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Abstract 

The gas phase reactivity of acetic acid was investigated combining first principle calculations with kinetic 
simulations. Rate constants for the unimolecular decomposition of acetic acid were determined integrating 
the 1D master equation over a Potential Energy Surface (PES) investigated at the M06-2X/aug-cc-pVTZ 

level. Energies were computed at the CCSD(T)/aug-cc-pVTZ level using a basis set size correction factor de- 
termined at the DF-MP2/aug-cc-pVQZ level. Three decomposition channels were considered: CO 2 + CH 4 , 
CH 2 CO + H 2 O, and CH 3 + COOH. Rate constants were computed in the 700–2100 K and 0.1–100 atm 

temperature and pressure ranges. The simulations show that the reaction is in fall off above 1200 K at pres- 
sures smaller than 10 atm. Successively, the PESs for acetic acid H-abstraction by H, OH, OOH, O 2 , and 

CH 3 were investigated at the same level of theory. Rate constants were computed accounting explicitly for 
the formation of entrance and exit van der Waals wells and their collisional stabilization. Energy barriers 
were determined at the CASPT2 level for H-abstraction by OH of the acidic H, since it has a strong mul- 
tireference character. The calculated rate constant is in good agreement with experiments and supports the 
experimental finding that at low temperatures it is pressure dependent. The calculated rate constants were 
used to update the POLIMI kinetic model and to simulate the pyrolysis and combustion of acetic acid. It 
was found that acetic acid decomposition and the formation of its direct decomposition products can be 
reasonably predicted. The formation of secondary products, such as H 2 and C 2 hydrocarbons, is underpre- 
dicted. This suggests that reaction routes not incorporated in the model may be active. Some hypotheses are 
formulated on which these may be. 
© 2018 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

Acetic acid is found in significant concentra- 
tions in the troposphere and it is known to affect 
considerably the environmental chemistry. Its ori- 
gin is both biogenic and anthropogenic. Biomass 
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ombustion and vehicle emissions are believed to
e among the most important sources that can be
irectly related to human activities. Moreover, oxy-
enated species are very abundant in the tar re-
eased from biomass pyrolysis. Acetic acid is the

ajor acidic component of bio-oils derived from
iomass fast pyrolysis [1] . These renewable fuels
re acidic liquids (pH 2–3), largely differing from
etroleum fuels with regard to both their physi-
al properties and chemical composition. The im-
ortance of acetic acid on the reactivity of pyroly-
is products of cellulose was recently discussed by
ukutome et al. [2] . The modeling of each individ-
al constituent of the bio-oils is not feasible, there-

ore these complex mixtures are characterized in
erms of a limited number of representative chem-
cal components (surrogate mixture). Acetic acid is
he reference species used to represent carboxylic
cids in bio-oil surrogates [3] . Therefore, a proper
nowledge about its pyrolysis and combustion be-
avior is necessary to characterize the combustion
f biomass pyrolysis oils. To control the formation
nd the successive reactivity of acetic acid it is nec-
ssary to understand its formation and decomposi-
ion pathways. In the present work we focus on the
ecomposition pathways of acetic acid and there-

ore we limit the literature analysis to this aspect. 
Acetic acid can either decompose directly

hrough a unimolecular process or through H-
bstraction reactions. The unimolecular decompo-
ition of acetic acid has been the subject of both
heoretical and experimental studies [4–13] . The
rst kinetic study was performed in 1949 by Bam-

ord and Dewar using a flow method in a quartz
ube in the 773–1173 K temperature range [4] . They
ound that the main decomposition reactions are: 

H 3 COOH → CH 4 + CO 2 (R1) 

H 3 COOH → CH 2 CO + H 2 O (R2) 

Successively Blake and Jackson investigated the
ame reaction at atmospheric pressure in the 733–
68 K temperature range [5] . In both cases rate
onstants were determined fitting the evolution
rofiles of the products, thus not accounting for
econdary chemistry. The first study in combustion
elevant conditions (1300–1950 K) was performed
y Mackie and Doolan using a single pulse shock
ube [6] . The experimental results were interpreted
sing a kinetic model, which was used to fit R1 and
2 rate constants. A similar branching of about

.5 was found between the two reaction channels.
wo successive experimental studies by Saito et
l. [7] and Butkoskaya et al. [8] found k R2 / k R1
ranching ratios of 1 and 2, respectively. Recently,
lwardany et al. [9] studied the same system using a

hock tube in the 1230–1821 K temperature range.
he k R2 / k R1 branching ratio was about 2, while rate
onstants were about one order of magnitude faster
han those of Mackie et al. Several theoretical stud-
ies have investigated the decomposition mechanism
of acetic acid. The potential energy surface (PES)
was first studied by Nguyen et al. [10] and Duan
and Page [11] , and more recently by Clark et al.
[12] and Sun et al. [13] . All these studies agree on the
PES qualitatively, though there is some difference
in the k R2 / k R1 branching , predicted to be about 2
in the earlier studies and about 1 by Clark et al. 

The second mechanism of decomposition of 
acetic acid is through bimolecular H-abstraction
reactions. While H-abstraction from OH has been
the subject of many studies in the literature, both
experimental [14–18] and theoretical [17–19] , only
Mendes et al. [19] have systematically investigated
H-abstraction by other radicals, such as CH 3 , H,
OOH, and O, which can significantly contribute to
acetic acid reactivity. H-abstraction by O 2 has never
been theoretically or experimentally investigated.
In addition, most studies on abstraction reactions
by OH were performed at room temperature. There
is thus still some uncertainty concerning these re-
action channels, and in particular for the compli-
cated reaction between OH and acetic acid, which
has evidenced some peculiar pressure dependence
at room temperature [16] . 

The purpose of the present work is to re-
examine acetic acid reactivity combining first prin-
ciples rate constant estimations and kinetic simula-
tions. First, pressure dependent rate constants for
the unimolecular decomposition of acetic acid were
determined solving the multi-well master equation
on a PES determined from high level ab initio cal-
culations. Then rate constants for H-abstraction by
H, OH, OOH, CH 3 , and O 2 were determined. All
electronic structure calculations and rate estima-
tions were performed at a level of theory that is
higher than that presently reported in the literature.
The capability of the updated acetic acid module
of the POLIMI kinetic mechanism to predict py-
rolysis, laminar burning velocities, and speciation
in low pressure flames is then discussed. 

2. Methodologies 

2.1. Theoretical calculations 

The unimolecular decomposition rate of acetic
acid was determined performing master equation
(ME) simulations on an ab initio PES. The PES was
initially investigated at the M06-2X/6-311 + G(d,p)
level and then refined at the M06-2X/aug-cc-pVTZ
level, used also to compute the Hessian matrix.
Energies were determined at the CCSD(T)/aug-
cc-pVTZ level and corrected with the difference
between Density-Fitting (DF) MP2 energies com-
puted using aug-cc-pVQZ and aug-cc-pVTZ basis
sets [20] . Torsional motions were treated in the 1D
hindered rotor approximation using a M06-2X/6-
311 + G(d,p) rotational PES. Torsional vibrational
frequencies were projected out from the Hessian
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as suggested by Sharma et al. [21] , so that no
human intervention is necessary. Quantum tunnel-
ing was accounted for using the Eckart model. In
addition to the reaction channels reported in the lit-
erature two homolytic decomposition routes were
considered: H loss from the methyl group and de-
composition to methyl and COOH. The transition
state density of states (DOS) for all the reaction
channels was determined using variational transi-
tion state theory. For reactions proceeding through
saddle points variational effects were accounted for
determining the DOS along the intrinsic reaction
coordinate pathway. The homolytic decomposi-
tion reaction energies and vibrational frequencies
along the reaction pathway were computed at the
multireference CASPT2 level with the breaking
bond lengths spaced by 0.2 Å. Calculations were
performed using a (4e,4o) active space that includes
the CH 3 –COOH σ and σ ∗ orbitals and the π and
π∗ orbitals of the carboxyl group. The resulting
energy profile was rescaled to match the reaction
energy computed at the CCSD(T) level. ME calcu-
lations were performed at 0.1, 1, 10, and 100 atm
in the 700–2100 K temperature range. The colli-
sional energy transfer was described using a single
exponential energy transfer model with a temper-
ature dependent �E down of 260 ×(T/300) 0.85 cm 

−1 .
The calculated rate constants were fitted to the
modified Arrhenius form for each considered
pressure. The same approach, made exception for
CASPT2 calculations, was used to investigate the
decomposition kinetics of CH 2 COOH, which can
be produced either from the decomposition of 
acetic acid or, more easily, through H abstraction
from the acetic acid methyl group. Computational
details are reported as supplemental information. 

The rate constants for H-abstraction reactions
by OH, H, CH 3 , OOH, and O 2 were computed
solving a two wells ME whose stationary points
were the reactant and product van der Waals (vdW)
wells and the transition state by which they are con-
nected. Entrance and exit channels from the PES
were computed using phase space theory. The ad-
vantage of this approach is that it allows to set
properly the energy of the reactants as a lower
bound for the reacting flux and contextually to ac-
count for the impact of the depth of the vdW wells
on tunneling. Contributions of reactive fluxes from
vdW wells that get collisionally stabilized can as
well be computed properly, as their formation rate
and reactivity is included in the ME solution. In
addition, the rate of formation of the vdW wells
sets un upper limit to the rate constant. For consis-
tency with the study of the unimolecular reaction
channels, geometries, frequencies, and energies of 
all stationary point were determined at the M06-
2X/aug-cc-pVTZ level, while energies were com-
puted at the CCSD(T) level using the protocol
described above. Since both reactants and saddle
points can have a considerable number of internal
torsional degrees of freedom (four in the case of 
abstraction from OOH), the search for the mini- 
mum energy configuration of the well and the sad- 
dle point was performed starting from an initial 
guess geometry, specified in z-matrix format, whose 
torsional angles were then modified using a random 

value in the 0–360 range to generate uncorrelated 

guess structures. Up to 15 independent optimiza- 
tions were performed to search for the minimum 

energy saddle point structure. A 2D hindered rotor 
model was used to describe H abstraction by OH 

from the methyl group [22] . In one case, for acidic H 

abstraction from methyl by OH, energies were com- 
puted at the CASPT2 level, as CCSD(T) T1 diag- 
nostics evidenced a significant multireference char- 
acter. Details of the used active space are reported 

in the results section. 
All M06-2X calculations were performed using 

the G09 suite of codes [23] , while CCSD(T), DF- 
MP2, and CASPT2 calculations were performed 

using Molpro 2010 [20] . ME input files were 
generated using a new code, EStokTP, designed 

to perform automatically the investigation of the 
torsional conformation space, to project torsional 
motions from Hessians, and determine 1-D PES 

for rotors [24] . ME simulations were performed 

using MESS [22] . A summary of the adopted 

computational procedures is reported in Table S1. 

2.2. Development of acetic acid kinetic model and 
kinetic simulations 

The rate constants computed in this study were 
used to update the acetic acid sub-mechanism in 

the POLIMI kinetic model. Moving toward a uni- 
fication of core mechanisms, the POLIMI mecha- 
nism was recently revised coupling the H 2 /O 2 and 

C1/C2 from Metcalfe et al. [25] , C3 from Burke 
et al. [26] , and heavier fuels from Ranzi et al. 
[27] . The thermochemical properties were adopted, 
when available, from the ATcT database of Ruscic 
or from Burcat’s database [28] . The kinetic mech- 
anism, with thermodynamic and transport proper- 
ties, is available as Supplemental Material (SM) to 

this paper. 
All the kinetic model simulations presented in 

this work have been carried out using the solvers for 
ideal reactors and laminar 1D flames implemented 

in the OpenSMOKE ++ software [29] . Mixture- 
average diffusion coefficients were used in the flame 
simulations, including also thermal diffusion for 
the species transport equations. A large number of 
grid points were adopted to ensure grid-insensitive 
results (above 300). 
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Fig. 1. Potential energy surface (kcal/mol) for the decom- 
position of acetic acid to products. Energies computed at 
the CCSD(T)/aug-cc-pVTZ level and corrected for basis 
size effects with DF-MP2/aug-cc-pVQZ level energies. 

3

3
t

 

i  

C  

a
 

a  

[  

w  

e  

w  

f  

a  

o
7  

b  

t  

a  

f  

l  

w  

H  

c  

a  

m
 

i  

s  

e  

C  

C
 

a

Fig. 2. Comparison between rate constants for acetic acid 
decomposition to CH 4 + CO 2 calculated in this work and 
literature values [6,9,12,13] . 

Fig. 3. Comparison between branching ratios 
( k CH 4 + CO 2 / k total) for acetic acid decomposition to 
CH 4 + CO 2 calculated in this work and literature values 
(both experimental and theoretical data determined at 
1 atm) [6,9,12,13] . 

 

 

 

 

 

 

 

 

 

4 2 2 2  
. Results and discussions 

.1. Acetic acid unimolecular decomposition: 
emperature and pressure dependence 

The PES for acetic acid decomposition is shown
n Fig. 1 . It consists of two wells, CH 3 COOH and
H 2 C(OH) 2 , connected by one transition state,
nd of four decomposition channels. 

The calculated energy barriers are in good
greement with those determined by Clark et al.
12] at the M06-2X/6-311 + G(2df,p) level, from
hich they differ by less than 1 kcal/mol, made

xception for isomerization to CH 2 C(OH) 2 , for
hich our barrier is 1.4 kcal/mol higher. The dif-

erence is more significant with respect to Duan
nd Page [11] , who calculated, using the G2 method
n CASSCF structures, a similar energy barrier of 
1.8 kcal/mol for decomposition to CH 4 + CO 2 ,
ut a much higher energy barrier for decomposition
o CH 2 CO + H 2 O both from W1 (76.4 kcal/mol)
nd W2 (72.6 kcal/mol). It is likely that the dif-
erence with our data is due to the relatively low
evel of theory at which structures were determined,
hich does not account for dynamic correlation.
omolytic decomposition to CH 3 and COOH, in-

luded in the PES for the first time in this work, has
 reaction energy of 91.8 kcal/mol, in good agree-
ent with the ATcT value of 92.5 kcal/mol [28] . 

Rate constants calculated at 1 atm assum-
ng that W2 concentration is at a pseudo steady
tate with respect to W1 are compared with lit-
rature values in Fig. 2 for decomposition to
H 4 + CO 2 and in Fig. S1 for decomposition to
H 2 CO + H 2 O. Branching ratios to CH 4 + CO 2
nd CH 3 + COOH are reported in Fig. 3 . 
The rate constants values here calculated are in-
termediate between the two experimental measure-
ments of Mackie and Doolan [6] and Elwardany et
al. [9] , though they are more similar to the former.
It should be noted that in both experimental works
the rates were fitted using a kinetic mechanism, so
that uncertainties in the mechanism are reflected in
the estimates. The agreement with the high pressure
predictions of Clark et al. is quite good for both
the CH + CO and the CH CO + H O reaction
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channels. On the other side, the agreement with the
recent calculations of Sun et al. [13] is good only
for the CH 4 + CO 2 channel, while the rates cal-
culated by Sun et al . for the CH 3 + COOH and
the CH 2 CO + H 2 O channels are about a factor of 
2.5 higher and 3 slower than our rates, respectively.
The difference for what concerns the CH 3 + COOH
channel is most likely determined by the fact that
Sun et al. used phase space theory to determine rate
constants of barrierless channel, which is a level of 
theory lower than the one used in the present calcu-
lations and it is effective mostly in providing higher
limits for rate constants, rather than accurate esti-
mates. 

The comparison between literature and calcu-
lated branching ratios ( Fig. 3 ) shows that our pre-
dictions are in agreement with Mackie et al. and
Clark et al., for which we used our calculated W2–
W1 pseudo steady state concentration to compute
global rates, while there is a notable discrepancy
with Elwardany et al. and Sun et al . The homolytic
decomposition route contribution becomes signifi-
cant above 1000 K. 

The predicted pressure dependence of the rate
of decomposition to CH 4 + CO 2 is reported in
Fig. S2 and shows that fall off effects start being
significant above 1200 K. Rate constants calculated
at different pressures and interpolated in the mod-
ified Arrhenius form are reported in Tables S2 and
S3, while the rate constants and PES calculated
for the unimolecular decomposition of CH 2 COOH
are reported in Tables S4 and S5 and Fig. S3. On
the basis of the level of theory used to calculate the
rate constants and the comparison with literature
data we estimate that the uncertainty of our rate
constants is about factor of 2. 

3.2. Abstraction rates 

Rate constants for H-abstractions by OH, H,
CH 3 , OOH, and 

3 O 2 from the methyl and carbonyl
groups of acetic acid were computed as described
in the method section. The calculated rates are
generally within a factor of 2 of those determined
by Mendes et al. [19] (see Fig. S5a-i for a direct
comparison). The difference is most likely deter-
mined by the higher level of theory used in the
present work: ME coupled to variational vs con-
ventional transition state theory to determine the
rates, energy barriers estimated at the CCSD(T)
level using large basis sets, and hindered rotor
treatment. We estimate that the uncertainty of our
rate constants is a factor of 2 or better. Two main
deviations are found with respect to Mendes et al.
estimates. The first is for OOH abstraction from
the carboxyl group, where our rate is smaller than
Mendes et al. by a factor increasing from 2 to 4
with temperature. A factor of 1.5 is determined by
variational effects, not accounted for by Mendes.
The remaining discrepancy, as the computed
energy barriers are similar (23.3 kcal/mol in the
present work vs 24.9 kcal/mol, which explains the 
better agreement at lower temperatures), is most 
likely due to the estimation of the hindered rotors 
DOS and vibrational frequencies. This is a signif- 
icantly endothermic reaction (25.7 kcal/mol) with 

a submerged barrier and a product like transition 

state. Because of that, several low vibrational fre- 
quencies are found at the saddle point, indicating 
that the transition state is rather loose. The manual 
removal of the hindered rotor rotational frequency 
from the transition state frequencies may be com- 
plicated in such cases as it may be mixed with other 
internal motions. The projection technique we use 
in this work removes such ambiguity. 

The second reaction for which a consider- 
able difference with Mendes et al. is found is H- 
abstraction by OH of the acidic H. Though this 
reaction has been the subject of several theoret- 
ical investigation [17–19] , it is interesting to no- 
tice that it was never explicitly reported that it has 
a strong multireference character. The CCSD(T) 
T1diagnostic we computed for the saddle point 
for the radical hydrogen abstraction (TSA) is quite 
high, 0.142. In addition, we found that, similarly 
to what found for formic acid [30] , the carboxyl H 

atom can be abstracted through a second mech- 
anism, which involves a proton coupled electron 

transfer mechanism. We were able to find also this 
second saddle point (TSB), which has as well a high 

T1 diagnostic of 0.046. The two saddle point struc- 
tures are compared in the SM. To evaluate reliably 
energy barriers we performed multireference calcu- 
lations at the CASPT2 level for this specific reaction 

channel. The multireference nature of this reaction 

is determined both by the electronic degeneracy of 
the p orbitals of the OH reactants and by two reso- 
nance states of the CH 3 COO product. To account 
properly for the change in the electronic structure 
that takes place going from reactants to products 
the minimum active space must be relatively large. 
The active space we used consists of 15 electrons 
in 12 orbitals and includes: the lone pair and the 
radical center of the OH radical, the σ and σ ∗ and 

the π and π∗ orbitals of the CH 3 C = OOH double 
bond, the σ and σ ∗ orbitals of the CH 3 COO −H 

bond, the σ and σ ∗ orbitals of CH 3 CO −OH, and 

the two lone pairs of the acetic acid oxygens. As 
the active space is rather large, it was not possi- 
ble to determine the saddle point structure at this 
level of theory. Therefore M06-2X/aug-cc-pVTZ 

structures were used in the calculations. The en- 
ergy barriers, computed at the CASPT2 level on 

DFT geometries with respect to the reactants kept 
at 10 Å using an IPEA shift of 0.25, are 2.21 and 

0.71 kcal/mol for TSA and TSB, respectively. The 
calculated total rate constant for H-abstraction by 
OH from CH 3 COOH is compared with experimen- 
tal and theoretical estimates in Fig. 4 , while saddle 
point geometries and the reaction PES are reported 

in Fig. S4. 
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Fig. 4. Comparison between experimental [14,15] , points 
and calculated [19, this work, 1 atm], lines, rate constants 
for the total H-abstraction from CH 3 COOH. The well 
skipping label means that the contribution to the rate con- 
stant from the collisionally stabilized van der Waals well 
was neglected. 
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Rate constants were computed both including
nd neglecting (well skipping) the contribution
rom the collisionally stabilized vdW reactant well
umming TSA and TSB reaction fluxes. It was thus
ound that the inclusion of reacting fluxes from
he vdW well is of key relevance in order to de-
cribe properly the low temperature dependence of 
he rate constant and it supports the claim that the
ate is pressure dependent at low temperatures [16] .
he rapid increase of the rate constant above 500 K

s determined both by reacting fluxes through TSA
ecoming faster than those through TSB and by
he increase of relevance of H-abstraction from the
ethyl group. The dominant reaction channel is H-

bstraction of the acidic hydrogen up to 850 K,
bove H-abstraction from methyl becomes slightly
ominant. 

Rate Constants interpolated in the modified Ar-
henius form, structures, energy barriers, hindered
otor PES, vibrational frequencies of all stationary
oints are reported in Table S6 for each investigated
eaction channel. 

.3. Kinetic simulations 

The POLIMI kinetic model, updated with the
cetic acid rate constants here determined, was
sed to simulate the shock tube experimental data
f Mackie et al. for the thermal decomposition
f acetic acid in the 1300–1950 K temperature
ange. The experimental data are compared with
hose calculated using the present mechanism,
he Aramco mechanism [25,26] , and the mecha-
ism proposed by Christensen and Konnov [31] in
ig. 5 . 

The agreement is good for what concerns the
rediction of acetic acid decomposition and the
formation of CO 2 , while CH 4 composition profiles
are slightly underestimated, CH 2 CO is overesti-
mated, and CO, H 2 , as well as C 2 species profiles
are underestimated. With respect to the literature,
the present model performs generally better than
the Christensen et al. model and, for what concerns
CO, H 2 , and C 2 species slightly worse than the
Aramco mechanism. The different performance
of the Aramco model for the mentioned species
is mostly due to its inclusion of a fast acetic acid
decomposition channel to CO + OH + CH 3 . At
1600 K the rate of this channel is comparable to
that of reactions R1 and R2. This is in contrast
with our estimate of the rate of decomposition of 
acetic acid to CH 3 + COOH, which at 1600 K is
a factor of 3 slower than the rate used in Aramco
and the rate of the other decomposition channels.
The discrepancy is most likely due to the fact that
Aramco uses high pressure rate constants, while
our ME simulations show that at 1600 K and
1 atm the homolytic decomposition channel is in
significant fall off. 

The reaction flux analysis, reported in Fig. S6,
shows that at 1600 K several decomposition
pathways are active for acetic acid: 36% decom-
poses to H 2 O and CH 2 CO, and a similar amount
to CH 4 and CO 2 , which are thus primary de-
composition products. The remaining decomposi-
tion pathways are H-abstraction (20%) and ho-
molytic decomposition to CH 3 and COOH. CO
is formed through several channels, mostly involv-
ing the formation of CH 2 CO as an intermedi-
ate species. The CH 2 COOH radical plays an im-
portant role in controlling the system reactivity
in the present kinetic model, since recombining
with H it can either terminate the radical chain
forming CH 3 COOH, or propagate decomposing to
CH 3 and COOH or OH and CH 2 CO. The dom-
inant CH 2 COOH reaction channel is decompo-
sition to CH 3 and COOH, which requires over-
coming a barrier of 41.9 kcal/mol to isomerize to
the reactive CH 3 COO intermediate. The bimolec-
ular reactivity of CH 2 COOH is at present mostly
unknown, made exception for the H addition reac-
tion, which is the backward process of CH 3 COOH
decomposition and for which it was then possible
to determine channel specific temperature and pres-
sure dependent rate constants solving the ME on
the CH 3 COOH PES. The calculated rates are re-
ported in Table S2. Additional channels involving
CH 2 COOH that may play an important role in con-
trolling the system reactivity are the addition of 
CH 3 , OH, and OOH to CH 2 COOH. In particu-
lar, CH 3 addition followed by C 2 H 5 + COOH de-
composition may enhance the rate of formation
of C2 species and decrease the CH 2 CO concen-
tration, thus providing a possible explanation of 
the reason why these species are overestimated and
underestimated, respectively, in the present kinetic
simulations. In addition we note that CH 2 CO py-
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Fig. 5. Comparison between experimental data (symbols [6] ) and model simulations (lines) for the shock tube thermal 
decomposition of 5% acetic acid in Ar, at 1 atm and τ–0.1 ms. Red lines represent fuel conversion, black lines represent 
intermediates and products. 

Fig. 6. Comparison between experimental data (symbols [33] ) and model simulations (lines) for acetic acid combustion in 
laminar premixed flames. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

rolysis and combustion are well predicted by the
present model (Fig. S7). Also, the simulations of 
the CH 3 COOH pyrolysis study of Sebbar et al.
[32] show that at lower temperatures (1023 K) there
is good agreement between model and experiment
for what concerns acetic acid decomposition and
ketene formation (Fig. S8). 

Laminar flame speeds predicted by the POLIMI
model, compared with experiments [32] in Fig. S9,
are on the average overestimated by about 4 cm/s.
This is a significant improvement with respect to
the original POLIMI model, which overestimated
the experimental data by 9–10 cm/s, and with
respect to the POLIMI model using the acetic
acid decomposition kinetics implemented in the
Aramco model (Fig. S10). The sensitivity analysis
reported in the SM shows this is independent on
acetic acid decomposition kinetics. 
Finally, the POLIMI updated model was used to 

simulate the combustion of acetic acid. Experimen- 
tal data and simulations are compared in Fig. 6 . 
As found for acetic acid pyrolysis, the rate of de- 
composition of acetic acid is well predicted by 
the model, as well as CO 2 , H 2 O, and CO profiles. 
Ketene is underpredicted, while methane is over- 
predicted. These deviations are not consistent with 

what found in pyrolysis conditions. Additional sim- 
ulation results are reported in Fig. S11, while the re- 
sults of the simulation of the experimental results 
of Elwardany et al. [9] are reported in Fig. S12. 

4. Conclusions 

Rate constants for the decomposition of acetic 
acid through unimolecular and H-abstraction reac- 
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ions were investigated theoretically. The calculated
lementary reaction rates are in good agreement
ith experimental data. Simulation of acetic acid
yrolysis and combustion showed that the adopted
inetic model is able to predict well acetic acid de-
omposition and the formation of its main primary
roducts in all the investigated systems. The only
xception is ketene, whose formation is well pre-
icted at low temperatures, but underpredicted in
ombustion and slightly overpredicted in pyroly-
is. In addition, the formation of secondary species,
n particular C 2 species and CO and H 2 in pyroly-
is, is underpredicted. The system reactivity, in par-
icular the flame speed, is sensitive to the kinetics
f the CH 2 COOH reaction intermediate, which is

ormed after H-abstraction from the methyl group
f acetic acid, and to ketene kinetics. Bimolecular
eactions involving CH 2 COOH and other radicals
hat are present in high concentration, such as CH 3 
nd OH, may play an important role in controlling
he system reactivity and influence the flame speed,
hich is currently overpredicted. 

Further experimental studies would also be ben-
ficial, since the two most recent literature exper-
mental CH 3 COOH pyrolysis studies cannot be

odeled using the same set of decomposition rates,
hich must be modified by a factor of 3 or more to
t the data. 

cknowledgments 

The authors acknowledge the support by the
uropean Union’s Horizon 2020 research and

nnovation program (Residue2Heat, G.A. No.
54650 ). The authors are grateful to Eliseo Ranzi
or continuous and fruitful discussions. 

upplementary materials 

SM-1: Rate constants, pressure dependence,
inetic simulations; SM-2: Reaction Mechanism;
M-3: Master equation inputs. 

Supplementary material associated with this ar-
icle can be found, in the online version, at doi: 10.
016/j.proci.2018.06.137 . 

eferences 

[1] A. Oasmaa , Y. Solantausta , V. Arpiainen , E. Kuop-
pala , K. Sipilä, Energy Fuels 24 (2010) 1380–1388 . 

[2] A. Fukutome , H. Kawamoto , S. Saka , J. Anal. Appl.
Pyrolysis 108 (2014) 98–108 . 

[3] K. Onarheim , Y. Solantausta , J. Lehto , Energy Fuels
29 (2015) 205–217 . 

[4] C.H. Bamford , M.J.S. Dewar , J. Chem. Soc. (1949)
2877–2882 . 

[5] P.G. Blake , G.E. Jackson , J. Chem. Soc. B (1968)
1153–1155 . 

[6] J.C. Mackie , K.R. Doolan , Int. J. Chem. Kinet. 16
(1984) 525–541 . 
[7] K. Saito , T. Sasaki , I. Yoshinobu , A. Imamura ,
Chem. Phys. Lett. 170 (1990) 385–388 . 

[8] N. Butkovskaya , G. Manke , D. Setser , J. Phys. Chem.
99 (1995) 11115–11121 . 

[9] A. Elwardany , E.F. Nasir , Et. Es-sebbar , A. Farooq ,
Proc. Combust. Inst. 35 (2015) 429–436 . 

[10] M.T. Nguyen , D. Sengupta , G. Raspoet ,
L.G. Vanquickenborne , J. Phys. Chem. 99 (1995)
11883–11888 . 

[11] X. Duan , M. Page , J. Am. Chem. Soc. 117 (1995)
5114–5119 . 

[12] J.M. Clark , M.R. Nimlos , D.J. Robichaud , J. Phys.
Chem. A 118 (2014) 260–274 . 

[13] W. Sun , T. Tao , R. Zhang , et al. , Combust. Flame 185
(2017) 173–187 . 

[14] V.G. Khamaganov , V.X. Bui , S.A. Carl , J. Peeters , J.
Phys. Chem. A 110 (2006) 12852–12859 . 

[15] E. Szabo , J. Tarmoul , A. Tomas , C. Fittschen ,
S. Dobe , P. Coddeville , React. Kinet. Catal. Lett. 96
(2009) 299–309 . 

[16] Y.W. Huang , T.J. Dransfield , J.G. Anderson , J. Phys.
Chem. A 114 (2010) 11539–11544 . 

[17] F. De Smedt , X.V. Bui , T.L. Nguyen , J. Peeters ,
L. Vereecken , J. Phys. Chem. A 109 (2005)
2401–2409 . 

[18] D. Vimal , P.S. Stevens , J. Phys. Chem. A 110 (2006)
11509–11516 . 

[19] J. Mendes , C.-W. Zhou , H.J. Curran , J. Phys. Chem.
A 118 (2014) 12089–12104 . 

[20] H.-J. Werner, P.J. Knowles, R. Lindh, F.R. Manby,
M. Schutz, P. Celani, T. Korona, G. Rauhut,
R.D. Amos, A. Bernhardsson, A. Berning,
D.L. Cooper, M.J.O. Deegan, A.J. Dobbyn,
F. Eckert, C. Hampel, G. Hetzer, A.W. Lloyd,
S.J. McNicholas, W. Meyer, M.E. Mura, A. Nick-
lass, P. Palmieri, U. Schumann, H. Stoll, A.J. Stone,
R. Tarroni, T. Thosteinsson. http://www.molpro.net ,
2010 . 

[21] S. Sharma , S. Raman , W.H. Green , J. Phys. Chem. A
114 (2010) 5689–5701 . 

[22] Y. Georgievskii , J.A. Miller , M.P. Burke , S.J. Klip-
penstein , J. Phys. Chem. A 117 (2013) 12146–12154 . 

[23] M. Frisch, G. Trucks, H. Schlegel, et al., Gaussian
09, revision A. 2, (2009). 

[24] C. Cavallotti, M. Pelucchi, Y. Georgievskii, S.J. Klip-
penstein, (in preparation) 2018. 

[25] W.K. Metcalfe , S.M. Burke , S.S. Ahmed , H.J. Cur-
ran , Int. J. Chem. Kinet. 45 (2013) 638–675 . 

[26] S.M. Burke , U. Burke , R. Mc Donagh , et al. , Com-
bust. Flame 162 (2015) 296–314 . 

[27] E. Ranzi , A. Frassoldati , A. Stagni , M. Pelucchi ,
A. Cuoci , T. Faravelli , Int. J. Chem. Kinet. 46 (2014)
512–542 . 

[28] B. Ruscic , Int. J. Quantum Chem. 114 (2014)
1097–1101 . 

[29] A. Cuoci , A. Frassoldati , T. Faravelli , E. Ranzi , Com-
put. Phys. Commun. 192 (2015) 237–264 . 

[30] J.M. Anglada , J. Am. Chem. Soc. 126 (2004)
9809–9820 . 

[31] M. Christensen , A. Konnov , Combust. Flame 170
(2016) 12–29 . 

[32] N. Sebbar , J. Appel , H. Bockhorn , Combust. Sci.
Technol. 188 (2016) 745–758 . 

[33] N. Leplat , J. Vandooren , Combust. Flame 159 (2012)
493–499 . 

https://doi.org/10.1016/j.proci.2018.06.137
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0001
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0001
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0001
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0001
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0001
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0001
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0002
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0002
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0002
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0002
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0003
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0003
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0003
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0003
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0004
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0004
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0004
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0005
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0005
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0005
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0006
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0006
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0006
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0007
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0007
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0007
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0007
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0007
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0008
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0008
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0008
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0008
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0009
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0009
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0009
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0009
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0009
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0010
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0010
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0010
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0010
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0010
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0011
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0011
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0011
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0012
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0012
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0012
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0012
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0013
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0013
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0013
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0013
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0013
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0014
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0014
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0014
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0014
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0014
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0015
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0015
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0015
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0015
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0015
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0015
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0015
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0016
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0016
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0016
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0016
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0017
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0017
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0017
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0017
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0017
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0017
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0018
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0018
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0018
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0019
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0019
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0019
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0019
http://www.molpro.net
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0021
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0021
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0021
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0021
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0022
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0022
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0022
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0022
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0022
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0023
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0023
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0023
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0023
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0023
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0024
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0024
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0024
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0024
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0024
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0025
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0025
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0025
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0025
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0025
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0025
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0025
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0026
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0026
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0027
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0027
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0027
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0027
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0027
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0028
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0028
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0029
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0029
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0029
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0030
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0030
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0030
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0030
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0031
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0031
http://refhub.elsevier.com/S1540-7489(18)30320-1/sbref0031

	Analysis of acetic acid gas phase reactivity: Rate constant estimation and kinetic simulations
	1 Introduction
	2 Methodologies
	2.1 Theoretical calculations
	2.2 Development of acetic acid kinetic model and kinetic simulations

	3 Results and discussions
	3.1 Acetic acid unimolecular decomposition: temperature and pressure dependence
	3.2 Abstraction rates
	3.3 Kinetic simulations

	4 Conclusions
	 Acknowledgments
	 Supplementary materials
	 References


