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Abstract—The pyrolysis characteristic of furniture processing residue (FPR), which was analyzed by thermogravimet-
ric analysis (TGA) under nitrogen atmosphere, mainly decomposed between 230 °C and 500 °C. The FPR was submit-
ted to fast pyrolysis in a bubbling fluidized-bed reactor (BFR) for converting into bio-oil, bio-char. The product distri-
bution and characteristics of bio-oil depend on the operating conditions (temperature, fluidizing flow rate, particle size
of sample). The bio-oil yield showed the highest value (50.68 wt%) at the pyrolysis temperature of 450 °C with a bio-
mass particle size of 1.0 mm and a fluidization velocity of 2.0xU,,. The bio-oil had high selectivity for dioctyl phthal-
ate, levoglucosan, and phenolic derivatives. The carbon number proportions in bio-oils of FPR were 32.74 wt% for C;-
C,; fraction, 47.60 wt% for C,-Cs fraction and 19.38 wt% of C,;-Cs, fraction, respectively. The gas product included
CO, CO,, H,, and hydrocarbons (C,-C,), and the selectivity of CO, was the highest. The high heating value (HHV) of
gas products was between 4.60 and 12.90 MJ/m’. The bio-char shows high HHV (23.87 MJ/kg) and high C content

(62.47 wt%) that can be applied as a solid fuel.
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INTRODUCTION

Utilization of the limited fossil sources for our daily life has resulted
in global warming with the discharges of greenhouse gases, im-
pacting on the climate and human life [1-3]. Consequently; the re-
search for renewable resources to replace fossil resources has received
great attention. Biomass has been considered as an attractive renew-
able source, as it can be used to produce heat, power, or chemicals,
transportation fuels and biomaterials [1-4]. Biomass is converted into
energy via the thermal conversion processes, including three main
techniques: combustion, pyrolysis, and gasification. These are pre-
vailing methods that convert biomass efficiently and economically
into energy [1]. Pyrolysis is the most promising approach and
widely used for production of biofuels and chemicals from bio-
mass materials [4]. The pyrolysis process can be classified into slow,
fast and flash pyrolysis [4]. Fast pyrolysis, which is preferred for
bio-oil production, is a decomposition process of organic materi-
als in atmospheric conditions and lack of oxygen at moderate tem-
perature (around 500 °C) with high heating rate and short residence
time [3,5]. Technically, the pyrolysis process produces bio-oil which
can be used as raw material to produce gasoline, diesel or chemi-
cals [6]. The solid residue after pyrolysis is known as bio-char that
can be utilized as materials for electrochemistry to produce bio-
char battery or fertilizer to amend soil solid fuel [6].

The research on pyrolysis has progressed with diverse biomass
samples derived from different generation biofuel feedstock, namely
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agricultural residue [6,7], wood plant [3,8,9], macroalgae [4,10,11].
‘Woody biomass is an interesting alternative due to advantages over
other biomass, e.g., high energy, but low costs, low ash content, and
very low nitrogen and sulfur content [3]. Forest residue, especially
secondary woody residue, generated as by-products from wood
processing industries, includes sawdust, shavings, woodchips, and
tree bark [12]. It is considered as a potential material for energy
recovery. The utilization of wood processing residue for biofuel
production has been of more interest because of environmental
and economic impact. Azargohar et al. [6] investigated the effect
of pyrolysis temperature on the properties of products using four
types of waste: wheat straw, saw dust, flax straw and poultry litter.
Saw dust had the highest bio-oil yield 52 wt% compared to those
of the others. Papari et al. [13] investigated the pyrolysis of sawmill
residue (hardwood sawdust, softwood shavings and softwood bark)
in an auger reactor for optimizing the reaction temperature to col-
lect the highest yield of bio-oil and properties of bio-oil. For bio-
char production, Solar et al. [14] studied the pyrolysis of woody bio-
mass wastes (forest residue) in auger screw reactor. The char prod-
uct is used as a reductant in metallurgjcal applications. Moral et al.
[3] examined the pyrolysis of sawdust residue from a hardwood
tree (Hornbeam, Carpinus betulus L.) in fixed-bed reactor at 400-
600 °C, for both bio-oil and bio-char production. For the perfor-
mance of pyrolysis in a larger-scale system, the fluidized-bed reac-
tor (FR) system is preferred due to the continuous feeding of solid
material without shutting down the system and the good heat-trans-
fer between the biomass, bed material, and reactor walls.

In this work, the fast pyrolysis of FPR from furniture industry
was carried out in BFR under different conditions to investigate the
influence of these operating factors on product distribution and
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Table 1. Characteristics of FPR samples

i i i Elemental analysis” (wt%)
PrO)flmate Moisture® Ash? Volatﬂf Fixed C Ly HHV (MJ/kg)
analysis (wt%) matter”  carbon C H N S O dafb
Furniture processing residue ~ 5.62+0.05  10.54+0.45 68.50 15.34 4854 590 265 0.13 4278 17.68

“ASTM E1756, Standard test method for the determination of the total solids of biomass.
YASTM E1755, Standard test method for determination of ash content of biomass.

“Calculating based on sample after drying.
“On dry, ash free basis.
‘By difference.

properties of bio-oils. The physiochemical characteristics of bio-oil
and bio-char were analyzed using various techniques.

EXPERIMENTAL PROCEDURE

1. Materials and Initial Characterization

The FPR was provided by Hanssem Co. LTD. (Korea). The bio-
mass sample was crushed by knife mill (RT-08, MHK Co.) and
sieved to divide into three fractions: (0.4-0.6), (0.8-1.2), and (1.3-
1.7) mm in lenght. The proximate analyses of sample were deter-
mined following ASTM standard method [9]. The moisture of sam-
ple should be lower than 10 wt%, to ensure rapid heating as well as
minimize the moisture content in the liquid product [15]. There-
fore, before being used for experiment, the FPR samples were dried
for 12 h in the oven at 105 °C.

Thermogravimetric (TG) analysis was performed to evaluate the
thermal degradation of biomass and understand the pyrolysis char-
acteristics of materials. For this, 3-5 mg of sample was heated from
room temperature to 700 °C at 10 °C/min in N, environment (20
mL/min) in a TG analyzer (N-1000, SINCO).

2. Setup and Analytical Methods

The experiments were performed in BFR under nitrogen atmo-
sphere with silica sand (particle size of 150-212 pm) as the bed mate-
rial. The reaction temperature was chosen from TGA data. The gas
velocity ranged from 1.5 to 4.0xU,,, (with U,,=5.0 L/min), which
is equivalent to a pressure range of 0.51-0.57 kPa in a fluidized-bed.
The schematic of the reactor system was specifically reported in
our previous literature [4,9]. The product distributions were calcu-
lated based on the weight of each product produced after reaction
and amount of fed biomass sample.

The element analysis to characterize the C, H, N, O concentra-
tion of bio-char and bio-oil was determined by CE Instrument
analyzer (Flash EA1112) [4,10]. The pH of liquid products was meas-
ured with pH meter (Thermo Scientific Orion 3-Star), while the
moisture content was analyzed using Karl-Fischer (TL, 7500KF),
respectively. The bio-oil (organic phase) and aqueous phase were sep-
arated from liquid product. The organic compounds in the bio-oil
were identified by gas chromatograph coupled with mass spectrome-
try (GC-MS, Agilent 7890A/5975C) with a HP-5MS capillary col-
umn (30 mx0.25 mmx0.25 pm), with a helium gas stream of 1.0
ml/min. The initial temperature of the oven was set at 40 °C. Then,
the temperature was raised to 250 °C at a 10 °C/min and kept for
10 min. The injector volume was 1 pl and temperature of injector
was kept constant at 280 °C. The bio-oil was dissolved in dimethyl

sulfoxide-d6 solvent (DMSO-d6) before being analyzed by NMR
spectroscopy (300 MHz NMR spectrometer) to identify the differ-
ent functional groups present in the organic compounds.

The gas products that flowed from system were directly analyzed
and quantified by gas chromatography (YL 6500GC). The gas com-
ponents were separated using Porapak N and Molecular sieve 13X
column. The signals of gas compositions were detected by a flame
ionization detector (FID), with nitrogen sweeper gas (20 mL/min)
and a mixture of pure hydrogen (30 mL/min) and pure air (300
mL/min) to keep the flame lighted, and a thermal conductivity detec-
tor (TCD) using 20 mL/min of argon carrier gas (99.999% purity).

RESULTS AND DISCUSSION

1. Characterization of Material

The physical and chemical characteristics of FPR are reported
in Table 1. The moisture of FPR was 5.62 wt%. This value is rea-
sonable for the pyrolysis process. The ash content was 10.54 wt%,
which was higher than pine tree [8], tulip tree [9], or woody bio-
mass without bark [6]. The chemical element analysis of FPR bio-
mass exhibited the C, H, N, and O content of 43.42, 5.78, 2.60, and
48.20 wt% on a dry, ash free basis (d.a.fb). The HHV of FPR was
calculated based on the concentrations (wt%) of C, H, N, and O
according to Demirbass equation [9,16]. The HHV of FPR was
17.68 MJ/kg, which is similar to Pinyon pine (18.94 MJ/kg) [8], or
Pinus pinaster (15.70 MJ/kg) [14].
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Fig. 1. Thermogravimetric (TG) and differential thermogravimet-
ric (DTG) curves for the FPR and main components of FPR
at heating rate of 10 °C/min.
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2. Thermogravimetric Analysis of FPR

The TGA signal was obtained from the mass change of FPR with
temperature in thermolysis. It can be represented as a function of
the conversion X, which is calculated following the conversion
equation in previous literature [9,17].

The TGA and DTG behavior of FPR was comparable to that of
lignocellulosic biomass, as shown in Fig. 1. A small signal appear-
ing between 0 and 150 °C was due to the evaporation of moisture
and degradation of extractives in sample. The small shoulder peak
in the range 200-250 °C can be considered as the thermal desorp-
tion zone of phthalates (which was used as additive in wood prod-
ucts) [18]. The major thermal conversion of FPR occurred in a
temperature range between 230 and 500 °C, with the maximum
decomposition at 358.4 °C. The DTG profile in this zone was sep-
arated into three main distinct peaks. The first peak, at 319.9 °C,
was probably due to the hemicellulose decomposition. The sec-
ond peak, at 359.8 °C, corresponded to the degradation of cellu-
lose. The lignin component decomposed in a wide temperature
range and showed the peak at 439.8 °C [8,19].

3. Pyrolysis Product Distribution
3-1. Effect of Temperature

Reaction temperature is considered as the most significant fac-
tor in bio-oil production process due to its influence on the decom-
position of biomass bonds in pyrolysis. As the reaction temperature
rises to much higher temperature, the volatile vapor may be cracked
into gas through the secondary reactions, resulting in higher gas
yield [9,10]. The FPR was pyrolyzed in BFR at temperature between
400 °C and 550 °C. Table 2 presents the product distributions ob-

H.V.Lyetal.

tained at different pyrolysis temperatures. Initially, the liquid yield
increased from 46.02 wt% (at 400 °C) to 50.68 wt% (at 450 °C) and
then decreased to 43.08 wt% (at 550 °C). Meanwhile, the char yield
decreased from 37.62 to 30.61 wt% and the gas yield increased from
16.36 to 26.31 wt%, with increasing the reaction temperature. This
is caused by secondary thermal cracking processes, followed by a
series of decarboxylation, decarbonylation, deoxygenation, dehy-
drogenation, and alkylation. During these processes, the pyrolyzed
volatiles are cleaved into smaller molecular weight organic matters
[4], and to release CO,, CO, H, and hydrocarbon gas [5,9].

The similar results were found in the research of other lignocel-
lulose biomass. A study by Kim et al. [17] on fast pyrolysis of Milk-
weed in FBR showed a decrease in the bio-oil when the temperature
increased from 425 °C (44.19 wt%) to 550 °C (40.74 wt%). Heidari
et al. [20] reported that the optimum temperature for obtaining
the highest bio-oil yield (50.8 wt%) from pyrolysis of Eucalyptus
grandis was 450 °C. The difference in product distributions might
be attributed to the differences in process conditions and the vari-
ations of biomass components.

3-2. Effect of Fluidization Velocity

The nitrogen velocity is an alternative element affecting the
product yield. As known, it is used to transport pyrolysis vapor to
the product-collecting zone, evading the secondary reactions [4,9].
As reported in the literature, the residence time of vapor phase in
the reactor is related to the flow rates of carrier gas [9,10]. Con-
trolling the residence time allows restricting the secondary reac-
tions. The pyrolysis of FPR was conducted at 450 °C at the gas
velocity of 1.5, 2.0, 2.5, 3.0, and 4.0xU,,; correspond to the reten-

Table 2. The effect of pyrolysis temperature on product yield of FPR in BFR, feeding rate=100 g/hr, nitrogen flow rate=2.0xU,,; biomass

particle size=1.0 mm

Temperature (°C) 400°C 450°C 500 °C 550 °C

Char 37.62 32.49 3154 30.61

product vield Gas 16.36 16.83 2248 2631

o (“Alrfo/’)"e Total liquid 46.02 50.68 4598 4308

’ Moisture (%) 33.92 39.45 4130 47.02

Organic (%) 66.07 60.55 58.70 52.97

Flemental C 49.11 53.84 54.72 55.92

emen H 6.79 7.40 7.01 6.94

analysis of

o N 2.14 333 228 2.79
bio-oil

0 41.96 35.44 35.99 3435

HHV of bio-oil (MJ/kg) 18.82 2245 22.10 2270

pH 2.80 3.02 3.05 3.37

Co 31.89 30.93 26.42 25.65

o, 5931 5448 49.60 4671

G H, 148 1.80 3.69 5.18

com Oa:iﬁon CH, 578 10.03 16.16 18.51

p CH, 0.57 0.85 1.22 157
(mol%)

CH, 043 0.93 155 130

C.H, 041 0.77 1.04 091

>C, hydrocarbons 0.13 0.20 0.31 0.17

HHV of gas* (MJ/kg) 7.78 10.38 13.59 14.34

“The higher heating value (HHV) of gas product [4]

February, 2021
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Table 3. The effect of pyrolysis fluidization velocity on product yield of FPR in BFR, feeding rate=100 g/hr, reaction temperature=450 °C,

biomass particle size=1.0 mm

Fluidization velocity (U,;=5.0 L/min) 1.5xU,,, 2.0xU,,, 25%U,,; 3.0xU,, 40xU,
Char 3028 32.49 32.19 31.50 32.30
, Gas 19.74 16.83 2028 22.55 2336
Pmducot/yldd Total liquid 4998 50.68 4743 4595 4435
(wt%6) Moisture (%) 38.99 39.45 4027 40.81 39.72
Organic (%) 6101 60.55 59.73 59.19 60.28
C 53.73 53.84 52.52 52,66 52.09
Elemental H 7.12 7.40 7.08 6.90 6.95

analysis of

bio-ofl (w1%) N 2.99 333 2.97 3.03 321
0 36.17 35.44 37.43 37.42 37.74
HHYV of bio-oil (MJ/kg) 2188 22.45 21.19 2098 2081
pH 2.87 3.02 3.01 2.96 3.06
co 3040 3093 31.36 32.85 3226
o, 55.12 5448 55.22 52.93 54.06
H, 1.95 1.80 1.75 161 1.99
Comss‘ssiﬁon CH, 9.68 10.03 9.16 10.1 9.06
(mol%) CH, 0.88 0.85 0.77 0.76 0.79
C,H, 0.99 0.93 0.88 091 0.87
CH, 0.78 0.77 0.67 0.64 0.75
>C, hydrocarbons 0.21 0.20 0.17 0.21 0.22
HHV of gas’ (MJ/kg) 10.28 10.38 9.85 10.44 10.11

“The higher heating value (HHV) of gas product [4]

tion time of 2.24 s, 1.79s, 1.4 s, 1.19 s, and 0.89 s, respectively.

Generally, raising gas velocity increases the abrasion between the
bed material and sample, thereby improving the liquid yields and
reducing the char yield. Moreover, the higher flow rate of gas gives
the vapor phase a short time to retain in a reactor, restricting the
cracking reaction and lowering the gas yield [4,9]. However, as
observed in Table 3, the gas yields increased from 16.83 wt% (2.0x
U,¢) to 23.36 wt% (4.0xU,,,), while the liquid yield slowly decreased
from 50.68 wt% (2.0xU,,) to 44.35wt% (4.0xU,,). It might be
owing to the limitation of heat transmission between biomass and
hot bed material [10,20]. The same trend was found by Kim et al.
[17], who found an increase of liquid yield (from 42.41 to 44.94
wt%) as the gas velocity increased from 2.0 to 3.0xU,,. However, a
diminishment in the liquid yield was found with further increase
in the velocity of fluidization gas to 4.0xU,,: On the other hand, at
faster flow rate, the pyrolysis volatiles would be blown away from
the reactor without efficient condensation, causing the increase of
the gas yield. The results were in agreement with the studies of lig-
nocellulosic biomass [9,20] or algae [4,10].
3-3. Effect of Biomass Particle Size

The particle size of a sample is also a crucial factor affecting the
product distribution due to its relation to heat transmission and
mass transfer in the fast pyrolysis technique. The experiments were
performed with three different sizes at 450 °C. As shown in Table
3, the biomass sample with a sufficiently small particle size might
be heated uniformly and result in a great liquid yield. With a bio-
mass size of (0.8-1.2) mm, the highest value of liquid product reached
50.68 wt%. An opposite result was given when the particle size was

(1.3-1.7) mm, the liquid, gas, and char yields were, respectively, 43.84
wt%, 18.95 wt%, and 37.21 wt%. These results could suggest that
the larger particle size results in an inhibition for achieving the high
heating rate [7,9]. The limitation of heat transfer into particle leads
to an incomplete decomposition of the sample, which lowers the
volatile vapor, thus producing less bio-oil yield. Furthermore, de-
creasing the size from (0.8-1.2) mm to (0.4-0.6) mm also reduced
the yield to 45.71 wt%, whereas enhanced the gas yield to 24.01
wt%. Similarly; these trends could be found in the reports of Abbas
etal [7] and Ly et al. [9]. This is because the smaller particle exposed
more area of the contact surface; therefore, it would be quickly
heated as it was fed into the reactor, facilitating the degradation
occurred rapidly, even sufficient time for secondary reaction to
convert pyrolysis vapor into non-condensable [20]. Shen et al. [21]
reported that the influence of particle size on pyrolysis is not only
associated with the heat and mass transfer oppositions, but also
the structure of biomass cellular and the inter-particle interplay
between volatile vapor and char.
4. Compositions of Gas Product

Tables 2-4 present that CO, CO,, and a small amount of H,, and
hydrocarbon gases (C,-C,) such as CH,, C,H,, C,;H,, C;H,, C,H,,
are the major components in the gas products from the pyrolysis
process of FPR with different concentration depending on the pro-
cess temperature. Among these components, CO, was in the major-
ity in the gas product for all experiments. The CO, derived from
the decomposition of carboxyl groups presented in the structure
of cellulose and hemicellulose in biomass. It can be observed that
the selectivity of CO, decreased from 59.31 mol% to 46.71 mol%

Korean J. Chem. Eng.(Vol. 38, No. 2)
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Table 4. The effect of biomass particle size on product yield of FPR in BFR, feeding rate=100 g/hr, nitrogen flow rate=2.0xU,,,, reaction

temperature=450 °C

Biomass particle size (0.4-0.6) mm (0.8-1.2) mm (1.3-1.7) mm
Char 30.28 32.49 37.21
Product vield Gas 24.01 16.83 18.95
o (xf(y’)“e Total liquid 4571 50.68 43.84
’ Moisture (%) 38.67 39.45 4377
Organic (%) 61.33 60.55 56.23
Bl al C 53.27 53.84 57.53
emen H 7.19 7.40 8.26
analysis of
L N 3.17 3.33 2.03
bio-oil
(¢} 36.37 35.44 32.18
HHYV of bio-oil (MJ/kg) 21.80 2245 2551
pH 3.11 3.02 3.28
CcO 34.10 30.93 24.96
CO, 50.99 54.48 57.38
H, 221 1.80 2.87
Gas
. CH, 10.07 10.03 10.96
composition
CH, 0.83 0.85 124
(mol%)
C,H, 0.98 0.93 1.44
C,H, 0.68 0.77 0.88
>C, hydrocarbons 0.13 0.20 0.26
HHYV of gas’ (MJ/kg) 10.69 10.38 10.93

“The higher heating value (HHV) of gas product [4]

Table 5. Elemental analysis and HHVs of the bio-chars from fast pyrolysis of FPR at difference temperature and particle size, with feeding

rate of 100 g/hr and nitrogen flow rate of 2.0xU,,,

Elemental analysis Reaction temperature

Biomass particle size (mm)

of bio-char (wt%) 450°C 550 °C (0.4-0.6) (0.8-1.2) (1.3-1.7)
C 57.79 60.16 62.47 57.79 54.39
H 2.71 2.35 2.51 2.71 2.96
N 2.12 1.95 1.85 2.12 2.20
o° 5.34 228 4.62 534 6.32
Ash 32.04 34.87 28.55 32.04 34.13
HHV’ (MJ/kg) 22.48 2322 23.87 2248 21.55
“By difference.

"The higher heating value (HHV) of bio-char product [13,34]

with elevated temperature from 400 to 550 °C, whereas hydrocar-
bon (C,-C,) and H, fractions showed the opposite trends. Higher
CH, and H, species were released during the decomposition of
lignin [6]. On the other hand, the increases in CH, and H, content
were also attributed to the thermal cracking of aliphatic hydrocar-
bon and aliphatic side chain of aromatic components, and/or the
demethylation of the methoxyl groups in the pyrolyzed vapors
through secondary reactions, as well as breaking and rearrange-
ment of aromatic compounds [4,10]. The results are comparable
with the researches on the fast pyrolysis of woody [9] and algal
materials [11]. The HHVs of produced gas were calculated based
on the mole fraction and the HHV of each component in gas prod-
ucts [4], showing a value between 4.60 and 12.90 MJ/m’.

February, 2021

5. Characterization of Bio-char

Bio-chars generated from the pyrolysis of FPR were character-
ized. The char yield lessened with the increase of reaction tempera-
ture owing to thermal decomposition of organic components. The
increase in reaction temperature facilitated the release of more vol-
atile, enriching bio-char with more carbon. The bio-char revealed
higher carbon and lower oxygen as compared to initial FPR mate-
rial. Concerning the elemental analysis in Table 5, the H and O con-
tent decreased by increasing temperature while the carbon content
was enhanced at the same condition. This could be explained by
the enhancement of carbonization degree at high temperature. Simi-
lar behavior was also reported by other researchers [6,7].

In addition, the difference in particle size of biomass feedstock
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was also concerned with the characteristics of bio-char. Table 5 shows
that the percentage of carbon is inversely proportional to biomass
size. A finer particle (0.4-0.6) mm contains 62.47 wt% Carbon, as
considered to that of 54.39 wt% obtained from the bigger mole-
cule (1.3-1.7) mm. The intensification of carbon concentration in
bio-char as using the smaller particle size might relate to the heat
exchange during pyrolysis [7]. This trend was seen in the study on
pyrolysis of rice husk by Abbas et al. [7]. The ash content of bio-
char was found to be higher than that in the original FPR due to
the high inorganic content that remains after devolatilization of
organic materials in a biomass sample [10]. The HHV of bio-char
was determined according to Mott and Spooner equation (for low
O content) [10,22]. The HHV was between 21.55 and 23.87 MJ/kg.
These values could be compared to those of bio-char derived from
the pyrolysis of other biomass such as rice husk (23.78-28.98 MJ/
kg) [7], S. japonica macroalgae (12.59-15.53 MJ/kg) [5,10], bio-char
from other woody residue such as Canadian waste saw dust (28.6
MJ/kg) [6], hornbeam residue (32.88 MJ/kg) [3], and some solid
tuels such as coals (15-27 MJ/kg) [14], wood (12-18 MJ/kg), lignite
(15-18 MJ/kg) [3]. With high HHV values and high carbon con-
tent, the bio-char can be used as a solid fuel. Moreover, the bio-
char is more porous than biomass; thus it can be utilized to pro-
duce activated carbon and applied as catalyst support. Bio-char
contains high ash; however, it was in form of mineral compounds,
considered as inorganic fertilizer for cultivating farmland [10].
6. Characterization of Bio-oil

Tables 2-4 show the amount of total liquid consisted of aqueous

phase and organic phase, which were obtained from a series of con-
denser. The liquid product contained high amount of moisture,
from 33.92 to 47.02 wt%, with increasing reaction temperature.
The moisture content was formed during pyrolysis through dehy-
dration reaction. The formation of moisture content may be ex-
plained by the intramolecular dehydration of hydroxyls in mono-
saccharides of biomass sample (at low temperature) and intermo-
lecular dehydration in polymerization (at high temperature). More-
over, the generation of moisture content is also derived from the
condensation at higher temperature (over 500 °C) during char for-
mation [23].

As shown, the ultimate analysis and the HHVs of the bio-oils
from FPR presented that the highly pyrolysis temperature enhance
the carbon (49.11-57.53 wt%) and decrease the oxygen content
(29.16-41.05wt%) compared to those in biomass feedstock. The
HHV:s of bio-oils were calculated following Channiwala and Parikhs
equation [9,22]. The HHV values were determined to be in the
range of 18.82-25.51 MJ/kg, which was similar to those for other
lignocellulose biomass: tulip tree (21.64-24.37 MJ/kg) [9], Canadian
waste sawdust (25.86 MJ/kg) [6], even plastic-red oak mixture (22.95
MJ/kg) [24], and higher than those of softwood (20 MJ/kg) [25],
Poplar (17.4 MJ/kg), Birch tree (16.5 MJ/kg) [26], as well as marine
biomass, namely Undaria pinnatifida (19.30 MJ/kg) and Prophy ter-
ena (22.6 MJ/kg) [11]. The pH values of bio-oils from FPR were in
the range of 2.80-3.37, compared to those of lignocellulosic bio-
oils which were reported to be around 2 to 4. The low pH value of
bio-oil was attributed to the organic acids, which were produced

Table 6. Compounds identified by GC-MS in FPR bio-oil produced by pyrolysis at 450 °C and 550 °C, nitrogen flow rate=2.0xU,,, feeding

rate=100 g/hr, and biomass particle size=1.0 mm

450°C

550 °C
Structure

Composition of bio-oil from pyrolysis of FPR

Area %

2-Furanmethanol

1,1-Dimethoxy propane

5-Methyl-2-furfural

Furfural

4-Oxo-5-methoxy-2-penten-5-olide

Phenol

2-Hydroxy-3-methyl-2-cyclopentenone

Phthalic anhydride

2-Methyl phenol

113 W'~ J

3.02 -

141 At
1.03 o J}

PON

131 178 Ho_©

1.56 2.67

1.80 -

I\
O
aj(\\
o
- 3.66 oij@
(o]
HO: :

0.77 113
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Table 6. Continued

450°C 550°C
Composition of bio-oil from pyrolysis of FPR Structure
Area %
4-Methyl phenol 1.58 237 Ho—@—
. HO
2,4-Dimethyl phenol 1.57 2,01 Q
Naphthalene 0.67 1.59
HO
1,2-Benzenediol 231 1.60 D
HO
HO
2-Methoxy- phenol 329 4.82 0_@
/
HO\r/\
2-Methoxy-4-methyl-phenol 2.67 4.58 [
?’J\A
OH
2-Methoxy-4-vinyl phenol 142 291 ﬂo
I
HO
4-Ethyl-2-methoxy-phenol 217 1.73 0:@/
|
o~
3,4,5-Trimethoxy toluene 292 - QO\
2,6-Dimethoxy-Phenol 3.12 1.57 XOQO/
OH
Q /
Vanillic acid 1.39 ?—Q-O
HO
OH
2-(2-Naphthyl)-1-propene 1.63
0
Phthalic anhydride 3.66 o;:]j
o
_\—\ 00Q ,—/_
Dibutyl phthalate -

2-Methoxy-4-(1-propenyl)-Phenol

Levoglucosan

Dioctyl phthalate (DEHP)

1.50 0.60 08

1.74 2.60
(v}
/
o) o]
8.38 26.51 |
HOY “OH
H
0/\(\/\
2133 14.70 C(:g

<

from the breaking of monosaccharide ring in cellulose and hemi-
cellulose [4,27].
Bio-oils are known as complex mixtures including hundreds of
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compounds with varied molecular weights. Table 6 shows the com-
positions of bio-oils obtained from FPR at 450 and 550 °C, analyzed
by GC-MS. According to the results, the main compositions of the
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Fig. 2. "C NMR spectra of bio-oils from FPR at 450 and 550 °C.

bio-oil included dioctyl phthalate, levoglucosan, and phenolic deriva-
tives. The most noticeable composition was dioctyl phthalate, fol-
lowed by levoglucosan. The content of phthalates in the bio-oil was
remarkable, which can be an advantage and different from the bio-
oil of FPR compared to those from other woody biomass feed-
stocks. Dioctyl phthalate, known as DEHB, is a long molecule of
phthalic acid ester. DEHP can be utilized as a softening agent and
widely applied as plasticizers in the polymer industry to enhance
the flexibility and durability of hard polyvinyl chloride plastics (PVC)
[28,29]. The selectivity of dibutyl phthalate (DBP) and dioctyl phthalte
(DEHP) decreased with the increase of phthalic anhydride by ele-
vating the reaction temperature from 450 to 550 °C. This can be
related to the secondary decomposition of phthalates at high tem-
perature. In comparison with bio-oil from other woody biomass
feedstocks, such as tulip tree [9], waste furniture sawdust [30] and
pine sawdust [31], the FPR bio-oil showed high selectivity of phthal-
ate composition. Levoglucosan has been considered to be a prom-
ising raw material source for the production of ethanol, for the
synthesis of high value specialty chemicals in pharmaceuticals and
for the biodegradable plastics production [16,32]. Bio-oils also con-
tained considerable amounts of phenolic compounds, namely phe-
nol, methyl-, methoxy-phenols and their derivatives, which derived
from the lignin decomposition through the degradation of lignin-
rich component in the FPR biomass such as bark [33]. These phe-
nolic derivatives have good potential in different industries as a

source of chemicals, fuel or medicine production [6]. It can be seen
that the levoglucosan composition increased with increased pyrol-
ysis temperature. As known, the levoglucosan is produced through
the thermal degeneration of cellulose in biomass. Additionally, the
levoglucosan content obtained after reaction is proportional to the
cellulose content in biomass material; it means a higher cellulose
component gives a larger selectivity of levoglucosan in bio-oils [34,
35]. Therefore, the increasing temperature resulted in a promotion
of decomposition reaction of cellulose, producing more levoglu-
cosan.

The chemical functional groups in bio-oils of FPR were identi-
fied by the "C NMR method [4]. As observed in Fig, 2, the "C
NMR spectra presented signals in the regions of 0-55 ppm, 55-95
ppm, and around 95-165 ppm, corresponding to function groups
of aliphatic carbons, carbohydrate sugars, alcohols, esters, pheno-
lic methoxy groups, and aromatic compounds. It can be realized
that the peak intensity depends on the reaction temperature. Obvi-
ously; the higher and intense peaks observed when the tempera-
ture rose from 450 to 550 °C could be explained by the slitting of
chemical bonds between carbon atoms in aliphatic hydrocarbons
and higher-molecular weight compounds into shorter and lower-
molecular weight compounds. Moreover, the signal in the region of
aromatic compositions was found to be higher at 550 °C. During
pyrolysis at high temperature, the large organic matter is broken to
small and unstable fragments. These fragments, through repolym-
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Fig. 3. Carbon number distribution of bio-oils from FPR at different temperatures, feeding rate of 100 g/hr and nitrogen flow rate of 2.0xU,,.

erization and aromatization reactions, tend to recombine to form
the bigger and more stable ones, which are considered as aromatic
compounds [16].

The carbon number distribution of bio-oils was determined
using TGA with the concept of simulated distillation [9,16]. Fig. 3
shows that the carbon number of bio-oil from C; to C,; corresponds
to gasoline, kerosene-diesel is the range of C,,-Cs, followed by the
heavy oil fractions, in the C,,-Cs4 range, respectively. The distribu-
tion of these fractions in the pyrolysis bio-oil (at 450 °C) was 32.74
wt% (gasoline), 47.60 wt% (kerosene-diesel) and 19.38 wt% (heavy
oil), respectively. However, with increasing temperature to 550 °C,
the distribution shifted to higher carbon number, namely, the gas-
oline, kerosene-diesel and heavy oil fractions were found to be 39.91
wt%, 45.43 wt%, and 14.66 wt%, respectively. These results are rea-
sonable, considering the GC-MS data and "C-NMR. The result con-
firms that the bio-oils from FPR could be applied as a potential
source for production of alternative fuel or extracting aromatics
and phenols.

CONCLUSIONS

The fast pyrolysis process of FPR was systematically investi-
gated in a BFR. The highest value of bio-oil yield was 49.03 wt%,
achieved at 450 °C with a fluidization velocity of 2xU,,r and sam-
ple size (0.8-1.2 mm). The HHVSs of bio-oils were between 18.82
and 25.51 MJ/kg. The bio-oils contained dioctyl phthalate, levoglu-
cosan and phenolic derivatives as major content. The "*C-NMR data
showed a high fraction of aromatic and aliphatic hydrocarbon. These
confirm the feasibility of upgrading the bio-oil to hydrocarbon
fuel. The carbon number distributions presented the weight frac-
tion of bio-oil. The bio-char had high HHV values and high carbon
content and can be utilized to produce activated carbon. This study
proves the great potential of FPR for producing valuable product
such as biofuel, bio-fertilizers, bio-char, and/or bio-chemicals.
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NOMENCLATURE

ASTM: american society for testing and materials standard method
X : conversion of sample material
U,y :minimum fluidization flow rate of nitrogen [L/min]
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