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ABSTRACT

Biomass conversion through direct combustion (energy production) or pyrolysis (bio-oil production) are novel
concepts to reduce CO; emission in the energy sector. However, the nitrogen content in biomass feedstocks may
result in elevated N-containing pollutants, e.g., NOx, NH3, HCN, and nitriles, yet their formation chemistry re-
mains unclear. In this work, we studied N-containing pollutant formation in counterflow diffusion flames fuelled
by pyrrole, a biomass tar surrogate component that accounts for the majority of fuel nitrogen. 27 species,
including 8 N-containing species, were identified and measured in three flames with designed boundary con-
ditions to reveal the influence of flame temperature and methane addition. Species mole fraction comparisons
showed that methane addition and higher flame temperature promoted Co-Cg hydrocarbon formation, but mole
fractions of N-containing species did not change much, reflecting less dependence on flame temperature or
hydrocarbons in the species pool. An existing kinetic model for pyrrole pyrolysis and combustion was developed
by updating the formation reactions of N-containing species based on recent literature studies. Numerical sim-
ulations using the kinetic model well reproduced mole fractions of most species except for NO and NOy. Model
analyses illustrated the nitrogen conversion pathways from pyrrole to individual N-containing pollutant species,
and indicated the possible reactions for underestimated mole fractions of NO and NOs. This work contributes to a
better understanding of the combustion properties of N-containing fuels and N-containing pollutants in the
context of biomass energy clean utilization.

1. Introduction

As the simplest N-containing heterocyclic aromatic, pyrrole is widely
used to represent the nitrogen content in coal, bio-oils, biomass waste,

Biomass combustion is a promising solution to achieve carbon-
neutrality and meet the increasing demand of energy supply [1]. How-
ever, the combustion process of protein-rich biomass or biomass-derived
bio-oils with elevated nitrogen content may introduce N-containing
pollutants from fuel nitrogen [2,3]. These N-containing pollutants, e.g.,
NOy, NH3, HCN, and nitriles are highly toxic and harmful to human
health and environment [3,4]. Previous studies have reported emission
levels of nitrogen oxides from biomass combustion ranging between 50
and 200 mg/MJ, as opposed to ~40 mg/MJ in the case of natural gas,
highlighting a dominant role of fuel nitrogen [5]. Unravelling the
N-containing pollutant formation chemistry is important to large-scale
biomass energy clean utilization in advanced combustor design con-
cepts [6].
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and biomass tar from devolatilization [7,8]. The molecular structures of
coal [9] and biomass [7] have large amounts of pyrrolic and pyridinic
functional groups to justify pyrrole and pyridine as representative
N-containing surrogate components. The interesting molecular struc-
tures of pyrrole, nitrogen atom embedded in a five-membered hetero-
cyclic aromatic ring, determines its reactivity and tendency to generate
NOy, HCN, and other N-containing pollutant species from fuel nitrogen
in the pyrrolic functional groups in biomass [3,10].

Over the past half century, many studies have focused on exploring
the pyrolysis [11-19] and combustion [10,20-31] chemistry of pyrrole.
Based on experiments and theoretical calculations, kinetic models [14,
16,23,26,30] were proposed to describe the pyrolysis/combustion
chemistry of pyrrole, and to predict various experimental measurements
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like ignition delay time, flame speed, and speciation data in different
reaction systems. Table 1 summarizes the previous experimental and
kinetic modeling work on pyrrole pyrolysis/combustion chemistry.

Despite these experimental and kinetic modeling works, uncertainty
on the combustion chemistry of pyrrole and N-containing pollutant
formation still remains [29]. Also, all of the investigated reaction sys-
tems are premixed, so the important diffusion process in practical
combustion systems is not considered. Finally, the influence of biomass
volatile components (e.g., methane from biomass devolatilization [3])
on gas-phase combustion, or methane addition in the co-firing process is
also neglected. Depending on the specific process and feedstock char-
acteristics (e.g., higher heating value), replacement of the fossil fuel by
up to 100 % of biomass have been reported, with ranges between 30-50
% as the most common cases [32,33].

Therefore, combustion chemistry and N-containing pollutant for-
mation are investigated in this work in pyrrole counterflow diffusion
flames. Besides a counterflow flame fuelled by pure pyrrole, two addi-
tional counterflow flames fuelled by pyrrole and methane were designed
to reveal the influence of flame temperature and methane addition. The
species measurements by time-of-flight molecular-beam mass-
spectrometry (ToF-MBMS) showed that methane addition or higher

Table 1
Experimental and kinetic modeling work on pyrolysis and combustion chemistry
of pyrrole.

Experiments
Reaction system Reactor Measurement Reference Year
target
Flow reactor ~ Speciation Axworthy et al. 1978
[11]
Shock tube Speciation Lifshitz et al. [12] 1989
Pyrolysis Shock tube Speciation Mackie et al. [14] 1991
Flow reactor Speciation Hong et al. [13] 2009
Jet-stirred Speciation Wu et al. [19] 2022
reactor
Bunsen Flame speed Gibbs et al. [20] 1959
burner
Premixed Speciation Sloane et al. [21] 1980
flame
Flow reactor ~ Speciation Lumbreras et al. 2001
[23]
Shock tube Ignition delay MacNamara et al. 2003
[31]
Flow reactor ~ Speciation Koger et al. [10] 2005
Premixed Speciation Tian et al. [22] 2007
Combustion/ flame
Oxidation Flow reactor ~ Speciation Yamamoto et al. 2012
[24]
Flow reactor Speciation Wang et al. [25] 2016
Flow reactor Speciation Ren et al. [27] 2020
Jet-stirred Speciation Pelucchi et al. [26] 2021
reactor
Shock tube Ignition delay Luo et al. [28] 2021
Jet-stirred Speciation Chen et al. [29] 2022
reactor
Heat flux Flame speed Lubrano Lavadera 2022
burner et al. [30]
Kinetic models
Validation targets References Year

Speciation Mackie et al. [14] 1991

Speciation Martoprawiro 1999
etal. [16]

Speciation Lumbreras et al. 2001
[23]

Ignition delay, speciation Pelucchietal. [26] 2021

Ignition delay, speciation Chen et al. [29] 2022

Lubrano Lavadera 2022
et al. [30]

Flame speed, ignition delay, speciation
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flame temperature promoted the formation of Co—Cg hydrocarbons, but
had only minor influence on N-containing pollutant species. Based on
our previous work [29], a kinetic model is developed and updated to
account for pyridine formation as reported in [34]. Numerical simula-
tions using the developed kinetic model reproduce the measured mole
fractions within experimental uncertainties for most species except NO
and NO,. The analyses indicated the possible reasons for such short-
comings by focusing on nitrogen conversion pathways from pyrrole to
individual N-containing pollutant species. This work advances the un-
derstanding of N-containing fuel combustion and N-containing pollutant
formation in the context of nitrogen-rich biomass like algae and sewage
sludge [35].

2. Methodology
2.1. Counterflow burner configurations

Detailed descriptions of the atmospheric pressure counterflow
burner setup have been reported in previous literature [36,37], so only
key information is provided here. The opposed co-axial nozzles have an
outer diameter of 20mm, and are 10mm apart. Nitrogen co-flow is used
to shield the flame from external perturbation. A 1-D flat stagnation
plane is ensured from flow field calculations and experimental valida-
tion in a previous study [36]. Different sampling positions along the
flame centerline are enabled using a manual translation stage.

The liquid fuel in a pressurized tank is fed to the vaporizer through a
liquid mass flow controller (Bronkhorst, mini CORI-FLOW™
ML120V21, accuracy for liquid: + 0.2 % of the set flow rate). The
vaporizer is heated to 150 °C, and the fuel vapor is diluted and carried by
argon (or argon/methane mixture) to the fuel side nozzle of the coun-
terflow burner. The transfer line is heated to 130 °C to prevent
condensation and thermal degradation of pyrrole (boiling point 130 °C).
Oxygen diluted with argon is introduced to the oxidizer side nozzle of
the counterflow burner. All gas flows are regulated by mass flow con-
trollers (Alicat or Natec).

2.2. Design of experiments for three counterflow flames

Three different counterflow diffusion flames are designed and
investigated, and their boundary conditions are summarized in Table 2.
The first flame is fuelled only by argon-diluted pyrrole (referred to as
pure pyrrole flame), and the inlet mole fraction of pyrrole on the fuel
side nozzle is 5 %. To study the influence of methane addition and flame
temperature on pollutant formation, two additional counterflow flames
were designed. The second flame, referred to as Z const flame, has 2.5 %
methane in mole fraction in addition to 5 % pyrrole on the fuel nozzle. A
higher amount of methane addition is not pursued because it results in
sooty flames that may block the quartz sampling nozzle. The velocity of
the Z const flame is calculated to achieve the same stagnation plane
position as the pure pyrrole flame. The third flame, referred to as Teq
const flame, has the same inlet composition on the fuel side with Zy const
flame, but the mole fraction of oxygen on the oxidizer side is reduced to
achieve the same equilibrium temperature as the pure pyrrole flame.
Momentum balance between the fuel and oxidizer sides as well as other
boundary conditions, e.g., inlet temperature on the fuel/oxidizer side
and strain rate, are kept the same among the three flames. The designed
boundary conditions are intended to isolate the effect of methane
addition and flame temperature. Note that as the inlet mole fractions of
pyrrole on the fuel side do not vary, the inlet nitrogen content remains
equal in the three flames.

2.3. Time-of-flight molecular-beam mass-spectrometry
ToF-MBMS is used for species identification and quantification in

terms of their different molecular weights. Since detailed descriptions of
ToF-MBMS have been presented in the literature [36], only key
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Table 2
Boundary conditions for the investigated pyrrole counterflow diffusion flames.
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Flame Fuel side Oxidizer side strain rate (s)
velocity (cm/s) T (K) inlet mole fractions, x (-) velocity (cm/s) T (K) inlet mole fractions, x (-)

pure pyrrole 20.5 400 0.05 C4HsN, 0.95 Ar 17.5 313 0.30 O, 0.70 Ar 60

Zg const 20.0 400 0.025 CHy4, 0.05 C4HsN, 0.925 Ar 17.5 313 0.30 O, 0.70 Ar 60

Teq const 20.7 400 0.025 CH4, 0.05 C4HsN, 0.925 Ar 17.5 313 0.25 04, 0.75 Ar 60

information is provided here. A molecular beam generated by three
stages of vacuum extracts gas samples directly from the counterflow
flame via a quartz sampling nozzle with an orifice diameter of 30pm.
The small diameter of the orifice minimizes the influence of sampling
nozzle intrusion along the centerline, as shown by optical measurements
on the same setup in previous work [36]. The molecules in the sample
gas are then ionized by the electrons from thermionic emission of a
heated tungsten filament. The ionized molecules are accelerated by an
electric field into the flight tube, so molecules with different molecular
weights can be separated by their different flight times, and then
registered by the mass spectrometer detector for quantification. The
mass resolution (m/Am) of ToF-MBMS is approximately 4000.

Four energies (12, 14, 17, 18eV) are used to achieve high signals with
minimum fragmentation for individual species detection and quantifi-
cation. 25 positions along the flame centerline are scanned in all three
flames. The sampling position is determined by the photos taken from a
Canon EOS 1200D camera with a spatial accuracy of 0.2mm [37,38]. An
examplary photo of the pure pyrrole flame with a demonstration of
sampling position determination (h, distance from fuel side nozzle) is
presented in Fig. 1. Videos are also recorded continuously during the
measurement to check the flame stability. Note that the first sampling
position starts around 1.0mm due to the thickness of the fragile quartz
nozzle. Photos in Fig. 2 provide a comparative visual view of the three
investigated counterflow flames: pure pyrrole flame, Z const flame, and
Teq const flame.

The data processing principle and procedure was reported by Bar-
oncelli et al. [36] with one slight modification in this work. Mole frac-
tions of argon are first determined by numerical simulation using the
developed kinetic model. Signals of other species are then calculated by
comparison to those of argon or other reference species under the same
energy. A python script is written to automatically process the data in
this work, and the results are double-checked by manual data processing
[37]. For reactants, the uncertainty is estimated to be 15 % by cold gas
calibration. For species with known electron ionization cross sections in
the database [39] or from calculations [40], the uncertainty of the
measured mole fractions is estimated to be a factor of 2 - 3. Detailed
uncertainty for each specie is provided in Table S1 in Supplementary
Material-1 (SM-1).

2.4. Kinetic modeling

The kinetic model developed in this work is based on our previous
mechanism [29]. Rate constants of some important reactions have been

modified based on recent evidence and rate constant determinations
from the literature. Yang et al. [41] performed VRC-TST calculations to
determine rate constants of barrierless reactions within the Co—CN
subset. In particular, new rate coefficients were proposed for the reac-
tion CHoCN + CHj3, which was found to be of high importance in pyrrole
pyrolysis and oxidation [26,29]. The authors highlighted over two or-
ders of magnitude  difference  between the  previous
temperature-independent value by Sendt et al. [42] of 2 X 103
em3/mol/s, which was adopted in our previous model, and the new
high-pressure limit from their theoretical calculation (k = 3.4 x 100 x
T%%6  exp(1700/RT) cm>/mol/s). The newly proposed value, however,
appears to be excessively low in comparison to reasonable analogous
recombination reactions such as CHs + CgHs, for which generally
accepted high-pressure limit values are in the order of 2 - 4 x 102
cm®/mol/s, or even higher [43]. The reason for this discrepancy might
be Yang et al’s. use of a DFT method (M06-2X) for the determination of
the potential, while high-accuracy rate constants for recombination re-
actions, especially those involving resonance-stabilized compounds,
may require the use of multireference methods (e.g., CASPT2) [44]. To
preserve satisfactory model performances in comparison to the different
datasets summarized in Table 1, we adopted a temperature- and
pressure-independent value of 5 x 102 em®/mol/s, thus lowering our
previous adopted value by a factor of 4. Many uncertainties are still
related to the key recombination reaction CH2CN + CHj that has been
only partly addressed with suitable theoretical methods (i.e., CASPT2
VRC-TST [45]). This reaction is significant both in modelling ignition
phenomena as well as reproducing profiles of releveant intermediates
such as CH3CN and CaHsCN (Section 3.2.1). A recent work by Lubrano
Lavadera et al. [30] reported laminar flame speed measurements for
pyrrole/air mixtures (¢p=0.6 — 1.3) at atmospheric pressure and T,, = 338
K. The authors proposed a kinetic model based on the previous work by
Pelucchi et al. [26] with new values for a set of pyrrole-specific re-
actions. Table 3 reports the modified rate constants based on Lubrano
Lavadera et al. [30]. A species nomenclature for the developed model in
this work is provided in Section 1 of SM-1.

A recent work by Chen et al. [34] investigated the formation
chemistry of another important N-containing component, pyridine
(CsHsN) through a combined experimental and theoretical reaction
pathway exploration approach. Pyrolysis experiments were carried out
in an atmospheric pressure jet-stirred reactor between 1100 and 1200 K
for pure acetylene and for acetylene/acetonitrile (CH3CN) and acetyle-
ne/acrylonitrile (CHo,CHCN) mixtures. Such an approach revealed new
pyridine formation pathways from CoHy + CHCHCN, C2H3CN + CoHs,

Fig. 1. Photo of pure pyrrole flame with demonstration of sampling nozzle position determination.
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Fig. 2. Photos of pure pyrrole flame (left), Z const flame (middle), and Teq const flame (right).

Table 3

Selected reactions revisited in the present model based on Lubrano Lavadera et al. [30]. Units are cm3/mol/s, cal/mol. k = A x T" x exp(-Ea/RT). Fuel specific species
nomenclature and structures are provided at the bottom of the table complementary to complete list of Table S3.

Reaction Rate constant Reference and notes
A (cm®/mol/s) n(-) E, (cal/mol)

OH + C4HsN © Hy0 + PYRLYL 6.31 x 10° 3.05 2540 [30]
duplicate 8.66 x 10%! —6.38 3020 [30]
0, + C4HsN — HO, + PYRLYL 8 x 102 0.00 37,150 [26]
HO, + PYRLYL — O + C4HsN 2 x 10%3 0.00 0 [30] A x 2, irreversible
A-C3H4CN + HO, < OH + C4H4NO 3.6 x 10% -2.5 15,000 [30] A x 2
C-C3H4CN + O, < C4H4NO + O 7.00 x 10%° -2.5 15,000 [30]

iii N . HC=CH—CH,—C=N (.I‘)

N i\ /7 H,C77™s ch HC=CH—CH,—C=N
\; /; =C
C4HsN PYRLYL A-C3H4CN C-C3H4CN C4H4NO

CH2CN + CsHs, and HCN + n-C4Hs. Formation of pyridine was found to
be largely associated with CaHy + CHCHCN — CsHyN followed by H +
CsH4N — CsHsN in the acrylonitrile/acetylene reaction system. In the
acetonitrile/acetylene case, the main contributor is CHoCN + C3H3 —
CHCCHCH2CN where the latter linear cyanide structure undergoes
cyclization to CsHsN. The new model of this work implements the above
formation pathways from the work of Chen et al. [34] including the
species thermodynamic properties. H-atom abstraction reactions for the
generalized R + CsHsN < RH + CsHyN reaction are evaluated based on
the systematic approach of Ranzi et al. [46] by assuming specific site
corrections for the five vinyl type on the pyridine ring. The decompo-
sition of CsH4N is described as in Chen et al. [29]. The acrylonitrile
reaction with vinyl radical leads to the formation of CH,CHCHCHCN (2,
4-pentadienenitrile) according to the reaction CH,CHCN + CyHz —
CHCHCHCHCN + H proposed by Chen et al. [29]. H-atom abstraction
reactions consuming 2,5-pentadienenitrile were also included based on
analogies with rate constants adopted for CH,CHCN in our previous
model, directly leading to the decomposition products according to
irreversible lumped abstraction/decomposition reactions R +
CH2CHCHCHCN— RH + CaHjz + CoHy + CN.

Aiming for a general validated model, validation targets beyond the
new counterflow flame data in the literature were considered. A full
comparison with the existing targets is reported in Section 2 of SM-1.
Specifically, ignition delay time [31], pyrolysis/combustion speciation
in jet stirred reactor [19,26,29], flow reactor [23,24], shock tube [14],
and laminar burning velocity [30] reported in previous literature were
validated. The developed kinetic model well predicts most of the vali-
dation targets, except for laminar burning velocity. Introducing the
modifications suggested from Lubrano Lavadera et al. [30] discussed
above leads to slightly improved laminar flame speed predictions, as
discussed in Section 2 of SM-1. However, experimental laminar flame
speeds are still overpredicted by 18% at the peak value (Figure S9). This
is largely due to the higher rate constant for the H-abstraction reaction
OH + C4HsN < Hy0 + PYRLYL. Based on the sensitivity analysis of
Figure S10, remaining deviations may be addressed by increasing the
rate constant for H-abstraction reaction H + C4HsN < Hy + PYRLYL,
showing a negative sensitivity coefficient to laminar burning velocity
predictions. However, from extensive model testing, modifications in
this direction caused worse predictions of JSR speciation data under

pyrolysis and oxidation conditions [26,29], as well as for ignition delay
times [31]. Moreover, the rate constant for H + C4HsN < Hy + PYRLYL
was theoretically determined in our previous work [29], thus a lower
uncertainty compared to other key reactions in the kinetic model is
expected (i.e., factor of ~2). For the above reasons, additional tuning
towards improved laminar burning velocities predictions was not
implemented in the current model to preserve good agreement with the
remaining targets. Some discussions are included in Section 2 in SM-1.
Based on sensitivity analyses, to improve agreement with new and
already available experimental targets from previous works, we intro-
duced some additional modifications as summarized in Table 4. It
should be noted that the current version of the model (i.e., Chen et al.
[29] and this work) considers two possible radical intermediates in
pyrrole pyrolysis and oxidation: the resonance stabilized pyrlyl radical
(PYRLYL) and one lumped vinyl type radical (C4H4N) representative of
both the vinyl functions available in a and p sites to the nitrogen atom,
which was not considered by neither Lubrano Lavadera et al. [30] nor
the initial model of Pelucchi et al. [26]. The kinetic model files (kinetics,
thermodynamics, transport) are provided in SM-2.

3. Results and discussions

27 species, including 8 N-containing pollutant species, were identi-
fied and quantified by ToF-MBMS measurements in the three investi-
gated counterflow flames. Species mole fraction profiles are presented in
Figs. 3,4, 7,9, 11 for comparison among the three flames. Black squares
are measured data for the pure pyrrole flame; blue circles for the Z; const
flame; red triangles for the T, const flame. Lines with different colors
represent simulated species mole fractions, and shaded areas indicate
experimental uncertainty in the respective flames. SM-3 provides all
experimental data of the three flames. Simulations of the counterflow
flame were carried out using the OpenSMOKE++ by Cuoci et al. [47]
with the 1-D laminar flame solver. To ensure the smoothness of calcu-
lated profiles, gradient and curvature coefficients of the solutions are set
to 0.05 and 0.5, respectively, which lead to a total number of grid points
of ~ 300 upon convergence.
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Table 4
Modified reaction rate constants compared to our previous work [29]. Units are cm®/mol/s and cal/mol. k = A x T" x exp(-Ea/RT). Fuel specific species nomenclature
and structures are provided at the bottom of the table complementary to complete list of Table S3.

Reaction Rate constant Reference and notes
A (cm®/mol/s) n(-) Ea (cal/mol)
PYRLNE < H + A-CsH,CN 3.06 x 10%7 0.00 86,746 [29]1 A x 1.5
0, + A-C3HsCN < HO, + A-C3H4CN 2.50 x 10'3 0.00 37,190 [29]1 A/2
03 + C4HsN — HO, + C4H4N 1.87 x 107 2.00 54,834 [29] irreversible
HO, + PYRLYL — O, + C4H4N 1.00 x 103 0.00 0 [29] irreversible
A-C3H4CN + HO, < A-CsH,CNOOH 2.00 x 10* -10.6 7851 [29]1 A/3
=\ [\ ¢ ¢ o qoH
N

X X HZC/ \CH2 H,C7 }\CH o { ) HC=CH—CH,—C=N

[ | \ /) \ L

C=N N=C
PYRLNE AC3HsCN A-C3H4CN C4H4N A-C3H,CNOOH

(a) C,HsN (b) H,0 (c) CO,
10+ O exp pure pyrrole [
20 - 20 H

O exp Zst const
A exp Teq const
sim pure pyrrole
o — =sim Zst const

7 - - sim Teq const

Mole fraction (102)

20+

0+

Distance to fuel nozzle h (mm)

Fig. 3. Mole fraction profiles of reactants and main products in three counterflow flames (pure pyrrole flame, Z; const flame, and T.q const flame).

(a) HCN g ::g;:trigx;ole- 3 (b) C2H3CN t 0.6 (C) C2H5CN
A exp Teq const
sim pure pyrrole

N
=

— =—sim Zst const 2
....... sim Teq const

Mole fraction (107%)
=

el

1 3 5 7 9
Distance to fuel nozzle (mm)

Fig. 4. Mole fraction profiles of three nitriles in three counterflow flames (pure pyrrole flame, Z const flame, and Teq const flame).
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3.1. Reactants and main products

Mole fractions of reactants (C4HsN, CH4, O3) and main products
(H20, CO, COy) are presented in Fig. 3. In all three flames, both pyrrole
and CH,4 are fully consumed around h (distance to fuel side nozzle) =
4mm, a borderline between the pyrolysis-dominated and the flame re-
gion. Among the three flames, the mole fractions of pyrrole and CO; do
not change much, while the mole fractions of H,O increase in the Zy
const and T, const flames. Methane addition in Zy const and T,q const
flames may account for the increased H,O mole fractions with more
hydrogen content. For CO, its mole fractions are increased only in the Z
const flame. This might be explained by the higher flame temperatures in
the Z const flame, resulting in the shift of the chemical equilibrium of
reaction 2CO + O3 « 2CO4. Numerical simulations using the developed
kinetic model well reproduce the measured mole fractions of reactants
and main products among the three flames. This indicates that the
developed kinetic model can well describe the fuel consumption and
reaction zone of the three target counterflow flames, and serve as the
basis for investigating the formation chemistry of N-containing pollutant
species in the following sections.

3.2. pollutants

The detected and measured N-containing species can be classified as:
(1) nitriles, including hydrogen cyanide (HCN), acrylnitrile (CoH3CN),
and propionitrile (CoHsCN). Acetonitrile (CH3CN) is not reported
because over 99 % of the signal comes from the fragmentation of pyrrole
even at an energy of 12eV, while lower energies lead to overall low
signal; (2) inorganic N-containig species, including nitrogen monoxide
(NO), nitrogen dioxide (NOs), and ammonia (NH3); (3) Other N-con-
taining species, including pyridine (CsHsN) and formamide (CH3NO).
Among these N-containing species, HCN and NO are the two most

Combustion and Flame 276 (2025) 114136

important species due to their high mole fractions, and they are also the
major N-containing pollutants from fuel nitrogen in solid fuels [3,7].

3.2.1. Nitriles (HCN, C2H3CN, and CoH5CN)

Nitriles are an important pollutant species class originated from
pyrrolic functional groups. The measured mole fractions of HCN,
CoH3CN, and CyHsCN are shown in Fig. 4. From the measurement
comparison among the three flame, the mole fractions of HCN, CoH3CN,
and CoHsCN do not show significant change, indicating their indepen-
dency to flame temperature or methane addition. Numerical simulations
well predict the measured mole fractions within the experimental un-
certainty. Both experiments and simulations indicate the maximum
mole fractions of the three nitriles are around h = 4mm, where pyrrole
and methane are fully consumed. This can be expected since most ni-
triles are produced from pyrolysis of pyrrole or pyridyl radical with ring-
opening as initiation reactions. The model reproduces the experimental
measurements within uncertainty, slightly underestimating the forma-
tion of acrylonitrile and slightly overestimating that of propionitrile.

Fig. 5 shows the representative results of a rate of production anal-
ysis to highlight the formation pathways of HCN. The analysis was
carried out at h = 4 mm, and the fluxes are quite similar among the three
flames. Five pathways produce HCN from pyrrole decomposition in-
termediates. The first one is from pyrrole molecular isomerization to
allenic imine (HNCPROP), which was already highlighted as a relevant
decomposition product in pyrrole pyrolysis [26]. The second source is
hydrogen isocyanide (HNC) producing its isomer HCN through an
isomerization reaction. HNC is mostly formed by H-atom abstraction
reactions on both a and f sites of pyrrole to form the representative
radical C4H4N. When the unpaired electron is located at the a position, a
ring-opening reaction forms the linear isomer (LC4H4N) that rapidly
decomposes to acetylene and HNC. The third source originates from the
resonance-stabilized pyrlyl radical (PYRLYL) formed by H-atom

CHsN

+H/-H, (3)

PYRLYL @

HC=CH—CH,—C=N
C-C;H,CN

l (4 &5) (1) l HNCPROP ) l+H/—H2
HC=C=CH,
/c C=CH .(/ N\§
HC\\ )
NH H

HN=C=CH—CH=CH

i -GH,

HNC <«—  HN=C=CH

+H/-CH,

+NO/-NCO
HsC-C=N CH,CN

T +H/+M

+RH/-R (R=OH, C,H;N,)

H2C-C=N ——» HCCN
+H/-H,

CH,CN

Fig. 5. Formation pathways (1 to 5) of HCN at h = 4mm in three pyrrole counterflow diffusion flames. Species names as in the model are reported in red.
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abstractions with subsequent formation of cyano-propen-4-yl radical
(C—C3H4CN). Further decomposition of C—CsH4CN produces the
resonance-stabilized cyano methyl radical (CHo,CN) that can stabilize to
CH3CN by abstracting an H-atom or by H-atom recombination. The
fourth source comes from the molecular isomerization of pyrrole to
pyrrolenine (PYRLNE) through a series of unimolecular isomerization
reactions and H-atom abstractions to C—CgH4CN. CH3CN ultimately
produces HCN by the addition of H and elimination of CHs. Alterna-
tively, CH2CN can undergo H-atom abstraction to form HCCN (cyano-
methylene radical), which subsequently reacts with NO to produce NCO
and HCN according to a well-established de-NOy reaction (HCCN + NO
< NCO + HCN). The last additional HCN formation pathway arises from
the ring opening of pyrrolenine to allyl cyanide (A-C3HsCN) that un-
dergoes H addition-elimination reaction with allyl radical as a
co-product.

A similar reaction subset is responsible for acrylonitrile (CoH3CN)
and propionitrile (CoHsCN) formation as reported in Fig. 6. Here, CH,CN
plays a significant role, in particular by its recombination reactions. Self-
recombination leads to the formation of butanedinitrile (C4H4N3). Its
radical (C4H3Nj3) produced from H-atom abstraction reactions de-
composes through a beta-scission reaction to form cyanide (CN) and
acrylonitrile. The addition of H to butanedinitrile leads to HCN elimi-
nation, forming the primary radical of propionitrile (CH2CH2CN) that
dehydrogenates to CoH3CN through beta-scission. Recombination of
CH,CN with CHgs directly forms CoHsCN that can undergo H-atom
abstraction to form its primary or secondary radicals, and both radicals
dehydrogenate to CoH3CN. As indicated by the percentage contribution
to CoH3CN formation, methane addition promotes recombination of
CH2CN and CHs over self-recombination due to a higher amount of
methyl radicals. A minor contribution to C;H3CN formation may also
come from H addition to C—CgHsCN followed by the elimination of CHs.
Referring back to Fig. 4, it is clear from this analysis that refinement of
rate constants for H-atom abstraction reactions on propionitrile beyond
current analogy rules may drive further improvements by decreasing
CoH5CN concentrations and thereby increasing CoH3CN yields.

3.2.2. Inorganic N-containig species (NO, NO,, and NH3)

NO, NO,, and NH3 are another important class of N-containing
pollutants. Their mole fractions by experiments and kinetic modeling
are compared in Fig. 7. The model predicts accurately the yields of
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ammonia, but strongly underestimates NO and NO, formation. These
discrepancies should be addressed from both experimental and kinetic
modelling aspects in future work. Experimentally, NOy measurements
by FTIR could be more accurate (~20%), less than the uncertainty of
NOy measurements by ToF-MS is a factor of 2 in this work. However,
even considering the uncertainty, the models in both the previous work
and this work (see Fig. S11 in SM-1) still underpredict NOy. As the main
source of NOy, i.e., HCN, is well predicted in Fig. 4, additional in-
vestigations are required to revisit the conversion from HCN to NOy.

Ammonia is produced by H-atom abstractions of NH; radical from H,
and H3O. Unlike similar HCN mole fraction profiles among the three
investigated flames, two peaks can be observed for ammonia when
methane is present in the Z const and the T, const flames. The addi-
tional methane undergoes H-atom abstraction by NH; forming methyl
and ammonia. NH; is produced by the reaction H + HNCO < NH; + CO,
where HNCO directly derives from HCN upon isomerization to HNC and
the addition of OH followed by H elimination, resulting in the first peak
on mole fraction profiles of ammonia. The second peak was not
captured, which requires further model investigations.

Successive H-atom abstraction reactions on NH5 lead to the forma-
tion of NH as the major intermediate towards NO formation according to
three main pathways, as shown in the rate of production analysis at h =
5 mm reported in Fig. 8a. NH is converted to HNO by addition of OH
followed by H elimination. H-atom abstractions on HNO successively
form NO H-atom abstractions on NH form N, which is converted to NO
through typical thermal NOy pathways (N + Oz <& NO + O, N + OH «
NO + H). A direct conversion of NH to NO also occurs through the re-
action NH + O < NO + H. NO can be oxidized to NO; through NO + O +
M « NO3 + M, or reduced to No through NO + N < N3 + O. Addition of
NH followed by H elimination is responsible for N»O formation. While
the experimental detection of the latter is challenging due to possible
overlapping signal with CO, model simulations predict peak concen-
trations in the order of 100 ppm.

Results from a sensitivity analysis to NO formation at h = 5 mm in
Fig. 8b confirm the coexistence of both thermal and prompt NOy for-
mation pathways arising from HCN, therefore directly triggered by the N
element in biomass feedstock. The reburning (or deNOx) mechanism
converting N to N is the major reason for NO reduction. No significant
differences are highlighted in terms of sensitivity coefficients to the most
sensitive reactions in the three investigated flames. Based on the

H2C-C=N  CH,CN

+ H,C-C=N l
CHN, N=C-CH2-CH2-C=N
l+H
-Hzl l-HCN

l+CH3

H;C-CH,-C=N GHsCN
l+H/-HZ

C,H;N, N=C-CH,-CH-C=N H2C-CH»-C=N HsC-CH-C=N CH,CHCN
CH,CH,CN 28% 1 22%
34% 124%
31% | 34%
-
H,C=CH-C=N
C,H;CN

- +H/-CH/V
= 5%
e C\CEN

C-C;HsCN

Fig. 6. Formation pathways of C;H3CN and CoHsCN at h = 4mm in pure pyrrole flame, Zg, const flame, and Tq const flame. Numbers indicate relative importance

towards formation of C;H3CN. Species names as in the model are reported in red.
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analyses and agreement between model and experiments concerning
HCN prediction, it is hard to foresee significant margins to improve NO
and NO; predictions. It should be noted that the underlying NOy for-
mation/consumption subset has been extensively validated [48], and ad
hoc tuning for the specific pyrrole case is outside the scope of this study.

3.2.3. Pyridine (CsHsN)

As discussed in Section 2, a recent work by Chen et al. [34] focused
on the formation of pyridine during the pyrolysis of acetoni-
trile/acrylonitrile with acetylene. The reported major pyridine forma-
tion pathways with potential energy surfaces and preliminary rate
constants were implemented in the present model, and predictions of
pyridine formation are compared with experimental measurements in
Fig. 9. Once again, no significant differences are observed among the
three flame configurations. Mole fractions of the CsHsN peak at h = 4
mm where pyrrole is mostly consumed, which means decomposition of
pyrrole happen first, and the small molecule products recombine to
produce pyridine. The model strongly underestimates pyridine forma-
tion, despite accurately capturing the peak location. Pyridine formation
is triggered by the recombination of two resonance-stabilized radicals,
namely the propargyl radical (CsHs) and the cyano methyl radical
(CHCN). The formed cyanide intermediate CHoCCHCHCN can un-
dergo cyclization to pyridine. Pyridine is then consumed by H-atom
abstractions to yield pyridine radical (CsH4N) that decomposes through
a ring-opening beta-scission to acetylene and acrylonitrile radical
(CHCHCN). CHCHCN further decomposes to acetylene and CN. Alter-
natively, pyridine can undergo H addition followed by HCN elimination
to form C4Hs (1-butyn-3yl radical), which further dehydrogenates to
vinylacetylene (C4Hy).

Results from a sensitivity analysis to CsHsN formation are reported in
Fig. 10. In general, consumption pathways of CH2CN alternative to the
major pyridine formation channel highlighted above have a negative
sensitivity coefficient as they compete directly with pyridine formation.
In particular, the self-recombination of CH,CN and H-atom abstraction
by CH2CN have a negative sensitivity coefficient. The same rationale
applies to reactions consuming propargyl radical. On the contrary, re-
actions directly or indirectly forming C3Hs (e.g., H-atom abstractions
from propyne, and molecular decomposition of pyrrole to HNCPROP,
see Fig. 5) promote pyridine formation.

Formamide (CH3NO) is also measured in the targeted flames with no
impact of methane addition. The kinetic model only predicts trace
amounts of CH3NO (~107% compared to the experimental data (~107.
CH3NO is mostly formed by the direct interaction of methyl radical with
NO in the kinetic model. The lack of sensitivity to the presence of
methane at the fuel side suggests potential missing reactions to produce
CH3NO as well as possible experimental uncertainties derived for
instance from the wide electron energy distribution and uncertainties in
the electron-impact ionization cross-section. Measurements by FTIR or
other diagnostic methods may provide more accurate measurements, as
well as theoretically exploring missing CH3NO formation reactions in

x=4 mm

CH2CN+C4H4N2=CH3CN+C4H3N2
PYRLNE=H+A-C3H4CN
C3H3+CH2CN=CH2CCHCH2CN
H+C3H3=C3H4-P
H+C3H4-P=CH3+C2H2
2C3H3=FULVENE
C4H5N=HNCPROP
2CH2CN=C4H4N2
H+C3H4-P=H2+C3H3
CH2CCHCH2CN=C5H5N

-1 -0.5 0 0.5 1 15 2
Sensitivity Coefficient

Fig. 10. Sensitivity analysis to CsHsN formation/consumption at h = 4 mm.
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future work.
3.3. C2-Cg hydrocarbons

Contrary to the N-containing species, mole fractions of Co—Cg hy-
drocarbons are sensitive to methane addition or flame temperature.
Fig. 11 shows the mole fraction profiles of nine Cy-Cg hydrocarbons, e.
g., acetylene (CaHo, Fig. 11a), ethylene (CoHa, Fig. 11b), hydrogen (Ha,
Fig. 11c), allene + propyne (C3Hy, Fig. 11d), propene (CsHg, Fig. 11e),
1,3-butadiene (C4Hg, Fig. 11f), diacetylene (C4Hj, Fig. 11 g), vinyl-
acetylene (C4H4, Fig. 11h), and benzene (CgHg, Fig. 11i). Allene and
propyne cannot be separated by electron ionization ToF-MBMS due to
their close ionization energies (allene: 9.65eV [49], propyne: 10.25eV
[50]1) and wide energy distribution (~1eV) of the electrons emitted from
the heated tungsten filament, so the sums of their mole fraction profiles
from measurements and simulations are presented instead. These hy-
drocarbon molecules and radicals are important precursors for poly-
cyclic aromatic hydrocarbons (PAHs) and soot [51]. It should be noted
that, due to the wide energy distribution of electrons emitted from the
tungsten filament, we cannot prevent the fragmentation of pyrrole. One
of the pyrrole fragments is C3Hg, hence its signal may come from pyrrole
fragmentation. In our cold gas calibration (i.e., measurements without
flames), C3Hg signal intensity deriving from fragmentation is very high,
which constitutes the largest part of the signal measured in the actual
flame. As a result, the flame signal corrected by reducing fragmentation
part obtained in the gas calibration retains even a larger uncertainty.

From the comparison among the three flames, methane addition and
higher flame temperature increase the mole fractions of most Co—Cg
hydrocarbons, especially significant increase CsHy, but not for 1,3-buta-
diene in Fig. 4f. This can be expected because of more carbon amount
with methane addition, and higher flame temperatures may facilitate H-
atom abstraction from methane to form CHs radicals, which may add to
other hydrocarbons to form Cy-Cg hydrocarbons [36]. The declined
mole fractions of 1,3-butadiene with methane addition or higher flame
temperature might be due to the increased flux of its consumption re-
actions, H + C4Hg < CoH4 + CoHsz and H + C4Hg < C4Hs + Hj. The
kinetic model simulations well capture the mole fractions of most Co—Cg
hydrocarbons, with large discrepancies observed for propene due to the
large reduction of the contribution from fragmentation.

The increased formation of larger hydrocarbons in the Zy const and
the T, const flames may enhance soot formation. From photos of the
three counterflow flames in Fig. 2, a reddish layer above the blue flame
(soot formation area [52]) appeared in the Zy const and the T,q const
flames. This suggests a transition from a non-sooting to a sooting flame,
and the flame temperature has a more pronuouced effect to promote
soot formation by supplying Co—Cg hydrocarbons in the species pool.

To summarize, the developed kinetic model can well capture most of
the species mole fractions in targeted pyrrole counterflow diffusion
flames, except for NO, NOo, CsHsN, and CH3NO, which requires further
investigations on their formation chemistry and kinetic model
development.

4. Conclusions

N-containing pollutant formation chemistry is investigated in this
work for three counterflow diffusion flames fuelled by pyrrole. The
boundary conditions of the three target flames were designed to isolate
the effects of methane addition and flame temperature. By time of flight
molecular beam mass spectrometer, 27 species, including 8 N-contain-
ing pollutant species were detected and measured. Based on experi-
mental results, a kinetic model for pyrrole was developed by updating
formation reactions of individual N-containing pollutant species. The
model was used to describe the combustion chemistry of pyrrole and the
formation chemistry of N-containing pollutant species.

The results from both experiements and numerical simulations using
the developed kinetic model indicate that mole fractions of N-containing
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Fig. 11. Mole fraction profiles of hydrocarbon species in three counterflow flames (pure pyrrole flame, Z const flame, and Tq const flame).

species do not change much among the three flames. In contrast, the
formation of C2-Cg hydrocarbons is promoted with both higher flame
temperature and methane addition. The formation of N-containing
pollutant species depends less on methane addition or flame tempera-
tures than the consumption of pyrrole and their formation reaction
pathways. By updating the formation reactions, the developed kinetic
model well described the formation pathways of most species by
reproducing their measured mole fractions except for NO and NO,.
Further model development should focus on improving the predictions
for NOy. This work may help better understand how N-containing
pollutant species are produced from fuel nitrogen of nitrogen-rich
biomass in diffusion combustion.

5. Novelty and significance

Nitrogen-rich biomass is novel carbon neutral fuel, but its combus-
tion process is a main source of N-containing pollutants. In this work, we
investigated the formation chemistry of N-containing pollutant species,
for the first time, in counterflow diffusion flames with designed
boundary conditions fuelled by pyrrole as a biomass tar surrogate to
represent fuel nitrogen in biomass. It was found that the formation of N-
containing pollutant species is less dependent on flame temperature and
species pool, but more on the combustion chemistry of pyrrole and the
formation reactions of N-containing pollutants. The formation pathways
of N-containing pollutants and influence of boundary conditions were
unraveled by developed kinetic model while keeping good agreement
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with previously reported reaction characteristics in the literature. This
work advances understanding of N-containing pollutant formation from
fuel nitrogen in biomass, which can help to develop smart control
strategy for advanced biomass combustion system.
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