (2013)

n of
Fig. 3 – Temperature profiles for the reactor and definitio

phase reaction. But since inert gas helium in a ratio of 4000:1 is
introduced, an expansion factor of zero can be expected and a
process with constant density can be assumed. By rearranging
Eq. (1) in terms of the differential volume, Eq. (4) is obtained.

− dFA
dz

dz = −RAdV = rAAdz

dV = − FA0dXA
kCA0(1 − XA)

(4)

Combining and rearranging the terms in the previous equa-
tions, an expression for the volume variation dV is obtained.
By integrating between 0 and V for the volume and from 0 to XA

for the conversion of ethyl acetate, Eq. (5) is obtained. Where
� is the residence time, defined as the reaction volume over
the volumetric flow rate. For the feeding volume of 0.25 mL,
the temperature was varied between 420 to 550 ◦C keeping a
constant residence time of 0.15 s.

∫ V

0

dV = −
∫ XA

0

CA0V̇dXA
kCA0(1 − XA)

k = −1
�

ln(1 − XA) (5)

The experimental activation energy can be found by plot-
ting the linearized Arrhenius equation, ln (k) vs 1/T, as is
shown in Eq. (6). For each set of experiments, activation energy
and pre-exponential factor were determined. To obtain the
graphics ln (k) vs 1/T, the kinetic constant was calculated

with the conversion as previously shown in Eq. (5). The slope
of the linearized equation is equal to (- Ea/R), and the pre-
 the isothermal zone for each experimental conditions.

exponential factor is obtained from the antilogarithm of the
intersection value with the y-axis.

lnk = lnk0 − Ea

RT
(6)

2.7.  Computational  methodology

The program Gaussian 09 (Frisch et al., 2016) was used to
calculate the theoretical activation energy for the thermal
decomposition of ethyl acetate (AlAbbad et al., 2017) As a
first stage of the study, the molecules of the reactant and
the transition state (TS) were drawn in Gauss View 5.0. With
the resulting models, a scan of the geometry of ethyl acetate
molecule was performed to obtain the structure with the min-
imum global energy. Upon obtaining the equilibrium geometry
for the reactant, a further optimization and vibrational analy-
sis was conducted. All DFT calculations were performed using
the �B97XD/6-311++G(d, p) level (Villegas-Escobar et al., 2017).
This functional uses a version of Grimme’s D2  empirical dis-
persion (Adejoro and Bamkole, 2009; Ren et al., 2014). �B97XD
functional has previously shown to estimate the transition
states geometries more  accurately for hydrogen abstraction
and radical recombination reactions as compared to other
computationally expensive levels of theory (Stefan, 2006). The
thermodynamic properties were determined using the vibra-
tional analysis obtained previously for each stationary point
(reactant and transition state). In the particular case of the
TS structure, the presence of only one imaginary frequency
was evidenced. Intrinsic reaction coordinate calculations were
used in order to associate the TS to the ethyl acetate (reac-
tant) and the two products (ethylene and acetic acid) (Saheb

and Hosseini, 2013). The absolute enthalpies obtained for the
ethyl acetate and the TS allow to determine the enthalpy of
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ctivation (Eq. 7) (McQuarrie and Simon, 1997). The activa-
ion enthalpy can be calculated with the electronic energy and
n enthalpy correction term as shown in Eq. (8) (McQuarrie
nd Simon, 1997). An estimation of the theoretical activation
nergy was calculated with Eq. (9).

‡ = HTS − Hreact (7)

‡ = (ε0 + Hcorr)TS − (ε0 + Hcorr)react (8)

a = �H‡ + RT (9)

here � H‡ corresponds to the activation enthalpy of the reac-
ion path, (ε0)TS is the total electronic energy of transition state,
Hcorr)TS is the correction to the enthalpy due to internal energy
f transition state, (ε0)react corresponds to the total electronic
nergy of reactant, (Hcorr)react is the correction to the enthalpy
ue to internal energy of reactant, Ea is the activation energy,

 is the ideal gas constant and T is the system’s temperature.
The Eyring-Polanyi formulation (Evans and Polanyi, 1935)

f the rate constant correlates the rate constant with the acti-
ation free energy of the system as expressed in Eq. (10).

 = kBT

h
e

−�G‡ ⁄RT (10)

here kB is the Boltzmann constant (1.381 × 10−23 J/K), h is
lanck’s constant (6.626 × 10−34 Js), T is the temperature in K,
nd �G‡ is the activation free energy of the system expressed
n J/mol.

Combining the Eyring-Polanyi formulation and the Arrhe-
ius equation, the correlation from Eq. (11) is obtained to
alculate the pre-exponential factor, k0, using the thermody-
amics values obtained from Gaussian 09 software.

ogk0 = log

(
kBT

h
e1

)
+ �S‡

2.303R
(11)

The Arrhenius equation was used for each set of experi-
ents and a non-linear adjustment was made to determine

he parameter that fit the Arrhenius equation at each injected
olume.

.  Results  and  discussion

.1.  Experimental  results

uring the first approach, the experiments for the thermal

ecomposition of ethyl acetate were performed at different
emperatures for the feed volumes 0.25, 0.50 and 0.75 mL.

Fig. 5 – (a) Conversion of ethyl acetate (b) Non-linear adjustme
Fig. 4 – Mass diagram for a PFR.

The chromatograms presented in Supplemental Information
(SM2 and SM3) show the peaks in the FID detector of the
unreacted ethyl acetate and the products: acetic acid and ethy-
lene at different reaction temperatures. The intensity of the
peaks can be compared to the different temperatures for each
feed volume. As expected, at the higher pyrolysis tempera-
ture the peak of ethyl acetate decreases, while the peaks for
acetic acid and ethylene increase. The pyrolysis temperatures
were selected based on the literature available, which states
that below 400 ◦C no appreciable decomposition of the ethyl
acetate was observed (Martín and Chuchani, 1981; Saheb and
Hosseini, 2013; Mai  et al., 2017).

At 400 ◦C no peaks of ethylene and acetic acid can be
observed in the chromatograms (Figure SM3), showing that the
conversion of ethyl acetate is nearly zero. At 450 ◦C the chro-
matograms show a minimum conversion, and as the reaction
temperature increases to 500 ◦C and 550 ◦C, the productsṕeaks
can be clearly identified. Finally, at 600 ◦C, the ethyl acetate
peak is insignificant compared to the product peaks of ethy-
lene and acetic acid. This is most evident with the smallest
feed volume of ethyl acetate, where the peak almost disap-
pears. Using external calibration with the previously described
standards, the peaks of the different compounds were con-
verted to concentration. The decomposition of ethyl acetate,
as well as the formation of the products, are represented in
terms of weight percentages and for the kinetic analysis, it is
expressed as the conversion of A, XA, as shown in Fig. 5 (a).

In Fig. 5 (a) the curve for ethyl acetate conversion, XA, as
function of reaction temperature can be observed. The curves
show different trends for the three feeding volumes. While
for the experiments using 0.25 and 0.50 mL  feeding volumes
the curves show an ‘S’-shaped behavior, for 0.75 mL  feed the
conversion obtained shows a linear dependency with temper-

ature. This indicates that the short residence time of 0.15 s
may not be enough to thermally decompose completely the

nt for the Arrhenius equation at 0.25, 0.50 and 0.75 mL.
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Table 3 – Experimental and theoretical kinetic parameters.

Study Ea [kJ/mol] Log ko [-] Temperature
range [©C]

Residence time
[min]

Type of study

Experimental results 198.47 13.93 420–550 1.8 × 10−3 Tubular reactor Helium as inert gas
Simulation results 205.97 13.91 500 – Theoretical simulation
Adejoro and Bamkole, 2009 203.51 12.45 350 – Theoretical simulation
Blades (1954) 199.79 12.48 350 2.5 × 10−3 Experimental, quartz reactor with

Toluene atmosphere
Blades and Gilderson, 1960 200.83 12.59 350 1.3 × 10−2 Experimental, quartz reactor with

Toluene atmosphere
Saheb and Hosseini (2013) 213.93 13.61 560 – Theoretical simulation

Tosta et al. (2010) 200.4 12.55 400 

injected ethyl acetate due to lack in heat supply during the
reaction (Van De et al., 2010; Marquez et al., 2010; Van de
Velden et al., 2008). Later in this study, mass and heat trans-
fer limitations within the reactor will be calculated. Fig. 4 (b)
shows the adjustment to the non-linearized Arrhenius equa-
tion for the three different feeding volume experiments. The
correlation coefficients for the feeding volumes of 0.75 and
0.50 mL  are 0.9410 and 0.9872, respectively, while a good cor-
relation was observed for 0.25 mL  with a correlation coefficient
of 0.9997.

This suggests that at high feeding volumes of ethyl acetate
the rate of decomposition of the reactant is being limited by
mass and heat transfer processes, caused by its high concen-
tration and short residence times. This can also be observed
by the lower activation energy values obtained for the higher
feeding volumes in Table 3, which can be explained by the
influence of the low diffusion coefficients observed in mass
transfer processes. This observation suggests that heat and
mass transfer limitations play an important role in the rate
of decomposition, the degree of conversion and the product
formation at feeding volumes of 0.5 mL  or higher.

In order to understand if the short residence time allow a
complete heat and mass transfer between the liquid reactant
and the helium stream, or whether heat and mass transfer
limitations must be considered, a selection of dimensionless
numbers are calculated to correlate mass and energy transfer
phenomena (Krishna and Standart, 1979), such as Reynolds,
Schmidt, Prandtl, Lewis, Peclet, Nusselt and Sherwood num-
bers.

The value obtained for the Reynolds number of 1342 is
smaller than 2100 which means that the fluid follows a lami-
nar regime, thus indicating an inefficient momentum transfer.
The Schmidt and Prandtl numbers are based on material prop-
erties, temperature and pressure, and not dependent on the
flow of the system. The Prandtl number correlates the relation
between the momentum diffusivity and the thermal diffusiv-
ity of the fluid. In this case the fluid is helium and a very small
Prandtl number of 0.103 indicates that heat diffuses very fast
compared to momentum. The Schmidt number with a value of
1.26 × 10−5, on the other hand, correlates momentum diffusiv-
ity with mass diffusivity, and in this case it indicates that mass
diffusivity is slow compared to momentum. The relationship
between Schmidt and Prandtl is given by Lewis number, the
obtained value is 12.03, a value >1 indicates a higher thermal
to mass diffusion ratio, indicating that mass transfer is the
limiting step in this set-up.

Also the Peclet number is small (0.017), indicating that dif-
fusive mass transport is more  important than convective mass
transport, confirming the assumption that mass diffusion is

the limiting step, especially in the cases with higher feed vol-
ume  of 0.5 and 0.75 mL.
– Theoretical simulation

The Nusselt and Sherwood numbers represent the effec-
tiveness of heat and mass convection at the surface. The
Nusselt number represents the ratio between heat transfer
by convection and conduction of a fluid. The value obtained
in this system is 8.026 which is larger than 1 showing that
heat transfer occurs mainly by convection. Heat conduction
is, thereafter, enhanced by the forced motion of the fluid. On
the other hand, the small value obtained for the Sherwood
number, the dimensionless mass transfer coefficient, of 5.9 ×
10−6, confirms a limitation of mass transfer by diffusion.

3.2.  Kinetics  investigation

Based on the results of the initial parameter screening and the
analysis of the heat and mass transfer limitation with dimen-
sionless numbers, only a feeding volume of 0.25 mL is used for
the kinetic investigation. Each experiment is repeated three
times for replicability and the temperature is varied in steps
of 10 ◦C as described in Table 1. The exit gas stream is ana-
lyzed again by GC-FID and the areas of the chromatograms are
converted to concentration of the reactants and products by
calibrating the peeks with the standards as described in Sec-
tion 3.1. In Fig. 6 (a), the weight percentages for the reactant
and the two products are presented as function of the reac-
tion temperature. As observed, the formation of acetic acid
and ethylene follow the same trend since the decomposition
follow a first order kinetic reaction and their formation have a
stoichiometric relationship. In Fig. 6 (b), the calculated degree
of conversion of the ethyl acetate as function of the reaction
temperature is presented. The ‘S’-shaped curve shows that at
temperatures below 480 ◦C the ethyl acetate does not undergo
decomposition. The conversions starts to be significant at 500
◦C when it reaches almost 20%, while at 550C the conversion
reaches 50% and, finally, at 600 ◦C it ranges around 95%. The
uncertainty for each measurement is also shown in Fig. 6. The
lowest value is ±2% and reaches up to 5%. The uncertainty
increases as the conversion of ethyl acetate reaches 100% since
the unreacted ethyl acetate approaches the detection limits.

Using the linearized Arrhenius (Eq. 9) for the experiments
with a feeding volume of 0.25 mL,  the experimental value for
the activation energy is found to be 198.47 kJ/mol and for the
pre-exponential factor a value of 8.49E + 13 s−1 is found as
depicted in Fig. 6.

3.3.  Computational  calculations

Complementary to the experimental study, the optimized 3D
structure at �B97XD/6−311 G(d,p) level for the reactant (ethyl
acetate) and the transition state are shown in Fig. 7. Vibra-

tional frequencies were calculated at the same level of theory
and all minima were ensured to have zero imaginary frequen-
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Fig. 6 – (a) Weight percentages of ethyl acetate and its decomposition products (b) Ethyl acetate conversion as a temperature
function.

Fig. 7 – Linearized Arrhenius equation for 0.25 mL feed.
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ies. This computational study includes the thermochemical
arameters, energies and geometries of reactant, transition
tate and products.

The theoretical activation energy of ethyl acetate ther-
al  decomposition, Ea, was calculated for each experimental

emperature. The values of the activation energy, Ea, do not
hange with temperature as expected. The values for the cal-
ulated Ea in a range of temperatures from 400 to 600 ◦C vary
etween 205.04 and 206.83 kJ/mol with a standard deviation of
.705 kJ/mol. The theoretical activation energy value of 205.97
J/mol obtained at 500 ◦C was used for the comparison to
he experimental activation energy. The exact values for the
emperature range are presented in Table SM4. (Fig. 8)

These results are supported by the values of activation
nergy as well as the logarithmic form of the pre-exponential
actor for the decomposition of ethyl acetate reported in liter-

ture as presented in Table 3. The systems studied in literature

ig. 8 – (a) Optimized structure of ethyl acetate molecule. (b) Opti
ecomposition.
were batch reactions with residence times from 0.15 to 1800
seconds (Saheb and Hosseini, 2013; Tosta et al., 2010; Adejoro
and Bamkole, 2009; Blades, 1954; Blades and Gilderson, 1960)
compared to the residence time of 0.15 s in the falling plug
flow reactor of this study. Nonetheless, the reported activa-
tion energy values in literature vary between 193.00 and 213.93
kJ/mol (Tosta et al., 2010; Adejoro and Bamkole, 2009), showing
that the theoretical as well as the experimental values pre-
sented in this work lie within the same range. By comparing
the activation energy values obtained from the experimen-
tal data and the theoretical calculations with the parameters
from literature as shown in Table 3, a variation of 5 kJ/mol can
be observed while the pre – exponential factor varies between
the literature, the experimental data and the simulation in
one order of magnitude. The pre – exponential factor gives
information about the system used, the size of the ring of the
transition state and the bond polarization in the rate limiting
state (Sabbe et al., 2010).

4.  Conclusions

In this work, the pyrolysis of ethyl acetate was investigated
as a model molecule in a new designed fast pyrolysis set-
up. The first experimental approach allowed to determine
the favorable conditions range for the determination of the
kinetic parameters and to identify mass transfer limitations
at higher feeding volumes. Therefore, in the second exper-
imental approach only the smallest feeding volume of 0.25
mL was investigated, to obtain more  significant experimen-
tal data for the kinetic evaluation. It was assumed that the
reaction followed a first order unimolecular decomposition
mechanism, following the observation that the only prod-
acetic acid. Using the experimental results from the kinetic

mized transition state for ethyl acetate molecule thermal
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approach a value of 198.47 kJ/mol for the activation energy was
obtained, while the theoretical value calculated with Gaussian
was 205.97 kJ/mol. These values are in good agreement with
those in the literature that vary between 199 and 213 kJ/mol.

This investigation is a key step in studying the thermal
decomposition of more  complex molecules or natural com-
pounds, where a C O bond decompose by polarization is
expected as in this case. Some molecules that will have a sim-
ilar decomposition pathway that are of interest in the future
are monolignols with phenolic radicals and will be investi-
gated in next studies.
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