BioEnergy Research (2019) 12:184-196
https://doi.org/10.1007/512155-018-9955-7

@ CrossMark

Optimization of Carbonization Process for the Production of Solid
Biofuel from Corn Stalk Using Response Surface Methodology

Yajun Wang' - Ling Qiu'? - Tianle Zhang' - Xuanmin Yang '~ - Kang Kang'

Published online: 3 January 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Corn stalk is not suitable for direct combustion due to poor grindability, high moisture content, and insufficient heating value. The
aim of this study was to optimize reaction conditions to improve the quality of corn stalk char, and to investigate the effects of
carbonization on the physicochemical and combustion characteristics of corn stalks and chars. Optimal conditions for the
carbonization of corn stalk were investigated with regard to temperature, holding time, and particle size. Response surface
methodology (RSM) provided satisfactory models of responses, and the optimal conditions for higher heating values were
obtained as follows: temperature of 551 °C, holding time of 150 min, and particle size range of 0.8—1.0 mm. In addition, after
carbonization, changes in surface morphology, functional groups, and organic elements were clearly observed on the chars. The

optimal point char experienced fairly complete carbonization, and holds promise for use as a solid biofuel.

Keywords Char - Response surface methodology - Physicochemical properties - Combustion characteristic

Introduction

The overuse of fossil fuels has given rise to various energy and
environmental issues, which have driven the need to explore new
sources of clean energy. Biomass is an important renewable en-
ergy source which stores solar energy and can be converted into
various fuels that are carbon-neutral [1]. As an important type of
biomass, agricultural waste has long been a focus in the field of
renewable energy utilization. In addition to wheat and rice, corn
is one of the world’s main food crops, especially in China. A total
of 215.89 million tons of corn was produced in China in 2017
(data from National Bureau of Statistics of PRC in 2017), and
about 270 million tons of corn stalks were also produced in 1
year [2]. Until now, com stalks have not been used efficiently,
and the random burning of corn stalks has caused serious envi-
ronmental pollution [3, 4]. Therefore, the problem of cormn stalk
disposal requires urgent attention.
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Besides returning to the soil, conversion of this agricultural
waste into fertilizer, fodder, base material, and fuel has been
reported [5-8]. Unfortunately, the application of corn stalk as
a fuel is limited by its poor grindability, high moisture content,
and insufficient heat value. Specifically, poor grindability in-
creases the difficulty of biomass formation and pulverization.
The moisture in the biomass requires considerable heat for
evaporation during drying and combustion, hence reducing
the thermal efficiency of the process. In addition, high mois-
ture content and insufficient heat value lead to both increased
transportation costs and lower fuel quality [9]. Therefore, pre-
treatment of corn stalks is necessary to improve their quality
as a solid fuel.

As one of the thermochemical conversion routes of bio-
mass, carbonization refers to the process whereby biomass is
heated and becomes char after thermal decomposition under
anoxic conditions [10]. During carbonization, hydrogen and
oxygen are removed due to drying and release of volatile
compounds, resulting in the enrichment of carbon in the solid
products, and thus improved fuel quality.

Most previous studies have focused on bio-oil characteris-
tics using response surface methodology (RSM) [11-13], and
only a few studies have been carried out solely to optimize the
fuel quality of solid products and analyze the quality of the
optimal sample. Abas et al. [11] optimized the production
process of pyrolysis oil from oil palm fiber using RSM via a
central composite design (CCD) approach. The effects of
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thermochemical catalytic liquefaction conditions including
solvent, catalyst, reaction time, temperature, ratio of raw ma-
terial to solvent, and catalyst dosage were studied via RSM in
a study by Li et al. [12]. In addition, Hu et al. [13] applied
RSM to evaluate the main and interaction effects of experi-
mental factors on pyrolysis oil and char yields simultaneously.
A novelty of the present study is its attempts to determine
optimal processes using RSM and to consider char yield, fixed
carbon content, higher heating value (HHV), and energy yield
as responses. Another contribution of this paper is a more
comprehensive comparison of char properties. Fourier trans-
form infrared (FT-IR) spectroscopy, thermogravimetric analy-
sis (TGA), and scanning electron microscopy (SEM) are also
used to analyze the change in characteristics during the car-
bonization process.

Materials and Methods
Materials

Corn stalks were collected from farmland located in Yangling,
Shaanxi, China. The samples were screened into different par-
ticle size ranges of 0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, and 0.8—
1 mm, and then dried for 12 h at 105 + 5 °C. Proximate anal-
ysis of corn stalk with different particle sizes was conducted
following ASTM D3173 and D3175 standards to determine
their basic physicochemical properties, as shown in Table 1.
The HHV of corn stalks and the char samples were determined
using a bomb calorimeter (ZDHW-9000, HongKe, China).

Experimental Design

A central composite design (CCD) method was constructed
for ordering of the optimization experiments using Design-
Expert software, version 8.0.6 (Stat-Ease, Inc., USA). CCD
is a type of RSM which was developed in the 1950s [14].
Three experimental factors were selected for this design,
namely, temperature, holding time, and particle size. The
CCD had star points at a distance of +1.68 from the central
point. The experiments were designed in order to study the

influence and determine the optimal values of three factors:
char yield, HHV, and energy yield. The experimental setting
with reaction conditions and codes are given in Table 2. In
total, 20 experiments (6 central points, 6 star points, and 8
factorial points) were required. Except for the central points,
each experiment was run three times and the mean was taken
to ensure the accuracy of the test. Analysis of variance
(ANOVA) was performed on the experimental data, which
helped to determine the significance of the results. Based on
the various responses, appropriate models were selected to
avoid collinearity problems. In addition, optimal carboniza-
tion conditions for the highest HHV were identified by the
numerical optimization function built into the software.

Carbonization Experiments

All the carbonization experiments were performed in a fixed-
bed tube furnace reactor 800 mm in length, with a diameter of
100 mm (SK-GO08123K, Zhonghuan, China), as shown in
Fig. 1. For each experiment, 6 g of corn stalk was loaded into
a porcelain crucible and placed in the center of the quartz tube.
A vacuum pump was connected to the tube furnace to remove
the air before each experiment. Nitrogen gas was passed
through the tube reactor at a flow rate of 20 mL/min for
10 min before the experimental run. The released gas was
condensed by a simple heat exchanger before discharge from
the system. During the run, the reactor was heated by the
electric furnace at a rate of 4 °C/min until the final temperature
(200, 300, 450, 600, or 700 °C) was reached. The char yield
was calculated by dividing the mass of char after carboniza-
tion by the mass of original corn stalk loaded. The HHV yield
of char samples was calculated as follows:

Energy yield = char yield x HHV of char samples/HHV of raw materials
(1)
Analysis Methods

The raw materials and the samples in central points and opti-
mal points were selected to analyze the physicochemical char-
acteristics. An elemental analyzer (1108CHN, Fisons, USA)
was used to detect the content of C, H, N, and O. A scanning

Table 1 Properties of corn stalk with different particle sizes
Analysis Particle size (mm)
0-0.2 0.2-04 0.4-0.6 0.6-0.8 0.8-1

Ash content (wt.%) 6.17 £0.21 448 +0.37 387 +£022 3.57 +£0.42 2,61 +0.14
Moisture content (wt.%) 9.54 £ 0.37 991 + 0.40 791 +£0.21 9.72 £0.17 9.44 +0.13
Volatile matter (wt.%) 71.85+0.24 70.15 £ 0.38 73.01 £ 0.09 72.33 £0.35 76.61 £ 0.20
Fixed carbon (wt.%) 12.44 + 0.56 15.46 +£ 0.33 1522 £0.27 14.37 £ 0.17 11.34 £0.29
Higher heating value (MJ/kg) 15.88 = 0.17 16.24 £ 0.35 16.35 £ 0.15 16.46 + 0.08 17.99 + 0.41
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Table 2  Array of the CCD experimental design and the response results

Run Coded levels Variables Response 1 Response2  Response 3 Response 4
X1 X2 X3 Temperature (°C) Holding time Particle size Char yield (%) Fixed carbon HHV Energy yield (%)
(min) range (mm) content (%)  (MJ/kg)
1° 0 0 0 450 75 0.4-0.6 29.73 71.28 28.56 51.93
2 -1 -1 300 30 0.6-0.8 41.32+0.38 5277024 27.86+0.25 70.41
3 -1 -1 -1 300 30 0.2-0.4 42.03+0.21 50.12+0.17 2645021  67.99
4 -1 1 1 300 120 0.6-0.8 39.50+£0.48 57.75+£0.18 28.56+0.39  69.00
5 0 -1.68 0 450 0? 0.4-0.6 31.03+£0.25 69.23+£0.33 2845+027 53.99
6 0 0 1.68 450 75 0.8-1.0° 30.38+£0.12 73.45+£021 29.60+0.31  55.00
7 1 -1 600 30 0.6-0.8 29.19+0.32 77.64+£030 29.73+0.61  53.08
8 0 1.68 0 450 150* 0.4-0.6 29.11+0.19 71.93+£043 29.77+0.30  53.00
9° 0 0 0 450 75 0.4-0.6 30.08 71.88 28.81 53.00
10 -1 1 -1 300 120 0.2-04 38.84+0.38 52.98+0.34 27.78+043  65.99
11 1 1 1 600 120 0.6-0.8 28.59+0.42 80.85+0.26 30.39+0.62 53.14
12 0 0 -1.68 450 75 0.0-0.2° 33.35+0.37 64.14+024 2696+0.18  54.99
13° 0 0 0 450 75 0.4-0.6 29.20 71.22 28.56 51.01
14 -168 0 0 200° 75 0.4-0.6 79.26 £0.56 18.64+031 21.65+0.36 104.95
15 1 -1 -1 600 30 0.2-0.4 29.33+045 74.59+0.15 28.99+047  52.00
16° 0 0 0 450 75 0.4-0.6 28.88 71.09 28.87 50.99
17° 0 0 0 450 75 0.4-0.6 28.93 70.88 28.82 50.99
18° 0 0 0 450 75 0.4-0.6 29.47 71.23 28.85 52.00
19 1 1 -1 600 120 0.2-04 29.21+0.33 79.06+£0.12  2931+0.37  52.36
20 1.68 0 0 700* 75 0.4-0.6 27.57+0.58 78.19+£0.30 2836+0.53  47.82

 The true values of codes of +1.68 were set to 200 and 700 °C for temperature, 0 and 150 min for holding time, and 0.0-0.2 and 0.8—1.0 mm for particle

size range

Y The central point experiments were runs 1, 9, 13, 16, 17, and 18. They were repetitive and there were no error data in these experiments

electron microscope (TM3030, Hitachi, Japan) was used for
characterizing the surface morphology of the selected sam-
ples. Prior to analysis, 1 mg of sample was dried and fixed
on an aluminum stub. SEM images were obtained with an
incident electron beam at 5 kV at two different magnification

Fig. 1 Schematic of the pyrolysis

reactor
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METTLER TOLEDO, USA) was employed to evaluate the
combustion properties of the samples. Experiments were car-
ried out in an oxygen atmosphere within a temperature range
of 40-800 °C at a heating rate of 10 °C/min and an oxygen
flux of 20 mL/min.

Results and Discussion
Response Surface Analysis for Char Yield

Char yield and fixed carbon content are critical parameters
with regard to char quality. According to the results presented
in Table 2, quartic was considered an appropriate process or-
der for char yield. A, B, and C represent temperature (°C),
holding time (min), and particle size range (mm), respectively,
and the modified regression model for char yield (Y;) was
obtained as follows:

Y, = 29.32-0.17A-0.58B + 0.52C + 0.66AB
+ 0.24BC + 2.13A% + 0.26B

+0.90C*-5.37A%-0.50C° + 2.26A* (2)

where A = (temperature-450)/150, B = (holding time-75)/45,
C = (particle size . - particle size ,;,-1)/0.4.

The results of ANOVA for char yield are summarized
in Table 3. The results show that the predicted responses
using the quartic model are close to the experimental
values recorded, with adjusted R-squared of 0.99. The
lack of fit was not significant, indicating that the model
fit was acceptable. The effects of factors on the char yield
are shown in Fig. 2 (the effects of the interaction between
temperature and holding time and between particle size
and holding time are shown in Fig. 2a and b,
respectively). It is clear that temperature was the most
important factor of the three. With the successive decom-
position of hemicellulose, cellulose, and lignin, a massive
amount of volatiles were released from the raw materials
and caused the mass to decrease [15]. In a study by Park
[16], it was found that the decomposition of hemicellulose
and cellulose was completed at around 380 °C. At higher
temperatures, decomposition of lignin occurs, yielding
mainly char. This is also the main reason for the down-
ward trend of the curve in Fig. 2c. The results of elemen-
tal analysis showed that the whole carbonization process
experienced enrichment of carbon and removal of hydro-
gen and oxygen [17]. Under a certain temperature, the
extension of holding time also showed a negative effect
on the char yield (Fig. 2d). A longer holding time could
ensure sufficient reaction of samples, especially for the
portion with large particles. In addition, some literature
has reported that a longer holding time can facilitate the

secondary decomposition of solid product to generate
non-condensable gas [10, 18, 19].

Generally, due to the lag in heat transfer and incomplete
reaction in the large particles, particle size shows a positive
effect on char yield in terms of numerical performance
[20]. However, as shown in Fig. 2e, this trend was not
observed: the curve tended first to fall and then to rise. It
was thought that a major portion of the impurities existed
in the leaf surface and were retained in the lower particle
range with the crushed leaves. Through the proximate anal-
ysis in Table 1, the higher ash content of 6.17% in the
samples with particle sizes of 0—0.2 mm confirmed this
hypothesis. In addition, ash content of 18.60% was ob-
served in the char produced from raw materials with parti-
cle size of 0—0.2 mm, while it was 10.81% when the par-
ticle size range increased to 0.8—1 mm with the same reac-
tion temperature and holding time (runs 6 and 12 in
Table 2). The effect of ash on char yield was also analyzed
by Park et al. [21], who noted that the char yields included
the contribution of ash that mostly remained in the solid
residue. This opinion is in coherence with the results of the
current study, indicating that ash is an influential factor that
cannot be ignored.

Response Surface Analysis for Fixed Carbon, HHV,
and Energy Yield

Most of the carbon in the corn stalks existed in the form of
organic matter. Part of the organic matter was released as
volatiles and the remaining was converted to fixed carbon
[22]. The fixed carbon content obtained from the proximate
analysis is important in terms of the quality of the fuel, espe-
cially the HHV and energy yield. In this experimental design,
fixed carbon, HHV, and energy yield were used as three re-
sponses for analyzing the influences of three variables. The
effects of the interaction between temperature (A) and holding
time (B) and between temperature (A) and particle size range
(C) are shown in Fig. 3. The impact of the interaction between
B and C was not significant and so is not discussed in detail.

As shown in Fig. 3a and b, it is clear that temperature
was the most important factor influencing the fixed car-
bon content, with a value of Prob > F of less than 0.001,
compared to Prob > F values of of 0.1914 and 0.0798 for
the holding time and particle size, respectively. The fixed
carbon content increased sharply with increasing carbon-
ization temperature, exhibiting a maximum of 80.85% un-
der a reaction temperature of 600 °C, holding time of
120 min, and particle size range of 0.6-0.8 mm (run
11). In addition, runs 19 and 20 showed good perfor-
mance, producing char with 79.06% and 78.19% fixed
carbon content, respectively. Equation (3) plotted in terms
of coded levels shows the correlation between reaction
conditions and fixed carbon content.

@ Springer



188

Bioenerg. Res. (2019) 12:184-196

Table 3 Analysis of variance for

the adjusted model for the HHV Source Sum of squares Degrees of freedom Mean square Fvalue p value
and energy yield of chars

Char yield (process order: quartic, selection: stepwise)
Model 2534.55 10 253.46 1405.82 <0.0001
Residual 1.62 0.18
Lack of fit 0.66 0.16 0.86 0.5468
Pure error 0.96 5 0.19
Corrected total 2536.18 19

R*:0.9994

R? adjusted: 0.99

Fixed carbon (process order: quadratic, selection: manual)
Model 3773.97 9 419.33 27.94 <0.0001
Residual 150.1 10 15.01
Lack of fit 149.54 5 29.91 266.79 <0.0001
Pure error 0.56 0.11
Corrected total 3924.08 19

R*:0.9617

R? adjusted: 0.93

HHYV (process order: quadratic, selection: manual)
Model 54.12 9 6.01 6.74 0.0031
Residual 8.92 10 0.89
Lack of fit 8.82 5 1.76 84.03 <0.0001
Pure error 0.10 5 0.021
Corrected total 63.05 19

R*: 0.85

R? adjusted: 0.73

Energy yield (process order: quadratic, selection: manual)
Model 2881.69 9 320.19 10.96 0.0004
Residual 29225 10 29.22
Lack of fit 288.96 5 57.79 87.93 <0.0001
Pure error 3.29 5 0.66
Corrected total 3173.94 19

R*:0.9079

R? adjusted: 0.83

Ys =71.15 4+ 14.55A + 1.47B 4 2.04C-0.02AB-0.32AC  (3)

+0.11BC-7.31A% + 0.53B%—0.1C?
Y; = 28.70 + 1.4A + 0.38B (4)

+0.62C—0.13AB—0.046AC—0.036BC—1.06A>
+0.39B2 + 0.099C>
Y4 = 51.60-11.63A—0.34B + 0.54C + 0.48AB-0.45AC  (5)

+0.036BC + 8.41A% + 0.32B% + 0.85C?

where A = (temperature-450)/150, B = (holding time-75)/45,
C = (particle 8ize .y - particle size p,-1)/0.4.

HHYV is defined as the maximum amount of energy that can

be released upon combustion of 1 kg of the sample. Improving

@ Springer

the HHV and increasing the energy density are the main pur-
pose of carbonization [23]. Similar to the tendency of fixed
carbon, HHV increased with the extent of carbonization. This
illustrates that fixed carbon content played a decisive role in
HHV. The HHV ranged from 16.35 to 30.39 MJ/kg, implying
that the energy content in the treated samples increased by 32—
85% as compared to the untreated biomass. HHV was fitted to
the response surface model provided by the mathematical
models shown in Eq. (4). The F value of 6.74 for the model
implied that it was significant. A, C, and A% were significant
model terms, with values of Prob > F at 0.0003, 0.0360, and
0.0017, respectively. Interestingly, regardless of the interac-
tions between A—B or A—C in Fig. 3¢ and d, both rising trends
in HHV stopped at the temperature code levels of 0.5-1 and
decreased thereafter. The results show that a high reaction
temperature could not guarantee high HHV, and the optimal
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Fig. 2 Effects of factors on char yield: a effect of interaction between

temperature and holding time on char yield, b effect of interaction
between particle size and holding time on char yield, ¢ effect of

conditions are indicated in the highlighted areas in Fig. 3¢ and
d, respectively. The optimal conditions determined by the op-
timization function in Design-Expert were a temperature of
551 °C, holding time of 150 min, and particle size range of
0.8—1 mm. The predicted HHV of produced char was
31.93 MJ/kg. A verification experiment was carried out in
triplicate, and the average HHV of chars produced under these
conditions was 30.78 MJ/kg, a difference of 3.60% from the
predicted value. This char sample with a satisfactory HHV
was also considered as an optimal point in the following anal-
ysis of performance.

The energy yield of chars was calculated using Eq. (1) and
represents the extent of the energy conversion of raw materials
after carbonization [24]. The results for energy yield in Table 2
ranged from 47.82 (run 20) to 104.95% (run 14). It was found
that the quadratic model could provide an appropriate result,
with an R-squared (R?) 0f0.9079 and adjusted R-squared (ad-
justed R?) of 0.8251. Equation (5) shows the response surface
model of energy yield, which has a p value of 0.0004, indi-
cating only a 0.04% chance that a model F value this large
could occur due to noise. The energy yield results obtained for
the chars for all runs are given in Fig. 2e and f. Similar to the
trend of the char yield, the energy yield decreased with an
increase in temperature, as part of the energy was lost by the

0.00
Holding time (coded levels)

T T T T
0.75 1.50 -1.50 -0.75 0.00 0.75 1.50

Particle size (coded levels)

temperature, d effect of holding time, e effect of particle size (the coded
level of the factor not appearing was set to 0)

release of volatiles. Compared with the other terms, A and A*
had values for Prob > F 0f <0.0001 and < 0.0001, respectively,
which means that the temperature had a more significant im-
pact on the energy yield.

Analysis of Physicochemical and Combustion
Characteristics

The samples of the central point (450 °C, 75 min, 0.4—
0.6 mm), the optimal point (551 °C, 150 min, 0.8-1.0 mm),
and raw material were selected for comparison.

Char Morphology

A close inspection of raw material and selected char samples
was obtained from SEM images, shown in Fig. 4, which re-
vealed the morphological transformations through carboniza-
tion. Compact surface structures and a quasi-honeycomb
structure were observed in the raw material. However, in the
case of the char sample of the central point, Fig. 4b suggests
that there were apparent changes in surface morphology. The
char sample of the central point seemed rougher and more
brittle in structure. In addition, the quasi-honeycomb sub-
stance appeared shrunk and broken. Khanna et al. [25]
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carbon content, ¢ between temperature and holding time on HHV, d 0)
between temperature and particle size on HHV, e between temperature

concluded that fibers that disappeared at less than 400 °C were ~ sample of the optimal point. The morphological difference
associated with cellulose or some of its derivatives, which was that the pore structure became more clearly defined and
were regarded as the substance with quasi-honeycomb struc-  the quasi-honeycomb structure almost disappeared. It can be
ture in this study. A similar change was observed on the char ~ assumed that the thermal treatment applied to the char of the
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Fig. 4 SEM images of a raw
materials, b char of the central
point, ¢ char of the optimal point
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Fig. 5 Van Krevelen diagram for 1.6 -
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optimal point had a direct influence on the mechanical struc-
ture of the solid biofuel. During carbonization, different lig-
nocellulosic components were degraded, with the extent of
degradation dependent on the severity of the reaction [26].
The opening of pores in the form of an amorphous and het-
erogeneous structure resulted from the release of volatile gases
from the raw materials [27].

Physicochemical Properties

The Van Krevelen diagram can be used to visualize the carbon-
ization degree of raw materials to chars [28]. Carbonization

Fig. 6 FT-IR spectra of selected
samples

O/C (atomic ratio)

resulted in higher carbon content and lower oxygen and hydro-
gen content as the degree of carbonization increased. As shown
in Fig. 5, the atomic H/C and O/C ratios of the central point char
decreased from 1.46 and 0.76 to 0.46 and 0.30, respectively, and
those of the optimal point char decreased to 0.23 and 0.22, re-
spectively. The reduced H/C and O/C atomic ratios indicated the
significant effect of carbonization on organic elements due to
dehydration and decarboxylation reaction and were linked to an
increase in aromaticity [29]. Four typical coals—anthracite, bitu-
minous, sub-bituminous, and lignite—were used to compare the
degree of carbonization [30], and the O/C atomic ratios of select-
ed char samples were similar to that of the anthracite. However,
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the H/C atomic ratios were between sub-bituminous and lignite.
This result was similar to other studies that reported a similarity
between characteristics of biochar and lignite coal [9, 30, 31].
This demonstrates that selected char samples had satisfactory
quality as solid fuel, especially the optimal point char.

To study the structural evolution of the corn stalks dur-
ing carbonization, FT-IR spectra of selected samples were
plotted, and are shown in Fig. 6. It can be observed that the
raw materials and treated samples show different spectral
patterns. Due to the—OH stretching vibrations, a peak be-
tween 3100 and 3600 cm™ ' can be found in the curve of the
corn stalks, and the intensity is decreased in the curves of
the two char samples. It was similarly shown that the in-
tensity of peaks between 2800 and 3000 cm ', which rep-
resented the aliphatic groups CH, CH,, and CHj3, respec-
tively, was decreased in the curves of the latter [32]. These
vibrations are expected from hemicellulose, cellulose, and
lignin. Compared with raw material, various functional
groups were decreased or disappeared between 1000 and
1600 cm™'. For example, the peak around 1370 cm ™' rep-
resents the C—H stretching and deformation vibrations of
cellulose and hemicellulose. With the deepening degree of
carbonization, the dehydration and depolymerization of
cellulose and hemicellulose caused a decrease in peak
strength. Decreased intensity of a peak at 1064 cm™ ',
which was also ascribed to the f—glycosidic bond in cel-
lulose and hemicellulose, verified a similar conclusion
[33]. In addition, new absorption peaks appearing at 755—
775 cm ™! could be assigned to the C—H group in substitut-
ed aryl, which was observed in the samples subjected to
higher reaction temperatures.

Analysis of Combustion Characteristics

Figure 7 illustrates the combustion characteristics of se-
lected samples in terms of TG and DTG profiles. As
shown in Fig. 7a, on full view of the TG profiles, the
differences between the raw materials and the two char
samples are obvious. Before burning, the raw materials
experienced a period of mass loss as the temperature in-
creased from 200 to 275 °C, while the mass loss of the
two char samples was not significant, indicating that the
moisture was removed and a portion of hemicellulose was
degraded in this temperature range, and the char samples
had better hydrophobic performance. This is consistent
with the results of FT-IR analysis, where the peak be-
tween 3100 and 3600 cm™' was assigned to —OH
stretching vibrations. The ignition points were determined
using TG-DTG curves based on the method reported by
Zhao et al. [34]. The combustion zones were defined as
the temperature ranges of the combustion process of se-
lected samples. An ignition point of 276 °C and combus-
tion zone between 276 and 286 °C was found for the raw

@ Springer

materials. Char samples of the central point and the opti-
mal point had similar combustion behavior: they were
both ignited at 299 °C, and their combustion times were
7.90 min (299-457 °C) and 7.54 min (299-450 °C), re-
spectively. These results suggest that the combustion of
char samples shifted to higher temperature ranges with a
wider combustion zone compared to the raw materials.
The maximum weight loss rates and corresponding tem-
peratures are presented on the DTG profiles (Fig. 7b), and
are expressed as (dw/dT)yax and To.y, respectively. The
magnified view shows that the char of the optimal point
had (dw/dT)gmax 0of =7.23%/°C and T, of 302 °C. The
wider combustion zone and decreased maximum weight
loss rates indicate that the optimal point char combusted
more moderately than the corn stalks [35]. The elevated
ignition points coupled with significantly widened com-
bustion zone suggests that higher thermal efficiency can
be achieved for the combustion of char samples of the
optimal point [36]. This performance may be attributed
to the deepening degree of carbonization.

Conclusion

The optimal conditions for carbonization of corn stalks were
confirmed with regard to temperature, holding time, and par-
ticle size. The results showed that reaction temperature had a
strong impact on the HHV and energy yield, while the effects
of holding time and particle size were less significant. The
statistical models were constructed for char yield, fixed carbon
content, HHV, and energy yield, and the fitting of equations
showed satisfactory results. In addition, the optimal conditions
for HHV were a temperature of 551 °C, holding time of
150 min, and particle size range of 0.8—1 mm. The predicted
highest HHV of produced char was 31.93 MJ/kg. Compared
with raw materials, the optimal point char showed properties
similar to high-quality coal. The results of FT-IR, SEM, and
TG-DTG analyses indicated that complete carbonization oc-
curred during the formation of the char at the optimal point.
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