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Abstract The primary pyrolysis mechanisms of the sodium
carboxylate group in sodium benzoate—used as a model
compound of brown coal—were studied by performing quan-
tum chemical computations using B3LYP and the CBS meth-
od. Various possible reaction pathways involving reactions
such as unimolecular and bimolecular decarboxylation and
decarbonylation, crosslinking, and radical attack in the brown
coal matrix were explored. Without the participation of reac-
tive radicals, unimolecular decarboxylation to release CO,
was calculated to be the most energetically favorable primary
reaction pathway at the B3LYP/6-311+G (d, p) level of theory,
and was also found to be more energetically favorable than
decarboxylation of an carboxylic acid group. When CBS-
QBS results were included, crosslinking between the sodium
carboxylate group and the carboxylic acid and the decarbox-
ylation of the sodium carboxylate group (catalyzed by the
phenolic hydroxyl group) were found to be possible; this
pathway competes with unimolecular decarboxylation of the
sodium carboxylate group. Provided that H and CHj; radicals
are present in the brown coal matrix and can access the sodium
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carboxylate group, accelerated pyrolysis of the sodium car-
boxylate group becomes feasible, leading to the release of an
Na atom or an NaCO, radical at the B3LYP/6-311+G (d, p) or
CBS-QB3 level of theory, respectively.

Keywords Sodium carboxylate group - Pyrolysis - Quantum
chemistry - Brown coal

Introduction

When coal is heated to 200300 °C, it undergoes pyrolysis.
Thermochemical reactions that occur during pyrolysis include
both bond-breaking and bond-forming reactions, which can
decompose the macromolecular system of coal into smaller,
useful hydrogen- and/or oxygen-rich products as well as aro-
matic units, until the coal comes to resemble a carbonaceous
solid. This results in the formation of volatiles and nonvolatile
char [1, 2]. An understanding of the pyrolysis behavior of coal
is important because it is the initial thermochemical step in a
number of processes applied to coal, including combustion,
gasification, carbonization, and liquefaction.

Compared with higher-ranking coals, brown coal features a
relatively low content of carbon and a high content of oxygen.
The oxygen in brown coal exists in a wide variety of func-
tional groups. Among them, carboxylic and phenolic func-
tional groups constitute more than half of the oxygen-
containing functional groups [3]. Due to their acidic nature,
many of carboxylic acids in coal are present in carboxylate
form, such as Na, Mg, and Ca carboxylates. These
metallic species are clearly responsible for the characteristics
of brown coal pyrolysis as well as subsequent gasification or
combustion [4].

Among these metal components, the sodium originally
associated with carboxylate undergoes volatilization during
pyrolysis. This causes erosion and corrosion of turbine blades
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during power generation from brown coal [5]. On the other
hand, Na retained in the char following primary pyrolysis
enhances gasification and combustion processes due to its
catalytic activity. Its great importance has led to great efforts
to understand how the presence of sodium carboxylate affects
the pyrolysis of brown coal.

A large number of researchers have examined the roles of
sodium carboxylate groups in the pyrolysis of brown coal.
Experiments showed that the physicochemical form of sodi-
um carboxylate changes with increasing temperature during
pyrolysis. It is well known that decarboxylation of carboxylic
groups plays an important role in the pyrolysis of brown coal
[6]. Wornat et al. reported that, after sodium carboxylate has
thermally decarboxylated and thus released CO, at <300 °C,
the released sodium bonds to the remaining coal matrix [7].
Murry and Schafer et al. suggested that the sodium carboxyl-
ate group decomposes to Na,CO5 with the loss of CO, during
pyrolysis at 400—-600 °C [8, 9]. At higher temperatures, the
bonds between the Na and coal/char matrix may break down
thermally [4].

Studies also showed that the Na" in the sodium carboxylate
group tends to suppress the yields of tar and total volatiles
during pyrolysis, largely due to its transformation during
pyrolysis [7, 10]. However, the exact roles played by the
sodium carboxylate in the brown coal/char matrix during
pyrolysis remain unclear, although there has been some spec-
ulation. Following studies on the gasification of the resulting
char, Quyn et al. proposed [11] that the sodium carboxylate
group in brown coal is likely to be bonded to O-containing
structures in the char matrix after pyrolysis at low tempera-
tures. As the pyrolysis temperature is increased, Na is increas-
ingly likely to bond to C. Such bonds are considered to be
much weaker than those between Na and O. However, con-
tradictory results have also been reported in the literature. It
was found that bonds between Na and the coal/char matrix
become progressively stronger with increasing temperature
during pyrolysis [10].

Additionally, the Na atom in sodium carboxylate is easily
volatilized [12]. Indeed, there is discernible volatilization of
Na during pyrolysis at temperatures as low as 300 °C [13].
However, the exact mechanism of the release of Na is un-
known. It is believed [4] that one of the main steps in the
volatilization of Na from sodium carboxylate at low temper-
atures is the direct volatilization of Na in the form of light
carboxylates. As the temperature is increased further, some Na
atoms may volatilize when CM—Na bonds (here, “CM” is the
coal matrix) break and oxygen-containing species or aliphatic
materials are released, although recombination of Na with free
radicals in the coal matrix is also possible. Radicals also play
essential roles in the volatilization of Na species. Interactions
with H or other radicals in volatiles originating from brown
coal pyrolysis are also considered to be responsible for the
release of Na species, as they replace the Na species bonded to
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the char [14]. Direct release of Na is only observed to take
place at temperatures >900 °C in the absence of radicals [10].

Although recent studies [15] have significantly contributed
to our understanding of the role of Na-containing species
during pyrolysis, the fundamental mechanisms associated
with sodium carboxylate during the primary pyrolysis of
brown coal are still poorly understood due to the complexity
of the system. Further study is needed to fully assess the
behavior of sodium carboxylate in brown coal during
pyrolysis.

Quantum chemical methods have proven to be a powerful
tool for improving our understanding of the process of pyrol-
ysis at the molecular level. Computational molecular model-
ing has provided insights into the chemical transformations
that occur during the pyrolysis of brown coal [16—18]. In
previous work [19], we theoretically explored the thermal
pyrolysis channels for the carboxylic group in selected mo-
lecular models. In the study reported in the present paper, we
focused our research on the primary thermal pyrolysis of
sodium carboxylate in brown coal. Possible reaction pathways
involving the sodium carboxylate group were studied using
model compounds by quantum chemical methods.

Modeling details

It is necessary to acknowledge the limitations faced by re-
searchers developing a molecular model of brown coal: the
size of the modeled molecule is restricted by the need to
ensure that the associated density functional theory (DFT)
computations are practicable. Very large molecular structures
would require unrealistically large computational resources
for high-level studies. Consequently, the size of the molecular
model of brown coal must be restricted. Since brown coal is
known to contain predominantly monoaromatic rings [20] and
most of the carboxylic groups are associated with the aromatic
rather than the aliphatic components [7], to simplify the cal-
culations, the sodium carboxylate group in the brown coal was
represented by a sodium benzoate model compound, as shown
in Fig. 1.

It is well known that the abundant acidic functional groups
in brown coal are carboxylic acid and phenolic hydroxyl
groups. Hydrogen bonds may form between sodium carbox-
ylate and these two groups, which may be an important
influence on the pyrolysis behavior of the sodium carboxylate
group [9]. Thus, aside from the self-pyrolysis reactions of
isolated sodium carboxylate and sodium carboxylate dimers,
the bimolecular pyrolysis behavior of sodium carboxylate
associated with carboxylic acid and phenolic hydroxyl groups
was also considered when choosing benzoic acid and phenol
molecules as the molecular models of those groups in brown
coal, respectively. In addition, free-radical reactions are ubig-
uitous in the thermal decomposition of coal, and often involve
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Fig. 1 Optimized geometry of
sodium benzoate—employed as a
model of brown coal with sodium
carboxylate groups—calculated
at the B3LYP/6-311 + G (d, p)
level of theory (bond lengths

in A)

a number of elementary reactions in the overall mechanism.
The evolutions of Na and light sodium carboxylates such as
formate and acetate in the pyrolysis of brown coal have been
observed experimentally, and may proceed via a radical mech-
anism [4]. Therefore, the possibility of radical reactions of
sodium carboxylate groups in brown coal can also be explored
using a sodium benzoate model.

Becke’s three-parameter exchange functional and the Lee—
Yang—Parr correlation functional (B3LYP) [21, 22] were used
in all calculations here. All electronic and vibrational proper-
ties were calculated using the 6-311+G (d, p) basis set. This
includes diffuse functions for heavy atoms and polarization
for heavy and hydrogen atoms, both of which are necessary to
perform calculations of charge-separated states. They are also
required for radical structures with some atoms that have very
large electron densities. The spin-unrestricted method was
applied to the open-shell systems. Minimum-energy structures
were achieved by allowing all of the geometric parameters to
vary independently. We checked that the geometries corre-
sponding to stable structures did not have imaginary vibration
frequencies. The transition states (TS) were optimized using
the synchronous transit-guided quasi-Newton (STQN) meth-
od [23, 24], and were identified by the presence of a single
imaginary frequency. Further intrinsic reaction coordinate
(IRC) calculations were performed, starting at the transition
states, to verify that they connected the correct reactants and
products [25]. Zero-point energy corrections (unscaled) were
taken into account when evaluating the energies. High-
accuracy complete basis set (CBS) methods [26] can remove
the error that arises in quantum mechanical calculations from
the truncation of basis sets. However, these methods are
computationally expensive and completely unfeasible for cal-
culations of even moderately large systems. Therefore, to
evaluate the reliability of the B3LYP results, we only
reoptimized the B3LYP/6-311+G (d, p) geometries of some
relatively small systems using the CBS-QB3 method [27]; the
energy values obtained using this method are shown in

parentheses in the following text. The Gaussian 03 software
package [28] was used for all of the quantum chemical
calculations described above, with energy convergence
(SCF=tight) specified.

Results and discussion
Unimolecular decarboxylation and decarbonylation

Both unimolecular decarboxylation and decarbonylation of
sodium benzoate were proposed as processes, and the ener-
getic profiles for these reaction pathways are shown in
Scheme 1. The optimized lowest-energy conformation of the
model reactant, sodium benzoate, is shown in Fig. 1. It is
essentially a planar structure. The first reaction pathway is
stepwise decarboxylation of sodium benzoate to form phenyl
sodium and CO, (reaction 1). Figure 2 shows the energy
diagram of this pathway. First, the CO, group in sodium
benzoate twists by about 36° to form the reaction precursor
IM1 via TS1-1 (Fig. 5), which has a torsional barrier of 19.3
(18.1) kcal mol . After that, this precursor undergoes C5-C8
bond cleavage via TS1-2 (Fig. 5). The transition state TS1-2
corresponds to the development of negative charge on the
evolving C¢Hs moiety, which results in repulsion between
the nascent CO, and the rest of the molecule. The bond with
the sodium cation disperses some of the negative charge, and
this cation stabilizes the transition state geometry by bonding
to the departing components. The energy required to attain the
transition state geometry from IM1 is 31.2 (45.8) kcal mol .
The second step in the decarboxylation of sodium benzoate is
found to be the rate-determining step, regardless of whether
the activation energy is caculated at the B3LYP/6-311+G (d,
p) or the CBS-QB3 level of theory. The second possible
reaction pathway for sodium benzoate is direct
decarbonylation to form sodium phenolate and CO (reaction
2), with an activation energy of 91.0 (91.8) kcal mol ' (Fig. 2)
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Scheme 1 Proposed O
unimolecular decarboxylation |
and decarbonylation pathways of . TS1-1, TS1-2
a sodium carboxylate group in Reaction 1:  CM——CONa » CM—Na + CO,
brown coal

(0]

| I 1
Reaction 2: CM——CONa > CM ONa + CO

via TS2. Obviously, the activation energy of decarboxylation
is considerably lower than that of decarbonylation, so the
sodium carboxylate group should not decompose by
decarbonylation to any significant extent in its isolated form
at low temperature.

Domazetis et al. [16] have shown that the unimolecular
decarboxylation is equally favored for both carboxylic acid
and carboxylate, which is not consistent with our results. Our
previous work indicated that for an isolated single carboxylic
group in a brown coal model, unimolecular decarboxylation
was possible via concerted or stepwise pathways, as both had
similar activation energies (58.7 and 58.6 kcal mol ') when
calculated at the B3LYP/6-311+G (d, p) level of theory [19].
These values are higher than that for the unimolecular decar-
boxylation of the sodium carboxylate group according to our
present results. Therefore, the sodium carboxylate group
should decarboxylate more readily than the carboxylic acid
group in the brown coal matrix. This discrepancy may be due
to the differences between the model and method used by
Domazetis et al. and the model and method that we have used.
The carboxylate model used by Domazetis et al. was a bare
anion model with a charge of —1, which does not consider the
influence of the metal cation. Moreover, the method used by
them was a semiempirical quantum mechanical method, the
accuracy of which is relatively low.
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Fig. 2 Energy diagrams for decarboxylation (black lines and dots) and
decarbonylation (red lines and dots) of the sodium benzoate model.
Energy values (in kcal mol ') without parentheses were obtained at the
B3LYP/6-311 + G (d, p) level of theory, whereas those in parentheses
were calculated at the CBS-QB3 level of theory
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Bimolecular decarboxylation, decarbonylation,
and crosslinking

The next step in this computational study was to investigate
the bimolecular catalytic decompositions (decarboxylation
and decarbonylation) and crosslinking of the sodium carbox-
ylate group in brown coal using sodium benzoate and related
model compounds (benzoic acid and phenol). Considering
that CBS calculations of large molecule systems are prohibi-
tively expensive, only the B3LYP method was used to explore
these reactions. Based on the reaction scheme outlined above
(Scheme 2), nine possible reaction pathways were considered.
Reactions 3, 4, and 5 show the decarboxylation,
decarbonylation, and crosslinking of the sodium benzoate
dimer, respectively. Figures 3a and 5 show the relative ener-
gies and the transition state structures (TS3, TS4, and TS5) of
these reactions. The pre-reaction complexes (RC3, RC4, and
RCS, respectively) are initially formed in these three reactions;
in each case, the stabilization energy is about 40 kcal mol . In
the catalytic decarboxylation pathway, electrophilic attack by
the sodium cation of the first sodium benzoate on the C5 atom
of the second sodium benzoate results in the displacement of
the CO, of the second sodium benzoate through the cleavage
of the C5-C8 bond that anchors the CO, group. After the
detachment of CO, from the second sodium benzoate model,
Na—Na exchange occurs, leading to the formation of phenyl
sodium. The activation barrier to this reaction is
56.7 kecal mol'. Catalytic decarbonylation of the sodium
carboxylate group via Na—Na exchange (reaction 4 in
Scheme 2) was also considered. The energy barrier to this
reaction was calculated to be 92.8 kcal mol . It has also been
proposed that decarboxylation reactions are major contribu-
tors to the crosslinking processes observed during the thermal
processing of brown coal [29, 30]. However, in our previous
study [19] we found that dehydration and esterification of the
carboxylic aicd group contributed to low-temperature
crosslinking. In this work, the possible crosslinking reaction
of the sodium carboxylate group dimer was investigated (re-
action 5). This reaction leads to the formation of anhydride
and Na,O adduct, and involves the transition state TS5
(Fig. 5) with an activation barrier of 134.2 kcal mol™'. Upon
comparing the energy barriers of the above three reactions, it
is easy to see from Fig. 3a that the energy barrier of reaction 3
(56.7 keal mol ") is the lowest.
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Scheme 2 Proposed bimolecular decarboxylation, decarbonylation, and crosslinking pathways of a sodium carboxylate group in brown coal

Bimolecular decarboxylation, decarbonylation, and
crosslinking (reactions 6, 7, and 8 in Scheme 2) may also
occur between neighboring sodium carboxylate and carbox-
ylic acid groups. Figure 3b shows the potential energy profiles
along these three possible reaction pathways. It can be seen
from Scheme 2 and Fig. 3b that, catalyzed by the neighboring
sodium carboxylate group (reaction 6) via Na—H exchange,
the model compound sodium benzoate decarboxylates and
thus releases CO,. The energy barrier to this decarboxylation
is 50.9 kcal mol . The possible catalytic decarbonylation of
the sodium carboxylate group via Na—H exchange in the
brown coal matrix (reaction 7) was also considered. This
process was calculated to be exothermic by 25.5 kcal mol ',
and to lead to the formation of the pre-reaction complex RC7,

which is the same as that (RC6) involved in reaction 6. RC7
then decarbonylates to release CO via TS7 (barrier height:
94.9 kcal mol ™). Crosslinking between sodium carboxylate
and carboxylic acid groups in brown coal (reaction 8) is also
conceivable. Using sodium benzoate and benzoic acid as the
model compounds for these two groups, two possible
crosslinking routes were investigated. The first occurs via
the cleavage of the C8-0O10 or C8O11 bond of sodium
benzoate and the O—H bond of benzoic acid via TS8a. The
second can occur via the cleavage of the O10-Nal2 or O11—
Nal2 bond of sodium benzoate and the C—O bond of benzoic
acid via TS8b. These two processes were calculated to be
exothermic by 14.2 and 8.8 kcal mol ™, and to result in the
formation of the pre-reaction complex RC8a or RC8b,

@ Springer
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Fig. 3a—c Energy diagrams for the bimolecular decarboxylation (black
lines and dots), decarbonylation (red lines and dots), and crosslinking
(green lines and dots) pathways of sodium benzoate dimer (a), sodium
benzoate + benzoic acid (b), and sodium benzoate + phenol (c),
calculated at the B3LYP/6-311 + G (d, p) level of theory (energy scale
in kcal mol ™)

respectively. The barriers to the transition states TS8a and
TS8b are 53.9 and 45.8 kcal mol ', respectively. Upon com-
paring the stabilities of the pre-reaction complexes and the
energy barrier heights of all four possible reactions between
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sodium carboxylate and carboxylic acid groups (Fig. 3b), it is
clear that the crosslinking pathway is favored.

Figure 3c illustrates the potential surfaces for bimolecular
decarboxylation, decarbonylation, and crosslinking (reactions
9, 10, and 11 in Scheme 2) between a sodium carboxylate
group and a neighboring phenolic acid group in the brown
coal matrix. The calculated geometries and energies of their
pre-reaction complexes (RC9, 10, 11a, and 11b) are similar.
The catalytic decarboxylation and decarbonylation of sodium
carboxylate via Na—H exchange (reactions 9 and 10) proceed
via the transition states TS9 and TS10 (as shown in Fig. 5).
The calculated activation barriers to these two reactions are
48.0 and 93.0 kcal mol™', respectively. Esterification
crosslinking between sodium carboxylate and phenolic hy-
droxyl groups was also considered (reaction 11). Two possible
reaction routes were proposed. In the first, crosslinking is
achieved via the elimination of the O10—Nal2 or O11-Nal2
group of sodium benzoate and a proton from phenol; the
activation barrier to this is 61.6 kcal mol™' (Fig. 3c). The
second reaction mechanism assumes direct formation of
NaOH (barrier: 64.3 kcal mol ") through the combination of
the Na cation of the sodium carboxylate group of sodium
benzoate with the hydroxyl group of phenol as well as C-O
bond formation (i.e., in the ester group). Comparison of the
three types of bimolecular reactions discussed above suggests
that the lowest-energy pathway is the catalytic decarboxyl-
ation of sodium benzoate via reaction 9.

The activation barriers and reaction enthalpies at 0 K of the
predominant unimolecular and bimolecular pathways of the
sodium carboxylate group in the brown coal model are sum-
marized in Table 1. From Table 1, it is apparent that the energy
barrier to unimolecular decarboxylation (reaction 1) is the
lowest when calculated at the B3LYP/6-311+G (d, p) level
of theory. This means that none of the intermolecular com-
plexes, including those with an adjacent sodium carboxylate,
carboxylic acid, or phenolic hydroxyl group, enhance the
thermal decomposition of sodium carboxylate groups in the
brown coal matrix. However, the CBS-QB3 method predicts a
higher barrier height (45.8 kcal mol ') in the rate-determining
step of unimolecular decarboxylation (reaction 1), which is
equal to that of reaction 8 and also very close to that of
reaction 9 when computed at the B3LYP/6-311+G (d, p) level.
Unfortunately, because the computationally expensive CBS
composite method cannot be used in these bimolecular reac-
tions, direct comparison with CBS-QB3 results is impossible
in the present work. That said, the results calculated here still
indicate that the formation of dimeric sodium carboxylate
groups cannot accelerate carboxylate decomposition (bimo-
lecular decarboxylation, decarbonylation, or crosslinking), in
contrast to carboxylic acid group decomposition in brown coal
[19]. Therefore, the complexed binary adduct of sodium car-
boxylate groups would appear to undergo unimolecular de-
carboxylation, leading to the release of CO,, in the primary



J Mol Model (2014) 20:2523

Page 7 of 13, 2523

Table 1

Activation barriers and reaction enthalpies at 0 K of the predominant reaction pathways of a sodium carboxylate group in brown coal model

Reaction Mechanism

Activation barrier (kcal mol™") Reaction energy (kcal mol™")

B3LYP/6-311+G ~ CBS-QB3  B3LYP/6-311+G ~ CBS-QB3
d.p) (d.p)
Sodium benzoate: reaction 1 Unimolecular decarboxylation ~ 31.2 45.8 53.1 58.1
Sodium benzoate dimer: reaction 3 Catalytic decarboxylation 56.7 53.1
Sodium benzoate + benzoic acid: reaction 8§  Crosslinking 45.8 44.6
Sodium benzoate + phenol: reaction 9 Catalytic decarboxylation 48.0 11.5

pyrolysis process prior to bimolecular reactions in the brown
coal matrix. However, when the sodium carboxylate group
can form a binary complex with a carboxylic acid group,
unimolecular decarboxylation of the sodium carboxylate
group and crosslinking between sodium carboxylate and car-
boxylic acid groups to form NaOH may be equally favored. In
addition, catalytic decarboxylation may occur to some extent
provided a hydrogen-bonded pre-reaction complex can form
between sodium carboxylate and phenolic hydroxyl groups in
the brown coal matrix.

Radical reaction mechanism

We first inspected the possibility of direct cleavage of the O—
Na and C5—C8 bonds in the sodium carboxylate group to form
an Na atom and an NaCO, radical using the sodium benzoate
model. Transition states were not found in these bond disso-
ciation processes when potential energy surface (PES) scans
of O—Na and C5-C8 bonds were performed at the B3LYP/6-
311+G (d, p) level. Thus, bond dissociation energies (BDEs)
were computed using the methodology reported by Blanksby
and Ellison [31], which was developed for systems which
undergo unimolecular reactions that lack a well-defined tran-
sition state. Unfortunately, as the experimental BDE values of
these reactions are unavailable in the literature, direct compar-
ison between experiment and theory is not possible. In order
to check the reliability of the B3LYP/6-311+G (d, p) method,
the highly accurate CBS-QB3 method was also used. These
calculated BDE values are collected in Table 2. From Table 2,
it can be seen that the BDEs (94.6 kcal mol ' for O-Na
rupture and 91.9 kcal mol ™' for C5-C8 rupture) computed at
the B3LYP/6-311+G (d, p) level are lower than those
(102.4 kcal mol ' for O-Na rupture and 103.9 kcal mol '
for C5-C8 rupture) computed at the CBS-QB3 level.
Nevertheless, these values are far higher than the barriers to
the rate-determining steps in the predominant unimolecular
and bimolecular reactions mentioned above, indicating that
these dissociation reactions are of minor importance in the
primary thermal pyrolysis of sodium carboxylate groups in
brown coal at low temperatures [10].

The BDEs of C-H bonds in the sodium benzoate model
were also calculated at the B3LYP/6-311+G (d, p) and CBS-
QB3 levels of theory and are shown in Table 2. The BDE
values computed at the CBS-QB3 level are very close to the
experimental value (111.3 kcal mol™") for a similar com-
pound, benzene [32], demonstrating that the CBS model can
accurately reproduce experimental thermodynamic data.
Although the BDEs of C-H bonds at the ortho, meta, and
para positions computed at the B3LYP/6-311+G (d, p) level
were 4.7, 4.9, and 4.9 kcal mol !, respectively, lower than
those computed at the CBS-QB3 level, they are still far higher
than the activation energies for the dominant pyrolysis path-
ways of sodium carboxylate groups in the brown coal matrix.
Thus, compared with the pyrolysis of the sodium carboxylate
group in the sodium benzoate model, the rupture of C—H
bonds is less likely to occur during the primary pyrolysis of
sodium carboxylate groups in the brown coal matrix.

Although the pyrolysis of the sodium carboxylate group to
form radicals at low temperatures is not supported by the
results of our study, reactive radicals have been reported in
brown coal at such temperatures—even at room temperature
[33]. Additionally, prior to the decomposition of the sodium
carboxylate group, inherently weak bonds in the coal matrix
may undergo thermolysis upon heating, generating radicals. It
would be intriguing to know if these radicals can initiate the

Table 2 BDE:s for the thermal decomposition of the model compound
sodium benzoate, calculated at the B3LYP/6-311+G (d, p) and CBS-QB3
levels of theory

Reaction BDE (kcal mol ")
B3LYP/6-311+G (d, CBS-
p) QB3

CeHsCOONa = C,HsCOO + Na 94.6 102.4

CeHsCOONa = C¢Hs + COONa 91.9 103.9

CHsCOONa = 0-C¢H,COONa+H 110.0 114.7

Ce¢HsCOONa = m-C¢gH,COONa +  108.5 113.4

H
C¢HsCOONa = p-C¢H,COONa+H 108.7 113.6
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reaction of the sodium carboxylate group during pyrolysis.
However, since the free-radical sites attached to the bulky
aromatic ring framework in the solid coal matrix are well
separated in brown coal due to steric hindrance, it is not easy
for them to combine with sodium carboxylate groups. Only
small radicals such as H and CHj can readily penetrate into the
coal matrix [34] and combine with sodium carboxylate groups
during pyrolysis. Therefore, rather than detailing every reac-
tion for all possible radicals, in this work we focused on
reactions between H and CHj; radicals and a sodium carbox-
ylate group in this study.

Three reaction channels between an H radical and a sodium
carboxylate group (reactions 12, 13, and 14 in Scheme 3) were
proposed in this study. Figure 4a shows the energy profiles
calculated at the B3LYP/6-311+G (d, p) level. These process-
es start with an H radical approaching different active sites on
sodium benzoate, leading to the formation of various pre-
reaction complexes (RC12, 13, and 14), the geometries of
which are shown in Fig. 6. The structures of RC12 and
RCI13 are similar due to the adsorption of the H radical at
the O10 or (the equivalent) O11 atom, respectively, while the
H radical is adsorbed on the surface of the aromatic ring in
RC14. From Fig. 4a, it can been seen that the formation of
each of the three reactant complexes is exothermic, and the
adsorption energies of reactions 12, 13, and 14 were computed
as 0.3, 0.3, and 0.2 kcal mol " at the B3LYP/6-311+G (d, p)
level, respectively, meaning that the systems can be stabilized

Scheme 3 Proposed reaction
pathways of H and CHj radicals
with a sodium carboxylate group
in brown coal

Reaction 12:

Reaction 13:

O

Reaction 14:

CM——C—ONa + H 2~ o

CM——C——ONa + H

CM——C——ONa + H

by collisions. These three values are very close to each other,
indicating there is no strongly preferred adsorption site of the
H radical.

Subsequently, the displacement of Na from sodium carbox-
ylate in the coal matrix by an H radical (reaction 12) was
investigated. Figure 7 shows the transition state geometry
(TS12) of this reaction. It can be seen that the replacement
of Na by an H radical has a small energy barrier of
2.3 keal mol™" when calculated at the B3LYP/6-311+G (d,
p) level. In addition, an H radical can also attack C8 of the
carboxylate to form a sodium formate molecule (reaction 13)
or attack the aromatic C5 to form an NaCO, radical (reaction
14). Calculations indicate that both of these reactions proceed
via stepwise addition—elimination mechanisms. The
transition-state geometries (TS13-1 and TS13-2) of the former
reaction are also shown in Fig. 7. The first step in this reaction
is the adsorption of the radical at the C8 atom with an activa-
tion energy of 11.6 kcal mol . The second step is the release
of sodium formate and a phenyl radical with an activation
energy of 4.8 kcal mol . Comparing the heights of the acti-
vation barriers encountered during this route, it is easy to
discern that the first step is the rate-determining step. The
latter reaction also proceeds via two transition state geometries
(TS14-1 and TS14-2 as shown in Fig. 7) in a similar manner,
but the first step is the addition of an H radical to the aromatic
C5 atom and the second step leads to the formation of an
NaCO, radical. It is worth noting that the released NaCO,

TS12
CM——C——O0H + Na

o}

TS13 -1, TS13-2
> M + H——C——ONa

TS14 -1, TS14-2
»>  CM—H + NaCO,

(0]
. . TS15
Reaction 15: cM——C——0Na + CH; —————» CM——C——O0CH; + Na
O

Reaction 16:

)

Reaction 17:
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CM——C——ONa + CH

CM——C——O0ONa + CHj -

TS16 -1, TS16-2
3 o

CM + HyC——C——ONa

TS17 -1, TS17-2
CM—CHj; + NaCO,
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Fig. 4a-b Energy diagrams for the reactions of H (a) and CHj (b)
radicals with the sodium benzoate model, calculated at the B3LYP/6-
311 + G (d, p) level of theory (energy scale in kcal mol ')

radical may split into an Na atom and a CO, molecule during
the secondary reaction. The second step is the rate-
determining step due to its higher activation barrier height
(12.5 keal mol ") than that of the first step (5.0 kcal mol ).
The values of the activation barriers obtained for H-radical
addition-displacement via different pathways clearly indicate
that the replacement of Na by an H radical (reaction 12) is the
most energetically favored route.

The possible pathways for the reaction between a CHj;
radical and a sodium carboxylate group (reactions 15, 16, and
17 in Scheme 3) share some similarities with those of an H
radical and a sodium carboxylate group, as shown in Fig. 4b. It
can be seen that the energies of pre-reaction complexes RC15,
16, and 17 are nearly the same when calculated at the B3LYP/6-
311+G (d, p) level. The adsorption energies of both RC15 and
17 are 3.0 kcal mol ' while the energy of RC16 is
3.3 keal mol " lower than the reactants (a CH; radical and the
sodium benzoate model compound), indicating that all three
pre-reaction complexes are almost equally favored. The slight
energy difference comes from the different geometries of the
pre-reaction complexes. Figure 6 illustrates the geometries of

RC15, 16, and 17. From Fig. 6, it can be seen that the geom-
etries of RC15 and 17 are basically the same, whereas the
geometry of RC16 is different, especially the orientation of
the CHj; radical. Reaction 17 has a 17.7 kcal mol ™! barrier at
TS17-1 (Fig. 4b) associated with the rate-determining step,
which is much lower than those of reactions 15
(31.1 kcal mol™") and 16 (29.3 kcal mol ™' for the rate-
determining step), showing that reaction 17 is more favorable.
However, this attack of the CHj; radical at C5 in the sodium
benzoate model (reaction 17) leads to the release of NaCO,,
which is different to the release of an Na atom in the preferred
H-radical displacement reaction (reaction 12) described above.
In addition, the binding energy of RC17 relative to the reactants
(CH; and sodium benzoate) is higher than that of RC12 in
reaction 12 (the predominant pathway for H-radical attack); that
is, RC17 is less stable than RC12. It should be noted that these
H and CHj radical reaction pathways are both temperature and
pressure dependent from a kinetics perspective, as they proceed
through a chemically activated intermediate, which would sub-
stantially influence all of these radical reaction processes.

In addition, to support the above findings, CBS-QB3 cal-
culations were also performed to evaluate the activation bar-
rier. Table 3 summarizes results for the barrier height relative
to the pre-reaction complex calculated at the B3LYP/6-311+G
(d, p) and CBS-QB3 levels. From Table 3, it can be seen that
the results obtained with the B3LYP/6-311+G (d, p) method
have a mean absolute deviation of 3.0 kcal mol™' when
compared to those afforded by CBS-QB3. Nevertheless, the
dominant pathways for H and CHj; radical reactions are still
reactions 12 and 17 at the CBS-QB3 level of theory, in
agreement with the B3LYP/6-311+G (d, p) results. However,
the calculated activation barriers for reaction 17 indicate that,
at the CBS-QB3 level, the second step is the rate-determining
step, whereas the first step is the rate-determining step at the
B3LYP/6-311+G (d, p) level, as shown in Table 3 (Fig. 7).

To gain more confidence in the performance of the B3LYP/
6-311+G (d, p) method applied to these H and CH; radical
reaction pathways, a comparison between the barrier yielded
by B3LYP/6-311+G (d, p) and the corresponding experimen-
tally measured value of this barrier is needed. However, there
is no report in the literature of experimental measurements of
reactions of H and CHj; radicals with sodium benzoate, so we
must use experimental results for a similar compound instead.
Such results for the reaction of an H radical with phenol:

H-+ C¢HsOH = CgHg + -OH,

which is similar to reaction 14, were found in the literature
[35]. The measured activation barrier (7.9 kcal mol ") of the
former reaction is in moderately good agreement with the
calculated barrier height of the rate-determining step in reac-
tion 14, supporting the applicability of the B3LYP/6-311+G
(d, p) method to these reactions.
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TS1-1 TS1-2

TS8a TS8b

0982 2164
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. 1806/ O
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Fig. 5 Optimized geometries of transition states in the unimolecular
decarboxylation (TS1-1 and TS1-2) and decarbonylation (TS2) of sodium
benzoate, the bimolecular decarboxylation (TS3), decarbonylation (TS4),
and crosslinking (TS5) of a sodium benzoate dimer, the bimolecular
decarboxylation (TS6), decarbonylation (TS7), and crosslinking (TS8a

Finally, the probability of an H or a CHj; radical combining
with the Na in the carboxylate group to form NaH or NaCHj
was also investigated. Calculations performed at the B3LYP/
6-311+G (d, p) level showed no discernable energy maximum
via the synchronous transit-guided quasi-Newton method or a
PES scan across the bond Nal2—C8 or the distance between
Na and the H (CH3) radical in the pre-reaction complex. Thus,
the dissociation of NaH or NaCHj; from pre-reaction com-
plexes of an H or a CH; radical with sodium benzoate may be

@ Springer

TS TS10

and TS8b) of sodium benzoate + benzoic acid, and the bimolecular
decarboxylation (TS9), decarbonylation (TS10), and crosslinking
(TS1la and TS11b) of sodium benzoate + phenol, calculated at the
B3LYP/6-311 + G (d, p) level of theory

barrierless reactions but they are very endothermic with re-
spect to other H and CHj radical reactions. It was found that
51.2 and 65.1 kecal mol " are needed to accomplish these two
reactions when they were calculated at the B3LYP/6-311+G
(d, p) level, while CBS-QB3 gave more endothermic reaction
energies (59.1 and 71.9 kcal mol ") than the B3LYP method.
Thus, this route requires much more energy than the favorable
radical reaction discussed above, and may be ruled out at low
temperatures.
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Compared with unimolecular decarboxylation (reaction 1),
bimolecular crosslinking (reaction 8), and catalytic decarbox-
ylation (reaction 9) of the sodium benzoate model in brown
coal, which are the preferred primary pyrolysis pathways that
do not involve free radicals, the reactions involving H and
CHj; radicals proceed with much lower activation barriers.
However, the predominant radical pathways of these two

Table3 Calculated activation barriers for reactions involving the attack
of an H or a CH; radical on the model compound sodium benzoate
(Scheme 3), as calculated at the B3LYP/6-311+G (d, p) and CBS-QB3
levels of theory

Reaction Activation barrier (kcal molfl)
B3LYP/6-311+G (d, p) CBS-QB3
Reaction 12 23 4.0
Reaction 13 First step 11.6 12.9
Second step 4.7 5.8
Reaction 14 First step 5.0 7.5
Second step 12.5 16.7
Reaction 15 31.1 28.7
Reaction 16 First step 29.3 23.9
Second step 2.9 5.6
Reaction 17 First step 17.7 13.7
Second step 12.0 16.6

RC13

RC16

Fig. 6 Optimized geometric structures of pre-reaction complexes associated with H and CHj radical attack on the sodium benzoate model
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reactions are different. The presence of an H radical can
enhance the release of an Na atom from brown coal, while
the presence of a CHj; radical can increase the likelihood of
NaCO, radical formation [36]. The favorability of these pro-
cesses should be determined by the relative abundances and
availabilities of H and CHj; radicals within the brown coal
matrix. Among the unimolecular, bimolecular, and radical
decomposition mechanisms that are possible for the sodium
carboxylate group, the radical mechanisms should be favored
provided that H and CHj radicals are abundant in the coal and
can access sodium carboxylate groups.

Conclusions

The reaction mechanisms involved in the primary pyrolysis of
sodium carboxylate groups in brown coal were studied using
density functional theory and the CBS-QB3 method. These
theoretical calculations provided mechanistic details about the
unimolecular direct decarboxylation and decarbonylation of
sodium carboxylate groups. Additionally, possible bimolecu-
lar reactions with neighboring functional groups were inves-
tigated to evaluate their feasibility, including decarboxylation,
decarbonylation, and crosslinking reactions of complex sys-
tems such as a dimeric sodium carboxylate group, the
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Fig. 7 Optimized geometries of transition states for the reactions of H (TS12, TS13-1, TS13-2, TS14a, and TS14b) and CH; (TS15, TS16-1, TS16-2,
TS17-1, and TS17-2) radicals with sodium benzoate, calculated at the B3LYP/6-311+G (d, p) level of theory

hydrogen-bonded complex of a sodium carboxylate group
with a carboxylic acid group, and phenolic hydroxyl groups
in the brown coal matrix. The results of calculations per-
formed at the B3LYP/6-311+G (d, p) level indicated that
unimolecular decarboxylation of the sodium carboxylate
group to release CO, is the favored primary pyrolysis route
provided that radicals are not involved. Decomposition or
crosslinking of the dimeric sodium carboxylate group is dis-
couraged due to high energy barriers. Additionally,
unimolecular decarboxylation of a sodium carboxylate group
was found to be more energetically favorable than that of a
carboxylic acid group. However, when the height of the
barrier to unimolecular decarboxylation was evaluated at the
CBS-QB3 level of theory, it was apparent that crosslinking
between sodium carboxylate and carboxylic acid groups and
decarboxylation of the sodium carboxylate group catalyzed by
aneighboring phenolic hydroxyl group can also occur to some
extent provided that a hydrogen-bonded pre-reaction complex
can form between them in the brown coal matrix. Results
calculated at both the B3LYP/6-311+G (d, p) and CBS-QB3

@ Springer

levels also showed that, assuming that H and CH; radicals are
available and accessible, these radicals can decrease the acti-
vation energy for the pyrolysis of a sodium carboxylate group
in the brown coal matrix, leading to the release of an Na atom
and an NaCO, radical, respectively.
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