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ARTICLE INFO ABSTRACT
Keywords: Pyrolysis is an important thermochemical conversion process for biomass and is conducted in the absence of oxy-
Biomass gen at temperatures between 400 and 1000 °C. Biomass pyrolysis yields cleaner combustion fuels by decreasing
P}’TOIYSif ) fuel-bound oxygen and nitrogen species, thus reducing NOy formation and net CO, emissions. A structural model
Diketopiperazine compound for cyclic peptides — important nitrogen-containing components in biomass — is 2,5-diketopiperazine
EET (DKP). In this work, we apply an automated workflow that combines reactive molecular dynamics simulations
X

with electronic structure calculations at different levels of theory to develop a detailed kinetic model for the
pyrolysis of DKP at the level of elementary reaction steps. This complements previous studies that focused only
on the net reaction scheme. The developed DKP kinetic submodel for pyrolysis is implemented in the kinetic
modeling software OpenSMOKE++. Under pyrolysis, DKP decomposes into hydrogen cyanide (HCN), carbon monox-
ide (CO) and hydrogen (H,). Ammonia (NH;) is not formed in primary decomposition steps but rather in secondary
reactions involving the primary intermediates. The submodel qualitatively reproduces DKP pyrolysis products ob-
served in a fluidized bed reactor under kinetically controlled conditions and provides a reliable basis for further
studies on peptide decomposition. Beyond the specific kinetic submodel, this work proposes a general workflow
for investigating thermal decomposition and combustion processes.
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1. Introduction

Over the past two decades, the transition from fossil-fuel-based
energy production to renewable and sustainable alternatives has high-
lighted biomass as a key baseload for heat and power generation [1]. The
calorific value of biomass lies in the range of 14-30 MJ/kg, comparable
to coal-based fuels (25-35 MJ/kg) [2]. Direct combustion of biomass and
biochar can be used for electricity generation and represents a renew-
able alternative to coal and lignite combustion [3]. However, instead of
relying on direct combustion, biomass can also be converted through
pyrolysis into valuable industrial products such as char, bio-oil, and
gases [4]. Among the thermochemical conversion processes, pyrolysis
is not only the most widespread one but also forms the basis of oxi-
dation (combustion) or partial oxidation and reforming (gasification)
processes. Pyrolysis takes place in heated reactors in the absence of
oxygen, typically at temperatures between 400 and 1000 °C [5].

Modeling these chemical conversion processes, both atomistically
and macroscopically, is particularly complex, because the physical or
chemical properties depend on the biomass feedstock and the reaction
products in addition to operating temperature, contact times, heating
rates, and particle size [6-8]. The devolatilization of the solid parti-
cles releases condensable and uncondensable fragments into the gas
phase along with the formation of a solid char residue [9]. During
the pyrolytic conversion of nitrogen-rich biomass, fuel-nitrogen is con-
verted and released into the gas phase as a variety of N-containing
compounds. In oxidation environments, these compounds are precur-
sors to NOy formation [10-13]. Among the N-containing compounds,
2,5-diketopiperazine (DKP) is an important product that can originate
from the dehydration of the amino acid glycine during biomass conver-
sion (Fig. 1) [14,15]. Experimental studies have shown that the main
pyrolysis products of DKP include hydrogen cyanide (HCN), isocyanic
acid (HNCO), carbon monoxide (CO), and ammonia (NH;) [16,17].
Oxidation of such NOy precursors—whether in reactors (e.g., combus-
tors or gasifiers) or in the atmosphere—produces nitrogen oxides (NOy)
[18] that have a negative impact on human health and ecosystems
[19-21]. Numerous studies have explored the conversion pathways of
NOy precursors to actual NOy gases (NO and NO,) and made them
available in various kinetic models [22-30].

The pyrolysis and combustion processes of DKP are only partly un-
derstood at the atomistic level. Previous research focused primarily on
experimental studies of direct DKP conversion into a variety of products
without elucidating the underlying mechanisms and dynamics of radical
intermediates [17,31]. Understanding the formation pathways of NOy
precursors is crucial for optimizing biomass conversion and for emission
control strategies.

The aim of the current study is to theoretically unravel DKP pyrol-
ysis mechanisms and to propose a detailed kinetic submodel capable of
qualitatively predicting the yield and rate of formation of pyrolysis prod-
ucts, including NOy precursors. The developed submodel is coupled to
the CRECK kinetic framework [32,33] for nitrogen-containing fuels and
is provided in CHEMKIN format for integration into other existing kinetic
models.

In recent years, Yonder et al. [34] and Schnieder et al. [35] have
contributed to a more detailed understanding of the evolution of oxygen

° H
HoN /Y N o
OH OH e
-2H,0
(e} N
NH, N
(e}

Fig. 1. 2,5-Diketopiperazine (DKP) formed as the condensation product of two
glycine amino acids (C, HsNO,).
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and sulfur functional groups during the thermochemical conversion of
biochar. The present study extends this work to fuel-nitrogen species
originating from DKP as a model compound for peptide-based molecules.
We employ molecular dynamics (MD) simulations with the reactive force
field ReaxFF [36,37] to explore pyrolytic conversion pathways. The MD
trajectories were analyzed using an automated workflow developed by
Schmitz et al. [38], identifying reaction events that are subsequently re-
fined using first-principles electronic structure calculations. In addition
to molecular reaction mechanisms, we report temperature-dependent
thermodynamic and kinetic parameters, including thermodynamic prop-
erties provided in the NASA-7 polynomial format [39] and kinetic rate
constants in the form of modified Arrhenius equations. To evaluate the
predictive capability of the DKP submodel, the kinetic modeling soft-
ware OpenSMOKE++ has been used to simulate the evolution of NOx
precursors during pyrolysis in both batch and plug flow reactors (PFR).
The predicted concentrations of different NOy precursors are compared
with experimental results obtained in a real PFR setup.

2. Methods
2.1. Molecular dynamics simulations

The pyrolysis of 2,5-diketopiperazine (DKP) was simulated in a ni-
trogen atmosphere using molecular dynamics (MD) simulations with the
reactive force field ReaxFF [36,37]. The CHOSFC1N parametrization [40],
specifically parameterized for the thermal decomposition of organic
compounds was employed. The ReaxFF simulations were performed us-
ing our in-house Python interface to the Molecular Dynamics Simulator
LAMMPS [41].

The cubic simulation box was packed with 100 DKP and 500 N,
molecules with a density of 0.66 mg/cm3. The system was equilibrated
for 50 fs before the simulations at a temperature of 2000 K (time step
7 = 0.1 fs) using the Nosé-Hoover thermostat. A total of three trajecto-
ries was generated using different randomly assigned initial velocities.
To analyze the ReaxFF concentration profiles, one trajectory was simu-
lated until DKP conversion reached 100% (at 13.6 ns) and was used for
further analysis. The simulations were performed in the canonical en-
semble and applied periodic boundary conditions. Tracking of key NO,
precursors, pyrolysis products as well as of C;-C, species was realized
by the graph-based f£indR [42] program. The ReaxFF concentration pro-
files presented in Section 3.1 were smoothed using the Savitzky-Golay
filter [43] implemented in the SciPy [44] library for Python.

2.2. Electronic structure calculations

Reaction events identified in the ReaxFF trajectories were refined
with electronic structure calculations using the automated workflow de-
scribed in Ref. [38]. The focus was on pyrolysis reactions of DKP that
lead to the release of NOy precursors. All electronic structure calcula-
tions were performed with the TURBOMOLE program package [45] version
7.6. We employed the resolution of identity (RI-J) approximation [46]
for the Coulomb potential with optimized auxiliary basis sets [47] and
Grimme’s D3 dispersion correction [48]. Initial structures from the MD
simulation were optimized using Density Functional Theory (DFT) with
the TPSS meta-GGA functional [49] and the def-SVP basis set [50]. Final
geometries and vibrational frequencies were computed using the TPSSh
meta-hybrid functional [51] and the def-TZVP basis set [52]. For the DFT
calculations we employed the ridft and rdgrad modules of TURBOMOLE.
Zero-point vibrational (ZPV) energies were scaled by a factor of 0.9874
for the TPSSh functional taken from Ref. [53] and added to the elec-
tronic energy. Electronic reaction energies (E,,,) and activation barriers
(E,) were calculated according to:

products reactants
E, = Z (Ee1i + Ezpy,) — Z (Eei + Ezpv,) ®
7 7
reactants
Eyt = Eeits + Ezpvrs — Z (Eei + Ezpv,) 2

i
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Above, Ezpy; is the ZPV energy of molecular species i with an electronic
energy E, ;. The electronic energy of the transition state is denoted
with E, 1s. While DFT geometries and vibrational energies are suffi-
ciently accurate for the purpose of this project, the electronic energies
were further improved with single-point calculations at the level of
explicitly correlated coupled cluster singles and doubles with a perturba-
tive correction for connected triples [54], CCSD(F12*)(T*). All coupled
cluster (CC) calculations were done with TURBOMOLE’s ccsdf12 pro-
gram and used used the frozen-core approximation applied to the 1s?
cores of carbon, nitrogen, and oxygen and the cc-pVDZ-F12 orbital
[55], auxiliary [56,57], and complementary auxiliary basis sets [58].
For the CC calculations restricted (open-shell) Hartree-Fock reference
wavefunctions were used. The latter were computed with the dscf
module [59]. Reaction pathways were obtained with the chain-of-state
method [60-62] implemented in the woelfling program. The transition
states were then optimized with the trust-region image minimization
algorithm [63] (module statpt) and validated by intrinsic reaction
coordinate calculations (module DRC).

Rate constants k were computed for reactions with significant acti-
vation barriers as in Ref. [64] using classical transition state theory with
the ideal gas law as the equation of state at isobaric conditions (1 atm):

Eg,
ka QTS/V exp <_ el,dct) ) (3)

T Hi:educm(Qi/V)

k(T)=« RT
In the last equation, Q15 denotes the partition function of the transition
state and Q; that of molecular species i. V' is the volume per parti-
cle in the translational partition function, Q,,,,,/V = (anbTm/h2)3/ :
for a particle with mass m. Furthermore, R is the ideal gas constant,
T the absolute temperature, ~ the Planck constant, k, the Boltzmann
constant, and E,,. the electronic activation energy at the transition
state. Partition functions were obtained by applying a modified rigid
rotor harmonic oscillator approximation (QRRHO) [65,66]. The trans-
mission coefficient « is calculated within the high-temperature limit of
the Eckart tunneling correction [67]. Let v be the imaginary frequency
of the transition state, then « is defined within this approximation as

2

K= -i<ﬂ> <1+ RT). @
24 ka Eel,act

We provide high-pressure limit rate constants calculated on a grid (271

points) for the temperature range of 300 to 3000 K. To interpolate be-

tween the computed points, modified Arrhenius expressions (Eq. 5) were
fitted to them using a nonlinear least-squares fit.

k=AT"exp<—%) ®

2.3. Thermodynamic properties

For the implementation of the newly discovered reaction pathways in
OpenSMOKE++ [68], the thermodynamic properties of molecular species
that were not yet included in the available parameter sets were calcu-
lated from the partition functions computed as described above. For each
species the isobaric heat capacity C,, enthalpy AH, and entropy AS (at
1 bar) were fitted to NASA-7 polynomials as proposed by Gordon and
McBride [69] in the temperature range from 200 to 5000 K. Enthalpies
and entropies were fitted with respect to the heat and entropy of forma-
tion so that, under standard conditions, the computed values of AH and
AS reproduce the standard enthalpy and entropy of formation. Details
for the calculation of AH and AS; for species not included in the NIST
database are provided in the Supplementary Information. The fitting
procedure adapted from Ref. [70] was implemented in a Python func-
tion (available in Ref. [71]) in the workflow following the methodology
described in the original publication [69]. A nonlinear least-squares fit
is performed iteratively thereby testing different cut-off temperatures
in 10 K intervals and using the one with the lowest residual. During
the fitting process, the heat capacity coefficients a;-as are fitted first.
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Then, the enthalpy coefficient a4 is adjusted with fixed C,, coefficients.
Lastly, a; is fitted to match the entropy data. The only deviation from
the original implementation is the omission of explicitly enforcing con-
tinuity between the high- and low-temperature limits, as OpenSMOKE++
automatically corrects any such discontinuities in the thermodynamic
properties [68]. Additionally, calculated rate expressions reported in
Table 3 together with the NASA-7 polynomials were incorporated into
the kinetic modeling software OpenSMOKE++.

2.4. Kinetic modeling

The kinetic modeling software OpenSMOKE++ (version 22.0) [68,72,
73] was used to perform ideal batch reactor and plug flow reactor
simulations. The ideal batch reactor was simulated at isothermal con-
ditions with constant volume. The initial reactor conditions were set
to 1/6 mol% DKP in an N, atmosphere at p = 1 bar. The new DKP
submodel was added to the CRECK 2003 TOT HT LT SOOT NOX [32,33]
mechanism. Temperature and reaction duration were varied between,
respectively, 1000-2000 K and 0.0-1.0 s to obtain concentration profiles
of the main pyrolysis products. The sum of the concentrations (mol%)

w
o
o

N
ul
o

N
o
o

(&}
— G

number of species
= =
(=] w
o o

ul
o

o

0 2 4 6 8 10 12 14
simulation time (ps)

(a) C1-C4 compounds.

number of species
e e =
N H [«)] 2] o N B (=)
o o o o o o o o

o

0 2 4 6 8 10 12 14
simulation time (ns)

(b) NOx precursors.

0 2 4 6 8 10 12 14
simulation time (ns)

(c) (Hy)COx compounds.

Fig. 2. Time evolution of important molecular species formed during the ReaxFF
simulation of the pyrolysis of 2,5-diketopiperazine.
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Fig. 3. Comparison of different initiation reactions of 2,5-Diketopiperazine (P0) leading to the acyclic intermediates P3 — P6.

Table 1
DFT TPSSh-D3/TZVP and CCSD(F12*)(T*)/cc-pVDZ-F12 Energies for
Initiation Pathways of 2,5-Diketopiperazine (Fig. 3) in kJ/mol.

Reaction E .ot E npFT E.cicc Erncc
(R1) PO + H,N —» P1 + NH;  barrierless  —1.1 44.1 7.5
(R2) PO + H,N — P2 + NH; barrierless —87.8 18.5 —88.7
(R3) PO + H;C - P1 + CH, 34.6 0.2 61.1 17.7
(R4) PO + H;C — P2 + CH, 13.4 —86.5 32.6 -78.5
(R5) PO + HO - P1 + H,0 barrierless —41.2 - —41.8
(R6) PO + HO - P2 + H,0 barrierless ~ —127.9 - —138.0

(R7)PO + H—>P1 + H, 21.5 -18.7 72.1 17.6

(R8) PO + H— P2 + H, barrierless —105.4 21.8 —78.6
(R9)PO—-P1 + H barrierless ~ 425.9 - 447.7
(R10) PO - P2 + H barrierless 339.2 - 351.5
(R11) PO — P22 + H, 417.1 152.1 316.6 150.5
(R12) P22 + H—- P1 barrierless —-170.8 - —-132.8
(R13) P22 + H —» P2 barrierless —257.5 - —229.0
(R14) P1 - P3 32.0 —11.5 39.9 -9.3
(R15) P1 —» P4 87.7 67.9 88.4 56.7
(R16) P2 —» P5 172.9 162.9 177.2 149.6
(R17) P2 - P6 barrierless 2229 - 2254

of the main products (HCN, NH;, CO, H,, H,CNH, and HNCO) were
scaled to sum up to 100%. All concentration profiles were interpolated
between the computed points using the PCHIP shape-preserving interpo-
lator [44]. Analogously, the plug flow reactor (PFR) was simulated with
aresidence time of 10 s, corresponding to a reactor length of 10.5 m and
a gas flow velocity of 1.0 m/s. An initial concentration of 1 mol% DKP
was used in the PFR. To compare the PFR products to the experimental
results for NOy fractions reported by Hansson et al. [15], the simulated
mass fractions of HCN, NH;, and HNCO were scaled to 100%. For bar-
rierless reactions, the activation barrier of the reverse reaction is set
equal to the reaction energy, and a pre-exponential factor of 1013 s is
used.

3. Results and discussion
3.1. Atomistic pyrolysis simulation

In the first stage of this study, the pyrolysis of DKP was analyzed by
examining the longest ReaxFF MD trajectory for the main decomposition
products. The number of species containing different numbers of carbon

Table 2
DFT TPSSh-D3/TZVP and CCSD(F12*)(T*)/cc-pVDZ-F12 Energies
for Initiation Pathways of 2,5-Diketopiperazine in kJ/mol.

Reaction E,c.orr ExnpFT E.cice Erncc
P3 —» P7 + P8 barrierless 141.5 - 126.4
P8 - P9 + P10 barrierless 109.2 - 118.1
P4 - P11 + P12 54.3 3.6 81.2 59
P12 - P9 + P13 105.4 72.6 126.5 78.1
P4 - P14 + CO 96.1 89.9 91.3 64.7
P14 —» P7 + P15 barrierless -19.9 - —6.4
P15 - P13 + CO 118.1 90.6 99.8 47.5
P5 — P9 + P16 barrierless 125.8 - 143.1
P16 —» P11 + P21 46.6 0.9 59.3 —4.1
P5 - P17 + CO 227 6.1 35.0 0.6
P17 —» P7 + P18 barrierless 157.5 - 134.0
P18 - P21 + CO 54.4 474 53.0 26.3
P6 —» P7 + P19 76.8 71.8 90.5 68.4
P19 — P11 + P20 494 249 71.7 28.5

atoms (C;-C4), COx species, and NOy precursors were monitored as a
function of simulation time (Fig. 2). At elevated temperatures (2000 K),
the decomposition of DKP began immediately, forming C; intermedi-
ates. The amount of C; products increased continuously over time, while
the formation of C, compounds (mostly ketenes) declined after an induc-
tion period of 1 ns. The formation of C3 occurred only rarely, as they
were only generated by the addition of C; and C, fragments. After 5 ns,
over 90% of the DKP was decomposed into smaller species.

Further analysis (Figs. 2(b) and 2(c)) indicates that the initial elim-
ination products are primarily methylene imine (H,CNH), isocyanic
acid (HNCO), and ethenone (H,CCO). At around 0.5 ns the amount of
methylene imine surpassed that of isocyanic acid. After approximately
0.8 ns the concentrations of these three initial products began to de-
cline. Methylene imine and isocyanic acid were converted into cyanides
(HCN, CN), while ethenone decomposed to carbon monoxide (CO) and
hydrogen (H,). The concentration of cyanides exceeded that of HNCO
after 2 ns, and surpassed H,CNH after 3 ns.

The main pyrolysis products predicted by ReaxFF after 13.6 ns are
CO, HCN, and H,. The results of the ReaxFF simulation agree qualita-
tively with the experimental observations of Liu et al. [17] who report
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as main pyrolysis products CO, HCNO, HCN, and NH;. In the simula-
tions, we observed mostly H,N radicals instead of NH;. They started to
form in minor quantities after 4 ns as decomposition products of imines
and isocyanates. We observed that when the peptide bond of DKP is
cleaved, the formation of imines (C=NH) was preferred over that of
primary amines (R — NH,). Primary amines, like glycine, have been re-
ported to eliminate during pyrolysis amino radicals H,N [74]. It is, thus,
expected that NH; is formed from later-stage pyrolysis reactions of the
NOy precursors shown in Fig. 2(b).
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release during the pyrolysis of 2,5-Diketopiperazine.

3.2. Main decomposition pathways

The ReaxFF simulations indicate that the pyrolysis of DKP is initiated
by the formation of peptide radicals (P1 or P2) by formal abstraction of
a hydrogen atom. It was observed that a small fraction of DKP reacts
under C-H and N-H bond dissociation forming atomic hydrogen which
leads to P1 and P2 (Fig. 3). Under realistic pyrolysis conditions, rad-
icals such as methyl (H;C), atomic hydrogen (H), aminyl (H,N), and
hydroxyl (HO) exist in the high-temperature reactor and can react with
DKP molecules as well. The formation of these radicals is likely ini-
tiated by C-H and N-H bond dissociation during the early pyrolysis
stages. Once formed, these radicals can increase the overall reactivity
by abstracting hydrogen atoms from DKP (radical propagation), thereby
promoting its decomposition. Furthermore, it was observed that DKP can
also react by eliminating molecular hydrogen (H,). The dehydrogenated
DKP can then react again with atomic hydrogen to form P1 or P2. The
homolytic cleavage of the N-C and C-C bonds in DKP has not been ob-
served in the ReaxFF simulations. The reaction energies for these have
thus been manually examined and have been found to be higher (more
endothermic) than the hydrogen abstraction reactions.

The 1-yl (P1) and 2-yl (P2) forms of DKP can react in ring-opening
reactions, forming the acyclic compounds P3-P6. Among the initial
dissociation reactions, the formation of the 2-yl form of DKP is ther-
modynamically favored (Table 1). The hydrogen atom abstraction by
aminyl radicals, forming ammonia, appears to be effectively barrierless
in both cases (R1 and R2) on the DFT potential surface when includ-
ing zero-point vibrational energies. Moreover, the pyrolysis can also be
promoted by methyl radicals forming methane. Reaction R3, forming
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species P1, requires an activation energy of 61.1 kJ/mol and is endother-
mic, while the H-abstraction leading to species P2 releases —78.5 kJ/mol
of energy with a barrier of 32.6 kJ/mol. Hydroxyl radicals react with
DKP, forming water in addition to P1 and P2. Reaction R6 is highly
exothermic releasing 138.0 kJ/mol of energy.

The ring opening of P1 forming the intermediate P3 requires
an activation energy of 39.9 kJ/mol and releases an energy of
—9.3 kJ/mol (Table 1). However, reactions R14-R17 are endothermic
reactions forming the compounds P3-P6, respectively. The ring opening
of P2 forming P6 requires an energy of 225.4 kJ/mol while the formation
of P5 is less endothermic with an activation energy of 177.2 kJ/mol.

3.3. NOy precursor release

The preferred decomposition channels of the reactive intermedi-
ates P3-P6 are f-scissions. P3 dissociates into methylene imine (P7)
and the isocyanate P8. In the next step, the N-C bond breaks, yield-
ing ethenone (P9) and an isocyanate radical (OCN). P4 reacts either

via f-scission to isocyanic acid (P11) and P12 or via direct elimina-
tion of carbon monoxide (CO) to P14. The latter species eliminates
barrierless methylene imine and via intermediate P15 carbon monox-
ide and a methylene iminyl radical (P13). The elimination of carbon
monoxide from P15 is hindered by a barrier of 99.8 kJ/mol and with a
reaction energy of 47.5 kJ/mol is endothermic (Table 2). Also for P5 two
alternative reaction pathways have been found. One reaction channel
starts with the g-scission leading to ethenone and P16. An alternative
pathway starts with the elimination of CO and formation of P17. The
CO elimination pathway has a lower barrier of 35.0 kJ/mol compared
to the release of P9. P17 dissociates into methylene imine (P7) and the
imino carbonyl P18 which decomposes further into the iminyl radical
P21 and CO. The latter reaction has a barrier of 53.0 kJ/mol and a reac-
tion energy of 26.3 kJ/mol. The energetically highest-lying ring-opening
product P6 dissociates into methylene imine and the ketene P19 with a
barrier of 90.5 kJ/mol. P19 decomposes further into isocyanic acid and
an open-shell ethenone species (P20) that can abstract hydrogen atoms
from different species present in the reaction medium (Fig. 4).
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3.4. Kinetic simulations

With the newly developed submodel for DKP, two types of kinetic
simulations were performed with OpenSMOKE++:

a) pyrolysis in an isothermal batch reactor at different temperatures,
and

b) a direct comparison of NOy precursor formation in an ideal plug
flow reactor (PFR) and experimental data from a real fluidized bed
reactor (FBR).

3.4.1. Batch reactor simulations

Batch reactor simulations under isothermal and isochoric conditions
were used to simulate pyrolysis times up to 1 s at temperatures between
1300 and 2000 K. The conversion of DKP in the ideal batch reactor,
as shown in Fig. 5, depends strongly on the temperature. We note that
the simulation does not yield full conversion of DKP below 1200 K. At
2000 K, the decomposition is nearly instantaneous, reaching complete
conversion within just 1 ms. In contrast, at 1300 K, only about 75% of
DKP is converted over the same time span. As expected, the conversion
rate increases significantly with rising temperature.

Normalized concentrations (in mol%) of the formed N-containing
intermediates and products (HCN, NH;, HNCO, H,CNH) as well as of
CO and H, are compared in Fig. 6 as functions of pyrolysis time. The
profiles of the main products indicate that the final concentration of hy-
drogen cyanide (HCN) is not significantly influenced by the pyrolysis
temperature. After 0.2 seconds it reaches for all studied temperatures
a nearly constant value of 28-30%. In contrast, ammonia (NH;) is
formed in significant amounts only at temperatures between 1300 and
1500 K with yields below 1% at 2000 K. Similarly, HNCO and methy-
lene imine (H,CNH) are, due to their thermal instability, only formed in
notable amounts at around 1300 K. Also the formation of molecular hy-
drogen (H,) is highly temperature-dependent. At 1300 K, the hydrogen
concentration exceeds 90% after 1 ms, then declines to below 20% after
0.3 s. This peak in concentration is attributed to the incomplete con-
version of DKP. The hydrogen concentration increases with pyrolysis
temperature due to the increasing relevance of endothermic dehydro-
genation reactions at higher temperatures that are largely driven by
H-abstractions by atomic H from DKP and other species in the reaction
medium. At lower temperatures the final H, concentrations are between
15 and 20%.

In comparison with the ideal batch reactor simulations performed
with OpenSMOKE++, the concentration of HCN observed in the ReaxFF
simulations is higher than that predicted at longer timescales in the
kinetic model. This discrepancy is likely due to underestimated reac-
tion barriers for HCN elimination or the limited simulation time of only
13.6 ns. While the batch reactor model predicts negligible ammonia for-
mation at 2000 K, ReaxFF yields non-negligible concentrations, reaching
nearly 1%. Atomistic simulations with ReaxFF rely on parameterized
force fields, include only a limited number of atoms, and inherently ne-
glect electronic structure and spin states. As a result, ReaxFF offers only
qualitative insights into product formation. The simulation of systems
containing several moles with timescales in the order of seconds is com-
putationally infeasible. Nonetheless, the ReaxFF pyrolysis simulation
captures qualitatively the formation of the main pyrolysis products, with
only minor deviations from the results of the batch reactor simulations.
This supports its potential use as a tool for reaction discovery.

3.4.2. Plug flow reactor

Hansson et al. performed DKP pyrolysis experiments in a fluidized
bed reactor and reported results for the formation of NOy precursors in
weight percentages (wt.%) for different temperatures [15] with the total
weight of formed HCN, HNCO, NH;, and NO normalized to 100%. To
compare with this experiment, we performed simulations with the plug
flow reactor (PFR) implementation in OpenSMOKE++.
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Both, in the experiments and the simulations no significant amount
of nitrogen monoxide (NO) was detected, as expected for an oxygen-free
environment. In the model predictions (PFR), the amount of hydrogen
cyanide is slightly overestimated at 1400 K, likely due to the underes-
timation of ammonia. In the simulation, a larger fraction of ammonia
is converted to HCN than in the experiment. A reason for this might
be that in experiment, particularly at 1400 K, the reaction conditions
have not been strictly within the kinetic regime, as indicated by the
comparison with equilibrium calculations shown in Fig. 7 in orange
color. In the experiment, the formation of NH; and HCN was almost
insensitive to the temperature. In the simulations, the formation of
ammonia is highly temperature dependent and more favored at lower
temperatures (1300 K). HCNO is only formed in small amounts which is
qualitatively captured by the simulation.

Fig. 8 shows the distribution of the main products in the plug flow
reactor simulations as function of the temperature. HCN begins to form
in significant amounts above 1100 K becoming nearly temperature-
independent at higher temperatures as observed also above in the batch
reaction simulations with shorter contact times (Fig. 8). Ammonia (NH;)
is formed in notable concentrations between 1100 and 1600 K, reach-
ing a maximum of ~ 10% around 1300 K. The formation of HNCO and
methylene imine (H,CNH) is highly temperature-dependent, as these
species only form at lower temperatures (between 1000-1100 K) likely
due to incomplete conversion. They become unstable at higher tem-
peratures where they react further to NH;, HCN, and CO. In cases of
incomplete conversion, molecular hydrogen (H,) forms in significant
quantities, around 80% at 1000 K, reaching a minimum between 1000
and 1400 K. The formation behavior of H, and CO is mirror-symmetric;
CO formation reaches its maximum precisely at the minimum of hydro-
gen formation.
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N, atmosphere (p = 1 bar).
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4. Conclusions

This study presents the development of a kinetic submodel for the
pyrolytic decomposition of 2,5-diketopiperazine, a representative cyclic
peptide present in biomass. The focus of the model validation has
been on the formation of NOy precursors under oxygen-free conditions,
given their relevance to environmental impact and biomass conver-
sion processes. Model predictions were qualitatively compared with
experimental data from Ref. [15] obtained in a fluidized bed reactor.

To discover possible decomposition pathways, ReaxFF MD sim-
ulations were performed, and key reactions were refined using an
automated workflow that generated DFT-optimized geometries and cou-
pled cluster reaction and activation energies. At 2000 K, DKP rapidly
fragments into smaller intermediates, including methylene imine, iso-
cyanic acid, and ethenone. This fragmentation begins with the formal
abstraction of hydrogen atoms from C-H or N-H bonds. In later stages of
pyrolysis, methyl, aminyl, and other gas-phase radicals are also formed,
which can abstract hydrogen atoms from additional DKP molecules.
The resulting DKP radicals subsequently undergo p-scission and de-
compose into smaller fragments such as NOy precursors and carbon
monoxide (CO).

The thermodynamic properties of DKP, its reaction intermediates,
and products were fitted to NASA-7 polynomials and incorporated into
the CRECK 2003 TOT HT LT SOOT NOX mechanism using a Python sub-
routine. The kinetic parameters were fitted to a modified Arrhenius
expression and similarly integrated into the mechanism. The result-
ing submodel was then implemented into the CRECK kinetic modeling
framework. To validate the developed submodel, we carried out simu-
lations with the OpenSMOKE++ suite of ideal reactor solvers.

The main pyrolysis products of DKP predicted by the kinetic simu-
lations are HCN, NH;, CO, and H,. HCN forms rapidly and its fraction
in the product distribution is nearly temperature-independent between
1100 and 2000 K. In contrast, NH; is formed only at lower tempera-
tures between 1300 and 1500 K and disappears above 1500 K. HNCO
and H,CNH are produced only at low temperatures due to their thermal
instability. ReaxFF simulations qualitatively reproduce these trends but
tend to overestimate HCN and NH; yields. Ideal plug flow reactor sim-
ulations show good qualitative agreement with measured NOy yields
in fluidized bed reactors. Differences in the results for NH; formation
are attributed to differences in reaction regimes and complex fluid dy-
namics between the simulated reactor and the real reactor used for the
measurements of the available experimental speciation data on DKP
pyrolysis.

In conclusion, we developed the first kinetic submodel dedicated
to DKP pyrolysis and showed that it provides consistent predictions of
pyrolysis products over a wide range of temperatures. Electronic struc-
ture calculations of thermochemical kinetic parameters of the unraveled
reaction pathways and compilation of detailed mechanistic kinetic
mechanisms for reactor simulations using tools such as OpenSMOKE++
remain the only practical approach for the prediction of product dis-
tributions and reactivity assessments at realistic operating conditions
in the context of thermochemical conversion processes. It can serve as
a foundation for further refinements and motivate experiments under
well-defined reactor conditions tailored to the measurement of chemical
kinetics for model development.
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Appendix A

Table 3
Rate Constant Parameters for the Modified Arrhenius Expressions for the
Pyrolysis of 2,5-Diketopiperazine.

Reaction InA n E/T units of k(T)
PO + H,N - P1 + NH;  barrierless

PO + H,N - P2 + NH; barrierless

PO + H-P1 + H, 15.51 2.0637 7709.45 cm?®/mol/s
reverse 9.42 2.4412 4921.57 cm?/mol/s
PO + H- P2 + H, barrierless

PO + H;C - P1 + CH, 6.13 2.4864 5928.63 cm?®/mol/s
reverse 6.28 2.5292 3990.86 cm3/mol/s
PO + H;C - P2 + CH, 6.79 2.3983 2601.57 cm?®/mol/s
reverse 7.37 2.3968 12,204.63 cm?3/mol/s
P1 - P3 27.78 0.3771 5062.12 1/s
reverse 21.24 0.6956 5475.36 1/s

P1 > P4 31.00 0.1440 11,158.81 1/s
reverse 22.31 0.7915 3724.81 1/s

P2 - P5 29.26 0.3122 21,691.90 1/s
reverse 21.55 0.8725 3142.55 1/s

P2 - P6 barrierless

P3 - P7 + P8 32.93 -0.1828 17,502.53 1/s
reverse 3.30 2.5784 1149.81 cm?/mol/s
P8 - P9 + P10 barrierless

P4 - P11 + P12 27.93 0.4545 9999.34 1/s
reverse 9.29 1.8015 8201.12 cm?/mol/s
P12 —» P9 + P13 29.39 0.3972 15,621.19 1/s
reverse 4.56 2.6318 4836.61 cm?®/mol/s
P4 - P14 + CO 31.54 0.0660 11,432.82 1/s
reverse 14.21 1.4428 2641.78 cm®/mol/s
P14 - P7 + P15 barrierless

P15 - P13 + CO 31.14 -0.0139 12,191.18 1/s
reverse 10.52 2.1051 5493.26 cm?/mol/s
P5 > P9 + P16 barrierless

P16 —» P11 + P21 30.44 0.2632 7673.50 1/s
reverse 5.91 2.5729 6740.03 cm?/mol/s
P5 - P17 + CO 31.61 0.0213 4616.55 1/s
reverse 17.15 1.0462 3572.45 cm?®/mol/s
P17 —» P7 + P18 barrierless

P18 —» P13 + CO 30.72 0.4152 7051.13 1/s
reverse 13.99 1.9239 2716.47 cm?®/mol/s
P6 — P7 + P19 32.33 -0.0825 11,345.38 1/s
reverse 7.59 2.1191 2002.08 cm?/mol/s
P19 - P7 + P11 30.33 0.3081 9847.37 1/s
reverse 7.22 2.7501 5086.37 cm?3/mol/s
PO - P22 + H, 23.01 1.2275 38,172.45 1/s
reverse 11.04 2.1928 18,651.27 cm?/mol/s

Appendix B. Supplementary data

Supplementary data for this article can be found online at doi:10.
1016/j.fuel.2026.138472.

Data availability

The DFT-optimized geometries along with the electronic energies of
the reactants, products, and transition states of the studied reactions,
as well as the generated NASA-7 polynomials are available in a Zenodo
repository [75] or upon request from the authors.
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