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As sludge pyrolysis produces large amounts of toxic NHz and HCN, many works have studied nitrogen
transfer during this process, commonly employing amino acids as models of sludge protein. Herein,
density functional theory is used to probe the production of HCN and NHsz during the pyrolysis of
phenylalanine as a model, revealing the existence of two formation paths for each gas. In the first
(lower-energy-barrier) NHz formation path, the hydrogen bonding-assisted transfer of carboxyl group
hydrogen to the amino group is followed by direct NHz generation via decarboxylation, and the second
(higher-energy-barrier) path features decarboxylation followed by the transfer of carboxyl group
hydrogen to the adjacent carbon atom to form phenethylamine, the deamination of which affords NHz
and styrene. For HCN, the first (lower-energy-barrier) path features C2-C3 bond cleavage to afford
in the second path, the
decomposition of phenylalanine into phenethylamine, CO, and H,O is followed by internal hydrogen

dehydroglycine, which further decomposes to produce HCN, while
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transfer in phenethylamine to generate HCN. The overall energy barrier of the two HCN formation paths

DOI: 10.1039/d0rad5482h exceeds that of NHz formation paths, i.e., phenylalanine is more prone to afford NHz than HCN upon
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1. Introduction

The growing demand for fossil fuels has drawn increased
attention to alternative (e.g., renewable) energy sources such as
sludge, which is a solid waste rich in volatile substances."*
Sludge pyrolysis is a promising sludge treatment method,
allowing one to recover 80% of sludge energy, obtain valuable
products such as bio-oil, biogas, and biochar, and reduce the
amount of sludge by ~93%.*> However, the nitrogen content of
sludge (2.4-9.0 wt%) is much higher than that of traditionally
used solid fuels (e.g., coal),* resulting in the considerable release
of nitrogen-containing gases (mainly NH; and HCN) during
pyrolysis. As NH; and HCN are the main precursors of NO,,
their direct emission causes acid rain and photochemical smog,
thus adversely affecting human health® and being a key issue
limiting the development of the sludge pyrolysis technology.®
Therefore, the elucidation of NH; and HCN formation mecha-
nisms during sludge pyrolysis is a task of high practical
importance.
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The transformation of nitrogen during sludge pyrolysis has
been extensively studied,”” e.g., Cao et al.” found that under
rapid pyrolysis conditions, sludge nitrogen is mainly converted
to nitrogen-containing gases such as NH;, HCN, and N,, the
yields of which increase with increasing pyrolysis temperature.
Tian et al.® showed that the thermal cracking of sludge proteins
affords three important intermediates, namely amine nitrogen,
heterocyclic nitrogen, and nitrile nitrogen, the thermal cracking
of which accounts for >80% of the HCN + NH; production.
Sludge nitrogen mainly exists in the forms of ammonium,
nitrile, and protein nitrogen, with protein nitrogen having the
largest share.® As proteins have a very complex structure and
a biomass type-dependent amino acid composition, their
pyrolytic decomposition is difficult to model, and hence,
simpler models (e.g., amino acids) are used.’*** For example, Li
et al.”> used thermogravimetric analyzer coupled with Fourier
transform infrared spectrometry (TG-FTIR) to investigate the
pyrolysis of phenylalanine (Phe) and tyrosine, revealing that
their primary decomposition includes deamination and dehy-
dration, while secondary decomposition mainly corresponds to
the cleavage of cyclic dipeptides, with the gaseous products
predominantly being NH;, H,0, CO,, CO, HNCO, HCN, and
some  organic compounds. Ramesh™ wused Gas
Chromatography-Mass Spectrometer (GC-MS) to study the
pyrolysis of aspartic acid, asparagine, glutamic acid, glutamine,
and pyroglutamic acid, demonstrating that these species first
polymerize into peptides that subsequently decompose into
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lower-molecular-weight products. Choi et al.** used GC-MS to
study the dimerization of 20 amino acids, revealing that most
amino acids that do not produce dimerization pyrolysis prod-
ucts have long side chains or ring structures.

Although the formation of HCN and NH; during sludge and
amino acid pyrolysis has been extensively investigated, the
specific formation paths of these nitrogen-containing gases
remain unclear and should therefore be further clarified, e.g., by
quantum chemistry computations, which is commonly used to
study the thermal decomposition mechanisms of various
organic compounds. Liu et al.*® studied the pyrolytic decom-
position of coal pyrrole to HCN, revealing that the corre-
sponding energy barrier is substantially reduced in the presence
of hydrogen radicals. Cristian et al.'® studied the formation of
2,5-diketopiperazine during the pyrolysis of proline, showing
that the transition state corresponds to the (rate-determining)
dehydration process. Saleh et al'” employed density func-
tional theory (DFT) calculations to study the decomposition of
a single proline molecule, obtaining carboxylation and dehy-
dration energy barriers of 297.1 and 304.6 k] mol ', respec-
tively. Peng et al'® studied the mechanism of aspartic acid
pyrolysis and proposed a path for the formation of NH; and
HCN. At present, most research on amino acid pyrolysis has
been performed at the experimental level, as exemplified by
works probing the effects of pyrolysis temperature, heating rate,
amino acid species, and catalyst on the distribution of pyrolysis
products. However, the mechanism of amino acid pyrolysis
remains underexplored, and hence, is herein probed by DFT
calculations.

Phe is the main aromatic amino acid of sludge, undergoing
insignificant dehydration during pyrolysis'® to afford small
amounts of 3,6-dibenzyl-2,5-piperazinedione, which mainly
undergoes unimolecular decomposition.*® As Phe does not form
dimers even under the condition of high dilution.** Phenylala-
nine is easily decomposed by several chemical pathways instead
of condensation,” the investigation of its unimolecular
decomposition is expected to shed light on the mechanism of
NH; and HCN formation during sludge pyrolysis. Herein, the
mechanism of Phe pyrolysis and the corresponding paths of
NH; and HCN formation are probed by DFT calculations, and
the results provide a basis for the development of novel deni-
trification technologies.

2. Methods

The most stable configuration of Phe, which was also
observed experimentally,>?** was employed and optimized at
the M06-2X/6-311G(d,p) level for further investigation, with the
structures and atomic labels of Phe shown in the ESI.{ The
above conformation features intramolecular hydrogen bonds
between the carboxyl group and the amino group as well as an
additional stabilizing interaction between the p-electron system
of the amino group and the aromatic ring. Moreover, another
weaker interaction involving a carboxyl oxygen atom and an
adjacent aromatic hydrogen was observed.*

All calculations were performed using the Gaussian09 *°
software package. The Minnesota meta-exchange-correlation
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functional M06-2X ** and the 3-zeta basis set 6-311G(d,p) with
polarization functions added to heavy and light atoms were
selected as functional and basis sets, respectively, as the M06
suite of density functionals potentially contains important
contributions from dispersion interactions.”” Unrestricted
geometric optimizations were first performed on all initial
guess structures to identify potential energy surface minima.
Frequency calculations were performed on optimized geome-
tries at the same level of theory, and all reactants and products
were local minima on the potential energy surface without
imaginary frequencies. Each transition state was a first-order
saddle point on the potential energy surface with only one
imaginary frequency. Intrinsic reaction coordinate (IRC) calcu-
lations were carried out to check the correlation between the
calculated initial states, transition states, and product geome-
tries. After single-point energy calculations at the M06-2X/6-
311G++(d,p) level, all values were corrected to account for zero-
point vibrational energies.

Rate constants, k(T), were evaluated using the conventional
transition state theory.”® The transmission coefficient
accounting for quantum tunneling corrections was calculated
using the one-dimensional Eckart functional.* Rate constants
were fitted to modified Arrhenius parameters in the tempera-
ture region of 500-1200 K as

k(T) = AT" exp(—E./RT), (1)

where 4 is the pre-exponential factor, and E, is the calculated
activation energy. Rate constants were calculated using the
KiSThelP program.*® The reaction path degeneracy was set to
unity (default), and the resonance frequency correction factor
was set to 0.98. The frequency analysis files output by Gaussian
09 were used as input files for KiSThelP.

3. Results and discussion

During the decomposition of Phe, NH; and HCN may be formed
via numerous paths, including those involving dehydration,
dehydrogenation, decarboxylation, deamination, isomeriza-
tion, and tautomerization. Herein, the mechanisms of NH; and
HCN formation were divided into three groups according to the
first step of Phe decomposition, namely 1,2-, 1,3-, and 1,4-
hydrogen transfer (Fig. 1).

3.1 NH; formation paths

According to Fig. 1, approximately 40 paths were analyzed and
compared (see ESIt). Among them, the nine NH; formation
paths are presented in Fig. 2, with the four lowest total barriers
observed for paths X-1, II-1, VII-1, and VIII-1 (203.74, 310.77,
304.85, and 325.87, respectively). Hence, only these four paths
are discussed below, with their energy diagrams shown in Fig. 3.

In path X-1, the carboxyl group hydrogen is transferred to the
amino group, and subsequent Phe decomposition directly
affords 3-benzyloxiran-2-one and NH;. This process passes
through transition state X-1-tsl1 (energy barrier =
203.74 k] mol™"), and does not involve the formation of zwit-
terions, as they are not stable in the gas phase. Similarly, Rai
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Fig. 1 Initial interactions and pyrolysis mechanism of Phe.

et al.* studied the zwitterion conformations of leucine and its
hydrate, showing that zwitterions are not stable in the gas
phase, as the dipole moment of leucine in the gas phase (5.73 D)
is less than that in solution (7.37 D). Aldehydes with one carbon
less than the parent amino acid were present in the pyrolysate of
all members of this class,® and benzyloxiran-2-one was ex-
pected to further decompose into phenylacetaldehyde, in
agreement with the experimental detection of this species by
Hidalgo et al.*® In turn, phenylacetaldehyde can decompose into
benzaldehyde,* which has been experimentally detected during
the pyrolysis of Phe.*

In path II-1, the hydrogen on C1 is transferred to the amino
group through 1,2-hydrogen migration to afford intermediate
II-1-i1 via transition state II-1-ts1 (energy barrier =
310.77 k] mol™"). Then, the C-N bond of II-1-i1 is cleaved to
generate NH;3, and the length of the C-N bond is relaxed scan.
No transition states are observed for this process. The obtained
product (II-1-i2, an unstable carbene) undergoes further reac-
tions to generate carboxylic acids. According to Zang et al.,**
who observed this species for aspartic acid and Phe, the end
product may be either a saturated or unsaturated carboxylic
acid.

In path VII-1, Phe undergoes decarboxylation through a four-
membered ring transition state (VII-ts), and the hydroxyl
hydrogen at C1 is transferred to the amino group at C2 to form
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Fig. 2 Possible NHs formation paths. Numbers refer to energies
in kd mol™.
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phenethylamine and CO,, in line with the findings of Li et al.,"
who observed the release of phenethylamine, CO,, and NH;
during the pyrolysis of Phe. Phenethylamine can undergo
deamination via a four-membered ring transition state (VII-1-
ts1) to form a double bond between C2 and C3, and the
hydrogen at C3 can be combined with the amino group at C2 to
form NH; and styrene, in agreement with the experimental
detection of these two species during Phe pyrolysis by Wang
et al.*® Moreover, Patterson et al.’ found that styrene is the
main product of phenethylamine pyrolysis. The potential
barriers of this path (304.85 and 256.46 k] mol ') are similar to
those observed for leucine.*” The initial reaction step is rate-
determining, and the energy barrier is not high, which further
confirms that path VII-1 plays an important role in Phe
pyrolysis.

In path VIII-1, deamination occurs via a four-membered ring
transition state (VIII-1-ts1), a double bond is formed between C2
and C3, and the hydrogen at C3 combines with the amino group
at C2 to form intermediate 2-i1 and NH; (barrier =
325.87 k] mol ). Cinnamic acid has good thermal stability, and
a very small amount of cinnamic acid has been experimentally
observed during Phe pyrolysis.*® Thus, the above route is not the
main NH; formation path, featuring the highest barrier among
the four paths of NH; generation.

Among the NH; formation paths, path X-1 is the most
favorable one in terms of the Gibbs free energy, featuring
a barrier height of 203.74 k] mol ", but affords high-energy final
products. The alternative path VII-1 has a larger energy barrier
of 304.85 k] mol™" but affords lower-energy products and is
exothermic. Thus, it can be concluded that path X-1 is the
kinetically preferred path, while path VII-1 is the thermody-
namically preferred path, i.e., that with the lowest free energy of
products. Tian et al®*® claimed that the formation of NH; at
temperatures below 400-500 °C can be attributed to the pyrol-
ysis of sludge amino structures to some extent.

3.2 HCN formation paths

Almost 30 possible HCN formation paths were identified (see
ESIf), with the most favorable and feasible ones (Fig. 4)
featuring the formation of dehydroglycine, methanimine, and
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isocyanide as intermediates. These intermediates subsequently
decompose to afford HCN, with the lowest HCN generation
barrier observed for isocyanide (110.2 kJ mol ).

As shown in Fig. 5, path I-3 features the breakage of the C2-C3
bond by 1,2-hydrogen transfer through a three-membered ring
transition state (I-ts) to afford toluene and I-i1, a carbene with
a non-bonding electron pair on C2. This carbene undergoes
isomerization into I-2-i1 (dehydroglycine) via hydrogen transfer
from N4 to C2. It is worth noting that in I-2-i1, the amino group
and O6 are on the same side, and the O atom is more negatively
charged than the C atom. Hence, the hydrogen atom on N4 is
more easily transferred to O6 via the I-3-ts2 transition state than
that to C1. Subsequently, the C1-C2 bond is broken to form HCN
and a carbene, I-2-i2. As a result, the rate-determining step of
path I-3 corresponds to hydrogen transfer from N4 to C2 (overall
energy barrier = 369.28 kJ mol ).

In path VII-3 (Fig. 6), decarboxylation results in C1-C2 bond
cleavage through a four-membered ring transition state (VII-ts).
This reaction, producing phenethylamine and CO,, is consid-
ered to be important for the decomposition of amino acids.***®
However, the amount of HCN produced during the pyrolysis of
phenethylamine is very small." According to path VII-3, phe-
nethylamine first undergoes rate-determining dehydrogenation
to afford H, and VII-2-i1 (energy barrier = 426.04 k] mol "), with
subsequent decomposition of VII-2-i1 affording toluene and the
HCN isomer, I-1-i1. The energy barrier for the isomerization of I-
1-i1 into HCN through hydrogen transfer is 110.21 k] mol ', in
agreement with the value of 129.20 k] mol ' suggested by Liu
et al.”®. The rate-determining step of path VII-3 is phenethyl-
amine dehydrogenation, and the associated high total energy
barrier of 426.04 k] mol " suggests that the above path does not
significantly contribute to HCN formation, in line with the
results of Patterson et al.*®
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Fig. 5 Pyrolytic reaction routes to HCN based on path I-3.
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In path IX-3, the hydrogen on N4 is transferred to C3 to afford
toluene and IV-9-i1 (dehydroglycine) (Fig. 7), a conformational
isomer of I-2-i1 with the -OH group and N4 on the same side. The
hydrogen atom on the carboxyl group is transferred to afford
zwitterion IV-11-i2 through transition state IV-11-ts2. It is worth
noting that although the Gibbs free energy of IV-11-i2 exceeds
that of IV-11-ts2, IRC calculations reveal that the above genera-
tion of zwitterions from dehydroglycine is feasible. Subsequently,
the C1-C2 bond is easily broken to form I-4-i2 and CO,, with the
corresponding energy barrier equaling only 22.35 k] mol ", 1-4-i2
undergoes hydrogen transfer via transition state I-4-ts3 to afford
[-4-i3 aka methanimine (energy barrier = 182.41 k] mol "), which
is viewed as the main HCN precursor, e.g., Johnson et al.*® re-
ported that the pyrolysis of methanimine affords large amounts
of HCN. Finally, methanimine is dehydrogenated to HCN via
transition state I-4-ts4 (energy barrier = 404.64 k] mol™"). Thus,
the decomposition of Phe to generate HCN in path IX-3 requires
two steps to overcome high energy barriers, and this path is
therefore not favored.

As shown in Fig. 8, the difference between paths IX-4 and IX-
3 lies in the decarboxylation of IV-9-i1. In the former path, the
carboxyl hydrogen is transferred to C2, and the C1-C2 bond is
broken to generate CO, and methanimine via transition state
VI-10-ts2 (energy barrier = 309.12 kJ mol ™~ '). This energy barrier
is much higher than that of path IX-3, as the electronegativity of
C is lower than that of N, i.e., hydrogen transfer to C is more
difficult than to N. However, the intermediate (methanimine) of
path IX-4 has better thermal stability than that (I-1-i1) of IX-3.
Methanimine is then dehydrogenated to afford H, and HCN,
in agreement with path IX-3. Therefore, comparison of the
energy barriers of the two decarboxylation routes of IV-9-i1 and
the Gibbs free energy of products suggests that path IX-3 is
kinetically preferred to path IX-4, while the latter path is
preferred to the former from the viewpoint of thermodynamics.

In path XI-1 (Fig. 9), 1,4-hydrogen transfer from N4 to O5 is
followed by the decomposition of the carboxyl group into CO
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Fig. 7 Pyrolytic reaction routes to HCN based on path IX-3.
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and H,0. Among the initial steps of the other four paths, this
step features the lowest energy barrier of 287.96 k] mol " and is
therefore most likely to occur. The subsequent decomposition
of intermediate VII-2-i1 is consistent with path VII-3. The rate-
determining step of path VII-3 is hydrogen atom transfer from
C2 to C3 (overall energy barrier = 378.1 k] mol ).

Compared to path XI-1, path VII-3 has a higher energy barrier
of the initial step and a higher total energy barrier. Therefore,
the former HCN generation path is preferred to the latter.
Experimentally, CO and H,O were detected alongside HCN
during the pyrolysis of Phe.*?

In summary, paths I-3 and XI-1 were found to have the lowest
energy barriers (369.28 and 378.10 kJ mol %, respectively) of all
HCN formation routes, affording products with energies of
210.22 and 36.19 k] mol ', respectively. Thus, paths I-3 and XI-1
were concluded to be kinetically and thermodynamically
favored, respectively.

3.3 Rate constant calculation

To simulate the conditions encountered in the actual pyrolysis
environment as well as NH; and HCN generation trends, we
calculated the reaction rate constants for the most reasonable rate-
determining steps of Phe decomposition. All rate constants were
corrected according to Eckart's formula to find possible tunneling
effects. As shown in Table 1, the initial reaction type of Phe
pyrolysis had a significant effect on the formation of HCN or NH;.

Among all paths with internal hydrogen transfer as the
starting reaction, path X-1 was the most favorable one, featuring
an activation energy of 212.24 k] mol ™" and affording NH;. Path
VII-1 also generated NH; with a higher activation energy of
299.77 k] mol ', and thus became more important at elevated
temperature. Li et al."> probed the pyrolysis of Phe and detected
two infrared absorption peaks of NH; in different temperature
ranges, suggesting that the NH; generation path is not unique
and changes with temperature. Regarding HCN formation, the
most favorable routes were identified as paths I-3 and XI-1,
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Fig. 9 Pyrolytic routes to HCN based on path XI-1.
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Table1l Arrhenius equation parameters for the rate-determining steps
of Phe decomposition at 1 atm in the temperature range of 500-1200
K

Rate-determining

No. Path step A(s™h n  E.R(K) Product
1 I I-1-tsl 1.213 x 107 2.15 304.29 NH;
2 VIl VIIts 6.885 x 10°  2.39 299.77 NHj;
3 VII-1 VII-1-tsl 1.496 x 10°  1.45 326.23 NH;
4 X1  X-1tsil 8.827 x 10" 0.79 212.24 NH;,
5 I3 I-2-ts1 1.302 x 10*  2.77 180.22 HCN
6  VII-3 VII-2-tsl 5.903 x 107" 7.46 366.52 HCN
7 IX-3 IXts 16.13 3.80 383.53 HCN
8 IX4 IXts 16.13 3.80 383.53 HCN
9  XI-1  VII-3-ts2 1.860 x 107  2.01 320.10 HCN

featuring activation energies of 180.22 and 320.10 kJ mol %,
respectively. Notably, the activation energies of the five HCN
formation paths exceeded those of NH; formation paths, which
indicates that Phe is more prone to generate NH; than HCN
during pyrolysis. This conclusion is in line with the fact that the
experimental yield of the former gas was shown to be much
higher than that of the latter.**

Phe pyrolysis also produces nitrogen-containing heterocyclic
compounds such as pyrrole, pyridine, and indole. Wornat
et al.** stated that N-heteroaromatic compounds have good
thermal stability, and Liu et al.** found that it is difficult to form
HCN and NH; during the pyrolysis of indole. The release of
HCN during the pyrolysis of Phe is mainly due to the continued
decomposition of small-molecular-weight intermediates
(thermal cracking of volatiles’) and not to the secondary
decomposition of nitrogen-containing heterocycles. Moreover,
protein pyrolysis did not produce significant amounts of HCN.*?

4. Conclusions

Herein, we theoretically studied the mechanism of Phe
decomposition for 1,2-, 1,3-, and 1,4-hydrogen transfer as the
initial step, revealing the availability of ~40 paths to generate
NH; and HCN and arriving at the following conclusions.

(1) Phe pyrolysis produces HCN and NH; as two main
nitrogen-containing products, with the production of the latter
preferred to that of the former.

(2) NH; is mainly produced via deamination, and the relative
contributions of different paths strongly depend on tempera-
ture. Specifically, two major NH; release paths are identified,
with overall energy barriers differing by 87.53 k] mol™". In the
preferred path (X-1), intramolecular hydrogen bonding between
amino and carboxyl groups facilitates hydrogen transfer from
the latter group to the former and thus decreases the related
energy barrier, with subsequent deamination affording NH;
and 3-benzyloxiran-2-one. In the second path (VII-1), Phe is
decarboxylated to form CO, and phenethylamine, which is then
deaminated to produce styrene and NHj.

(3) The release of HCN during Phe pyrolysis is mainly due to
the continuous decomposition of small-molecular-weight
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intermediates, with the two major paths featuring overall
energy barriers of 369.28 (I-3) and 378.10 k] mol™ ' (XI-I).
Notably, the activation energy of the rate-determining step of
path I-3 is much lower than for path XI-1, i.e., the former path is
preferred to the latter.
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