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Biomass was used as additives in coal blending for making coke in terms of widening the alternative raw
materials and reducing CO, emissions. To obtain the influences of biomass incorporation on the semicoke
formation, the chemical structure transformation as well as the gas evolution during sawdust (SD)/coal
blending (BC) co-coking were investigated using in-situ Fourier transform infrared spectroscopy coupled
with mass spectrometry (In-situ FTIR-MS). Meanwhile, the role of biomass in the semicoke formation
was also characterized by several analytical techniques. The transformation of the five main functional
groups between SD and BC exhibited the largest difference, and the synergistic effect based on the
chemical structure transformation was also proposed for the SD/BC blends co-coking. The synergistic
effect based on the chemical structure transformation was divided into two stages during semicoke
formation. One stage occurred at 100—280 °C that was assigned to the physical effect that inhibited the
BC decomposition. Another stage happened at 280—500 °C that was mainly attributed to the hydrogen
transfer that enhanced the aromatization of semi-coke. In addition, it was also noted that the thermo-
plastic properties decreased proportionately to the quantity of the SD, and the non-agglomeration be-

tween BC and SD was clearly observed by SEM.

© 2020 Energy Institute. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Metallurgical coke derived from coal blending coking at tem-
peratures range of 950—1100 °C, acted as a fuel, a reducing agent,
and an indispensable support in iron-making process [1]. The coal
blending used as the raw material for metallurgy coke making
mainly comprised gas coal, 1/3 coking coal, coking coal, lean coal,
and fat coal [2]. It was forecasted that the consumption of coal
blending in 2020 would arrive at 500 million tons. However, the
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deposit of coal for coke making was about 276 billion tons, ~27% of
the total coal deposits in China [3]. Due to the limited storage and
the price increase of the coal, an alternative renewable energy
resource, such as biomass, has been used as additives to be added
into the coal blending during the coking process [3—7]. However,
high volatile matter and oxygen content in the biomass exhibited
an significant effect on coke formation, resulted in the decrease of
the coke quality [1,2,8—10]. Our previous investigation reported
that 5 wt% of sawdust direct incorporation into coking blends did
not affect coke quality, but the coke qualities would gradually
reduce when the sawdust addition was above 5 wt% [3]. Montiano
et al. [8] found that 15 wt% of briquettes containing waste chestnut
sawdust could be included in coking blends for metallurgical coke
production.

Coal blending used for the coke production should contain
certain physicochemical properties which cause these coals to
produce gas and tar and coke in two stages during the coking
process [11,12]. One stage is the coal particles undergo soften,
liquefy, agglomerate, with simultaneous condensation reactions
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which result in the formation of non-volatile semicoke when the
coal particles are heated up to 500—550 °Cin inert atmosphere [13].
Another stage is the semicoke continues to undergo a series of
reactions and produce high-temperature coke with strong me-
chanical resistance and moderate CO; reactivity as the temperature
further increases from 500—550 to 950—1100 °C [14]. The semicoke
formation stage is a key step for understanding the physicochem-
ical properties of the resultant coke [15,16]. Meanwhile, the optical
texture obtained from the semicoke stage is generally persisted in
the resultant coke [17]. In fact, aliphatic groups (CHs3, CH,, CH),
aromatic groups (aromatic C=C and C=H), and oxygen-containing
groups (hydroxyl, carbonyl, carboxyl and ether) are the most
abundant chemical structure in both biomass and coal that are
correlated with the COp, CO, CiHy, tar and coke formation
[13,18—20]. Understanding the transformation of these chemical
structure can help to optimize the yields and qualities of coke and
tar that obtained from the biomass/coal blends co-coking. How-
ever, the chemical structure transformation of biomass/coal blends
was not discussed for the semi-coke or coke formation. Neverthe-
less, the chemical structure transformation together with the gas
evolution during biomass/coal blends co-coking was not explicitly
investigated, especially for the semicoke formation stage.

Solomon [21] studied the coal pyrolysis using fourier transform
infrared spectroscopy (FTIR). The gas products were determined by
pyrolysis-FTIR, TG-FTIR and pyrolysis-MS [22]. The chemical
structure transformation during coal pyrolysis was measured by an
ex situ FTIR and nuclear magnetic resonance spectrometry [23].
However, data obtained from above experimental methods could
not directly reflect the variations of coal during pyrolysis, resulted
in the relationships between the gas evolution and the chemical
structure during coal pyrolysis could not discovered. Niu et al. [24]
investigated the chemical structure transformation during coal
pyrolysis using in-situ transmission FTIR, the thermal behaviour
and kinetics of coal based on the chemical structure transformation
were obtained, while the gas evolution during coal pyrolysis were
not considered. In-situ Fourier transform infrared spectroscopy
equipped with a mass spectrometry (In-situ FTIR-MS) was
employed to investigate the reaction mechanism by means of
measuring the chemical structure transformation as well as the gas
evolution during carbon-based materials thermal degradation.
Some publications about waste pyrolysis in in-situ FTIR-MS mea-
surement had been reported in our previous work [25,26].

In this paper, co-coking of biomass/coal blends is studied using
in-situ  FTIR-MS coupled technology. The chemical structure
transformation together with the gas evolution during sawdust/
coal blends co-coking are also discussed. Meanwhile, the role of
biomass in the semicoke formation is also characterized by the
Gieseler plastometer, scanning electron microscope (SEM), and
fourier transform infrared spectrometer in the attenuated total
reflectance mode (FTIR-ATR). The purposes of this study are: 1) to
gain the chemical structure transformation of individual biomass/
coal and the biomass/coal blends during semicoke formation pro-
cess; 2) to obtain the synergistic effect mechanism between
sawdust and coal blending during semicoke formation process. The
result of this study is expected to provide a useful basis for un-
derstanding coke formation during biomass/coal blends co-coking.

2. Materials and methods
2.1. Materials

Four different rank coals (gas coal, 1/3 coking coal, coking coal
and lean coal) and pine sawdust (SD) were used in this study, as

listed in Table S1. Four different rank coals were sampled from a
coking plant, Hubei province, China, and the SD was obtained from

a furniture factory, Hubei province, China. Before the experiments,
coal blending (BC) is prepared according to the ratio: 26 wt% gas
coal, 23 wt% 1/3 coking coal, 43 wt% coking coal and 8 wt% lean
coal. The BC and the SD are milled to 74—150 um, and then the BC
and SD are uniformly mixed by an I-type drum. The blends of the SD
and BC are named as SDBC-5, SDBC-10, SDBC-15 and SDBC-20,
inferring that the mass percentage of the SD in the SD/BC blends
is 5%, 10%, 15% and 20%, respectively. The characteristics of the BC
and SD are listed in Table 1.

2.2. In-situ FTIR-MS analysis

In-situ FTIR experiments are carried out on an FTIR spectrom-
eter (FTIR, Bruker Tensor II) equipped with a Harrick reaction cell.
The FTIR spectrometer is used to monitor the chemical structure
transformation during SD/BC pyrolysis varied with the tempera-
ture. The spectra are recorded under the wavenumber range of
4000—400 cm~! with a resolution of 4 cm~. The Harrick reaction
cell is electrically heated from the room temperature to 500 °C, and
the temperature is automatically controlled and monitored by a
thermocouple. Meanwhile, a mass spectrometer (Agilent QMS403)
is employed to measure the gas evolution profiles that produced
from the SD/BC blends pyrolysis in the Harrick reaction cell.

Approximately 50 mg BC, SD or SD/BC blends is placed in the
Harrick reaction cell. Prior to experiment, argon with flow rate of
20 ml min~! is introduced into Harrick reaction cell for 30 min to
produce the inert atmosphere, and then the FTIR spectra is also
measured by the spectrometer when the Harrick reaction cell is
heated from 30 °C to 500 °C under a heating rate of 5 °C-min~!
during BC, SD or SD/BC blends pyrolysis. Meanwhile, the ions sig-
nals of the gas species released from the Harrick reaction cell are
also monitored by the on-line MS.

In order to understand the chemical structure transformation
during SD/BC blends pyrolysis, curve-fitting analysis of the FTIR
spectrum is performed using peak fitting software, which has been
detailly discussed in our previous paper [26].

2.3. Gieseler thermoplastic test and semicoke characterization

The Gieseler thermoplastic of the SD/BC blends is performed in a
Gieseler plastometer (PL-2006A, China). 5 g samples are heated up
from 300 °C to 550 °C under a heating rate of 3 °C-min~. The
thermoplastic parameters such as softening temperature (Ts),
resolidification temperature (T;) and maximum fluidity (ddpm) are
obtained from the experiments.

The chemical structure of these semicoke derived from the SD/
BC blends pyrolysis under different temperature was analyzed by
Fourier Transform infrared spectroscopy (FTIR) in the attenuated
total reflectance (ATR) mode. The FTIR-ATR spectra of the semi-
cokes was measured in a Bruker Tensor Il spectrometer equipped
with a single bounce diamond ATR crystal at a resolution of 4 cm ™!
with wavenumbers range of 4000—400 cm ™.

In addition, surface morphology of these semicokes obtained
from the Gieseler experiments are analyzed by scanning electron
microscope (SEM, Mode Sirion-2000).

2.4. TG analysis

The TG experiments are performed on a thermogravimetric
analyzer (NETZSCH STA449 F3). About 200 mg BC, SD or SD/BC
blends is loaded into an aluminum crucible that placed on the TG
furnace. The sample is heated from 50 to 1000 °C with a heating
rate (B) of 5 °C-min~! in 200 ml/min argon atmosphere.
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Table 1
The basic characteristics of BC and SD.

BC Proximate analysis,%
Moisture Ash
1.80 9.35
Ash Chemistry,%
SiOy Al,03
47.71 33.44

SD Proximate analysis,%
Moisture Ash
9.78 0.78
Ash Chemistry,%
SiO, Al,03
29.33 7.90

Volatile
28.33 60.52
F8203
10.40

Tio,
1.98

P05 Ca0
0.27 4.05

Volatile
45.09 4435
F6203
4.57

TiO,
0.12

P205 Ca0
2.33

Fixed carbon

Fixed carbon

37.20

Sulfur % Coking Plastometer
index X

0.56 82 28 15

MgO MnO
0.91 0.06
Sulfur %

Na,0 K>0 BaO
0.29 0.78 0.11
Coking Plastometer
index X Y
0.11 - - -

Basicity index
0.160

MgO
6.93

MnO
0.07

Na,0 K>0 BaO
0.34 10.87 0.34

Basicity index
0.127
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Fig. 1. The mass loss and mass loss rate of the SD, BC, SDBC-10 and SDBC-20 pyrolysis

under argon atmosphere at the heating rate of 5 °C-min~".

3. Results and discussion
3.1. Thermal behavior of SD/BC

Fig. 1 presents the mass loss/mass loss rate of the SD, BC, SDBC-
10 and SDBC-20 pyrolysis with a heating rate of 5 °C-min~! in argon
atmosphere. It can be seen that an obvious double peak centred at
337 °C are observed under the heating rate of 5 °C-min~" during
the SD pyrolysis, as illustrated in Fig. S1. The SD is composed of
lignin, cellulose, hemicellulose, and inorganic mineral [20]. It can
be induced that the SD pyrolysis exhibits three decomposition
stages. The first stage, which exhibits a large amount of mass loss at

Table 2
The results of thermoplastic parameters.

Sample G Ts/°C Te/°C T,/°C P,/°C Log(MF)

BC 82 407 445 495 88 3.1
BC+5% SD 82 409 447 492 83 3.0
BC+10% SD 76 412 454 490 78 2.6
BC+15% SD 73 415 457 488 73 2.2
BC+20% SD 71 418 459 487 69 1.6

temperature range of 180—400 °C, indicating the decomposition of
the hemicellulose and cellulose [27]. The second stage, occurring
between 280 and 450 °C, corresponding to the lignin decomposi-
tion [28]. Insignificant mass loss is occurred in the whole temper-
ature zone (Peak 3), which is caused by the release the inorganic
mineral. Fig. 1 represents the mass loss/mass loss rate of the BC
pyrolysis under a heating rate of 5 °C-min~! in argon atmosphere.
The mass loss rate of the BC pyrolysis exhibits two peaks at
300-550 °C and 550—1000 °C, respectively. One peak centred at
about 450 °C represents the major stage of the BC pyrolysis, while
another peak centred at about 650 °C is assigned to creaking of tar,
releasing of the alkali and alkaline earth metals, and aromatization
of the semicoke produced from the BC pyrolysis [29]. On the basis of
the thermal behaviour of SD and BC pyrolysis that the SD decom-
position takes place at 200—400 °C and reaches a maximum of
volatile releasing near 340 °C, while the BC starts to decompose
when heated to around 400 °C and reaches the maximum of mass
loss rate near 450 °C accompanying with more volatile release, as
shown in Table 2. Accordingly, the thermal behaviour as well as the
chemical structure of the SD and BC differ from each other, which
could influence the chemical structure transformation of the SD
and BC in different ways.

Fig. 1 also displays the mass loss/mass loss rate of the SD/BC
blends (SDBC-10 and SDBC-20) co-pyrolysis. It can be observed that
there are two obvious peaks for mass loss rate curve during the SD/
BC blends co-pyrolysis. The first peaks centred at 336 °C, 336 °C for
the SDBC-10 and SDBC-20 are ascribed to the SD decomposition,
while the second peak centred at 450 °C, 449 °C for SDBC-10 and
SDBC-20 are mainly assigned to the decomposition of the BC. The
mass loss and mass loss rate between experimental values and the
calculated values during SD/BC co-pyrolysis under a heating rate of
5°C-min~! are compared in Fig. 2. It can be seen that the mass loss
and mass loss rate obtained from experiments are higher than that
of the theoretical results when the temperature range of
240-500 °C. The above phenomena can be induced that the syn-
ergistic effect between BC and SD exists during semicoke formation
process, and this synergistic effect influences the chemical struc-
ture transformation as well as the gas evolution, which will be
discussed in section 3.3.

In addition, the influence of the SD addition on thermoplasticity
of the SD/BC blends is also probed by Gieseler test, as shown in
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Fig. 2. The comparsion of the conversion rate and reaction rate between experimental
values and the calculated values during SD/BC co-pyrolysis.

Table 2. The plastic range of BC is 88 °C. As for the SD/BC blends, the
softening temperature of the SD/BC blends increases slightly, while
the resolidification temperature of the SD/BC blends decreases
significantly. These leads to the reduction of the plastic range as
high as 18 °C as the SD addition is increased to 20 wt%. The more
significant reduction of the plastic range for the SD/BC blends with
20 wt% SD addition should be attributed to the higher oxygen
content and volatile matter in SD [11,30].

3.2. Chemical structures transformation

The mass loss during the SD/BC blends pyrolysis indicates the
release of light gas and chemical structure transformation, but the
chemical structure transformation does not necessarily result in the
mass loss. Therefore, the chemical structure transformation of the
five functional groups, including aliphatic C—H, aromatic C—H, ar-
omatic C=C, carbonyls (C=0), and hydroxyls (—OH), which are the
most abundant in the chemical structure of the SD and BC, are
investigated.

3.2.1. Chemical structures transformation for the individual SD
pyrolysis

Fig. 3 depicts the chemical structure transformation during the
SD pyrolysis under a heating rate of 5 °C-min~". As presented in
Fig. 3(a), there are five peaks for the aliphatic C—H observed in the
3030-2750 cm~! region during the SD pyrolysis at 100—500 °C,
which are attributed to asymmetric methyl stretching (near

3026 cm™ '), asymmetric methylene stretching (near 3017 cm™1),
aliphatic C—H stretching (near 3006 cm~!), symmetric methyl
stretching (near 2990 cm™!), and symmetric methylene stretching
(near 2971 cm™') [31]. The transformation of the aliphatic C—H
during the SD pyrolysis exhibits five stages. The quantity of the
aliphatic C—H in the first stage (100—160 °C) slowly decreases with
the temperature increases due to the evaporation of small mole-
cules with branching chain of polysaccharides in cellulose [32].
However, the transformation of intra- and inter-molecular
hydrogen bonds (H—bonds) is a primary reaction that leads to the
aliphatic C—H varies slightly at 160—220 °C [33]. The aliphatic C—H
at 220—320 °C dramatically decreases due to the depolymerization
and fragmentation reaction of cellulose accompanying with the
light gas evolution. However, the aliphatic C—H slightly increases at
320—400 °C. The abnormal variation of the aliphatic C—H is
assigned to the creaking of the main C=C chain in lignin, which
results in the formation of the aliphatic C—H [31]. The decrease of
the aliphatic C—H at 400—500 °C is mainly attributed to the cycli-
zation and polycondensation reactions of aromatic polymers in
lignin with the release of aliphatic hydrocarbons, as shown in
Fig. S2. Fig. 3(b) presents the transformation of the aromatic C=C
located at the wavenumber range of 1480—1615 cm™! during the
SD pyrolysis under a heating rate of 5 °C-min~". The bands at 1557,
1539, 1518 and 1505 cm ™! are assigned to the aromatic C=C with
different rings [31]. The transformation of the aromatic C=C in SD
is considerable complex at 100—500 °C since the SD comprises
cellulose, hemicellulose and lignin [13]. The aromatic C=C together
with the aliphatic C—H in SD slightly decrease below 160 °C due to
the light gas evolution in cellulose, as well as water evaporation
[32]. The aromatic C=C firstly increases at 160—220 °C and then
decreases at 220—280 °C, which may be originated from the
removal of substituent groups at aromatic rings in polyxylose [34].
The transformation of the aromatic C=C occurred at 280—380 °C
may be caused by the depolymerization and fragmentation reac-
tion, resulted in the formation of monocyclic aromatic hydrocar-
bons, matching the evolution of benzene (m/z 77, 78) and toluene
(m/z 91, 92) monitored by the MS (Fig. S2). The increase of the
aromatic C=C between 380 °C and 500 °C is ascribed to cyclization
and polycondensation of lignin, accompanying with the formation
of Hy (m/z 2) and CH4 (m/z 15, 16) [35]. Fig. 3(c) indicates that there
are three stages for the transformation of the aromatic C—H during
SD pyrolysis. The increase of the aromatic C—H at 100—200 °C is
accompanying with the aromatic C=C due to the creaking of
bridges of aromatic structure in cellulose, which results in the
formation aromatic hydrocarbons. The decrease of aromatic C—H
accompanying with gas releasing happened at 200—340 °C is
mainly caused by the evolution of monocyclic aromatic hydrocar-
bons, which is consistent with the variation of the aromatic C=C.
However, the aromatic C—H dramatically increases as the temper-
ature increases from 340 to 500 °C due to cyclization and poly-
condensation [36]. Fig. 3(d) and (e) exhibit the oxygen containing
groups such as C=0 and —OH varied with temperature during the
SD pyrolysis. The C=0 evolution in the SD can be separated into
four stages at 100—160 °C, 160—260 °C, 260—320 °C and
320-500 °C, respectively. The increase of the C=0 at 100—160 °C is
attributed to the dewatering of hydrogen bonds. The decrease of
the C=0 at 160—260 °C is assigned to the degradation of the
hemicelluloses since the main ester carbonyl groups in hemi-
celluloses located at 1635 and 1670 cm™! decrease as the temper-
ature varies from 160 to 260 °C [32]. The peaks attributed to the C=
O stretching in phenolic esters at 1699 cm~! and lactones at
1684 cm! increase at 260—320 °C and then decrease at
320-500 °C. The increase of the C=0 at 260—320 °C mostly pro-
duces from C—0 and —OH groups through dehydration reactions,
while the evolution of formaldehyde (m/z 30), acetic acid (m/z 60)
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Fig. 3. The chemical structure transformation during the SD pyrolysis with a heating rate of 5 °C-min".

and phenol (m/z 94) are contributed for the decrease of the C=0 at
260—-500 °C, which is also proved by the MS results in Fig. S2.
Fig. 3(e) demonstrates that the —OH, especially for the free hy-
droxyls located at 3668 cm~! increase obviously at 100—240 °C due
to the disruption of H-bonds, and then decrease at 240—300 °C,
likely due to the dehydration reactions. As temperature further
increases from 360 to 500 °C, the —OH sharply decreases accom-
panying with the H,O formation.

Thus, the chemical structure transformation during the SD py-
rolysis exhibits five stages. The initial stage (happens at
100—160 °C) is assigned to the evaporation of small molecules with
branching chain of polysaccharides in cellulose, as well as dew-
atering of hydrogen bonded water, which increases the aromatic
C—H, C=0 and —OH, and decrease of aliphatic C—H and aromatic
C=C. In the second stage (160—240 °C), the creaking of intra- and
inter-molecular hydrogen bonds is the predominated reaction,
leads to the increase of aromatic C=C and —OH, and decrease of C=
0. The third stage (240—320 °C) are mainly attributed to the
dehydration and depolymerization reaction, contributes to the loss

Temp./’C

1

of aliphatic C—H, aromatic C—H, and —OH, and formation of C=0
and aromatic C=C. The fourth stage occurs between 320 and
400 °C undergoes chain fragmentation primarily to release mono-
meric phenol units into vapor phase since lignin is a randomly
linked phenolic macromolecule [37]. The last stage taking place at
400—-500 °C is mainly caused by the deoxygenation and conden-
sation reactions, results in the increase of aromatic C—H and aro-
matic C=C, and decrease of aliphatic C—H, —OH and C=0.

3.2.2. Chemical structures transformation for the individual BC
pyrolysis

Fig. 4 presents the chemical structures transformation during
the BC pyrolysis under the heating rate of 5 °C-min~'.The aliphatic
C—H transformation during the BC pyrolysis exhibits three stages.
The aliphatic C—H existed as bridges in coal structure slightly in-
crease in the initial stage (100—320 °C), which is related to the
creaking of —CH,— [38]. The rapid decomposition of the aliphatic
C—H in the BC occurs in the second stage (320—460 °C), which can
be evidenced by the evolution of light hydrocarbons, as seen in
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Fig. 4. The chemical structures transformation during the BC pyrolysis under the heating rate of 5 °C-min—".

Fig. S3. During the third stage (460—500 °C), the total aliphatic C—H
for the BC declines slowly with increasing temperature. Fig. 4(b)
presents the aromatic C=C transformation during BC pyrolysis
firstly increases as the temperature varies from 100 to 380 °C, and
then decreases as the temperature further increases from 380 to
500 °C. The increase of the aromatic C=C at 100—380 °C is mainly
related to the depolymerization reaction of aromatic polymers with
little gas releasing. However, the content of aromatic C=C de-
creases as the temperature further increases from 380 to 500 °C,
accompanying with the evolution of Hy, CH4, C;H4 and toluene due
to the creaking and evolution of aromatic rings in BC [25], as shown
in Fig. S3. Fig. 4(c) indicates the aromatic C—H during the BC py-
rolysis increases with the temperature increases from 100 to
380 °C, and then decreases as the temperature increases from 380
to 500 °C, which is well corresponding to the variation of the ar-
omatic C=C. Fig. 4(d) represents the evolution of the C=0 in the BC
exhibits three stages at temperatures zone of 100—260 °C,
260—420 °C and 420—500 °C, respectively. The total integral area of
the C=0 increases up to 260 °C. The peaks at 1699 cm~' and

1

1653 cm™ ), especially at 1699 cm ™, contribute to the increase of the
C=0 below 260 °C. Niu at al [31]. claimed the increase of the C=0
is mainly assigned to the conversion from carbonyl (C—O) to
carboxyl (C=0) since the carboxyl in coal blending can be negli-
gible. However, Xiong et al. [39] reported that the dewatering re-
action between hydroxyl and carboxyl is not the main contributor
to the increase of the 1699 cm™~! band. There is no obvious variation
observed at 260—420 °C, indicating that temporary stability of C=0
in this stage, which is also consistent with the results of Niu et al.
[31]. In the third stage, the amount of the C=0 dramatically de-
clines in a linear way with the release of acetic acid (m/z 59, 60), as
shown in Fig. S3. Fig. 4(e) demonstrates that the —OH increases
obviously at 100—220 °C, likely due to the dehydration reactions. As
the temperature is further increased from 240 to 500 °C, the —OH
sharply decreases accompanying with the H,O formation, assigned
to the elimination of water clusters and the OH in organic struc-
tures [40]. The above phenomena should be ascribed to the
decomposition pathway of tightly bound hydroxyl tetramers [41].
With the temperature increases, the tetramers convert into smaller
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groups, and finally decompose into phenol molecular [42], as
shown in Fig. S3.

3.2.3. Chemical structures transformation for the SD/BC blends
pyrolysis

Figs. 5 and 6 present the chemical structure transformation
during the SD/BC blends pyrolysis under the heating rate of
5 °C-min~L There are four stages for the aliphatic C—H trans-
formation during the SD/BC blends pyrolysis, as shown in Figs. 5(a)
and Fig.6(a). The aliphatic C—H in first stage (occurs at 100—240 °C)
is related to the creaking of bridges in coal structure with no
aliphatic hydrocarbons releasing since the aliphatic C—H during the
SD pyrolysis at 100—240 °C exhibits a reduction trendency. The
second stage (happens at 240—360 °C) is mainly assigned to the
decomposition of SD. The rapid decomposition stages of the
aliphatic C—H takes place at 360—420 °C, which is mainly ascribed
to the devolatilization with the gas evolution. The transformation of
the aliphatic C—H in the last stage (420—500 °C) declines slowly
due to the cyclization and polycondensation during semicoke
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formation process [24]. Figs. 5(b) and Fig.6(b) indicate the trans-
formation of the aromatic C=C during the SDBC-10 and SDBC-20
pyrolysis. It can be seen that there is a similar trendcy for the ar-
omatic C=C transformation between SDBC-10 and SDBC-20. The
aromatic C=C firstly increases as the temperature increases from
100 to 280 °C, followed by decreasing at 280—380 °C, and then
dramatically increases when the temperature increases from 380 to
500 °C. The increase of the aromatic C=C at 100—220 °C is origi-
nated from the creaking of bridges in cellulose structure, while the
increase of the aromatic C=C at 220—280 °C is caused by the
depolymerization reaction of aromatic polymers since the aromatic
C=C decreases at 220—280 °C during the SD pyrolysis and the ar-
omatic C=C derived from the BC pyrolysis increases at 220—280 °C
[43,44]. The decrease of the aromatic C=C occurred at 280—380 °C
is caused by the evolution of monocyclic aromatic hydrocarbons,
which is similar with the SD pyrolysis [45,46]. However, the in-
crease of the aromatic C=C at 380—500 °C is caused by the cycli-
zation, polycondensation and removal of substituent groups at

aromatic rings [27]. Figs. 5(c) and Fig.6(c) present the
2.0
m 1505 cm’” (b)
® 1518cm’ <
A ! <
15 1539 om’ <q P R
v 1557 cm <
5 <« Total o< <
= ‘4 <
= 10 |
&n
2 < <
= < 44
0.5 AA
< 304500° sé89e
e LM
0.0 CL Al . Sss, .
100 200 300 400 500
Temp./'C
15
m 1635cm’ @ 1647 cm’ )
A 1653cm™ w 1670 cm’ o
< 1684 cm"'"699 cm”
< ¢ 7T @ Tgal
O 1.0 L ] *
5 e® o0 * .
= * °
%) *
= ] [ ] * *
= 05 ma LT e . *
| 1™ [ ]
b I‘>> .
>>>>
(931 »
o Shsseeteds ;g;§i§§g;

100 200 300 400 500 100 200 300
Temp./°C Temp./C
0.8
(© m 3646 cm’
® 3656cm’
06l > > A 3670 cm’
N dde > ’> v 3678 cm’
< 1
o > 4 3690 cm
5 04l > > > » Total
E . > >
5y amEgEE an® "
= [ ] L] I >
~ 02} - >y
AAAA " LE
¥ *ljj_i_s‘
L sed¥ee
400

100 200

Fig. 5. The chemical structures transformation during the SDBC-10 blends pyrolysis under the heating rate of 5 °C-min~".

Temp./ C

1

Please cite this article as: L. Qin et al., Synergistic effect for co-coking of sawdust and coal blending based on the chemical structure
transformation, Journal of the Energy Institute, https://doi.org/10.1016/j.joei.2020.06.003




L. Qin et al. / Journal of the Energy Institute xxx (XXXx) xxx

05 1.5 1
* W 2969 cm’ m 1505cm
(a) . * 0 ® 2977 cm’ ® 1518cm” 2 P < <(b)
0.4 Bl
IR s s
g .00 v o, s 10F v 1557 cm™ <
S 03 < 3011 em g < Total <
1 b= P <4
= * » 3022 cm = PR
= €9 Total ] <
on ’ o0
% 02 8 <
— ;k 'S S 05 44 AAAA P
v 2 VoA,
0.1 v & VH§ g . ‘*Xi'.‘l “’I‘
o !i’ k0 %000 ptfenianigegnglt
ok $oeqoszltissses oL 18 "oy
00750 200 300 400 500 ’ 100 200 300 400 500
Temp./°C Temp./’C
0.5 2.0
B
m 1457cm (c) m 1635cm’ ® 1647 cm’ (d)
04l @ 1465m A 1653 v 1670 cm’ te
: A 1473 cm’ 15 < 1gfem® » 1699cm’ @
Vv Total v v Vv . ® ch om ¢
< 03l vavVV Vv vyvy VY o 0.47170m : Total
g v g ¢ .
5] v v S ol
E v = ¢ .
= L = *
g 02 Emgpgnm TP="YL ) te
- l [ ] n n +~
= l.‘lll“l ARy aanning, = o5t an"" ¢ v .
01} " (L " 4
>y ¥XLTY i}
00 000°°,000000000%00°°° 00 !Xl!t!*ti!’ l;A'ﬁ;i'
' 100 200 300 400 500 ’ 100 200 300 400 500
Temp./°C Temp./ C
L4F w3644 cm’ (e)
-1
12 ® 3655 cmI
3668 cm’
44 <
8 1.0+ V<3ﬂ7$0’n'l < 444
5 3688 cm’ < d g
= 08F 4 Total <
5 < 4 q
8 06r mm
S <4 |
— [ ] ]
04l ElgmmEn, .
m_uHN
02} "v "u
P 000004, T0 $48
00  VYVVYYVVVYVALOe"VMy¥eo¥S
' 100 200 300 400 500
Temp./C

Fig. 6. The chemical structures transformation during the SDBC-20 blends pyrolysis under the heating rate of 5 °C-min~".

1

transformation of the aromatic C—H during SDBC-10 and SDBC-20
pyrolysis. The variations of the aromatic C—H during SDBC-10 and
SDBC-20 pyrolysis have good correlation with that of the aromatic
C=C when the temperature is below 360 °C, while the contents of
aromatic C—H vary slightly with the enhancement of temperature
when the temperature is above 360 °C. The abnormal variations of
the aromatic C—H during SDBC-10 and SDBC-20 pyrolysis at above
360 °C contribute by co-existence of SD and BC since the aromatic
C—H derived from the SD pyrolysis increases at above 360 °C, and
the aromatic C=C during the BC pyrolysis decreases at above
360 °C [41]. Figs. 5(d) and Fig.6(d) indicate the transformation of
the C=0 during SDBC-10 and SDBC-20 pyrolysis. Similarly, the C=
O transformation in the SDBC-10 and SDBC-20 can be separated

into four stages at temperature zone of 100—180 °C, 180—300 °C,
300—420 °C and 420500 °C, respectively. The increase of C=0 at
100—180 °C is attributed to the dewatering of hydrogen bonds. The
decrease of C=0 at 180—300 °C is assigned to the degradation of
hemicelluloses since the main ester carbonyl groups in hemi-
celluloses located at 1635 and 1699 cm~! decrease with the tem-
perature increases from 180 to 300 °C [32]. The peaks
corresponding to the C=O0 increase at 300—420 °C and then
decrease at 420—500 °C. The increase of the C=0 at 300—420 °C is
likely originated from C—O and —OH through various dehydration
reactions, while the evolution of formaldehyde (m/z 30), acetic acid
(m/z 60) and phenol (m/z 94) is contributed to the decrease of C=0
at 420-500 °C, which is also proved by the MS results in Fig. S4.
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Figs. 5(e) and Fig.6(e) demonstrate that the —OH increases obvi-
ously at 100—240 °C due to the disruption of H-bonds, and then
decrease at 240—300 °C due to the dehydration reactions. The in-
crease of —OH at 300—380 °C is likely caused by the synergistic
effect between SD and BC, which can be proved by the lower
amount of H,O formation, as compared in Fig. S3 and Fig. S4. As
temperature further increases from 380 to 500 °C, the —OH sharply
decreases accompanying with the formation of H,0 (m/z 17, 18).

3.3. Synergistic effect based on the chemical structure
transformation

In order to further study the synergistic effect mechanism based
on the chemical structures transformation during SD/BC blends co-
pyrolysis, the normalized integral area of the chemical structures
including aliphatic C—H, aromatic C—H, aromatic C=C, C=0,
and—OH during SD/BC blends co-pyrolysis are calculated according
to the normalized integral area of the chemical structures from the
individual BC and SD pyrolysis, as expressed in equation (1):

() mixture = Xpc % (I})gc + Xsp x (Ij)sp (1)

where (Ij)gc, (Ij)sp represents the normalized integral area of the
chemical structures varied with the temperature during the indi-
vidual BC and SD pyrolysis, and Xgc, Xsp is the mass fractions of the
BC and SD in the SD/BC blends, respectively.

Figs. 7 and 8 compare the chemical structures varied with the
temperature between the experimental and the calculated results
during the SD/BC blends co-pyrolysis. It can be seen that the
chemical structures including aliphatic C—H, aromatic C—H, aro-
matic C=C, C=0, and—OH during the SD/BC blends co-pyrolysis
varied with the temperature between the experimental and the
calculated results are significantly different, inferring that the in-
teractions between SD and BC exist. Figs. 7(a) and Fig.8(a) indicate
that there are obvious differences observed for the aliphatic C—H
during SDBC-10 and SDBC-20 pyrolysis in the temperature zones
(100—280 °C and 280—500 °C). The normalized integral area of the
aliphatic C—H obtained from the experimental results during the
SD/BC blends co-pyrolysis at 100—280 °C is much higher than that
obtained from the calculated results, indicating that the evolution
rate of aliphatic C—H obtained from the experimental results at
100—280 °C is much lower than that obtained from the calculated
results, which inferring that the pyrolysis reaction is suppressed at
100—280 °C with less light hydrocarbon formation. Wu et al. [47]
claimed that the volatile released from SD may be blocked by the BC
and inhibits the SD/BC blends pyrolysis, which is called physical
effect. However, the normalized integral area of the aliphatic C—H
obtained from the experimental results during the SD/BC blends
co-pyrolysis at 280—500 °C is much lower than that obtained from
the calculated results, indicating that the evolution rate of aliphatic
C—H obtained from the experimental results at 280—500 °C is
much higher than that obtained from the calculated results,
inducing that the pyrolysis reaction is promoted at 280—500 °C,
which is benefitable for the cyclization and polycondensation re-
action. The comparisons of the aromatic groups (aromatic C=C and
aromatic C—H) varied with the temperature between the experi-
mental values and the calculated values during the SD/BC blends
pyrolysis are also represented in Fig. 7(b)—(c) and Fig. 8(b)-(c). It
can be seen that there are more aromatic C=C obtained from the
experimental results than that obtained from the calculated results,
while the normalized integral area of aromatic C—H obtained from
the experimental results during the SD/BC blends pyrolysis is much
lower than that obtained from the calculated results, indicating that
the condensation reactions are promoted due to the synergistic
effect between SD and BC, which results in the enhancement of

aromatization of semi-coke [48]. It is well known that depoly-
merization and fragmentation are the two main reactions for semi-
coke formation [17]. The liquid intermediates produced from the
depolymerization and fragmentation reactions promote the
condensation reactions, which cause the condensation structure,
such as aromatic C=C, increase remarkably [49]. The dehydration
reactions are facilitated in liquid intermediates formation during
cellulose pyrolysis. Meanwhile, most of dehydration reactions take
place simultaneously with depolymerization and fragmentation,
which may be also promoted by the synergistic effect [50,51]. The
comparisons of the oxygen containing groups (C=0 and —OH)
varied with the temperature between the experimental values and
the calculated values during the SD/BC blends pyrolysis are also
represented in Fig. 7(d)—(e) and Fig. 8(d)-(e). It can be seen that
there are three stage differences (ranges of 100—-220 °C,
220—-380 °C and 380—500 °C) observed between the experimental
and calculated results for the normalized integral area of the oxy-
gen containing groups (C=0 and —OH). The normalized integral
areas of the C=0 obtained from the experimental results at tem-
peratures range of 100—220 °C and 380—500 °C are higher than
that obtained from the calculated results, while the normalized
integral areas of the C=0 obtained from the experimental results at
temperatures range of 220—380 °C are lower than that obtained
from the calculated results. As for the —OH, the normalized integral
area of the —OH obtained from the experimental results at tem-
peratures range of 100—220 °C, 220—380 °C and 380—500 °C are
lower than that obtained from the calculated results, indicating that
the dehydration reactions during the SD/BC blends pyrolysis could
be enhanced by the synergistic effect.

The synergistic effect between SD and BC mainly caused by the
chemical structure and thermal behavior of the SD and BC. Between
400 and 450 °C, the coal used for coke making begins to soften and
provide donatable hydrogens to form liquid intermediates, which
favors for the development of plasticity/fluidity [41]. Then, the
liquid intermediates recombine with the coal macrostructure to
form semicoke. As the temperature further increases to 950 °C, the
chemical reactions corresponding to produce coke are dominant
and cause a progressive decrease in the fluidity, which results in the
aromatic units condensation and coke formation [52]. According to
the hydrogen donor theory, richer hydrogen species may produce
more mobile hydrogen donor to stabilize radical fragments formed
from thermal cracking of coal macrostructure, which is benefitable
for the coke formation during the coking process [48]. The volatile
with higher H/C from the SD can act as a hydrogen donor that
promotes hydrogen transfer reactions, while the volatile with ox-
ygen containing groups from the SD can act as a radical capping
that inhibits hydrogen transfer reactions and, consequently, the
solvating species generate before coal softening [17]. The recom-
bination of free radicals generated from coals is accelerated,
resulting in a less-ordered structure in the semicoke due to cross-
linking reactions [49,51,53]. Zhu et al. [54] also reported that the
additions of the extracts such as soluble and deposit produced by
degradative solvent extraction of biomass at 250—350 °C into the
coking coals significantly improved their thermoplastic properties
and the coke quality due to the richer hydrogen species in the ex-
tracts. The chemical structure of the semicoke derived from these
SD/BC blends co-pyrolysis were measured by FTIR-ATR, as pre-
sented in Fig. S5. The peaks corresponding to hydroxyls
(3720 cm™1), kaolinite (3660, 3620 and 670 cm™!), aliphatic C—H
(2920, 2880 cm™ 1), COOH dimers (2520 cm™'), CO; (2260 cm™1),
alkyne (2230 cm™'), alkene (1980 cm™'), carbonyl (1730 cm™1),
aromatic C—H (1530 cm™!), aromatic C=C (1460 cm™!), phenolic
O—H (1260 cm™!), C—0 stretching vibration (1060 cm™!) and out-
of-plane bending vibration of isolated hydrogen in the benzene
ring (900—700 cm™!) in these semicokes derived from SD/BC

Please cite this article as: L. Qin et al., Synergistic effect for co-coking of sawdust and coal blending based on the chemical structure
transformation, Journal of the Energy Institute, https://doi.org/10.1016/j.joei.2020.06.003




10 L. Qin et al. / Journal of the Energy Institute xxx (XXXx) xxx
14 5
(@) 1500-1600 cm”’ (b)
12} °® L < o®
g l-o.. g4 = Cal % o’
10 mpf® o = S e E
EE - —_ Xp. o® °
E u " o, g ° °
=
Bhogl ¢ 2 3 L
k= " = °
L 3
—Eo.s : gal. - S 2f ° ... ]
X Xp. = [ [ ] aNm
S 04f P ° . : T Ll SEm_
g -1 ®e 5 1 ="
Z 02 2930-3030 cm fes Z
00 1 1 1 1 1 0 1 1 1 1 1
100 200 300 400 500 100 200 300 400 500
0
Temp./C Temp./°C
1.5
2.5 2 ° (d)
u °
3 (c) } .° o' ‘" mm m
S 20t n g an . m =
s . (L] = gt = °
2 n am s10r = o0 [
157 ...l.ll.. & ¢ ®
R . e0%000 e k= .. LI
T 10l =9° 00%°° 3 ° n
N L I 205t
= ° <
g 05} = Cal g m Cal
z 1400-1500 cm’” ® Exp. z o Exp. 1600-1720 cm
00 1 1 Il 1 1 00 1 1 1 1 1
100 200 300 400 500 100 200 300 400 500
Temp./'C Temp./C
14 -5
fe a )
12} g %
< ] o
2 ate ° Emo
f 1.0+ ] g
n
g 0sl o o o°F
- ° .
- ° o =
= 06}
°
X o
= 04}
E 4 = Cal
2 02l 3645-3700 cm o Exp.
OO 1 1 1 Il 1
100 200 300 400 500
Temp./"C

Fig. 7. The functional groups varied with the temperature between the experimental and the calculated results during the SDBC-10 blends co-pyrolysis.

blends co-pyrolysis were observed [55—60]. The increase of C—0
stretching vibration (1060 cm™!), carbonyl (1730 cm™!), hydroxyls
(3720 cm™ 1), alkene (1980 cm™ '), phenolic O—H (1260 cm™!) and
out-of-plane bending vibration of isolated hydrogen in the benzene
ring (900—700 cm™!) with the SD incorporation resulted in the
decrease of the aromaticity of the semicokes, causing a less poly-
aromatic graphite-like structure formation in semicoke [34,39,61].
The SEM images of the semi-coke obtained from BC, SD, SDBC-5,
SDBC-10, SDBC-15 and SDBC-20 pyrolysis are shown in Fig. S6.
The BC semi-coke displays a strip structure and relatively smooth
surface due to solid phase melting and metaplast formation during
the BC pyrolysis. The SD semi-coke particle exhibits rod

morphology. The co-pyrolysis semicoke samples transformed from
a strip structure to irregular granular shape as the SD percentage
increases from 0% to 20 wt%. The above phenomena may be caused
by the rapid volatile release of the SD during the co-pyrolysis
process, which resulted in surface ablation and particle non-
agglomeration observed on the co-pyrolysis semicoke surface.

4. Conclusions
In this paper, the chemical structure transformation as well as

the gas evolution profiles during sawdust (SD)/coal blending (BC)
co-coking are investigated using in-situ Fourier transform infrared
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Fig. 8. The functional groups varied with the temperature between the experimental and the calculated results during the SDBC-20 blends co-pyrolysis.

spectroscopy coupled with mass spectrometry (In-situ FTIR-MS).
Meanwhile, the role of sawdust in the semicoke formation is also
studied by the Gieseler plastometer and scanning electron micro-
scopy (SEM). The following conclusions have been obtained.

(1) The evolutions of the chemical structure between SD and BC
exhibit the largest difference due to different structure.
Different stages in various temperature ranges based on the
chemical structure transformation and gas evolution are
proposed for the individual SD/BC pyrolysis.

and SD is clearly observed by SEM.

(2) The chemical structure transformation as well as the gas
evolution profiles between experimental and the theoretical
results are greatly different, which proves that the syner-
gistic effect exists during the SD/BC blends co-pyrolysis.

(3) The synergistic effect caused by two stages during semicoke
formation process. One stage (occurs at 100—280 °C) is
caused by the physical effect. Another stage (happens at
280—500 °C) is mainly assigned to the hydrogen transfer.

(4) The thermoplastic properties decrease proportionately to the
quantity of the SD and the non-agglomeration between BC

transformation, Journal of the Energy Institute, https://doi.org/10.1016/j.joei.2020.06.003
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