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ree radicals and carbon structures
in chars generated from pyrolysis of antibiotic
fermentation residue†

Chen Hong,ab Zhiqiang Wang,a Yi Xing,*ac Yifei Li,a Qiang Yang,a Mengmeng Jiaa

and Lihui Fenga

The effect of pyrolysis on the chemical characteristics of Antibiotic Fermentation Residue (AFR) was studied

in this paper. Electron Spin Resonance (ESR) spectrometry, X-ray photoelectron spectroscopy (XPS) and

solid state 13C nuclear magnetic resonance (13C NMR) spectroscopy were applied to investigate the

variation of free radicals and carbon structures. Results indicated that the free radical concentration (Ng)

of AFR/chars changed dramatically during the pyrolysis process, first increasing and then decreasing. Ng

reached 1.24 � 1019 spins per g in a N2 atmosphere and 1.11 � 1019 spins per g in a CO2 atmosphere at

320 �C. The g-values monotonically decreased, demonstrating that the chemical structures of free

radicals changed during pyrolysis. Bond cleavage in methoxyl groups, aliphatic C–O bonds, aliphatic

C–C bonds and C]O groups was enhanced with increasing pyrolysis temperature. These carbon

structures converted to aromatic C–O bonds and aromatic C–C bonds through polymerization and

condensation reactions. Compared with the CO2 atmosphere, the N2 atmosphere was more conducive

to the production of free radicals and aromatization of carbon structures in chars during pyrolysis process.
1. Introduction

China is one of the largest producers of antibiotics in the world.
80% of cephalosporin antibiotics, 75% of penicillin industrial
salt and 90% of streptomycin antibiotics are produced in China.
As a kind of organic solid waste produced from the antibiotic
ferment process, antibiotic fermentation residue (AFR) is
mainly composed by mycelia, remaining substrate, interme-
diate metabolite and residual antibiotic,1 and rich in lipid,
polysaccharide and protein.2 The residual antibiotic in AFR can
easily accumulate in animals and human beings. Therefore AFR
is identied as hazardous waste (HW02 Toxicity) on the China
Hazardous Waste List.

Pyrolysis and incineration are effective ways for the treatment
and resource recovery of biomass.3–5 Jiang et al.6 investigated the
pyrolysis and incineration characteristics by thermogravimetric
analysis (TGA), and indicated that AFR addition would not affect
the incineration system signicantly. Du et al.7,8 studied the
thermal behavior and reaction characteristics of AFR mixed
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with coal and found interactions between AFR and coal in
pyrolysis.

Intense free radicals reaction are happened during the
pyrolysis process of biomass or fossil fuel, which could have
signicant effect on the types and quantities of pyrolysis prod-
ucts.9 Plenty of free radicals are created along with the homo-
lytic cleavage of covalent bonds, and then formed new chemical
bonds by combining with each other.10–13 These two conversions
occur sequentially and concurrently, and the products may
undergo further pyrolysis to yield additional radical fragments,
resulting in more coupling reactions.14 However, it is found that
the lifetime of radicals varies greatly and could be as short as
nanoseconds, which is too short to be detected.14,15 Therefore,
the radicals detected are only those with a long lifetime due to
their poor mobility or inaccessibility by steric hindrance.16,17 Liu
et al.18 studied the variation of free radicals during coal pyrol-
ysis, and the results indicated that free radicals concentration
increased with increasing of temperature. Wang et al.19 pyro-
lyzed oil shale and characterized the properties of free radicals.
The free radicals concentration in the products, such as semi-
coke, thermal bitumen and shale oil, greatly increased aer
pyrolysis. And g-values and linewidths of the products were also
affected by temperature. He et al.16 pyrolysed walnut shell and
corncob, and found that bio-tars also contained large amounts
of radicals. The characteristics variation of free radicals
revealed that the carbon structures of biomass changed during
the pyrolysis process.20–22 Qiao et al.20 pyrolyzed chitin biomass
and found that almost all the hydrocarbon functional groups
This journal is © The Royal Society of Chemistry 2016
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vanished and converted into aromatic functional groups. Ben
et al.23 examined the carbon structures of kra lignin and pine
wood in slow pyrolysis process. The bonds breaking of aliphatic
carbon function groups were enhanced and plenty of poly-
aromatic hydrocarbons with high molecular weight formed.

Althoughmany works focused on the chemical characteristics
of fossil fuels and biomass in pyrolysis process, less attention
were paid to that of AFR, especially in free radicals and carbon
structure characteristics change. In this study, Electron Spin
Resonance (ESR) spectrometer was applied to investigate the free
radicals characteristics of AFR, such as radicals concentration, g-
value and linewidth. The X-ray photoelectron spectroscopy (XPS)
and solid state 13C nuclear magnetic resonance (13C NMR)
spectroscopy were employed to understand the carbon structures
changes in AFR pyrolysis process. The pyrolysis experiments were
carried out in two kinds of inert atmosphere (N2 and CO2

atmosphere), and the relationships between free radicals, carbon
functional groups and temperature were evaluated.

2. Materials and methods
2.1. Sample preparation

The antibiotic fermentation residue (AFR) used in this study
was produced from production process of terramycin. 50 g of
AFR was dried in electricity heat drum wind drying oven (DGH-
9023A, Pinggang, China) at 105 �C for 5 hours. The AFR sample
was then grounded to ne particle, and its equivalent mean
particle size was 46.68 mm analyzed by Malvern Laser Master-
sizer (Mastersizer 3000, U.K.). The proximate and ultimate
analysis of AFR were shown in Table 1.

2.2. Pyrolysis tests

The pyrolysis experiment was carried out in a tube furnace
pyrolysis reactor (OTF-1200X-S50-SL, KJ Group, China) under the
inert atmosphere of N2 and CO2, with a ow rate of 1000 mL
min�1. About 5 g AFR were heated from room temperature (25 �C)
to 160, 320, 480 and 600 �C at the heating rate of 10 �C min�1.
Aer holding at the target temperature for 30 min, the reactor
was cooled to room temperature at a cooling rate of 5 �C min�1,
and the chars were obtained to characterize their free radicals
and carbon structures.

2.3. Electron Spin Resonance (ESR) spectrometer

The ESR was applied to investigated the free radicals character-
istics of AFR samples and chars. The ESR experiments were
carried out with a JES-FA 200 spectrometer (JEOL, Japan). ESR
Table 1 The proximate and ultimate analysis of AFR

Proximate analysis (wt%) Ultimate analysis (wt%)

Moisture 2.57 C 44.54
Volatile 64.82 H 4.76
Ash 12.16 O 26.91
Fixed carbon 20.45 N 8.42

S 0.64

This journal is © The Royal Society of Chemistry 2016
scan parameters during all the experiments were as follows:
modulation frequency, 100 kHz, X-band; modulation amplitude,
100 Hz;microwave frequency, about 9070MHz;microwave power,
0.0997 mW; central magnetic eld, 324.254 mT; sweep width, 10
mT; time constant, 0.1 s and sweep time, 1 min. All observations
were accomplished at room temperature (25 �C) and atmospheric
pressure. 1,1-Diphenyl-2-picrylhydrazyl (DPPH) was used as stan-
dard sample to calculate the radical concentration in AFR and
chars.16 And g-value and linewidth were extracted through the ESR
analysis by JEOL computer soware CW-ESR.

The free radicals concentration (Ng, spins per g) in samples
were calculated by the developed standard curve of DPPH. The
amount of free radicals in DPPH (Rg) with a certain quality was
obtained by the following equation:

RgðDPPHÞ ¼ uðDPPHÞ �mðDPPHÞ � 6:02� 1023

MðDPPHÞ
(1)

wherem(DPPH) is the mass of the mixture of DPPH and anhydrite
calcium sulfate, g; u(DPPH) is the percentage of DPPH, wt%;
M(DPPH) is the molecular mass of DPPH (394.32 g mol�1). The
ESR spectra of DPPH samples are shown in Fig. S1.† The rela-
tionship of Ng(DPPH) versus S(DPPH) (area of ESR spectra curve)
based on numerical analysis is given by the following:

S(DPPH) ¼ 1834.05R(DPPH) � 10�15 � 400.01 (2)

The Ng in samples can be calculated by eqn (3). S(sample) is the
area of the sample absorption curve; m(sample) is the mass of
mixture of sample.

Ng ¼ SðsampleÞ � RðDPPHÞ
SðDPPHÞ �mðsampleÞ

(3)

2.4. X-ray photoelectron spectroscopy (XPS)

The XPS experiments were carried out with an AXIS ULTRA DLD
system (Kratos, Japan). C 1s spectra were measured with the
following scan parameters: source of X-ray, monochromatic Al
Ka (150 W, hn ¼ 1486.6 eV); pass energy, 20 eV; analysis area,
800 � 800 mm; resolution, 0.05 eV.
2.5. Solid state 13C nuclear magnetic resonance (13C NMR)
spectroscopy

The solid state 13C NMR was employed to understand the carbon
structures of AFR sample and chars. All the experiments were
performed in a 13C solid state CP/MAS/TOSS NMR spectrometer
(Advance 400 MHz, Bruker, Germany) with a frequency of 100.63
MHz and rotor spun of 5 kHz. The contact time and pulse
repetition delay of 13C-1H CP were 1 ms and 4 s respectively.
3. Results and discussion
3.1. The variation of free radicals characteristics during
pyrolysis process

3.1.1 ESR spectra analysis and free radicals concentration
changes. The ESR spectra of AFR during pyrolysis process were
shown in Fig. 1. It was observed that all of the spectra were
symmetrical curves without hyperne structure. The peak
RSC Adv., 2016, 6, 111226–111232 | 111227
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Fig. 1 The ESR spectra of AFR during pyrolysis process. (a) N2 atmo-
sphere, (b) CO2 atmosphere.

Fig. 2 Variation of Ng with AFR pyrolysis temperature.
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intensities, wave linewidths and locations of ESR spectra during
pyrolysis process changed signicantly both in N2 and CO2

atmosphere, which indicated that pyrolysis temperature
affected the formation, distribution and species of free radicals
dramatically. The covalent bonds in AFR broke when thermo-
chemical reaction happened during pyrolysis process, leading
to the formation and coupling of free radicals. These results
were consistent withWang et al.,19who also observed signicant
changes of ESR spectra in oil shale pyrolysis.

The changes in the free radical concentration (Ng) during
AFR pyrolysis are shown in Fig. 2. Dramatic changes of Ng were
observed during pyrolysis process. A moderate increasing of
free radicals were obtained over the range 25–160 �C. Desorp-
tion of moisture and release of light gases took place in this
temperature range. Cleavage of chemical bonds, which char-
acterizes the decomposition of organic matter in the AFR, was at
its starting stage, with only a trace amount of free radicals being
produced. When the AFR samples were heated to 320 �C, Ng

increased sharply. A signicant proportion of organic compo-
nents were decomposed. The weak bonds in these components
such as hydroxyl, carbonyl, alkyl, ether, amino and some side
chain groups were ruptured.20,24 A large amount of active free
radicals formed in chars with the releasing of gaseous species
including CO, CO2, NOx, HCN, NH3 and hydrocarbon gases.20 In
the subsequent bonding process, a portion of active free radi-
cals vanished due to condensation reaction among themselves,
and others were reserved through hydrogen extraction or
combining with stable fragments in the solid residues. As
111228 | RSC Adv., 2016, 6, 111226–111232
a result, plenty of stable free radicals formed. Ng of the stable
free radicals at 320 �C reached 1.24 � 1019 spins per g in N2

atmosphere and 1.11� 1019 spins per g in CO2 atmosphere. The
free radicals in the AFR reduced dramatically in the range 320–
600 �C. The carbonization degree of AFR improved signicantly
with the forming of multi-ring aromatic compounds during
aromatization reaction. Meanwhile, the coupling of unpaired
electrons were taken place in the reaction, and Ng decreased. As
a result, the free radicals dropped to a lower level in concen-
tration, about 4 � 1018 spins per g (both in N2 and CO2 atmo-
sphere) at 600 �C.

Basically, Ng of AFR in N2 atmosphere were larger than in
CO2 atmosphere during pyrolysis process. Probably because
large amounts of CO2 was adsorbed on chars and involved in
cross-linking reactions, reduced the particle swelling and
inhibited the volatile release.25 On the other hand, N2 had lower
thermal capacities and higher mass diffusivities compared to
CO2. More thermal energy could be exerted on the AFR particles
in the N2 atmosphere.26 Therefore more organic components
were thermal decomposed with the releasing of volatile matter.
Bonds cracking were susceptible to occur in N2 atmosphere,18,19

forming more free radicals in the chars.
3.1.2 Analysis of g-value. The g-value reects the interac-

tion between spin motion and orbital motion of electrons in
paramagnetic center. The g-value is determined by the chemical
environments of unpaired electrons, and has been used to
characterize interior-molecular structures. Base on the different
g-values, the radicals could be classied as s-type oxygen-
containing radicals (2.0008–2.0014), graphite radicals (2.0015–
2.0025), p radicals on aliphatic hydrocarbons (2.0025–2.0026),
p radicals on aromatic hydrocarbons (2.0025–2.00291), p-type
oxygen-containing radicals (2.0035–2.00469), nitrogen-
containing radicals (2.0031) and sulfur-containing radicals
(2.0080–2.0081).27 The g-values of AFR and chars during pyrol-
ysis in different atmosphere (N2 and CO2) were shown in Fig. 3.

The g-values revealed the superposition of various free
radicals types. The g-value of AFR sample was 2.00339 at 25 �C,
implying that most of the free radicals might be p radicals on
aliphatic/aromatic hydrocarbons, p-type oxygen-containing
radicals and nitrogen-containing radicals considering the
chemical component in AFR (Table 1).19,28 Meanwhile, some
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Variation of the g-values with AFR pyrolysis temperature. Fig. 4 Variation of the linewidths with AFR pyrolysis temperature.
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unpaired electrons with spins are localized on heteroatom sites,
such as S (0.64% in the sample mass), which had strong spin–
orbit coupling.29 This could be another reason for AFR sample
to reach a high g-value. With the increasing of temperature, the
g-value decreased monotonically. The decrease in the g-value
was minor below 160 �C. There were slight bonds cracking in
AFR with the desorption of combined water and light gases. Few
changes of free radicals content and species were taken place.
As a result, the g-values of chars were similar to original sample
at 160 �C. When AFR samples were heated up to 600 �C, g-values
of chars decreased sharply. On the one hand, the quantities of
certain atoms such as O, N, S decreased with the releasing of
volatile matter, resulting in the decrease of p-type oxygen-
containing radicals, nitrogen-containing radicals and sulfur-
containing radicals. On the other hand, with the increase of
pyrolysis temperature, the aromatization of chars became more
signicant, and more simple aromatic and even multi-ring
aromatic structures were formed. Large multi-ring aromatic
components increased until a structure resembling graphite is
approached, as reported by Petrakis.27 The formation of these
graphite-like radicals were considered to be another reason for
the decrease of g-values in chars.

The species of free radicals showed similar variation trends
both in N2 atmosphere and CO2 atmosphere. This was because
that the pyrolysis reactivity in N2 atmosphere was similar to CO2

atmosphere at low temperatures (lower than 700 �C).30–32 When
the pyrolysis temperature was higher than 320 �C, the g-values
in N2 atmosphere were smaller than in CO2 atmosphere. One
possible reason was that the reactions of bonds cleavage were
more active in N2 atmosphere than CO2 atmosphere. The
deoxygenation and dehydrogenation mechanisms on chars
were obviously exhibited, and the reactions in N2 were more
pronounced than in CO2.33 Thus, more oxygen-containing
components and hydrocarbon components decomposed,
resulting in a lower g-value in N2 atmosphere.

3.1.3 Analysis of linewidth. The linewidth reects the
relaxation time of spinning electrons, which is used to measure
the interactions between unpaired electrons and their chemical
environment. The variation of linewidths during AFR pyrolysis
process were shown in Fig. 4. All the linewidths fell in the range
of 0.5–0.8 mT, in the same order of magnitude as the results of
This journal is © The Royal Society of Chemistry 2016
Wang et al.19 obtained from pyrolysis of oil shale. When the AFR
was heated from 25 �C up to 480 �C, the linewidths increased
monotonically in the N2 and CO2 atmosphere. The condensa-
tion reaction in the remaining solid became intensied with the
releasing of volatile matter. A large number of simple aromatic
structures produced and the dipolar spin–spin interaction
between unpaired electrons became stronger, which was
responsible for the linewidths broadening.28 It was observed
that linewidths were broader in N2 atmosphere compared with
in CO2 atmosphere. This might due to less simple aromatic
structures formed in CO2 atmosphere compared with N2

atmosphere.34 And the dipolar spin–spin interaction between
unpaired electrons became weaker, led to the linewidth nar-
rower in CO2 atmosphere.

When AFR were gradually heated up to 600 �C, the structure
of aromatic rings in chars was mainly peri-condensed during the
carbonization process, and large amount of multi-ring aromatic
components or even larger aromatic ring clusters were created.
The spin-lattice interactions of paramagnetic centers in chars
became stronger with the increase ofmulti-ring aromatic units.35

Thus, the relaxation time of unpaired electrons increased, which
made the linewidths narrower. The linewidths of chars in N2

atmosphere was narrower at 600 �C than in CO2 atmosphere.
That was because the chemisorption of CO2 on the nascent char
surface could promote the thermal cracking of aromatic
networks. The multi-ring aromatic structures, which could
narrow linewidth through enhance the spin–lattice interactions,
formed in CO2 atmosphere were less than N2 atmosphere.36,37
3.2. Analysis of C element by XPS

The chemical nature of the C element on surface of AFR and
chars during pyrolysis process were analyzed by XPS (C 1s). XPS
spectra and deconvolution results were shown in Fig. 5 and 6.
The deconvoluted peaks at 284.75, 285.3, 286.3, 287.5, 289.0 �
0.2 eV represented C1 (C–C or C–H bonds), C2 (carbon bound to
nitrogen, C–N), C3 (carbon connect with hydroxyl or ether, C–O/
C–OH), C4 (carbon bound to oxygen with two bonds, C]O/O–C–
O), C5 (carbon bound to oxygen with three bonds, O–C]O),
respectively.2,38,39 CO was the sum of C3, C4 and C5, which meant
the total groups of carbon bounding to oxygen in samples.
RSC Adv., 2016, 6, 111226–111232 | 111229
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Fig. 5 XPS spectra for the C 1s of AFR during pyrolysis process. (a) N2

atmosphere (b) CO2 atmosphere.

Fig. 6 Carbon functional groups on surface of AFR and chars.

Fig. 7 The 13C NMR spectra of AFR and chars. (a) N2 atmosphere, (b)
CO2 atmosphere.
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The ratio of C1–C5 dramatic changed dramatically at the
temperature range 320–600 �C aer a steady phase (25–160 �C).
C1 increased substantially to about 78% at 600 �C from 57% at
room temperature (both in N2 and CO2 atmosphere). It indicated
that the aromatization reactions occurred during pyrolysis, and
led to the increase of the C–C bonds in aromatic ring system.
Nitrogen containing components in AFR, such as amine and
protein, decomposed during pyrolysis process and released NH3,
HCN and NOx.40 Thus, the percentage of C2 in chars decreased
from 7% to 2%. In addition, the percentage of CO decreased from
about 36% to 20% with the increase of temperature, which was
mainly attributed to the bond cleavage reaction of C4. The
proportion of C3 changed slightly, from 13% to 15%. The
proportion of C5 was at a low level with a percentage range of
0–3%, and had little impact on the percentage of CO. Unpaired
electrons located in carbon functional groups mentioned above
111230 | RSC Adv., 2016, 6, 111226–111232
were the main source of free radicals in raw AFR. The variation of
C1, C2 and CO during pyrolysis process would have signicant
effect on the characteristics of free radicals in chars, which were
consistent with the variation of g-values.
3.3. Conversion of carbon structures analyzed by solid state
13C NMR spectra

3.3.1 Analysis of 13C NMR spectra. The 13C NMR spectra of
AFR sample (25 �C) and chars (pyrolyzed under 320 �C, 480 �C,
600 �C, respectively) were measured to characterize the evolu-
tion of carbon structures during pyrolysis process in detail
(Fig. 7).

The carbon structures showed the same variation in N2 and
CO2 atmosphere. There were distinct characteristic peaks of
aliphatic carbon functional groups (chemical shi range 0–95.8
ppm) and carbonyl or carboxyl groups (166.5–215.0 ppm) in AFR
sample when at room temperature (25 �C), which might be
attributed to that the main components of AFR were crude lipid,
protein and polysaccharide. With increasing of temperature,
the peak intensity of aliphatic carbon functional groups and
carbonyl groups decreased signicantly, and almost dis-
appeared at 600 �C. In contrast, the characteristic peaks of
aromatic carbon (95.8–166.5 ppm) continuously increased with
increasing pyrolysis temperature. This indicated that the
species of carbon functional groups had obvious changes
during pyrolysis process.

3.3.2 Conversion of carbon structures during pyrolysis
process. The 13C NMR spectra of AFR and chars in this study
were analyzed by curve tting resolution.28 The spectra were well
tted by Gaussian and Lorentzian lines with good correlation
factor (R2 $ 0.99). According to previous studies,41–43 carbon
structures in biomass mainly include aliphatic C–C bonds
(0–55.2 ppm), methoxyl groups (55.2–60.8 ppm), aliphatic C–O
This journal is © The Royal Society of Chemistry 2016
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bonds (60.8–95.8 ppm), aromatic C–H bonds (95.8–125.0 ppm),
aromatic C–C bonds (125.0–142.0 ppm), aromatic C–O bonds
(142.0–166.5 ppm) and C]O bonds (166.5–215.0 ppm). Based
on the chemical shi ranges of carbon functional groups, the
percentage of carbon functional groups in AFR and chars were
summarized by calculating the share of certain tted curves
area in total tted curves area, as shown in Fig. 8.

The total percentage of aliphatic C–C bonds, methoxyl
groups and aliphatic C–O bonds in AFR (25 �C) was as high as
51.88%. The results above indicated that aliphatic structure was
dominant in raw AFR carbon structures. In addition, the
percentage of C]O bonds was 24.67%, which might mainly
contributed by ester groups (–CO–OR) and amide groups (–CO–
NH–) from lipid and protein in AFR. During pyrolysis, the
percentage of different carbon functional groups changed
obviously. The dominant carbon functional groups mentioned
above decreased with the enhancing of pyrolysis degree.
Meanwhile, the aromatic carbon functional groups, such as
aromatic C–C bonds and aromatic C–O bonds, formed rapidly.

With pyrolysis temperature increasing from 25 �C to 320 �C,
the percentage of methoxyl groups decreased from 10.65% to
2.58% (N2 atmosphere) and 4.08% (CO2 atmosphere), while the
percentage of aliphatic C–O bonds decreased from 10.14% to
4.91% (N2 atmosphere) and 5.31% (CO2 atmosphere). This
indicated that side chain groups, such as methoxyl groups and
aliphatic C–O bonds, were susceptible to cracking by thermal
decomposition, and the reaction was more active in N2 atmo-
sphere. These results were consistent with the ESR analysis in
Fig. 8 Variation of carbon structures in AFR and chars. (a) N2 atmo-
sphere, (b) CO2 atmosphere.

This journal is © The Royal Society of Chemistry 2016
Section 3.1.1. With the further increasing of pyrolysis temper-
ature, the percentage of methoxyl groups and aliphatic C–O
bonds continued to decrease. Especially methoxyl groups,
almost disappeared at 600 �C. By contrast, the signicant
decrease of the aliphatic C–C bonds and C]O bonds
percentage happened when temperature higher than 480 �C,
that was because the bond-breaking reactions of aliphatic C–C
bonds and C]O bonds needed more energy.

The percentage of aromatic C–C bonds and aromatic C–O
bonds increased with the increasing pyrolysis temperature,
while the ratio of aromatic C–H bonds showed a contrary
tendency. The increasing of aromatic C–C bonds and aromatic
C–O bonds could be mainly attributed to the pyrolysis
condensation reaction of aliphatic carbon functional groups,
methoxyl groups and C]O bonds.20 In addition, the bonds
cracking in aliphatic/aromatic hydroxyl groups produced
oxygen-containing free radicals and p radicals on hydrocar-
bons, and subsequently formed aromatic C–O bonds during
pyrolysis.44,45 The decrease of aromatic C–H bonds were due to
its consumption in radical reactions which happened between
aromatic C–H bonds and methoxyl groups. Meanwhile, more
aromatic C–C bonds and aromatic C–O bonds were created.
When AFR were pyrolyzed at 600 �C, the vast majority of carbon
structures in chars converted into aromatic carbon functional
groups which had high carbonization degree. Ben et al.23,46

studied the conversion of carbon functional groups in kra
lignin pyrolysis process, and obtained the similar results. The
ratio of aromatic carbon functional groups reached 94.14% in
N2 atmosphere and 90.13% in CO2 atmosphere at 600 �C. This
indicated that N2 atmosphere was more benecial to the reac-
tion of AFR pyrolysis, resulting in a higher aromatization level
of carbon structure in chars.

4. Conclusions

Pyrolysis process had signicant inuence on the AFR chemical
properties such as free radicals and carbon structures. More
free radicals and aromatic carbon functional groups were
created in N2 atmosphere compared with CO2 atmosphere.

As the pyrolysis temperature increased, the degree of
aromatization of carbon structures in the chars increased due to
intensied condensation reaction, causing dramatic changes in
the composition of free radicals.

The contributions of methoxyl groups, aliphatic C–O bonds,
aliphatic C–C bonds and C]O bonds decreased substantially in
the free radicals composition, while that of aromatic C–C bonds
and C–O bonds increased signicantly with increasing pyrolysis
temperature.
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