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Abstract

As a typical fossil fuel, coal is a major contributo nitrogen oxide (N pollution.
The detailed mechanism of N@eneration from coal pyrolysis need to be cladifie
Within this research, we used density functionaotly (DFT) to investigate the
formation mechanism of HCN as a N@recursor during pyrolysis of pyrrole in the
presence of hydrogen (H) radicals. Firstly, threffeknt reaction positions for
hydrogen radical attacking were compared. It wantified that hydrogen radical
initially reacts with pyrrole at the location adgt to N through a single elementary
reaction step with an activation energy of 77.12nk). Additionally, to examine the
role of hydrogen radical in the pyrrole pyrolysisform HCN, 12 subsequent reaction
pathways were theoretically investigated. It wasnfb that one of the pathway
(Pathway a-4) involving hydrogen transfer followég carbon-carbon cleavage
processes is the route with the lowest energydraofiall of the mechanisms reported,
thus it plays an important role in the formationHEEN from the pyrrolic components
of coal. These results further indicated that thérbgen radicals significantly reduce
the energy barrier of the pyrrole pyrolysis.

Keywords: NOy; hydrogen radicals; HCN; pyrrole; Density Functbmheory
1. Introduction

Coal combustion is a main source of nitrogen oXid€,) pollution in air [1].
NOy not only forms acid rain and photochemical smag, dso directly endangers
human health [2]. At present, the mechanisms of @mation from coal are not
well understood, and detailed elucidation of thé&s®nation mechanism plays an
important role for efficient control of NGemission during coal utilization [3,4].

1



35
36
37
38

39
40
41
42
43
44
45
46
47
48
49
50
51

52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

67
68
69
70
71
72

73

It has been identified that HCN and BJHwvhich are generated during coal
utilization under high temperature, are the maiecprsors of NQ[5,6]. Therefore,
the thermal decomposition of N-containing model poomds to NH and HCN is
important for understanding N@ormation.

Three types of N-containing compounds exist in:cogirole-N, pyridine-N, and
guaternary-N [7]. The dominant nitrogen source @alds the pyrrole type, which
accounts for 50-80 wt.% of total nitrogen [8]. Thtise thermal decomposition of
pyrrolic groups plays an essential role in ,N@ecursor formation. Among the many
researchers who have studied the formation meainantf NQ precursors from
pyrrole, it has been generally agreed that HCNhésgdrimary N-containing product
generated by pyrrole pyrolysis. For example, Madagiro et al. [9] proposed several
reaction pathways for pyrrole pyrolysis with thejongroduct being HCN. Zhai et al.
[10] also investigated the reaction pathways ofqdgr pyrolysis to form HCN, and
proposed a mechanism different from Martoprawirek [9] for the formation of
cis-crotonitrile and allyl cyanide. In addition, &kay et al. [11] reported an optimal
pathway with the lowest energy barrier (315.68 lal/far the rate-determining step)
for pyrrole pyrolysis to form HCN.

Pyrolysis of coal has been confirmed to involveicgaldreactions, and hydrogen
(H) radicals are commonly generated during coablygis. During pyrolysis, coal is
gradually heated, bond-breaking reactions withia tietwork structure begin at
350-400C, homolytic breaking of covalent bonds in the netwvstructure generate
reactive free radicals. In fact, the cracking &aale and aromatics will break by C-C
and C-H homolysis in a long chain reaction, astémeperature rises, C-H homolysis
will occur competitively to form hydrogen radical$2—-15]. Therefore, hydrogen
radicals should exert significant effects on thenfation of nitrogen-containing
pollutants by reducing the activation energy ofrplg pyrolysis to form HCN. For
example, Mackie et al. [16] studied the pyrrole gbysis with hydrogen radical
through experiments and molecular dynamics sinmarati they found that the
ring-opening of pyrrole is facilitated by hydrogeadical adsorption on it. Moreover,
Zeng et al. [17] proposed a possible mechanismydfdgen radical adsorption on
pyrrole by quantum chemistry computation, theoadtycconfirming the hypothesis
proposed by Mackie and co-workers.

However, it remains unclear how the hydrogen rddactually affects pyrrole
pyrolysis to form HCN. To fill this research gap) this work we use density
functional theory (DFT) method to investigate tlmeniation mechanism of HCN
during pyrrole pyrolysis in the presence of hydrogeadicals and comprehensively
examine the possible reaction pathways. Thesetsesull clarify the effects of
hydrogen radicals on coal pyrolysis to form NO

2. Methodology
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All calculations were carried out in Gaussiah [18], using the CBS-QB3
method of Petersson and co-workers [19]. CBS-QBa isomposite method that
combines the speed of density functional theoryhwihe high accuracy of
post-Hartree-Fock methods. It also helps allewvilageerrors associated with truncated
basis sets through extrapolation of energies to dbmmplete basis set limit. In
CBS-QB3 calculations, a geometry optimisation ameguency calculation are
performed first at the B3LYP/6-311G(2d,d,p) levabdahen a subsequent frequency
analysis is carried out at the B3LYP/CBSBY7 levelldwing this, single point energy
calculations at the CCSD(T)/6-31+G9d’) and MP4SDR®B4 level are performed
and the energy is obtained at the complete basigsethrough extrapolation at the
MP2/CBSB3 level. This method has been shown toigkhhaccurate, with mean
errors of under 5 kJ/mol when tested against th®TGgst set [20]. Furthermore,
CBS-QBS contains a correction for spin-contamimatin radical species which
further justifies its selection for this study.

3. Results and Discussion

There are three possible sites on the pyrroleddwatbe attacked by the hydrogen
radical, which we have termed Pri-a, Pri-b anddPas shown in Figure 1. Interaction
at site Pri-a involves the radical reacting witke ttarbon atom that is adjacent to the
nitrogen. This is the reaction site with the lowesergy barrier, at 5.87 kJ/mol, and
the greatest exothermicity, releasing 108.65 kJ/mbkite Pri-b, a hydrogen radical
attack on the nitrogen atom, is considerably lagsdrable, with an activation energy
of 87.00 kd/mol as well as being endothermic by 8®&J/mol. The unpaired electron
is located at the centre of the ring in this repnéation as it will be distributed
throughout the pyrrole ring through resonance sires. Interaction at site Pri-c,
which involves radical attack on the carbon atonmpagite the nitrogen, is
energetically similar to pri-a in that it has a laativation barrier of 16.06 kJ/mol and
it is exothermic by 71.24 kJ/mol. Based on hydrogmtical attacking on each of the
reaction site, the subsequent reaction pathways HON formation will be
investigated and analysed.
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Figure 1. Three sites for hydrogen radical attack on pyrrole.
3.1. Reaction pathways following interaction a¢ $iri-a

Following the hydrogen radical addition at the aggen adjacent carbon, five
possible pathways (a-1, a-2, a-3, a-4, and a-5HfoN formation were investigated.
These pathways, as outlined in Figure 2, are dlatad through a ring opening step
from a-1-1m to a-1-2m with an activation barrier of 137.52 kJ/mol. Thelacular
structures of the related translation states ire®lin these pathways are shown in
Figure 3.

In the first route (a-1) of these pathways (blackve in Figure 2), a hydrogen
transfer step occurs from the nitrogen bound cartmothe adjacent carbon atom,
convertinga-1-2m to a-1-3m. The reaction proceeds througHl-3t with a barrier
height of 234.68 kJ/mol. This allows for the niteogbound hydrogen to transfer to
the newly formed carbon radical to give intermegliatl-4m. From here, a low
energy cleavage reaction (62.28 kJ/mol) occurgelmyHCN and the radical species
a-1-5m.

In the alternative a-2 route (blue curve in FigB)ethe carbon-carbon cleavage
occurs in intermediata-1-3m to give the radicah-1-5m anda-2-2m, a HCN isomer.
Conversion ofa-2-2m to HCN involves a nitrogen to carbon hydrogen gfan with
an activation energy of 129.20 kJ/mol and gives $hene products as reaction
pathway a-1.

A hydrogen abstraction from the nitrogen adjacembaon to the terminal carbon
of a-1-2m initiates pathway a-3 (green curve, Figure 2) &owins intermediate
a-3-1m. This species then undergoes a carbon-carbonageato give the radical
a-3-2m and the HCN isomea-2-2m, which again undergoes a hydrogen transfer to
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129 and a-2, suggesting a greater instability of tliéced product-3-2m.
130

131 Figure 2. Pyrolytic pathways following interaction Pri-a. The numerical values are
132 energiesin kJ/mol relative to that of pyrrole and hydrogen radical.

133 Pathway a-4 (yellow curve, Figure 2) is the mosrgatically facile of the five
134 routes following interaction at site Pri-a. Theeimhediatea-1-2m is converted to
135 a-4-1m through a hydrogen transfer from the nitrogenh® terminal carbon atom.
136 The energy barrier for this is relatively low at®a kJ/mol, most likely owing to the
137 6 membered pericyclic transition statd-1t. The intermediata-4-1mis converted to

138 productsa-3-2m and HCN through a carbon-carbon cleavage, withrady height of

139 138.93 kJ/mol.

140 The last pathway considered is a-5 (red curve, rEigR). In this route
141 intermediatea-1-2m is converted directly t@-1-4m via a single transition state
142 speciesa-5-1t. This transition state is lower in energy thad-3t by 36.97 kJ/mol,
143 most likely due to the less sterically strainecfimember pericyclic transition state.
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Figure 3. All the transition states of pyrolytic pathways following interaction at Pri-a.
The blue spheres represent nitrogen atoms; the grey spheres represent carbon atoms;
and the white spheres represent hydrogen atoms.

As a summary of all pathways following site Pripathway a-4 is the most facile
in terms of activation enthalpy, with a barrierdtei of 91.05 kJ/mol. However, this
pathway leads to the final product pair that ishkigin energy and exothermic by
75.08 kd/mol. The alternative pathway of a-5, whikving a greater energy barrier of
120.63 kJ/mol, leads to more favourable produdiss pathway is exothermic, with a
relative energy of -25.75 kJ/mol. It can be conellidhat pathway a-4 is the most
facile kinetic route, whilst pathway a-5 is the kst energy thermodynamic route.

3.2. Reaction pathways following interaction a¢ $ti-b

Figure 4 shows two possible routes (b-1 and b-8pviang hydrogen radical
attack on the nitrogen (site Pri-b) and FigurelGstrates all the related transition
states. The addition of the hydrogen radical onnit®@gen atom leads to the least
stable cyclic pyrrole radical, intermediate-1-1m. A facile cleavage of a
nitrogen-carbon bond can occur to yield intermediatl-2m. Following this, a
transfer of one hydrogen atom from the nitrogerthi® terminal carbon radical is
easily achieved with a barrier height of just 23klBmol and vyields intermediate
b-1-3m. This intermediate is analogousad-2m and proceeds to HCN via the same
pathway described previously. An alternative raatpathway b-2 (red curve, Figure
4). In this route, the hydrogen transfer occurst faind produces intermedidi€2-1m.

6



166 This species is identical 881-1m and therefore proceeds to HCN in the same manner

200.00

b-2-1t
173.59
150.00
¥ L. o130 2
\ / M \/ i X
\ 7 i H W
b1t \-7 i (\"/ ! b-1-5t A2
100.00 b-1-1m ;¥ C 91.05 "
— 87.00 i ) W . —_— :
<) —_— goz7 i bL2t i Z : - N
—_—, .77 } T H 75.08
2 i —_— G <~ b-1-3t b-1-5m
> P 58.10 s +HCN
== 500 R i % b-1-2m ‘_ L
o H HY H i
& Q) owi H AL 28.87 i b-1-4t i
B ; H e 11 17.52
c pyrrole + H H i 0 ! " i
i 0.00 ; : ¢ i : kS .
g o Py e
= 8oy BN
o [ % b-1-4m;
2 g L i % -47.88;
-50.00 NS
% b-1-3m;
%.77.08;
AW AL
ib-2-1mi
-100.00 +108.65;

-150.00

167 as outlined before.

168 Figure4. Pyrolytic pathways following interaction Pri-b. The numerical values are
169 energiesin kJ/mol relative to that of pyrrole and hydrogen radical.
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170 b-1-1t b-1-2t b-1-3t b-2-1t
171 Figureb5. All the transition states of pyrolytic pathways following interaction at Pri-b.
172  The blue spheres represent nitrogen atoms; the grey spheres represent carbon atoms;
173 and the white spheres represent hydrogen atoms.
174  3.3. Reaction pathways following interaction a¢ $ttri-c
175 Following the hydrogen radial addition on the natmegen adjacent carbons (site

176 Pri-c), an intermediate-1-1m was formed at an initial stage. Following thissefi

177 possible routes (c-1, c-2, c-3, c-4, and c-5) toNHiGrmation were investigated as
178 shown in Figure 6 with the structure of key traiositstates shown in Figure 7. In
179 pathway c-1 (black curve, Figure 6), intermed@tielm undergoes a carbon-nitrogen
180 cleavage to yield intermediatel-2m via transition state-1-2t. This species can then
181 undergo a simultaneous hydrogen transfer and carddoon bond breaking reaction
182 to yield HCN andc-1-3m, which is the same radical productaa8-2m. This reaction
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Alternatively, a hydrogen transfer can take plawenfthe nitrogen atom to the
adjacent carbon radical position as in pathway(e@ curve, Figure 6). This gives
rise to intermediate-2-1m which in turn will undergo a carbon-carbon bonddking
to yield c-2-2m, in which a CH group is double bonded to the nitrogen atom. The
conversion otc-2-2m to c-2-3m involves transfer of a hydrogen from this £td the
other nitrogen bonded carbon atom. From this in¢eliate, there is a low energy
barrier (58.27 kJ/mol) transition state for thebcar-nitrogen cleavage to give HCN
andc-2-4m. It is worth to note that the productsm®2-4m is the same as the products
of a-1-5m obtained from pathway a-1.

Intermediatec-1-1m can convert ta-3-1m through a transfer of the hydrogen
from the nitrogen to the non-radical neighbouringrbon and formation of a
nitrogen-carbon double bond, this pathway is cadle@-3 (blue curve, Figure 6). The
barrier height otc-3-1t is the greatest of the possible reactionscf@rlm at 190.06
kJ/mol. Breaking of the nitrogen-carbon single bdadpen the pyrrole ring gives
intermediatec-3-2m. From here, a low energy carbon-carbon bond rumguyields
HCN andc-2-4m, with a activation barrier of 62.26 kJ/mol.

Route c-4 (yellow curve, Figure 6) is initiated rfrointermediatec-2-2m.
Conversion ta-4-1m involves transfer of a hydrogen from the nitrodeerund CH to
the terminal carbon. Front-4-1m, HCN is liberated through cleavage of a
nitrogen-carbon bond, also yieldiogl-3m.

The last mechanism proposed at site Pri-c is rotg€green curve, Figure 6). In
this route, intermediate-3-1m undergoes a carbon-carbon bond breakage to yield
c-5-1m. This intermediate is structurally isomeric witlongpound c-2-3m and
proceeds toc-2-4m and HCN via the same transition state. It is naieat the
intermediate c-5-1m of pathway c-5 is an isomemtdrmediate c-2-3m of pathway
c-2 of with an slight energy difference of 4.69rkdl. Figure 8 outlines the structural
differences mainly in the bond angle A(4C-5N-1C) dartorsion angle
A(3C-4C-5N-1C), respectively. These factors affélae distribution of electron
density and are mainly responsible for the differ@stivation energies. As5-1mis
higher in energy than-2-3m, the barrier height for this final reaction steplower
when compared to pathway c-2.
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C4-N5=1.459 A C4-N5=1.451A
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E (OK) = -210.275665 Ha E (OK) = -210.272696 Ha

Figure 8. Comparison of structures of intermediates ¢c-2-3m and ¢c-5-1m.

As a summary of all pathways following interactisite Pri-c, it has two low
energy routes of interest similar with the cassitd# Pri-a. It was found that the route
with the lowest activation energy, pathway c-4dke#o the higher energy products.
The more feasible mechanism for formation of the kEnergy products is through
pathway c-2, with an energy barrier of 189.38 kJ/mWle can therefore assign
pathway c-4 as the kinetic pathway and c-2 asht@ertodynamic route.

3.4. Comparison of all the optimal pathways frorohemteraction sites

Considering the fact that it is difficult to idefytithe reaction routes of hydrogen
radicals reacting with pyrrole experimentally, thwgthin this work, all the
theoretically proposed pathways were compared.r&iushows five key routes of
interest based on the previous discussion on e&etaction sites: pathways a-4 (red),
a-5 (green), b-1 (blue), c-2 (yellow) and c-4 (g@n The relative energies of each
pathway, with 189.38 kJ/mol being the maximum, banconsidered quite facile in
the high temperature conditions of coal pyrolysis.
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Figure 9. Key pyrolytic pathways for HCN formation from pyrrole pyrolysis. a-4
(red), a-5 (green), b-1 (blue), c-2 (yellow) and c-4 (orange).

Pathway a-4 is the route with the lowest activatiemergy of all of the
mechanisms reported herein and as such, we sugsjpégys an important role in the
formation of HCN from the pyrolysis of pyrrolic cgronents from coal.

4. Conclusions

Three different interactions between the hydrogehcal and pyrrole, and twelve
subsequent reaction pathways were theoreticallgsinyated in this work to examine
the role of hydrogen radical in the pyrrole pyragy® form HCN.

It was shown that pyrrole is susceptible to hydrogadical attack, particularly on
the carbon atoms, where the addition of the radscabt only notably exothermic, but
also proceeds via a very low energy transitiorestilhe instability of the intermediate
formed following radical attack on the nitrogenratteads invariably to conversion to
intermediates of Pri-a.

After comparing with all the twelve pathways propdsfor hydrogen radical
interaction with each reaction site, the routefalbwing hydrogen radical attacking
the site Pri-a, has been identified as the optireattion route for HCN formation
from pyrrole pyrolysis. This optimal pathway willlgy an important role for
comprehensive understanding of the HCN and furti®x formation during coal
pyrolysis.
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. The HCN formation mechanism during coal pyrolysis was investigated
theoretically.

. Pyrrole was sdlected as coal compound and the influence of H radicals
were studied.

. H will attack the carbon adjacent to N in pyrrole at the initial reacting
stage.

. An optimal pathway was found for HCN formation from pyrrole
pyrolysis.



