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ABSTRACT: Comprehending the nitrogen combustion chemistry during the
thermal treatment of biomass demands acquiring a detailed mechanism for
reaction pathways that dictate the degradation of amino acids. Serine (Ser) is an
important α-amino acid that invariably exists in various categories of biomass,
most notably algae. Based on density functional theory (DFT) coupled with
kinetic modeling, this study presents a mechanistic overview of reactions that
govern the fragmentation of the Ser compound in the gas phase as well as in the
crystalline form. Thermokinetic parameters are computed for a large set of
reactions and involved species. The initial decomposition of Ser is solely
controlled by a dehydration channel that leads to the formation of a 2-
aminoacrylic acid molecule. Decarboxylation and deamination routes are likely to
be of negligible importance. The falloff window of the dehydration channel
extends until the atmospheric pressure. Bimolecular reactions between two Ser
compounds simulate the widely discussed cross-linking reactions that prevail in the condensed medium. It is demonstrated that the
formation of the key experimentally observed products (NH3, CO2, and CO) may originate from direct bond fissions in the melted
phase of Ser prior to evaporation. A constructed kinetic model (with 24 reactions) accounts for the primary steps in the degradation
of the Ser molecule in the gas phase. These steps include dehydration, decarboxylation, deamination, and others. The kinetic model
presents an onset decomposition temperature of 700 K with the complete conversion attained at ∼1090 K. Likewise, the model
portrays the temperature-dependent increasing yields of CO2 and NH3. The results presented in this work offer a detailed analysis of
the intricate chemical processes involved in nitrogen transformations, specifically in relation to amino acids. Amino acids play a
crucial role as the primary nitrogen carriers in biomass, such as microalgae and protein-rich biomass.

1. INTRODUCTION
Pyrolysis and combustion constitute the most viable strategies
for the industrial-scale utilization of biomass as a source of
liquid bio-oil.1 However, in addition to hydrocarbon streams,
these processes convert the oxygen and nitrogen contents in
biomass into a large array of O- and N-containing pollutants.2

The latter spans the notorious nitrogen oxides NOx; HCN,
NH3, HNCO, alkyl amines; and N-polyaromatic hydrocarbons
(N-PAHs such as carbazole and phenazine).3−5 The emission
intensity of these species truly stems from the nitrogen
transformation chemistry during the thermal treatment of
biomass.6 The building structures of nitrogen in biomass differ
from that of other fuels, such as coal (where nitrogen is mainly
incorporated in 6- and 5-ring structures).7 Hence, the synthesis
of N-species ensues via distinct pathways in biomass that are
sensitive to their nitrogenated fragments. It is generally viewed
that the high O/N ratios in biomass promote the conversion of
the nitrogen content into N-volatile entities.7 However, the
formation of nitrogenated species from the pyrolysis of
biomass also involves complex multiphase reactions where
interactions with char and the appreciable mineral contents
play a major role. The relative distribution of N-species in
volatile and char fractions depends on many factors such as

heating rates, deployed reactor’s type, and particle’s size. Leng
et al.8 comprehensively surveyed features that affect the yield
of N-compounds in bio-oil, with a prime focus on biomass
makeup and biochemical and mineral compositions.
Nitrogen in biomass does not exist as aromatic heterocyclic

structures but rather as an N-protein that usually accounts for
∼85% of the total nitrogen content in biomass.9 Amino acids
are the building blocks in N-protein.8 In reference to the
commonly deployed N-alkyl amines (such as dimethylamine
and ethylamine) and heterocycles (such as morpholine),
amino acids serve as representative model compounds of real
samples of biomass.10 For this reason, several studies
investigated the thermal decomposition of selected amino
acids as an important milestone in comprehending the
chemistry of nitrogen during the thermal utilization of
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biomass.11 There are 20 types of amino acids with structures as
simple as glycine and as complex as tryptophan. A survey by
Ren and Zhao12 reported the composition of amino acids in
various types of Wheat straw and Corn cob. It was found that
certain amino acids such as serine and aspartic acid exist in
appreciable concentrations in the range of 1.0−3.3 mg/g. As
such, amino acids (i.e., N-protein) serve as representative
candidates to formulate the mechanistic pathways that dictate
the emission of N-species from the thermal treatment of
biomass.
Removal or reducing the nitrogen content (denitrogenation)

in biomass is an essential step in the production of biofuel.13

Central to this step is to acquire a detailed understanding of
chemical reactions that dictate the decomposition of amino
acids and subsequent emission of N-species. Thermal-induced
fragmentation of amino acids is rather a complex process in
which the formation of the major N-carriers (such as NH3 and
HCN) may originate reactions that involve secondary products
and intermediates; i.e., not as initial products of pyrolysis.14

Primary exit channels for amino acids span dehydration into
cyclic amides (i.e., diketopiperazine DKP), decarboxylation
into amines, and deamination.15 The relative importance of
these initial reactions differs from one type of biomass to
another. For instance, deamination reactions are prominent in
the case of energy crops and lignocellulose when compared to
sludge and microalgae. We have illustrated in a previous study
that the formation of the experimentally major observed
products from pyrolysis of leucine amino acid takes place via
bimolecular reactions.16 Such reactions typically occur in the
condensed medium prior to evaporation. The relevance of
bimolecular reactions becomes more profound in view of the
very high boiling points of amino acids (i.e., the boiling
temperature of serine at 1.0 atm is ∼400 °C).17 Following the
initial reactions, a complex network of reactions evolves to
generate amines, nitriles, α-lactam, and pyrroline. Secondary
fragmentation reactions of imine and amine mainly produce
NH3 and alkyl diamine.

18 Cracking reactions of N-bounded
char produce HCN and HCNO. Formulated mechanisms were
guided by online measurements of evolved products either
offline or via online TG-IR-MS sampling.19,20

In microwave pyrolysis of certain amino acids (namely,
serine, phenylalanine, and glutamic acid), the selective
formation of N-compounds displays sensitivity to temperature,
whereas the low-temperature window (i.e., 300 °C) favored
the generation of amines and cyclic amides through the
aforementioned three primary channels.21 Higher temperatures
(400−500 °C) converted amines and amides into nitriles
(such as propionitrile) and N-heterocycle (such as pyrrole and
indole). In the case of serine amino acid, in particular, the
nitrogen content displayed a profound tendency to accumulate
in the bio-oil when (i.e., ∼15% at 500 °C) compared with
other amino acids (3−10% at 500 °C). Evolved gases from the
decomposition of the serine model mainly constituted CO,
CO2, NH3, and HCN. Formation of these products indicates
the occurrence of decarbonylation, decarboxylation, deami-
nation, and secondary cracking reactions, respectively.19 The
formation of N-heterocycles from pyrolysis of amino acids
stems from Maillard-type reactions.22 Sato and colleagues23

conducted a thorough analysis using a continuous flow tubular
reactor to explore the decomposition reactions of five distinct
amino acid models: alanine, leucine, phenylalanine, serine, and
aspartic acid. This experiment was carried out under specific
conditions involving temperatures ranging from 200 to 340 °C,

pressure at 20 MPa, and reaction times varying from 20 to 180
s. Their findings highlighted that, within these specified
conditions, the primary reaction pathways included deami-
nation, resulting in the formation of organic acids and
ammonia, as well as decarboxylation, which produced amines
and CO2. The deamination and decarboxylation reactions were
found to be significant for the amino acid models. Notably, in
the case of alanine, the decomposition process proceeded via
lactic acid and pyruvic acid intermediates, ultimately releasing
carbon dioxide. For aspartic acid, deamination was the
dominant reaction, while serine underwent decomposition to
yield glycine and alanine. By employing a first-order kinetics
framework, it was determined that the degradation rates of the
considered amino acids follow the order aspartic acid > serine
> phenylalanine > leucine > alanine.23 However, it is essential
to acknowledge that the study’s utilization of very short
residence times limits its direct applicability to the field of
microalgae liquefaction, which typically occurs over extended
timeframes.23

Despite recent progress in revealing the complex reaction
mechanisms that govern the fragmentation of amino acids
through combined pyrolytic experiments and molecular
modeling, prominent mechanistic features remain largely
speculative. The most intriguing questions pertain to energy
requirements of the primary reactions, the fate of the initially
formed intermediates, and the potential importance of
bimolecular reactions in the condensed melted medium prior
to evaporation.
To this end, the aim of this study is to explore reactions that

operate in the pyrolysis of serine (Ser) amino acid compound.
The unique structure of the Ser compound features the
presence of adjacent amine, hydroxyl, and carbonyl groups. As
such, the acquired mechanisms in this work are also applicable
to more sophisticated amino acids that contain these functional
groups. The aim of this contribution is 3-fold: to present
reaction pathways that underpin the initial decomposition of
the Ser compound, to compute energy requirement for the
self-reaction of Ser molecules, and to formulate a reduced
kinetic model that accounts for the decomposition of Ser
molecules in the gas phase. An important part of this work also
investigates the occurrence of deamination and decarboxyla-
tion reactions in the condensed melted phase as primary
sources for the experimentally observed NH3 and CO2
molecules. It is hoped that the work presented herein will be
useful in the overall pursuit of reducing nitrogen content in
bio-oil.

2. COMPUTATIONAL METHODOLOGIES
Herein, we have deployed a multitude of computational tools
to investigate the decomposition of the Ser compound in the
gas phase as well as in the condensed phase. Figure 1 portrays
the computer codes utilized and their corresponding outputs.
The Gaussian 16 code24 computes potential energy surfaces
(PES) for the unimolecular and bimolecular reactions that
operate in the degradation of the Ser molecule in the gas phase
based on the CBS-QB325 composite chemistry model. This
composite model has been devised to achieve a high level of
chemical precision in more extensive systems. The CBS-QB3
model performs several single-point energy calculations at high
theoretical levels (CCSD(T)/6-31 + G(d′); MP4SDQ/
CBSB4; MP2/CBSB3) on preoptimized structures at the
B3LYP/CBSB7 level of theory. It is well established that the
CBS-QB3 method provides satisfactory performance in
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deriving thermokinetic parameters for general applications in
the chemistry of hydrocarbons.26,27 For instance, in a previous
study,28 we demonstrated the activation and reaction energies
for selected RH + NH2 reactions, computed by the CBS-QB3
method, to incur mean unsigned errors of 1.48 and 2.94 kJ
mol/mol, respectively, in reference to analogous values
computed by the G4 method. Likewise, our computed reaction
enthalpies for selected amines + NH2 reactions were found to
reside within 1−2 kJ/mol from analogous ATcT-derived
values.29 The seminal work by Simmie’s group30 on the
thermochemistry of hydrocarbon radicals established a
relatively satisfactory performance of CBS-QB3 when
compared with other more computationally expensive models.
IRC calculations were used to connect the transition states
with their corresponding reactants and products along the
designated reaction pathway.
Upon the determination of minimum energy points along

the specified reaction coordinates, reaction rate constants were
computed using the KiSThelP31 based on the conventional
TST, with the inclusion of a Wigner’s correction for plausible
tunneling effects. Based on calculated vibrational frequencies,
rotational constants, and standard enthalpies of formation, the

ChemRate code32 derives temperature-dependent thermo-
chemical properties in the form of NASA polynomials that
are required in kinetic modeling. In these computations, we
account for the internal rotations of various groups (C−H, N−
H, and O−H) in the case of the Ser molecule and its resulting
products, treating them as hindered rotors. The utilization of
this approach and its influence on attaining accurate
thermochemical data has been detailed in the literature.33

Essentially, this technique entails partially optimizing the
system by systematically scanning dihedral angles at 30°
intervals, assessing the rotational barriers, computing moments
of inertia for the rotor components, and determining their
rotational symmetry numbers. The treatment of hindered
rotors in the KiSThelP is based on the McClurg et al.34

method that only utilizes the overall rotational barrier
associated with the assigned harmonic frequency. The
ChemRate code also calculated k(T,P) for important
unimolecular reactions based on the Rice−Ramsperger−
Kassel−Marcus (RRKM) theory.35 We carried out kinetic
modeling of the Chemkin-Pro package based on a CSTR
model while deploying a residence time of 1 s.
Finally, the CASTEP code36 is used to simulate the

degradation of the Ser compound in the condensed medium
(i.e., crystalline form) according to the GGA-PBE method.37

The computational methodology comprises the use of 2 × 2
unit cells of the condensed Ser compound, a 2 × 2 × 1 κ-point
sampling, a cutoff energy at 300 eV, and the “on-the-fly”
pseudopotential. More details on the applied methodologies
and accuracy benchmarking can be found in other studies.38−41

Figure 1 portrays the computational framework deployed in
this work and the connections between the various tasks and
their respective codes. For instance, vibrational frequencies and
rotational constants were computed from the Gaussian 16
code and then used as input into the ChemRate code to derive
NASA polynomials. Calculated reaction rate constants from
KisThelP together with NASA polynomials are then utilized to
formulate the kinetic model. Tables S1−S29 (Supporting
Information, SI) list the Cartesian coordinates and vibrational
frequencies for all optimized structures. Scheme S1 in the SI

Figure 1. Deployed computer codes in this work and their
utilizations.

Scheme 1. Isodesmic Reactions to Calculate the Standard Enthalpy of Formation of the Ser Molecule (Values Are in kJ/mol)a

aUtilized experimental enthalpies of formation of the reference species are shown in the scheme.
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document lists the parameters and general governing equations
of the computational workflow.

3. RESULTS AND DISCUSSION
3.1. Thermochemistry. To the best of our knowledge, the

literature presents no value for the standard enthalpy of
formation of the gas-phase (ΔHf298.15

o) Ser molecule,
presumably due to its very high boiling point at ∼394 °C.
Scheme 1 presents the two utilized isodesmic reactions, from
which the average ΔHf298.15

o for the serine compound was
evaluated to be −572.0 kJ/mol.
This isodesmic reaction preserves the type and number of

bonds across the two sides of the reaction. Enthalpies of the
formation for the three deployed reference species were
sourced from the NIST online database (https://webbook.nist.
gov/chemistry/)42 based on their original experimental
references.43−45 Enthalpies of formation for derived products
from the unimolecular and bimolecular reactions involving Ser
were computed based on the obtained ΔHf298.15

o of the Ser
compound. Moreover, the relaxed potential energy profile for
Ser molecules and their derivatives relates to the changes in
energy that occur as a specific bond’s dihedral angle within the
molecule undergoes rotation. More specifically, it focuses on
the rotational behavior of a particular bond within the Ser
molecule and examines the corresponding variations in energy.

Figure 2 depicts the energy potential profiles for the Ser
molecule, illustrating the rotation of amino hydrogen atoms
around different bonds such as C�O, O−H, and N−H. For
example, the associated barrier for the internal rotation about
the O�C−O−H dihedral angle in Ser is measured at 58.0 kJ/
mol, which closely aligns with the reported experimental value
of alanine amino acid by 54 kJ/mol.46 The majority of
rotational profiles in other Ser-derived product compounds
feature 2-fold rotors with characteristic peaks, while some
profiles exhibit 1-fold and 3-fold rotors.
In addition to values of ΔHf298.15

o for the various species
considered herein, Table 1 enlists standard entropies and heat
capacities at selected temperatures after treatment, while the SI
document shows the difference between treatment and
nontreatment results (Table S30).
Figure 3 presents all possible direct bond dissociation

enthalpies (BDHs) in the Ser compound. In our recent study
on the bimolecular reactions of Ser with selected radicals,47 we
demonstrated that the α C−H bond incurs the lowest C−H
BDHs at 298.8.0 kJ/mol (P3 + H) followed by fission of the
secondary C−H and N−H bonds at ∼392 kJ/mol. Fission of
the secondary C−H bond liberates P1 + H + CO2 fragments.
As Figure 3 shows, the secession of the C−COH bond

entails the lowest BDHs in the thermal decomposition of the
Ser compound at only 271.4 kJ/mol (Ser → M5; OH−C(O)−

Figure 2. Relaxed potential energy profiles for the internal rotations in the Ser molecule calculated at the hybrid-metal M062X/6-31+G(d) level of
theory. The energy scan involves the four atoms that characterize the dihedral angles of the corresponding functional groups. Values of energy for
each rotational curve are calculated in reference to the minimum energy point for their corresponding rotations.

Table 1. Computationally Calculated Thermochemical Properties of Selected Compounds and Intermediates

compound ΔHf298
o (kJ/mol) S298.15o (J/mol. K) Cp (300 K) (J/mol. K) Cp (500 K) (J/mol. K) Cp (800 K) (J/mol. K) Cp (1000 K) (J/mol. K)

Serine −570.2 459.3 150.8 204.9 255.5 276.4
P1 −358.3 428.9 139.0 187.2 233.1 252.6
P2 −396.8 451.9 145.8 197.9 244.8 263.4
P3 −490.8 451.3 150.9 198.9 241.9 260.0
P4 −398.1 457.3 151.7 200.6 243.9 261.8
P5 −378.7 426.5 138.8 187.9 232.5 251.5
M1 −319.4 380.8 120.1 162.3 199.9 215.8
M2 −225.0 354.3 100.7 141.4 181.5 198.6
M3 −515.8 381.5 108.8 144.8 178.1 191.6
M4 −64.0 365.5 102.9 138.1 172.8 187.7
M5 −295.1 356.8 106.8 138.4 167.1 179.2
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CHNH2 + CH2OH), significantly weaker than the α C−H
bond at 298.8 kJ/mol. Thus, prior to the establishment of the
O/H/N radical pool, the fission of this bond may play a central
role in the fragmentation of the Ser compound. The presence
of the NH2 electron-donating group appears to weaken the C−
H2COH in reference to the analogous C−H2COH bonds in
linear and branched alkanes whose BDHs generally reside
between 350 and 360 kJ/mol, as in propanol at 355 kJ/mol.47

3.2. Unimolecular Decomposition Pathways. Unim-
olecular fragmentation routes of amino acids often feature
hydration, decarboxylation, and deamination pathways.23 In
the case of leucine, for instance, activation barriers for these
three pathways reside between 280 and 300 kJ/mol. Figure 4
portrays energy requirements for the three pathways
mentioned above for the Ser compound. Activation enthalpy
for the dehydration pathway amounts to 220.9 kJ/mol via the
transition state TSM1. The latter resembles a three-centered
transition state in which a water molecule is eliminated
through the combustion of the outer hydroxyl group with the
α H atom (Scheme 2).
A relatively low activation enthalpy of TSM1 stems from a

weak α−C−H bond (298.8 kJ/mol). The dehydration channel

is slightly endothermic at 8.8 kJ/mol and results in the
formation of 2-aminoacrylic acid (M1). In living tissues, the
presence of 2-aminoacrylic acid often serves as a sign of aging-
related diseases48 and is postulated to form via uncatalyzed
post-translational reactions between Ser and cysteine.49

Likewise, 2-aminoacrylic acid is a common product from the
hydrothermal cracking of amino acids and forms through intra-
and intermolecular protein cross-linking accompanied by water
elimination.50 This general hypothesized mechanism is in line
with the dehydration channel shown in Figure 4. The
importance of the water elimination channel was also
highlighted in recent studies that investigate the chemistry
underlying the formation of peptide bonds in the energetic
processing of amino acids.51−53

The effect of the pressure on the kinetics of the dehydration
channel using RRKM theory as implemented in the ChemRate
code is studied for this channel. In the calculations of k(T,P)
values of the dehydration route, Lennard-Jones parameters of
acetamide54 were used while utilizing an exponential-down
model with ΔEdown at 250 cm−1 to simulate moderate collision
conditions. As Figure 5 shows, the falloff region extends nearly
until the atmospheric pressure and the k(900 K, 1 atm) deviate
from the corresponding high-pressure limit by a factor of ∼0.1.
The decarboxylation and deamination channels entail

activation barriers of 282.1 (TSM2) and 273.9 kJ/mol
(TSM3), respectively. These values are in accord with
analogous values previously computed for leucine at 299.5
and 278.8 kJ/mol, respectively, computed at the CBS-QB3.16

It is unlikely that these two channels will significantly
participate in the initial degradation of the Ser compound.

Figure 3. Bond dissociation enthalpies (BDHs) in the Ser molecule.
All values are in kilojoules per mole computed at 298.15 K.

Figure 4. Reaction and activation enthalpies for the three initial exit pathways of the serine molecule: dehydration, deamination, and
decarboxylation. All values are in kJ/mol computed at 298.15 K.

Scheme 2. Geometries of TSM1, the Dehydration Channel
as an Examplea

aDistances are in Angstrom Å.
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The calculated barrier for the decarboxylation channel (282.1
kJ/mol) is significantly lower than the corresponding free-
energy barrier of the decarboxylation value computed by Xu et
al.21 at the B3LYP/6-311G level of theory (328.0 kJ/mol).
Such a difference arises from the well-documented inaccuracy
of the B3LYP method in the estimation of reaction barriers.55

Most importantly, the study by Xu et al.21 did not identify the
lowest-energy pathway pertinent to the dehydration channel.
3.3. Radical-Prompted Pathways. Abstraction of a H

atom from the various sites in the Ser compound ensues via
accessible enthalpic barriers.47 Thus, it is anticipated that in the
gas phase, the decomposition of the Ser molecule will take
place solely via radical-derived pathways. Figure 6 shows
detailed degradation pathways for the P2−P5 radicals that
form following the loss of a H atom from the Ser molecule.
The P3 radical for instance emerges from the abstraction of the
α C−H atom, while the P4 radical forms after the expulsion of
a H atom from the secondary site. Likewise, P2 and P5 radicals
stem from the removal of a H atom from the amine and
hydroxyl radicals, respectively. The upper part of Figure 6
shows decarboxylation routes that start from the P3 and P4
radicals through activation enthalpies of 193.2 (TSR1) and
61.3 kJ/mol (TSR2), respectively. In addition to CO2, these
two reactions form the M4 adduct (NH2CHCH2OH). The
latter decomposes via barrierless channels into the CH2OH
radical and +NH2CH (methylene, 1-amino) and OH and
H2NCHCH2 (ethenamine). The latter channel is endothermic
by 110.9 kJ/mol, while the former is endothermic by 390.2 kJ/
mol. While the formation of ethenamine is thermodynamically
endothermic, this channel also produces the chain propagating
radicals OH.
The lower part of Figure 6 shows that the formation of the

formaldehyde and the M5 intermediate from the degradation

Figure 5. Effect of pressure on the reaction rate constant for the
dehydration channel serine → H2O + 2-aminoacrylic acid reaction at
900 K. The upper dashed line denotes the high-P limit.

Figure 6. Reaction pathways that operate in the decomposition of the initial radicals that form after the loss of a H atom from the serine molecule.
Values are given in kJ/mol at 298.15 K.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10496
ACS Omega 2024, 9, 8574−8584

8579

https://pubs.acs.org/doi/10.1021/acsomega.3c10496?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10496?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10496?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10496?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10496?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10496?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10496?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10496?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of P2 and P5 radicals either take place via facile activation
enthalpy of 72.5 kJ/mol (TSR3) and −2.8 kJ/mol (TSR4),
which indicates a barrierless reaction, and the reaction rate is
proportional to the collision frequency56 (barrierless path-
ways). Further degradation of the M5 moiety produces
methylene, 1-amino, and the OH(CO) radical in a noticeably
endothermic reaction of 299.8 kJ/mol.
3.4. Self-Condensation of Ser Compounds. Decom-

position of amino acids in their condensed medium (as in the
case of other biomass constituents) is governed by cross-
linking reactions between adjacent entities.57 The very high
boiling point of amino acids, in general, further enhances the
contribution of the cross-linking reaction in the condensed
medium prior to evaporation of the fragmented entities. To
simulate these chemical phenomena, Figure 7 plots the
thermodynamic profile for Ser bimolecular reactions where
two channels are characterized. The first reaction pathway
signifies the elimination of a water molecule, leading to the
formation of the M8 adduct. This reaction demands an

accessible activation enthalpy of only 194.5 kJ/mol through
transition state TSB1. The low barrier of this transition state
reconciles with TGA profiles of the condensed Ser that
typically commences around ∼230 °C.21 The water elimi-
nation channel is endothermic by 70.1 kJ/mol. As demon-
strated by Chen et al.,19 the initial decomposition of amino
acids (such as aspartic and glutamic acids) takes place via
intramolecular dehydration routes. While we have not
investigated further degradation of the M8 intermediate, its
further fragmentation may lead to the synthesis of the
experimentally21 observed products in the Ser’s bio-oil such
as pyrazine and pyrrole. Xu et al.21 proposed pathways for the
formation of the two latter compounds from unimolecular
arrangements of the parent Ser compounds, but despite our
best efforts, we were unable to reproduce these pathways. The
deamination route through transition state TSB2 (298.7 kJ/
mol) is likely to be inhibited when compared with the
dehydration route.

Figure 7. Enthalpic energy profile for the self-reaction (bimolecular) of the serine molecules.

Figure 8. Optimized “serine” surface terminated along the [100] direction. Blue, red, white, and gray spheres denote N, O, H, and C atoms,
respectively.
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3.5. Decomposition of Ser in the Condensed
Medium. Accurate description of the decomposition of
amino acids during pyrolysis of biomass demands a study of
their fragmentation in the condensed medium. For this reason,
we report herein the initial steps that dictate the emission of
the primary products from the decomposition of Ser (namely,
NH3, CO2, and CO

21) based on a solid state unit cell model.
The unit cell of Ser was sourced from a study by Moggach et
al.58 Figure 8 shows the optimized structure (using the
CASTEP code) of crystalline Ser truncated along the [100]
direction. The Ser building blocks exist in the ionic form. This
facilitates the direct expulsion of NH3 and CO2 as Figure 9
shows. The energy trend presented in Figure 9 is in qualitative
agreement with the experimental results reported by Xu et al.21

NH3 signifies the major nitrogen carrier from the fragmenta-
tion of Ser. Formation of ammonia takes place via the fission of
a C-NH3 bond in a process that demands only 143.7 kJ/mol
without encountering an intrinsic reaction barrier. Thus, it is
anticipated that while the gas-phase deamination route is of
negligible importance, the formation of ammonia occurs
through direct bond fission in the crystalline phase. The low-
energy requirement for ammonia emission is also in line with
the reported onset temperature for the decomposition of Ser at
230 °C.21
The concentration of CO2 from the degradation of Ser

peaked at 30% (300 °C).21 CO2 is formed through the fission
of C−CO2 in crystalline Ser in a reaction that requires 221.5
kJ/mol of energy. Thus, we envisage that CO2 does not form
through a decarboxylation step as demonstrated by Xu et al.21

In the final step, a CO molecule forms via a trivial
endothermicity of 13.5 kJ/mol. The other major product,
HCN most likely originates from the combustion cycle of
nitrogen that involves complex reactions of ammonia and
hydrocarbon entities.
3.6. Kinetic Modeling for the Decomposition in the

Gas Phase. Computed thermokinetic parameters are utilized
to construct a detailed kinetic model to account for the
decomposition of the Ser compound in the gas phase. Table 2
lists calculated Arrhenius parameters for the gas-phase
reactions covered in previous sections. A CSTR reactor
model is used at a residence time of 1.0 s. Such a relatively
long residence time has been considered to further facilitate
the potential occurrence of bimolecular reactions; however,
considering shorter residence times (at 0.5 and 2 s) did not
significantly change the decomposition profiles. The inlet feed
consisted of 5% Ser diluted in 95% N2. The model comprises
26 species and 24 reactions. Kinetic modeling was carried out
between 500 and 1500 °C at 1 atm. Figure 10 plots the

conversion of Ser in the gas phase and temperature-dependent
profiles of key products.
As Figure 10a shows, the decay of the Ser compound

commences at 700 K and a complete conversion is attained at
∼1090 K (at a residence time of 1.0 s). As expected, utilizing
shorter (0.5 s) and longer (2.0 s) residence times causes
conversion to commence at slightly lower and higher onset
temperatures, respectively, as Figure 10a portrays. Normalized
sensitivity analysis reveals that Ser solely decomposes via H2O
+ 2-aminoacrylic acid with no noticeable contribution from
other unimolecular or bimolecular routes at all temperatures.
2-Aminoacrylic acid signifies the most important predicted
product with a relative yield of 0.9 at 1100 K (Figure 10b).
Ethynamine (Figure 10c) appears in low yields. The latter
stems through the radical-derived pathways shown in Figure 6.
Figure 10c also portrays the increasing trend of the two
experimentally detected products, NH3 and CO2.
It shall be noted that the constricted model only accounts

for purely gas-phase reactions; i.e., the model does not account
for reaction in the condensed medium, which could be
fundamentally different. The onset of the decomposition of Ser
in the gas phase thus requires a significantly higher
temperature than that in the condensed phase reported in
TGA runs. The model serves to elucidate the fate of
evaporated Ser that may form during the pyrolysis of biomass.
Building a comprehensive model requires the integration of

Figure 9. Thermodynamic profile for the emission of NH3, CO2, and CO from the decomposition of a surface model of serine. For clarity, the
boundaries of the surface model have been removed.

Table 2. Computed Reaction Rate Parameters That Are
Deployed in the Kinetic Model

reaction A (cm3/mol·s) Ea (kJ/mol)

Ser → H2O + M1 3.47 × 1013 230.3
Ser → CO2 + M2 3.40 × 1013 276.3
Ser → NH3+ M3 2.64 × 1013 268.0
Ser → H + P3 1.00 × 1014 299.0
Ser + H → H2 + P3 1.11 × 1013 21.8
Ser + OH → H2O + P3 1.56 × 1012 2.9
P3 → CO2 + M4 3.82 × 1012 33.5
M4 → OH + C2H3N 1.00 × 1013 111.0
Ser + H → CO2 + H2 + M4 5.27 × 1013 52.3
Ser + H → H2 + P4 2.23 × 1013 23.4
Ser + H → H2 + P5 2.36 × 1013 49.0
Ser + H → H2 + P2 3.32 × 1012 30.1
P4 → CO2 + M4 2.11 × 1012 0.0
P5 → CH2O + M5 9.61 × 1012 0.0
P2 → CH2O + M5 6.84 × 1012 0.0
M5 → HCNH2 + HOCO 1.00 × 1013 464.8
Ser + OH → H2O + P4 1.50 × 1011 0.0
Ser + OH → H2O + P5 1.56 × 1012 22.6
Ser + Ser → H2O + M8 3.34 × 1010 194.7
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reactions in the condensed medium that are likely to be
dominated by cross-linking dehydration and deamination
reactions, in addition to the direct expulsion of CO2, CO,
and NH3. An accurate model is likely to contain thousands of
reactions and species; nonetheless, the model presented herein
presents likely initiation reactions leading to some of the final
observed products. Likewise, heat and mass transfer aspects are
expected to play a central role in the fragmentation of the
crystalline material.

4. CONCLUSIONS
To comprehend the pyrolysis chemistry of α-amino acids, we
presented herein thermokinetic parameters for a large array of
reactions that participate in the initial decomposition of the Ser
molecule. Attained parameters were utilized to construct a
kinetic model to describe the decay of the vapor-phase Ser.
The governing steps in the gas phase fundamentally differ from
those prevailing in the condensed medium. The latter is
controlled by cross-linking reactions, while the former is
underpinned by a dehydration reaction. Thus, the degradation
mechanism of Ser in the gas phase is decoupled from that in
the condensed phase, opposite to the simplified mechanistic
overview presented in recent studies. In view of their very high
activation energies compared with the water elimination
channel, deamination and decarboxylation channels are of
negligible importance. The ionic form in the crystalline phase
of Ser facilities direct emission of major experimentally
detected products, namely, NH3, CO2, and CO. A relatively
low barrier for a dehydration reaction in the self-condensation
of Ser molecules is in accord with the onset temperature
reported in TGA runs. The formulated model for the
degradation of Ser in the gas phase discloses that the
conversion of Ser commences at relatively high temperatures,

with the formation of minor amounts of HCNH2 and
ethynamine.
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■ ABBREVIATIONS
BDH bond dissociation enthalpy
CBS-QB3 complete basis set
DFT density functional theory
A Arrhenius pre-exponential factor
Ea energy of activation
ΔHf298

o standard enthalpy of formation
S298o standard entropy
Cp (T) heat capacity at a range of temperatures
PES potential energy surface
Ser serine
TGA thermogravimetric analysis
TST transition-state theory
P1 radical product for H-abstracted from Ser at the

−COOH site
P2 radical product for H-abstracted from Ser at the −

NH2 site
P3 radical product for H-abstracted from Ser at the −α

CH site
P4 radical product for H-abstracted from Ser at the −β

CH site (secondary C)
P5 radical product for H-abstracted from Ser at the

−OH site
M1 Ser product after dehydration channel process (2-

aminoacrylic acid)
M2 Ser product after decarboxylation channel process

(monoethanolamine)
M3 Ser product after deamination channel process
M8 bimolecular Ser product through dehydration

channel process
M9 bimolecular Ser product after losing NH3
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