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Abstract—The pyrolysis of softwoods (Pinus (P) densiflora, P koraiensis), hardwoods (Quercus acutissima and Lirio-
dendron tulipifera) and nut shell of P koraiensis was investigated using a thermogravimetric analyzer and fixed bed
reactor. Thermogravimetric analysis showed that the maximum decomposition temperature of each biomass was influ-
enced by the ash content and lignocellulosic composition of biomass. The activation energy values also varied accord-
ing to the content of hemicellulose and lignin of each biomass. Large amounts of acids, such as acetic acid, were
recovered from the hardwood pyrolysis reaction due to their high hemicellulose content. The nut shell of P. koraiensis
and softwoods with a higher lignin content produced higher yields of phenolic compounds than the hardwoods.
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INTRODUCTION

The intensive use of fossil fuels has prompted a focus on bio-
mass conversion technologies, such as fermentation, gasification,
and pyrolysis [1-3]. These conversion techniques can provide a solu-
tion to issues such as oil shortage, environmental contamination,
and global warming. Among them, pyrolysis is being considered
as an appropriate tool for the production of bio-oil, which can be
used as fuel and/or chemical feedstock [4]. Biomass pyrolysis has
been investigated widely using various kinds of biomass, such as
wood [5-7], algae [8,9], fruit peel [10-12], and so on [13,14].

Among various kinds of biomass, wood has been considered as
the main object of attention to produce bio-oils via pyrolysis. Many
researchers have focused on not only pyrolysis but also catalytic up-
grading of bio-oils obtained from the pyrolysis of woods [15,16].

Generally, wood biomass can be classified as either softwood or
hardwood depending on its lignocellulosic composition (hemicel-
lulose, cellulose, lignin, and extractives) and shape (conifers and
flowering plants), and their distribution is different in each coun-
try. For example, softwood and hardwood comprise 40.5% and
27.0% of the total forest area in Korea, respectively. Pinus (R) den-
siflora and P koraiensis are typical softwoods, and Quercus (Q.)
acutissima and Liriodendron (L.) tulipifera are representative hard-
woods in Korea.

The chemical properties of products obtained from the pyroly-
sis of softwood and hardwood are different due to their lignocellu-
losic composition. Therefore, many studies have examined the dif-
ferent pyrolysis behaviors and products of softwoods and hard-
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woods.

Gronli et al. [17] performed a comparison study of hardwoods
and softwoods using by thermogravimetric (TG) analysis. They
reported that softwoods decompose at lower temperatures and a
wide pyrolysis region (hemicellulose and cellulose) due to the large
amount of extractives and the difference in the hemicellulose reac-
tivity. Wang et al. [18] examined the pyrolysis behavior of hemicel-
lulose isolated from hardwoods and softwoods, and reported that
the hemicellulose activation energy in hardwoods is higher than that
of softwoods. They also found that furfural and acids are the main
pyrolyzates in hardwood hemicellulose. In addition, 5-hydroxy-
methylfurfural and anhydro sugars were produced mainly from
softwood hemicellulose. Previous studies [19-21] showed that the
lignin isolated from softwood and hardwood also have very differ-
ent thermal behavior and products. The pyrolysis researches using
TG analyzer and FTIR spectroscopy [19,21] reported the key dif-
ferences (thermal stability, char yield, and pyrolyzate) on the pyrol-
ysis of hardwood and softwood due to their different compositions
of the lignin monomer. Hardwoods have larger amounts of methoxyl
groups than softwoods due to the large amount of syringol unit in
hardwoods.

Although the pyrolysis properties of individual wood biomass
have been studied intensively, the comparison studies of the pyrol-
ysis of typical softwoods and hardwoods harvested in Korea have
been limited. Therefore, it is important to comprehend the thermal
behavior and pyrolysis product characterization to better under-
stand the different pyrolysis behaviors of softwoods and hardwoods
occupying large areas in Korea.

In this study, representative wood species in Korea, P. densiflora,
P koraiensis, Q. acutissima, and L. tulipifera, were pyrolyzed to obtain
valuable information on the pyrolysis kinetics and product proper-
ties focusing on the differences between softwoods and hardwoods.
For this, three different techniques were employed: TG analysis,
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evolved gas analysis-mass spectrometry (EGA-MS) measurements,
and pyrolysis reaction with the product analysis using a fixed bed
reactor and gas chromatography/MS (GC/MS). The nut shell (NS)
of P, koraiensis was also used as a sample to determine the pyroly-
sis property of the nut shell of wood fruit, which also has a differ-
ent lignocellulosic composition from softwood and hardwood.

EXPERIMENTAL

1. Sample Preparation

Two wood groups, softwood (P, densiflora and P. koraiensis) and
hardwood (Q. acutissima and L. tulipifera), and the NS of P, koraien-
sis were obtained from sawmill factories or pine nut plant located
in Gangwon province in Korea. All samples were prepared in small
particle form below 800 um, by grinding with a knife mill, sieving,
and drying at 105 °C (4 h). The powder forms of hemicellulose, cel-
lulose, and lignin were purchased from Sigma-Aldrich and Kanto
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chemical. Proximate, ultimate analysis, and higher heating value
(HHV) measurement of each sample were performed according
to methodologies reported elsewhere [7,22-24].
2. Kinetic Analysis

To determine the pyrolysis kinetic properties, 10 mg of sample
was heated non-isothermally from ambient temperature to 800 °C
at three heating rates of 10, 20, and 40 °C/min, under a nitrogen
flow of 120 mL/min using a TG analyzer (Pyris Diamond, Perkin
Elmer Co.). A model-free kinetic method, ASTM E698-11 [25], was
used to obtain the apparent activation energy of each biomass at
each conversion (X).
3. EGA-MS Analysis

The thermal profiles of the specific pyrolyzates of hemicellulose,
cellulose, and lignin contained in each biomass sample were ob-
tained by EGA-MS using the same procedures reported elsewhere
[7,11,12,22]. For EGA-MS, 2.0mg of each biomass sample was
heated from 100 °C to 800 °C at a heating rate of 20 °C/min.

l
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Fig. 1. Schematic diagram of the fixed bed type pyrolysis reactor system.

Table 1. GC/MS operation conditions for the analysis of liquid products

Condenser 1 | — —,

Condenser 2
(70 (-10C)
Gas Out

ﬂit

GC

Inlet
Column
Total flow
Column flow
Oven

320°C

UA-5 (30 mx0.25 mm i.d.x0.25 pm film)

Helium 100 mL/min
1 mL/min (Split 100: 1)

40 °C (5 min)—20 °C/min—>320 °C (10 min)

MS transfer line 300°C

Ion source 230°C

Quadrupole 150°C

Ionization current 70eV

Scan range 15-550 amu

Scan speed 5.2 scans/sec

Peak identification By NIST 8" library (National Institute of Standards and Technology, USA)
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Table 2. Lignocellulosic composition of biomass used in this study

Y.-M. Kim et al.

Softwood Hardwood Nut shell
Sample P, densiflora P, koraiensis Q. acutissima L. tulipifera P, koraiensis
Reference [26] [27] [5] [28] [22]
Hemicellulose 24.7 234 37.3 289 32.8
Cellulose 45,0 52.3 474 60.0 341
Lignin 30.3 24.3 15.3 11.1 33.1
Sum 100 100 100 100 100

4. Pyrolysis Reaction

Fig. 1 shows a schematic diagram of the fixed bed type pyroly-
sis reactor used in this study for the pyrolysis of the samples. The
system consisted of a temperature control, heating furnace, and two
liquid condensation parts. For the reaction, approximately 6 g of
each sample in the cylindrical quartz sample cup (30 cm length,
2.5 cm diameter) was inserted into the furnace. After 30 minutes
of nitrogen purging, the sample was heated from ambient tem-

the lignin content of softwoods is much higher than that of hard-
woods. Among biomass, NS of P. koraiensis has the highest lignin
content.

Different content of lignocellulosic components (hemicellulose,
cellulose, and lignin) in biomass makes different thermal behavior
and products during pyrolysis due to the different physico-chemi-

Table 3. Physico-chemical properties of hemicellulose, cellulose, and

perature to 500 °C at a heating rate of 10 °C/min under a nitrogen lignin used in this study
flow of 1 L/min. The liquid products were collected from the sequen- Hermicellal Cellal Tom
tial condensers with the different condensing temperatures (70 °C cmiceTuiose  cTwlose  Mghin
at the 1%, and —10 °C at the 2™ condenser). The weight of the solid Proxi Volatiles 80.3 96.5 50.9
roximate .
residue and liquid products was measured by the weight balance, analysis® Fixed carbon 17.3 2.1 330
and the gas yield was estimated by subtracting the summed weight (Wt%) Ash 24 14 16.1
of the solid residue and liquid products from the total weight of Sum 100.0 100.0 100.0
the input sample. The liquid products were also analyzed by GC/ C 404 430 516
MS according to the conditions listed in Table 1. H 59 63 46
Ultimate -, 537 50.7 420
RESULTS AND DISCUSSION analysis
N - - 0.1
(wt%) S 1.7
1. Phys1c0-.chem1c.al Propertlfes N . Sum 1000 1000 1000
Table 2 lists the lignocellulosic composition of five biomass spe-
cies reported in other literatures [5,22,26-28]. Although it is diffi- HHV" (keal/kg) 3,754.0 41471 49193
cult to find any characteristics on the relative content of hemicellulose “On a dry basis
and cellulose distinguishing between softwoods and hardwoods, *By difference
Table 4. Physico-chemical properties of biomass used in this study
Softwood Hardwood Nut shell
P, densiflora P, koraiensis Q acutissima L. tulipifera P, koraiensis
Prosimat Volatiles 82.1 81.5 81.0 83.2 722
roximate Fixed carbon 17.5 18.0 17.7 16.0 272
analysis
Ash 0.4 0.5 1.3 0.8 0.6
(wt%)
Sum 100.0 100.0 100.0 100.0 100.0
C 47.0 47.5 46.1 46.1 50.8
Ultimat H 6.0 6.3 6.0 5.9 6.0
imate ok 467 46.0 477 478 28
analysis
N 0.3 0.2 0.2 0.2 0.4
(Wt%) S
Sum 100.0 100.0 100.0 100.0 100.0
HHV* (kcal/kg) 4,024.1 4,133.5 4,257.1 4,141.5 4,700.4
“On a dry basis
*By difference
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cal properties of biomass components (Table 3). Therefore, it is also
important to understand the characteristics of the biomass sample
before the actual pyrolysis of biomass [29].

Table 4 lists the physico-chemical properties of five biomass sam-
ples used in this study. No distinct difference in the proximate anal-
ysis results was observed among the four wood samples; however,
the NS of P, koraiensis had a much higher fixed carbon (27.2%) than
four wood samples (16.0-18.0%). Elemental analysis showed that
the softwoods (P, densiflora and P, koraiensis) had a slightly higher
carbon content (47.0-47.5%) than those (46.1%) of the hardwoods
(Q acutissima and L. tulipifera). NS of P. koraiensis had a much
higher carbon (50.8%) and lower oxygen content (42.8%) than the
other woods. Owing to its higher carbon content, HHV of NS of
P, koraiensis (4,700.4 kcal/kg) was also higher than those (4,024.1-
4,257.1 keal/kg) of the other four types of wood.

2. Pyrolysis Kinetics

Fig. 2 shows the TG and differential TG (DTG) curves of the
hemicellulose, cellulose, and lignin. Hemicellulose, which consisted
of two merged DTG peaks, decomposed between 200 °C and 330 °C.
Cellulose showed a single sharp DTG decomposition peak between
250°C and 380 °C. Lignin had a wider decomposition temperature
zone ranging from 200 °C to 600 °C. Different thermal properties
are related to the thermal stability derived by the network struc-
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Fig.2.(a) TG and (b) DTG curves of individual biopolymer at a
constant heating rate of 10 °C/min.

ture of an individual biopolymer. Hemicellulose has different kinds
of sugar monomers as a polymer branch [30] and is more unsta-
ble than cellulose due to the unbranched anhydrous glucose struc-
ture [31]. Lignin, which decomposed over a wide temperature range,
has a complicated three-dimensional structure [30,31]. The amounts
of solid residue after TG analysis were 3% cellulose, 25% hemicel-
lulose, and 51% lignin, respectively.

The different thermal behavior of woody biomass is also strongly
related to not only the different content of biomass components but
also to the content of inorganic compounds in biomass samples
[32-34].

Fig. 3 shows the TG and DTG curves of five different biomass
samples. The peak temperatures of the biomass samples tested were
higher than that of pure cellulose (332.6 °C) due to the interaction
of hemicellulose, cellulose and lignin. Yang et al. [32] compared the
DTG curve of cellulose with those of cellulose mixed with hemi-
cellulose and/or lignin, and found that the maximum temperature
(T, of cellulose decomposition was shifted to a higher tempera-
ture by mixing with hemicellulose and lignin.

Compared to the hardwoods (Q. acutissima and L. tulipifera),
softwoods (P, densiflora and P. koraiensis) had lower initial decom-
position temperatures (T,,s), 183.6 °C and 188.4 °C, than those of
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Fig. 3. TG and DTG curves of (a) P. densiflora, (b) P. koraiensis, (c)
Q. acutissima, (d) L. tulipifer, and (e) NS of P. koraiensis at a
heating rate of 10 °C/min.
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hardwoods and NS of P. koraniensis (191.1-203.7 °C). This can be
explained by the larger amount of extractives in the softwoods, which
are thermally unstable components of biomass. Gronli et al. [17]
also found a lower initial decomposition of softwoods than that of
hardwood due to the larger amounts of extractives of softwoods
(2-11 wt%) than those of hardwoods (2-4.5 wt%).

Maximum decomposition temperature (T,,,s) of hardwoods
(Q acutissima and L. tulipifera) was lower (ca. 5-10°C) than that
of softwoods. This phenomenon can be explained by the different
ash content (Table 4) and/or lignocellulosic composition of each
biomass (Table 2). Eom et al. [33,34] conducted the demineraliza-
tion of biomass to remove the inorganic metals, which act as a cat-
alyst during pyrolysis, in biomass by acid or water extraction. As a
result, the demineralized biomass sample has a higher T,,,, tem-
perature. Although the ash content of NS of P. koraiensis (0.6%) is
similar with that of softwoods (0.4-0.5%), it had a lower T,,,, than
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the softwood samples, which can be explained by the larger amount
of hemicellulose in the NS of P koraiensis (32.8%) than softwoods
(23.4-24.7%). Hemicellulose decomposition is initiated at a lower
temperature than cellulose and lignin, however, its decomposition
temperature zone overlaps with those of cellulose and lignin [11].
This means that the decomposition of hemicellulose can influence
the decomposition of cellulose or lignin. Liu et al. [35] reported simi-
lar observations on the pyrolysis of fir. They compared the fir sam-
ples between before and after the extraction of hemicellulose from
fir. The pyrolysis of fir containing hemicellulose was initiated ear-
lier and showed a higher yield of residue than the hemicellulose-
eliminated fir sample.

L. tulipifera had the lowest solid residue (12%) due to the lowest
lignin content among the biomass samples tested. Although Q. acu-
tissima had a similar solid residue to softwoods, it appears to be
due to the higher content of ash (1.3%) and hemicellulose (37.3%)
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Fig. 4. Calculated apparent activation energies at different conversions of (a) P. densiflora, (b) P. koraiensis, (c) Q. acutissima, (d) L. tulipifer,

and (e) NS of P. koraiensis.
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than that of the other biomass (ash 0.4-0.8%; hemicellulose 23.4-
32.8%) tested in this study.

Fig. 4 presents the apparent activation energies in regard to the
conversion obtained by the model-free kinetic analysis of each bio-
mass sample. Although the average activation energies for all sam-
ples were in a narrow range (174 to 185 kJ/mol), the variation pat-
terns of the activation energy of each sample were quite different
with conversion. Softwood containing a small amount of hemicel-
lulose had a very narrow variation ranging from 160 to 165 kJ/mol
for P, densiflora and from 165 to 170 kJ/mol for P koraiensis between
conversions of 0.1 and 0.8. The hardwood samples, however, showed
wide variations, from 158 to 184 kJ/mol for Q. acutissima and from
155 to 171 kJ/mol for L. tulipifera between 0.1 and 0.8. The NS of
P, koraiensis also had a wide range of activation energies between
0.1 and 0.7 conversion. Interestingly, the hardwoods and NS of P
koraiensis had distinct tendency differences for the before and after
specific conversions: conversion of 0.4 for hardwoods and conver-
sion of 0.2 for NS of P, koraiensis. These changes in activation en-
ergy can be explained by the change in the main pyrolysis reaction
from hemicellulose to cellulose. The pyrolysis of hemicellulose and
cellulose had different activation energies [36]. Sharp distinctions
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were observed with the hardwoods and NS of P. koraiensis, which
have higher hemicellulose content than softwood. The conversion
point showing a sharp increase in the apparent activation energies
was also different and moved to the lower conversion when the
biomass contained a larger amount of lignin. Owing to the higher
lignin content, softwoods and NS of P, koraiensis had a higher acti-
vation energy than the hardwoods with lower lignin content at a
conversion of 0.9. This suggests that a higher energy is required
for the pyrolysis of lignin and char stabilization.
3. EGA-MS Analysis

Fig. 5 shows the total ion thermograms (TITS) of each biomass
sample and the extracted ion thermograms (EITs) for the specific
pyrolyzates of hemicellulose, cellulose, and lignin. As expected, the
T,..s and T;, temperatures of each biomass were similar to those
of the DTG curves (Fig. 3). Q. acutissima and L. tulipifera had larger
peak heights for the primary ion of acetic acid (m/z: 43), the spe-
cific pyrolyzate of hemicellulose, than that of other biomass. The
primary ion of levoglucosan (mm/z: 60), the specific pyrolyzate of
cellulose, was observed between 300 °C and 400 °C. Although the
L. tulipifera has the highest amount of cellulose (Table 2), its peak
height for m/z 60 between 300 °C and 400 °C was not higher than

T_=329°C, T s=376.5°C
e,

(b) EITs (m/z: 43, acetic acid)

T, =371.1°C
450000 ff

A Tem3e02C
34 — P densiffora

P koraiensis
- = == acutissima

— s = L mfipifera

NS of P koraiensis

T r
100 200 300 400 500 GO0
Temperature (°C)

T =368, *C

T 3765°C -

(d) EITs (m/z: 124, methyleatechol) /
25000 4 X
P densiflora y

= P kovalensis

T, =3820°C

Ty <3657 °C
T, =368.4 °C
o=

= === acutissima

— = L tdipifera

NS of P koratensis

} - - ’
100 200 300 400 500 600

Temperature (°C)

T 3493 °C

T =357.5°C

P densiflora
==+ P koraiensis

0. acutissima
— e L ulipifera

NS of P koratensis

100 200

300

400 S0 00
Temperature (°C)

Fig. 5. Total ion thermograms (TITs) and extracted ion thermograms (EITS) for specific pyrolyzates of hemicellulose (acetic acid, m/z: 43),
cellulose (levoglucosan, m/z: 60), and lignin (methylcatechol, m/z: 124; 4-vinylguaiacol, m/z: 150) obtained from the EGA-MS analysis.
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those of the other biomass samples except for the NS of P. koraien-
sis. Methylcatechol (#1/z: 124) and 4-vinylguaiacol (111/z: 150), which
are generally considered to be the specific pyrolysis products of lig-
nin (Fig. 5(d)-(e)) [22], were observed over a broad temperature
region from 200 °C to 500 °C. Although each EIT of lignin pyroly-
zate had a different thermal profile and peak temperature, the total
peak areas of m/z 124 and m/z 150 were highest on the EITs of N.S

60
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) —O~-- Liquid
3017 —— Gas
§ 40 4
z
=
o
- 30 A
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10 T T T T T

Fig. 6. Product yields for solid, liquid, and gas product from the non-
isothermal pyrolysis of five biomass samples (pyrolysis up to
500 °C at a heating rate of 10 °C/min).
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of P. koraiensis, which means that NS of P koraiensis produces a
large number of phenolic compounds due to the high lignin con-
tent [22].
4. Fixed Bed Type Pyrolysis Reaction
4-1. Gas, Liquid, and Solid Yields

Fig. 6 presents the yields of gas, liquid, and solid products ob-
tained from the non-isothermal pyrolysis of five biomass samples
up to 500 °C. Among the biomass samples tested, L. tulipifera pro-
duced the smallest amount of solid product and large amounts of
liquid and gas product. The NS of P. koraiensis, which has a higher
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Fig. 7. Product distribution from the pyrolysis of five biomass sam-
Ples.

Table 5. GC/MS area % of main compounds obtained from the pyrolysis reaction of five biomass samples

Peak area (%)
No. Identified compound
P, densiflora P, koraiensis Q. acutissima L. tulipifera NS of P. koraiensis

1 Hydroxy-acetaldehyde 4.7 5.7 1.6 49 23

2 2-Oxo-butanoic acid 0.6 0.9 1.1 1.9 0.6

3 Acetic acid 22.5 21.7 48.6 339 277

4 1-Hydroxy-2-propanone 17.3 10.5 7.6 10.8 14.1

5 1-Hydroxy-2-butanone 0.7 0.8 - 3.0 -

6 Acetoxyacetic acid 1.8 1.6 - - -

7 1,4-Butanedione 22 3.6 26 - -

8 Methyl pyruvate 2.0 1.9 - - -

9 Tetrahydro-4H-pyran-4-ol 2.5 1.9 - - -
10 2-Furanmethanol 2.5 6.4 46 5.1 1.6
11 2-Hycroxy-2-cyclopenten-1-one 6.0 6.6 5.0 6.0 6.4
12 Guaiacol 45 4.7 44 24 9.2
13 Creosol 5.7 52 1.5 1.8 9.3
14 Ethylguaiacol 32 3.6 0.5 14 7.0
15 Vinylguaiacol 45 41 2.3 22 7.0
16 Syringol - - 5.1 6.5 -
17 Isoeugenol 85 89 22 2.7 79
18 Levoglucosan 10.8 11.9 5.2 6.0 6.9
19 3,4,5-Trimethoxy-toluene - - 20 3.1 -
20 3,5-Dimethoxyacetophenone - - 2.6 3.6 -
21 Methoxyeugenol - - 31 4.7 -

Sum 100.0 100.0 100.0 100.0 100.0
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lignin content in its cell wall, produced a larger amount of solid res-
idue than the other test samples. Although their difference was not
so high, the softwoods produced larger amounts of solid residue
than the hardwoods. These trends were also in accordance with
the amounts of solid residues remaining after TG analysis (Fig. 3).
4-2. GC/MS Analysis of Oil Products

The pyrolysis oil quality is also strongly influenced by the ligno-
cellulosic composition [22] and ash content of each biomass [33,34].
Fig. 7 shows the area fractions of the acids, ketones, levoglucosan,
furans, phenols, and other compounds in the bio-oils obtained from
the pyrolysis of biomass and detailed GC/MS peak area % of each
product was shown in Table 5. Compared to the hardwoods having
the lower lignin contents than 16%, softwoods produced higher con-
tent of phenolic compounds due to their high lignin content (>24%).
The NS of P, koraiensis showed the highest content of phenols due
to the larger lignin contents (33.1%) in the NS of P koraiensis.

Levoglucosan is produced mainly from the pyrolysis of cellulose
in biomass, and the highest levoglucosan yield would be expected
from the pyrolysis of L. tulipifera because it has the highest propor-
tion of cellulose. On the other hand, the levoglucosan yield from
the pyrolysis of L. tulipifera was not higher than that of the softwood
samples (P densiflora and P. koraiensis). This can be explained by
the interactions between cellulose pyrolyzates and the pyrolyzates
of hemicellulose and lignin [37] or the enhanced secondary crack-
ing due to the larger amount of ash [38] during pyrolysis. Much
higher content of acids, mainly acetic acid, was obtained from the
pyrolysis of the hardwood samples because of its higher hemicel-
lulose content than softwood [39].
4-3. Characterizations of the Solid Products

Table 6 lists the characteristics (proximate, ultimate analysis, and
HHYV measurements) of the solid products obtained from the non-
isothermal pyrolysis reaction up to 500 °C. Compared to the car-
bon content of raw biomass materials (mean: 47.5%), those of the
solid products after the pyrolysis reaction were increased dramati-
cally (mean: 76.8%). In addition, the oxygen content of the solid
residue decreased with increasing HHV. According to the charac-

teristics of the solid residue produced from the fixed bed reactor, it
was also confirmed that pyrolysis of the solid products of biomass
can be used as useful renewable sources, such as soil amendment,
activated carbon, and pulverized coal in a blast furnace because of
its high energetic value.

CONCLUSION

The pyrolysis of softwood, hardwood, and NS of P koraiensis
was different due to the different lignocellulosic compositions (hemi-
cellulose, cellulose, lignin, and extractives) and ash content. TG analy-
sis indicated different thermal decomposition profiles: 1) lower
initial decomposition temperature of softwoods due to the higher
amounts of extractives than those of hardwoods, and 2) lower
maximum decomposition temperature of hardwoods and NS of P
koraiensis due to the larger ash and/or hemicellulose content. The
NS of P, koraiensis showed higher yields of phenolic compounds,
which are normally considered to be lignin pyrolyzates, followed
by softwood and hardwood. The higher carbon content and heat-
ing value of the solid products highlights their potential use as an
alternative energy source.

ACKNOWLEDGEMENTS

This subject is supported by Korea Ministry of Environment as
“Climate Change Correspondence R&D Program” and Hallym
University Research Fund, 2015 (HRF-201509-011).

REFERENCES

1. L. Singh and Z. A. Wahid, J. Ind. Eng. Chem., 21, 70 (2015).

2.S. Chayaporn, P. Sungsuk, S. Sunphorka, P. Kuchonthara, P. Pium-
somboon and B. Chalermsinsuwan, Korean J. Chem. Eng, 32, 1081
(2015).

3. M. Song, H. D. Pham, J. Seon and H. C. Woo, Korean J. Chem. Eng,
32, 567 (2015).

Table 6. Physico-chemical properties of the solid products after pyrolysis reaction

Softwood Hardwood Nut shell
P, densiflora P, koraiensis Q. acutissima L. tulipifera P, koraiensis
Proximat Volatiles 232 18.3 11.3 18.6 16.6
roxumae Fixed carbon 76.1 79.9 84.8 788 81.0
analysis
Ash 0.7 1.8 3.9 2.6 2.4
(Wt%)
Sum 100.0 100.0 100.0 100.0 100.0
C 74.8 77.4 75.6 77.3 78.8
Ultimat H 3.7 32 3.0 3.1 3.1
tmate o 211 19.0 209 19.3 17.6
analysis
N 0.4 0.4 0.5 0.3 0.5
(Wt%)
S - - , - -
Sum 100.0 100.0 100.0 100.0 100.0
HHV* (kcal/kg) 6,393.5 6,505.2 6,586.5 7,237.8 6,529.4
“wt% On a dry basis
*By difference

Korean J. Chem. Eng.(Vol. 33, No. 8)



2358 Y.-M. Kim et al.

4.H.]J. Park, H.S. Heo, J.-H. Yim, J.-K. Jeon, Y.S. Ko, S.-S. Kim and
Y.-K. Park, Korean J. Chem. Eng., 27, 73 (2010).

5.S.-H. Lee, M.-S. Eom, K.-S. Yoo, N.-C. Kim, J.-K. Jeon, Y.-K. Park,
B.-H. Song and S.-H. Lee, . Anal. Appl. Pyrol., 83, 110 (2008).

6.H.S. Choi, Y.S. Choi and H. C. Park, Korean J. Chem. Eng, 27,
1164 (2010).

7.T. U. Han, Y.-M. Kim, C. Watanabe, N. Teramae, Y.-K. Park, S. Kim
and Y. Lee, J. Ind. Eng. Chem., 32, 345 (2015).

8.Y.J. Bae, C. Ryu, J-K. Jeon, J. Park, D.]. Suh, Y.-W. Suh, D. Chang
and Y.-K. Park, Bioresour. Technol., 102, 3512 (2011).

9.S.-S. Kim, H. V. Ly, G.-H. Choj, J. Kim and H. C. Woo, Bioresour.
Technol., 123, 445 (2012).

10. Y.-M. Kim, H. W. Lee, S.-H. Lee, S.-S. Kim, S. H. Park, J.-K. Jeon,
S. Kim and Y.-K. Park, Korean J. Chem. Eng., 28,2012 (2011).

11. Y.-M. Kim, H. W. Lee, S. Kim, C. Watanabe and Y.-K. Park, Bioen-
erg. Res., 8,431 (2015).

12.Y.-M. Kim, J. Jae, H. W. Lee, T. U. Han, H. Lee, S. H. Park, S. Kim,
C. Watanabe and Y.-K. Park, Energy Convers. Manage. (2016),
DOI:10.1016/j.enconman.2016.02.065.

13.H.S. Heo, H.]J. Park, J.-I. Dong, S. H. Park, S. Kim, D.]. Suh, Y.-W.
Suh, S.-S. Kim and Y.-K. Park, J. Ind. Eng. Chem., 16, 27 (2010).
14.]J.W. Kim, S.-H. Lee, S.-S. Kim, S.H. Park, J.-K. Jeon and Y.-K.

Park, Korean J. Chem. Eng, 28, 1867 (2011).

15.B.-S. Kim, Y.-M. Kim, H. W. Leg, J. Jae, D. H. Kim, S.-C. Jung, C.
Watanabe and Y.-K. Park, ACS Sustainable Chem. Eng., 4, 1354
(2016).

16.E. H. Lee, R.-S. Park, H. Kim, S. H. Park, S.-C. Jung, J.-K. Jeon, S. C.
Kim and Y.-K. Park, J. Ind. Eng. Chem., 37, 18 (2016).

17.M. G. Gronli, G. Varhegyi and C.D. Blasi, Ind. Eng. Chem. Res.,
41, 4201 (2002).

18.S. Wang, B. Ru, H. Lin and W. Sun, Fuel, 150, 243 (2015).

19.S. Wang, K. Wang, Q. Liu, Y. Gu, Z. Luo, K. Cen and T. Fransson,
Biotechnol. Adv., 27, 562 (2009).

20.B.G. Diehl, N.R. Brown, C. W. Frantz, M. R. Lumadue and E
Cannon, Carbon, 60, 531 (2013).

21.]. Zhao, W. Xiuwen, J. Hu, Q. Liu, D. Shen and R. Xiao, Polym.

August, 2016

Degrad. Stab., 108, 133 (2014).

22.Y.-M. Kim, S. Kim, T. U. Han, Y.-K. Park and C. Watanabe, J. Anal.
Appl. Pyrol, 110, 435 (2014).

23.S.H. Park, H.]. Cho, C. Ryu and Y.-K. Park, J. Ind. Eng. Chem., 36,
314 (2016).

24.].H. Ko, R--S. Park, J.-K. Jeon, D. H. Kim, S.-C. Jung, S.C. Kim
and Y-K. Park, J. Ind. Eng. Chem., 32, 109 (2015).

25. ASTM E698-11 Standard Test Method for Arrhenius Kinetic Con-
stants for Thermally Unstable Materials Using Differential Scan-
ning Calorimetry and the Flynn/Wall/Ozawa Method.

26.]. S. Kim, Korean Chem. Eng. Res., 51, 303 (2013).

27.]J-H. Jang, S.-H. Lee and N.-H. Kim, J. Korean Wood Sci. Technol.,
42,700 (2014).

28. W. Jin, K. Singh and J. Zondlo, Agriculture, 3, 12 (2013).

29. M. 1. Jahirul, M. G. Rasul, A. A. Chowdhury and N. Ashwath, Ener-
gies, 5, 4952 (2012).

30.H. Yang, R. Yan, H. Chen, D. H. Lee and C. Zheng, Fuel, 86, 1781
(2007).

31.Y. Wu, Z. Zhao, H. Li and E He, J. Fuel Chem. Technol., 37, 427
(2009).

32.H. Yang, R. Yan, H. Chen, C. Zheng, D.H. Lee and D.T. Liang,
Energy Fuels, 20, 388 (2006).

33.1-Y. Eom, K-H. Kim, J.-Y. Kim, S.-M. Lee, H.-M. Yeo, L.-G. Choi
and J.-W. Choi, Bioresour. Technol., 102, 3437 (2011).

34.1-Y. Eom, J.-Y. Kim, T.-S. Kim, S.-M. Lee, D. Choi, L.-G. Choi and
J.-W. Choi, Bioresour. Technol., 104, 687 (2012).

35.Q. Liu, S. Wang, K. Wang, Z. Luo and K. Cen, Korean J. Chem.
Eng., 26, 548 (2009).

36. G. Varhegyi, M. ]. Antal, E. Jakab and P. Szabo, J. Anal. Appl. Pyrol,
42,73 (1997).

37.T. Hosoya, H. Kawamoto and S. Saka, J. Anal. Appl. Pyrol., 85, 237
(2009).

38.D.]. Nowakowski, J. M. Jones, R. M. D. Brydson and A. B. Ross, Fuel,
86, 2389 (2007).

39.S. Wang, B. Ru, H. Lin and Z. Luo, Bioresour. Technol., 143, 378
(2013).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


