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a b s t r a c t

Thermogravimetric characteristics of chitin and chitosan and their potentials to produce value-added
organonitrogen chemicals were separately evaluated via TG/DSC-FTIR and Py-GC/MS. Results shown that
chitin had the better thermal stability and higher activation energy than chitosan because of the abundant
acetamido group. Furthermore, the dominated volatilization in active pyrolysis of chitin contributed to
its endothermic property, whereas the charring in chitosan led to the exothermal. During fast pyrolysis,
the acetamido group in chitin and chitosan was converted into acetic acid or acetamide. Typical products
from chitosan pyrolysis were aza-heterocyclic chemicals, i.e. pyridines, pyrazines, and pyrroles, with
the total selectivity of 50.50% at 600 ◦C. Herein, selectivity of pyrazine compounds was up to 22.99%.
yrolysis
rganonitrogen chemicals
G/DSC-FTIR
y-GC/MS

These aza-heterocyclic chemicals came from the nucleophilic addition reaction of primary amine and
carbonyl. However, main reaction during chitin pyrolysis was ring-opening degradation, which led to
the formation of acetamido chemicals, especially acetamido acetaldehyde with the highest selectivity
of 27.27% at 450 ◦C. In summary, chitosan had the potential to produce aza-heterocyclic chemicals, and
chitin to acetamido chemicals.

© 2016 Published by Elsevier Ltd.
. Introduction

Chitin is the second most abundant biopolymer on earth after
ellulose, and the annual production is up to 1011 tonnes. It widely
xists in the exoskeleton of crustacean and insects, the cell walls of
ungi, etc., and is polymerized by N-acetyl-d-glucosamine with the
-(1 → 4)-glucosidic bonds (Baran & Menteş, 2015; Baran, Menteş,
Arslan, 2015; Zeng, Hu, Gu, Fu, & Qin, 2015). On account of the

istinctive structure and properties, chitin and its deacetylated
roduct, viz. chitosan, are widely applied in the fields of agricul-
ure, environmental protection, functional food, biomedical and
iotechnology engineering, and textile industry, especially pre-
ared as hydrogels and drug delivery materials (Baran, Açıksöz,

Menteş, 2016 Baran, Inanan, & Menteş, 2016; Kumar, 2010;
umar, Muzzarelli, Muzzarelli, Sashiwa, & Domd, 2004). Recently,

n order to reduce the dependence on fossil resources, various

iomass (including cellulose, hemicellulose, and lignin) were con-
erted into value-added bio-chemicals, such as furan compounds
Mettler et al., 2012; Wang, Ren, Li, Deng, & Sun, 2015) and phe-
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144-8617/© 2016 Published by Elsevier Ltd.
nol compounds (Hu, Shen, Xiao, Wu, & Zhang, 2013; Singh & Ekhe,
2014). However, less attention has been paid on the conversion and
utilization of chitin and chitosan.

Previous research reported that chitin can be directly trans-
formed to 3-acetamido-5-acetylfuran in solution with catalysts by
the reconstruction of the pyranose ring (Chen, Chew, Kerton, &
Yan, 2014; Chen, Gao, Wang, Chen, & Yan, 2015). However, these
obtained furan derivatives did not perform much more difference
with that derived from cellulose and hemicellulose. Apart from
solvolysis, pyrolysis is another promising thermochemical tech-
nology (Bridgwater, Meier, & Radlein, 1999), which could convert
biomass into value-added bio-fuel and bio-chemical rapidly. Ini-
tially, pyrolysis was used to detect the chitin in fossil arthropods
(Bierstedt, Stankiewicz, Briggs, & Evershed, 1998) and molluscan
shells (Furuhashi et al., 2009), and determine the amine content
or the degree of acetylation of chitosan (Lal & Hayes, 1984; Sato
et al., 1998). Afterwards, pyrolysis was used to investigate the
thermogravimetric characteristics and kinetics of chitin and chi-
tosan according to various dynamic models (Stolarek & Ledakowicz,
2005; Tang, Wang, & Chen, 2005; Zeng, Qin, Wang, & Li, 2011).

Recently, research on chitin and chitosan pyrolysis turns to focus
on their thermal conversion. Zeng et al. (2011, 2015) and Qiao
et al. (2015) detected the volatiles from the thermogravimetric pro-
cesses of chitin and chitosan using TG-FTIR and TG-MS respectively.

dx.doi.org/10.1016/j.carbpol.2016.09.024
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2016.09.024&domain=pdf
mailto:ruixiao@seu.edu.cn
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ig. 1. Chemical structural formulas of chitin and chitosan: n, x, and y: degree of
olymerization; x: y equals 17: 3.

urthermore, bio-oil from the fast pyrolysis of chitin and chitosan
as off-line identified (Zeng et al., 2011; Zeng et al., 2015). Herein,
ajor product from chitin pyrolysis was acetamide, whereas those

rom chitosan pyrolysis were pyrazines. These organonitrogen
hemicals are important intermediates in the chemical and phar-
aceutical industries, and have substantially greater market value

han chitin or chitosan.
However, previous reports on pyrolysis of chitin or chitosan only

xhibited their individual properties, but could not present their
istinction, as well as the relevance between their thermal conver-
ions. Hence, systematic comparative studies of chitin and chitosan
n their thermal stability, kinetics, products distribution, as well as
yrolysis mechanism, were carried out using the thermogravimet-
ic analyzer and analytical pyrolyzer to evaluate the potentials of
hese two natural amino polysaccharides to produce value-added
rganonitrogen chemicals.

. Materials and methods

.1. Materials

Materials used in this study were chitin and chitosan, whose
hemical structural formulas were shown in Fig. 1. Chitin was sep-
rated from shrimp shell, and purchased from Aladdin Industrial
orporation (Shanghai, China). Chitosan, prepared from crab shell,
as supplied by Jinan Haidebei Marine Bioengineering Co., Ltd.

Jinan, China). Its degree of deacetylation determined by acid-base
itration (Kasaai, 2009) was 85%, and weight-average molecular
eight measured by gel permeation chromatography method (Li

t al., 2012) was 2.5 × 105 g/mol. The two materials were only dried
gain in a vacuum oven at room temperature for 24 h before using.

.2. TG/DSC-FTIR

TG/DSC-FTIR experiments were carried out on a STA 449 F3
upiter thermogravimetric analyzer (NETZSCH, Germany) coupled

ith a TENSOR 27 Fourier transformation infrared spectrometer
Bruker, Germany). High-purity nitrogen (99.999%) was used as
he carrier gas with a flow rate of 20 mL/min. In each case, about

 mg  of sample was loaded in the ceramic crucible, and heated
rom 40 ◦C to 850 ◦C with a heating rate of 20 ◦C/min. Volatiles
eleased from the pyrolysis were quickly swept into a Fourier trans-

orm infrared spectrometer gas cell by nitrogen. Moreover, before
ach experiment, the FTIR gas cell and the pipe were already pre-
eated to 150 ◦C. The spectrum scope was located in the range from
000 cm−1 to 667 cm−1 and the resolution factor was set at 4 cm−1.
ers 156 (2017) 118–124 119

2.3. Char characterization

Char residues from the thermogravimetric processes of chitin
and chitosan were characterized by the Fourier transform infrared
(FTIR) spectrometry and the solid-state cross-polarization magic
angle spinning (CP/MAS) 13C-nuclear magnetic resonance (NMR).
FTIR was programmed on a VECTOR 22 FTIR spectrometer (Bruker,
Germany). Samples were pressed into a KBr disc with a mass ratio
of 1:50. The spectra were scanned in the range from 4000 cm−1

to 400 cm−1 with a resolution of 4 cm−1. Solid-state CP/MAS 13C
NMR  was carried out on an AVANCE III HD 400 superconduct-
ing Fourier transform NMR  spectrometer (Bruker, Germany) at
100 MHz  acquired in cross-polarization conditions with a spinning
rate of 5 kHz, and the spectra were composed of 2000 scans.

2.4. Fast pyrolysis

Fast pyrolysis of chitin and chitosan were investigated on
a CDS 5200 analytical pyrolyzer (CDS Analytical, USA) coupled
with a 7890A gas chromatography and a 5975C mass spectrom-
etry (Agilent Technologies, USA) (Py-GC/MS). Samples (∼0.5 mg)
were loaded in the pyrolysis tube and pyrolyzed at 350, 450,
and 600 ◦C for 20 s with a heating rate of 10000 ◦C/s. The split
ratio was 50:1, and the flow rate of helium (carrier gas) was
1.00 mL/min. The injector, detector, and interface temperatures
of GC/MS were all set at 250 ◦C. An HP-INNOWax capillary col-
umn  (30 m × 0.25 mm × 0.25 �m)  was selected as the separation
column. The column temperature was  programmed from 50 ◦C to
250 ◦C (10 min) with a heating rate of 5 ◦C/min. The mass spectrom-
eter was set at an ionizing voltage of 70 eV, and the mass range from
m/z 5 to 400 was scanned with a speed of 1.0 s/decade. Data pro-
cessing was  performed using Perkin Elmer NIST Spectral Version 5
software (USA).

3. Results and discussion

3.1. TG, DSC, and kinetics

The thermogravimetry (TG) and differential thermogravime-
try (DTG) curves of chitin and chitosan with the heating rate of
20 ◦C/min were presented in Fig. 2. Three degradation stages can
be recognized in the thermogravimetric processes of both chitin
and chitosan (Liang et al., 2015; Yang, Yan, Chen, Lee, & Zheng,
2007). The first stage was  the dehydration process, which basi-
cally occurred before 150 ◦C. The second stage was known as the
active pyrolysis process. In this stage, feedstock degradation and
volatile releasing occurred heavily. The third stage was the posi-
tive pyrolysis process, which benefited from the redecomposition
and carbonization of the char residue. As summarized in Table 1, the
degradation parameters of the two  samples were different. Toneset

of chitosan was  203 ◦C, which was  25 ◦C lower than that of chitin.
Tpeak of chitosan was  312 ◦C, whereas Tpeak of chitin was 388 ◦C.
Furthermore, Rpeak of chitosan (-1.252% ◦C−1) was lower than that
of chitin (-0.973% ◦C−1) as well. During the whole process, the mass
loss of chitin was 77.06 wt.%, and that of chitosan was  65.97 wt.%.
All those differences between chitin and chitosan were in consisted
with the literatures (Qiao et al., 2015; Tang et al., 2005), which were
caused by the different chemical structures, mainly the different
contents of the amino and acetamido group.

Fig. 2 also displayed the differential scanning calorimetry (DSC)
curves of chitin and chitosan with the heating rate of 20 ◦C/min. As

can be seen from the DSC carves, when temperature was lower than
200 ◦C, there was an obviously endothermic peak. This attributed
to the energy required to evaporate the absorbed water (Yang et al.,
2007). With temperature rising up, the DSC profile of chitin showed
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Table 1
Summary of degradation characteristics of chitin and chitosan.

Sample Toneset (◦C) Tpeak (◦C) Toffset (◦C) Rpeak (%·◦C−1) Ychar (wt.%) Q (J·g−1) TQ (◦C)

Chitin 228 388 434 −0.973 22.94 −95.3 390
Chitosan 203 312 424 −1.252 34.03 391.6 319

Tonset is defined as the temperature for the beginning of active pyrolysis. Tpeak is the temperature corresponding to the maximum degradation rate. Toffset is extrapolated as
the  termination temperature of active pyrolysis and the beginning temperature of positive pyrolysis. Rpeak is the maximum degradation rate. The char yield is identified by
Ychar, which is the percent of the solid mass fraction detected from the end of the non-isothermal pyrolysis (850 ◦C). Q is the heat gave off during the active pyrolysis phase.
TQ is recognized as the temperature of the maximum exothermic peak.
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groups, as well as the further degradation and repolymerization of
ig. 2. TG, DTG, and DSC curves of chitin (a) and chitosan (b) with the heating rate
f  20 ◦C/min.

nother endothermic peak at 390 ◦C, and correspondingly, 95.3 J/g
f heat was absorbed. However, different with chitin, during the
ositive pyrolysis phase of chitosan, 391.6 J/g of heat was given
ff. Ball, Mcintosh, and Brindley (2004) pointed out that the char-
ing process was  highly exothermal whereas volatilization was
ndothermal. Furthermore, volatilization and charring reactions
id exist simultaneously during the positive pyrolysis. Therefore, it
ould be concluded that volatilization was the dominant reaction
n the positive pyrolysis of chitin, whereas the dominant reaction
n chitosan was charring. The easy charring characteristic of chi-
osan also led to its high Ychar, as reflected in Fig. 2 and Table 1. After
00 ◦C, the two DSC carves kept moving to minus without any obvi-
us peaks. The endothermal properties of both chitin and chitosan

n this high-temperature region indicated the further decomposi-
ion of formed char residues, which were consistent with the slow
eightlessness during the TG processes.

According to the non-isothermal pyrolysis model, the simplified
oats-Redfern equation (Dong & Xiong, 2014) was  used to govern
he kinetic process in the following form:
hen n = 1, ln
[− ln (1 − ˛)

T2

]
= ln

[
AR

ˇE

]
− E

RT
(1)
Wavenumber / cm

Fig. 3. FTIR spectra of volatiles evolution from chitin and chitosan at Tpeak.

when n /= 1, ln

[
1 − (1 − ˛)1−n

T2 (1 − n)

]
= ln

[
AR

ˇE

]
− E

RT
(2)

where � is the mass loss (%), n is the reaction order, T is the absolute
temperature (K),  ̌ is the heating rate (K/s), A is the pre-exponential
factor (s−1), E is the apparent activation energy (J mol−1), and R is
the gas constant (8.314 J mol−1 K−1).

With the iterative method, it was found that the linear correla-
tion coefficient of ln[(1-(1-�)1−n)/(T2(1-n))] against 1/T  when n /=
1 was lower than that of ln[-ln(1-�)/T2] versus 1/T when n = 1. Thus,
the first-order kinetic model was determined with Eq. (1). Corre-
spondingly, the apparent activation energy (E), the pre-exponential
factor (A), and the linear correlation coefficient (R2) were obtained
and listed in Table 2. The calculated E value during chitin pyrolysis
was 118.12 kJ mol−1, which was slightly higher than that of chi-
tosan pyrolysis (112.78 kJ mol−1). Similar result can be found in the
work of Tang et al. (2005) (entry 3 and 4 in Table 2) that the E value
of chitin pyrolysis was  also higher than that of chitosan pyrolysis.
This was in consistent with their thermal stabilities, as discussed
above. Furthermore, the gap between these E values of the same
feedstock (entry 1, 3, and 5, or entry 2, 4, and 6) might be caused
by the different experimental parameters (mainly the heating rate
�), as well as the different kinetic models.

3.2. Volatiles and char evolution from TG

As Fig. 3 depicted, during the thermogravimetric processes,
common volatiles from both chitin and chitosan were H2O, CO2,
acetyl compounds, and hydroxyl compounds (Zeng et al., 2011,
2015). Herein, the release of H2O involved three possible path-
ways: the dehydration between two hydroxyl groups to build
the oxygen-bridged bond, the multiple dehydration of hydroxyl
pyrolysis products. The release of CO2 mainly benefitted from the
further decomposition of ring-opened pyrolysis products (Wang,
Ru, Lin, & Luo, 2013). Moreover, there was no doubt that those
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Table  2
Summary of kinetic parameters of chitin and chitosan pyrolysis.

Entry Sample Method Temp. (◦C) E (kJ·mol−1) A (s−1) R2

1 Chitin (present work) Coats-Redfern 228–434 118.12 4.10 × 107 0.966
2  Chitosan (present work) Coats-Redfern 203–424 112.78 3.46 × 107 0.953
3  Chitin (Tang et al., 2005) Friedman 287–427a 221 1.52–1.85 × 1017 –
4  Chitosan (Tang et al., 2005) Miura-Maki – 189 1.01 × 1015 –
5  Chitin (Stolarek & Ledakowicz, 2005) Kissinger 200–400 155.3a 2.51 × 1010a –
6  Chitosan (Zeng et al., 2011) Ozawa–Flynn–Wall 

a

-: Unavailable.
a Recalculated.
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ig. 4. FTIR (a) and solid-state CP/MAS 13C NMR  (b) spectra of the char residues from
he thermogravimetric processes of chitin and chitosan.

cetyl compounds came from the cleavage of the amide bonds
t the side-chain structure; and those hydroxyl compounds were
rom the ring-opening degradation. Notably, signals of aromatic
eterocyclics were observed from the pyrolysis of chitosan (Zeng
t al., 2011), which was the result of volatile aromatization. In
hort, during the thermogravimetric processes, chitin and chitosan
nderwent hydroxyl removal, side-chain breakage, ring-opening
egradation, and structural reorganization.

With the release of volatiles, the char residue was  remained.
o the end of the thermogravimetric process, Ychar from chitin
nd chitosan were separately 22.94 wt.% and 34.03 wt.%. As can be
een from the FTIR spectra in Fig. 4(a), apart from the remaining
ignals of O H and C H, there was a broad absorption with max-
mum around 1590 cm−1 and mutually overlapping bands in the
egion of 1100–1500 cm−1. This band was probably due to a C C

tretching mode (Kaczmarek & Zawadzki, 2010). In order to fur-
her determine the structure of the char residues from chitin and
hitosan, solid-state CP/MAS 13C NMR  was introduced. As spectra
hown in Fig. 4(b), apart from the signals of aromatic nuclei, there
252–377 137 – –

were no other significant signals. This indicated the aromatic struc-
ture in the char residues, and agreed with the results of FTIR, as
well as the char aromatization phenomena verified by model com-
pounds (Qiao et al., 2015). Furthermore, similar results were also
discovered in the pyrolysis of cellulose (Dumanlı & Windle, 2012;
Pastorova, Botto, Arisz, & Boon, 1994). Formation mechanism of
char residues with aromatic structure during cellulose pyrolysis
had been proposed (Dumanlı & Windle, 2012), and the revolu-
tion of char residues from chitin and chitosan were considered to
undergo similar processes. However, the difference was that the
char residues from chitin and chitosan were nitrogen-doped (Qiao
et al., 2015; Zhao et al., 2010).

3.3. Aza-heterocyclic chemicals from the fast pyrolysis of chitosan

Pyrolysis products from chitosan under 350, 450, and 600 ◦C
were illustrated in Fig. S2(a), and summarized in Table S1. As can be
seen intuitively, species and selectivity of these products changed
greatly when the temperature increased. Under all the three pyroly-
sis temperatures, pyrazine, acetic acid, and acetamide were always
the major products. Acetic acid and acetamide were formed from
the evolution of the acetamido groups. The highest selectivity of
acetamide reached 36.32% at 350 ◦C, and that of acetic acid was
24.13% at 450 ◦C. Considering from the content of the acetamido
group in chitosan (85% of the deacetylation degree), the high selec-
tivity of acetic acid and acetamide suggested the easy removal of
the acetamido groups during the pyrolysis of chitosan. As another
major product, pyrazine was  released from the heterocyclic arom-
atization process with the highest selectivity of 15.05% at 350 ◦C. Its
detailed formation routes, as well as the formation routes of other
aza-heterocyclic chemicals (pyridine, pyrrole, and their deriva-
tives), would be discussed in the following part. Furthermore, other
small-molecule products were mainly produced through the ring-
opening degradation, similar with the pyrolysis decomposition of
cellulose (Mettler et al., 2012; Shen & Gu, 2009).

Among these aza-heterocyclic chemicals released from the fast
pyrolysis of chitosan, pyrazine compounds were the dominated
products, whose total selectivity was  up to 22.99% at 600 ◦C. Their
formation was restricted by the nucleophilic addition reaction of
two �-aminocarbonyls, just as Chen and Ho (1998) proofed with
glucosamine (the major polymerization units of chitosan) that
the �-aminocarbonyls were considered to be the precursors of
pyrazine compounds. During the pyrolysis of chitosan, the cleavage
of the glycosidic bond and the ring-opening from the C1 O bond
breaking (as marked in Fig. 5) contributed to the formation of the
aldehyde group at C1, which combined with the amino group at C2
to form the �-aminocarbonyl structure (intermediate 1, abbrevi-
ated as IM 1). Subsequently, the bimolecular nucleophilic addition
reaction occurred and led to the formation of pyrazine compounds,
as path 1 described in Fig. 5. Meanwhile, with the free radical (at C4

in IM 1) transferring, the hydroxyl group at C3 changed into the
carbonyl group (IM 2). The �-aminocarbonyl structure could be
also recognized in IM 2 (highlighted in blue in Fig. 5), which would
induce the formation of pyrazine compounds as well (path 2 and
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Fig. 5. Proposed formation processes of pyraz

 in Fig. 5). Furthermore, inspired by the ring-opening reactions
uring cellulose pyrolysis (Shen & Gu, 2009), the C2 C3 bond in
hitosan could be further fractured. As a result, chitosan was frag-
ented into aminoacetaldehyde and IM 3 (path 4 in Fig. 5). Because

f the less steric hindrance and electronic effect, i.e., without any
ubstituents, aminoacetaldehyde was easier to be involved in the
ucleophilic addition reaction to produce pyrazine compounds.
eanwhile, this explanation was also considered as the reason for

he absence of aminoacetaldehyde in Table S1.
Different with the results of Chen and Ho (1998) and Zeng et al.

2011), no furyl pyrazines were detected in this work, whereas,
hey were identified as the major products in literatures. This
henomenon was probably caused by the different experimental
ystems, i.e., the different heat and mass transfer processes. In lit-
ratures (Chen & Ho, 1998; Zeng et al., 2011), equipments were both
he home-made pyrolysis reactors, and the mild pyrolysis tem-
eratures were kept for a long time. Under these parameters, the
yclization reaction would occur on the branched chains (mainly
he M group in Fig. 5), resulting in the formation of furyl pyrazines.
owever, pyrolysis in this work was operated on Py-GC/MS. The

nstantaneous high energy cracked the branched chains, both the
 and T group in Fig. 5. Therefore, no furyl pyrazines were pro-

uced in our experiments, replaced by pyrazine, methyl pyrazine,
thyl pyrazine, and acetyl pyrazine.

Pyridines and pyrroles were another two aza-heterocyclic
hemicals. They also came from the nucleophilic addition reaction
f primary amine and carbonyl with the intramolecular reaction,
ot the intermolecular reaction. As illustrated in path 5 in Fig. 6,
uring the fast pyrolysis, the carbonyl group at C5 formed through
he free radical transferring. Then, the amino group attacked this
arbonyl group, producing a nitrogen-containing five-membered
yclic compound. This compound could be further converted to
he pyrroles with the removal of substituents. Moreover, when the
ydroxyl group at C6 was oxidized to an aldehyde group, the condi-
ion to form a nitrogen-containing six-membered cyclic compound
hrough the intramolecular nucleophilic addition reaction had, as

arked in pink in Fig. 6. Subsequently, this nitrogen-containing six-

embered ring evolved into the pyridine ring, as shown in path 6.

he intramolecular nucleophilic addition reaction needed to over-
ome the steric hindrance, which restricted the formation of these
mpounds from the fast pyrolysis of chitosan.

five- and six-membered cyclic compounds. Thus, their selectivity
was somewhat lower than that of pyrazines.

3.4. Acetamido chemicals from the fast pyrolysis of chitin

Pyrolysis products from chitin under 350, 450, and 600 ◦C were
listed in Table S2. When the pyrolysis temperature was set at
350 ◦C, only acetic acid, acetamide, and acetamido acetaldehyde
were released, thus their selectivity was relatively high. With the
temperature rose up, species of the pyrolysis products boomed.
However, apart from the common products (acetic acid, acetamide,
and certain small-molecule compounds), products from chitin were
quite different with those from chitosan. As revealed in section
3.3, typical products from chitosan were aza-heterocyclic chemi-
cals, including pyrazines, pyridines, and pyrroles. However, typical
products from chitin were acetamido chemicals, e.g., N-ethenyl-
N-methyl acetamide, acetamido acetaldehyde, 3-acetamidofuran,
and so on. Herein, acetamido acetaldehyde was  the most dominated
product, whose selectivity was  up to 27.27% at 450 ◦C. This differ-
ence was  caused by the different functional groups, i.e., the amino
group in chitosan and the acetamido group in chitin, which proved
that the free amino group (primary amine) was prone to produce
aza-heterocyclic chemicals, whereas, the acetylated amino group
would be maintained during pyrolysis. Furthermore, the detailed
decomposition mechanisms of chitin pyrolysis were as follows.

Briefly, the formation of acetamido acetaldehyde profited from
the cleavage of the glucosidic bond, the C1 O bond, and the
C2 C3 bond during the pyrolysis of chitin, as marked in path 7
in Fig. 7. Previously, Franich, Goodin, and Wilkins (1984) had pro-
posed the detailed processes of acetamido acetaldehyde formation
through the retro Diels-Alder reaction (path 8 in Fig. 7), which
was also introduced into the explanation of cellulose pyrolysis
(Vinu & Broadbelt, 2012; Zhang, Geng, & Yu, 2015). Furthermore,
the retro Diels-Alder reaction could unveil the production of 3-
acetamidofuran as well. As path 9 illustrated, during pyrolysis, the
1,4-oxygen-bridged bond would form with the glucosidic bond

breaking and reconstructing, which resulted in the formation of
the oxygen-containing five-membered cyclic structure (the purple
ring). Soon afterwards, the hydroxyl group at C3 removed, lead-
ing to the generation of the C2 C3 bond, meeting the condition of
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pyrolysis of cellulose: The pyran ring breaking mechanism. Computational and
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he retro Diels-Alder reaction, forming hydroxyl acetaldehyde and
-acetamidofuran. Moreover, the small amount of pyridines and
yrroles from chitin pyrolysis evolved through the intramolecu-

ar nucleophilic addition reaction as well along path 10 in Fig. 7.
he difference was that the amino group in chitin was acetylated.
he existence of the acetyl group limited the nucleophilic ability
f N (both the steric hindrance and the negative induction effect)
Vollhardt, Schore, & Freeman, 2003). Thus, the selectivity of aza-
eterocyclic chemicals from chitin was much lower than that from
hitosan.

. Conclusions

Chitosan had the potential to produce aza-heterocyclic chemi-
als, whereas chitin to acetamido chemicals. Pyridines, pyrazines,
nd pyrroles evolution from chitosan pyrolysis, whose total selec-
ivity was 50.50% at 600 ◦C, profited from the nucleophilic addition
eaction of primary amine and carbonyl. Herein, selectivity of
yrazine compounds was  up to 22.99%. Moreover, acetamido
hemicals from chitin pyrolysis were released through the ring-
pening degradation, especially acetamido acetaldehyde with the
ighest selectivity of 27.27% at 450 ◦C. All these differences were
aused by the different content of acetamido group, which also led
o the better thermal stability and higher activation energy of chitin,
s well as its endothermic property during active pyrolysis.
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aran, T., Aç ıksöz, E., & Menteş , A. (2016). Highly efficient: Quick and green
synthesis of biarlys with chitosan supported catalyst using microwave
irradiation in the absence of solvent. Carbohydrate Polymers, 142, 189–198.
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