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ARTICLE INFO ABSTRACT

Keywords: The current paper presents research on bio-oil production from Tung seed residues fed at 500 g/h
Tung seed residues via fast pyrolysis in a fluidized-bed. The objective was to investigate the influence of temperature
Bio-oil

on bio-oil production in a pyrolysis process. Three portions Tung residues were studied, Tung seed
outer shells (TO), Tung seed inner shells (TI), and pressed residues of oil seeds (RS), all having
particle sizes of 0.150-0.500 mm. The process temperatures were 350-500 °C. The physical and
chemical properties of pressed residue particles were characterized by ASTM standard methods.
Bio-oil component identification was done using GC-MS. Experimentally derived data showed an
optimal pyrolysis temperatures for all three types of Tung residues (TO, TI and RS) of 400 °C,
yielding respective maximum bio-oil yields of 53.46, 52.81, and 62.85 wt% on a dry basis (db).
Apart from having highest bio-oil yield, RS produced bio-oil with the highest carbon content,
leading to its greatest lower heating value (LHV), 28.05 MJ/kg (db). The main bio-oil components
were acids, nitrogen compounds, and hydrocarbons. Char yield was reduced with increased
temperature. Tung seed outer shells produced the highest char level (39.26 wt%) while RS gave
highest char quality in term of density and heating value.
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1. Introduction

Energy crops are renewable energy resources and can be classified into three main types, oil crops, sugar crops and biomass crops.
They are feedstocks for producing biofuels, which can be substituted for fossil fuels [1,2]. Oil crops are the main raw materials for
bio-diesel production, while sugar crops are the main feedstocks for bio-ethanol. Biomass crops can be used in various biomass energy
technologies, e.g., bio-gas production and combustion.

In Thailand, biodiesel is increasingly popular because it can be produced locally and used at a community level. When the
transportation costs associated with biodiesel feedstocks and products are eliminated, this enables energy sustainability for a com-
munity. Among the various types of oil crops available in the country (e.g., palm, Jatropha, coconut, soybean, sesame, and castor oils),
Tung oil (or China wood oil) is a promising feedstock owing to its high oil. Tung seed oil is derived from Tung trees (Aleurites, Fordii or
Montana). This fast-growing tree originated in China. The oil content of Tung seed is as high as 30-40 wt%, yielding a higher heating
value (HHV) equal to 40.73 MJ/kg [3]. Tung oil seeds are dark brown and extremely hard. These seeds are pressed (an extraction
process involving high pressure compression) to obtain oil for biodiesel production. Residues of the pressing process are the Tung seed
outer shell (TO), Tung seed inner shell (TI), and residues of oil seeds that have been pressed (RS). Generally, these will be discarded,
made into fertilizers, or burned as fuel.
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There are a number of recent research studies to improve Tung oil bio-diesel production and utilization. Novel ionic liquids can
catalyze a transesterification reaction of Tung oil and methanol, resulting in higher biodiesel yields of >98% [4]. Tung oil bio-diesel,
however, requires blending with other oils (e.g., canola, palm, or coconut oils) or petroleum diesel to meet industrial specifications [5,
6]. Performance, emissions, and combustion properties of bio-diesel blends containing Tung oil have been tested in diesel engines [7,
8]. Alternatively, proper attempts to study and utilize the residues of Tung seeds are few. To date, there is a single study on the
utilization of Tung seed residues using a gasification technique to obtain a producer gas [9].

Seed residues are a biomass material with high levels of oil that are amenable to pyrolysis. This is because their significant oil
promotes carboxylic acid, alkane and alkene formation with other compounds as breakdown products derived from lignin, cellulose
and hemicellulose decomposition. Higher bio-oil product yields are achieved with greater heating values at optimal pyrolysis tem-
peratures ranging from 400 to 600 °C [10]. Pyrolysis may be either done by conventional or rapid processes. The former transforms
biomass at a relatively low heating rate (0.1-1 K/s), at low temperatures (less than 350 °C). The process duration is long and depends
on stove efficiency, biomass load and moisture content of the biomass. Three product phases (solid char, condensable vapor, and
non-condensable gas) are obtained [11]. Only char is a valuable product whereas others are released into the atmosphere. Hence,
conventional pyrolysis is also known as the char production process or carbonization. The other pyrolysis process transforms biomass
at very high heating rates (600-1000 K/s), over a short time (1-2 s). As a consequence, the chemical structure of biomass is destroyed,
changing solid biomass into various fractions, including a char and condensable vapor, along with non-condensable gases [12,13]. The
primary product is condensed liquid bio-oil which is dark brown and viscous [14,15]. A maximum of 75% of the initial biomass weight
(dry basis) can be converted to bio-oil. The bio-oil heating value is about half the heating value of a comparable fossil fuel [16]. In this
study, fast pyrolysis is of interest since the obtained bio-oil storage and transport is not complicated. Furthermore, bio-oil can replace
fuel oil for heating or electricity generation. Containing at least 200 chemicals, bio-oil is also a suitable feedstock for the chemical
industry [17,18].

Research studies on fast pyrolysis have been carried out using various oil seed residues, such as groundnut shells [19], palm oil
residues [20-22]. Unfortunately, fast pyrolysis for Tung seed residues has not been reported.

The current research aims to study bio-oil formation from Tung seed residues via fast pyrolysis. Three parts of Tung seed residues
(an outer shell (TO), an inner shell (TI), and pressed residues of oil seeds (RS)) are comparatively tested. The study investigates py-
rolysis temperature effects and use of various biomass portions on the product yield and physico-chemical properties of bio-oil and
char products. Influence of biomass residual oil on the bio-o0il product characteristics is also discussed.

Biomass samples

Hot filter Water-cooled condenser

Dry-ice/Acetone condenser

ESP

T;  Cyclone J
1 —

1

Cotton wool filter

Fluidized-bed reactor

., HOpper

Pre-heater

Fig. 1. Schematic drawing of experimental apparatus for the fast pyrolysis process employed the current study [23].
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2. Experimental methods
2.1. Fast pyrolysis unit

Fig. 1 depicts an experimental apparatus for fast pyrolysis production of Tung seed bio-oil. The experimental setup consists of a
fluidized-bed fed at 500 g/h. This apparatus consists of a hopper, a pair of screw feeders, a pre-heater, the fluidized-bed, a pair of
cyclones, char pot, filter, water-cooled condenser, a 15 kV electrostatic precipitator condenser (ESP), product collection bottle,
condenser cooled with dry ice/acetone, and cotton wool. The reactor was fabricated from SUS304 stainless steel, with a respective
internal diameter and height of 50 and 500 mm. Silica with a particle size range of 250-500 pm was used as a medium for fluidization
and heat transfer. First, biomass samples were fed to the reactor using a pair of screw feeders. Heating wires were used for the reactor
and pre-heater. Ceramic fiber material insulates the reactor to mitigate heat losses. Experimental system temperature was modulated
with PID temperature controllers K-type thermocouples. Vapor leaving the reactor underwent separation from char particles by the
cyclone separators and a hot filtration. Hot filtration was done in a SUS304 stainless steel pipe with a 50 mm internal diameter and 300
mm height. Afterwards, the cleaned vapor was condensed to produce liquid bio-oil in a water-cooled heat exchanger, ESP, and
condenser cooled by using dry ice/acetone. Finally, non-condensable gas was filtered by cotton wool before venting. Hence, no
collection and analysis of the gas product was conducted.

2.2. Tung seed residue feedstock

Three parts of Tung seed residues were used, the Tung seed outer shell (TO), Tung seed inner shell (TI) and the pressed residues of
oil seeds (RS), as shown in Fig. 2. To prepare for the experiments, the feedstock was dried, ground and sieved. The 0.150-0.500 mm
particle size fraction was used in the experiments. It was oven dried at 105 °C for 24 h to remove H30 before our bio-oil experiment.

Proximate analysis was done for the biomass samples to determine percent moisture, as well as volatile matter and ash, according to
ASTM E1756-01, E872-82 and E1755-01 standard methods, respectively, as shown in Equations (1)-(3) [24,25]. The content of fixed
carbon was determined from the residual differences (Equation (4)). Ultimate analysis (dry basis) was conducted to determine contents
of carbon, hydrogen, nitrogen, sulfur, and oxygen. This was done using a Leco C, H, N, and S analyzer, Model Carbon 628 S. For
comparison, heating values were obtained from both calculations and experimentation. For calculated values, the approach of Sheng
and Azevedo [26], Equation (5), was employed to calculate the biomass HHV. The LHV was determined according to ECN [27],
Equation (6). Both HHV and LHV are based on dry basis. For experimental values, 1 g of biomass samples was tested for heating values
by bomb calorimeter, in accordance with ASTM D240 standard method. All experiments were performed in triplicate.

m="1"2 00000 b}
my
such that:
M = Percent moisture content (wet basis, wb),
m; = Initial weight of biomass (g),
my = Weight of biomass after drying at 105 °C for 24 h (g).
> — M3

y="27M 0 00 @

my

where:
V = Volatile matter content (%, dry basis),
m3 = Weight of biomass after burning at 970 °C for 7 min (g).

A="2 100 3

my

where:
A = Ash content (%, dry basis),
my4 = Weight of biomass after burning at 575 °C for 24 h (g).

F=100—V—A 4

where:
F = Fixed carbon content (%, dry basis).

M.
HHV </TJ> = —1.3675+0.3137C +0.7009H + 0.03180" 5)
g
M. H
LHV MJ =HHV —2.442 x 8.936( — (6)
kg 100

where:


astm:E1756
astm:E872
astm:E1755
astm:D240
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Fig. 2. Three parts of Tung seed residues, Tung seed outer shell (TO), Tung seed inner shell (TI) and the pressed residues of oil seeds (RS).

C = Percent carbon content (db),
H = Percent hydrogen content (db),

O*=100-C-H-A.

2.3. Thermogravimetric analysis of tung seed residues

Thermogravimetric analysis (TGA) was done on Tung seed residues samples using a differential thermal analysis (DTA) with a
TGA/DSC (SDT 2960 (V3.0F), TA Instruments). An N3 gas medium was used at a heating rate of 10 °C/min. Heating the samples from
room temperature to 800 °C required ~77 min.

2.4. FT-IR analysis of tung seed residues

Functional group determination of biomass feedstock was done with Fourier transform mid-infrared (FT-IR) spectroscopy. A Bruker
Tensor 27 FT-IR spectrometer was used, with wavelengths of 400-4000 cm ™! at a 4 cm™! resolution. All spectra were background-
corrected. FT-IR analysis of bio-oil in the current study was not done.

2.5. Experimental conditions

Table 1 shows the experiment conditions for fast pyrolysis of Tung seed residues. Three residues, i.e., Tung outer shells (TO), Tung
inner shells (TI), and pressed residues of oil seeds (RS), were comparatively tested. Pyrolysis temperature was the primary parameter
under focus and it was varied between 350 and 500 °C. Biomass particle sizes over the range of 0.150-0.500 mm were chosen to allow
optimal fluidization and heat transfer [16]. Fine biomass particles were untimely blown out of the reactor whereas coarse particles
were not heated up thoroughly. Therefore, both cases led to higher char yield. Biomass was maximally fed constant at 500 g/h and the
flowrate of nitrogen gas was adjusted to 7 L/min to enable fluidization. Voltage of the electrostatic precipitator (ESP) was 15 kV to
maximize bio-oil condensation [28].

2.6. Analysis of bio-oil from tung seed residues

2.6.1. Elemental composition
Bio-oil elemental composition determination was done to quantify the carbon, hydrogen, nitrogen, sulfur, and oxygen contents,
using the methodology discussed in Section 2.2.

Table 1
Experimental conditions.
Parameter Experimental conditions
Residue type TO, TIL, RS
Pyrolysis temperature (°C) 350 400 450 500
Biomass particle size (mm) 0.150-0.500
Biomass feed rate (g/h) 500
Flowrate of nitrogen gas (L/min) 7
Heat transfer media Sand
ESP voltage (kV) 15
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2.6.2. Moisture content
Moister content analysis employed a Karl-Fischer Titration method. A Karl-Fisher Moisture Titrator (Model MKC-520) was also
used.

2.6.3. Ash content
The content of ash was analyzed by combusting bio-oil at 775 °C for 24 h. Afterwards, the residue was considered as its ash content
[29].

2.6.4. pH value
A pH meter was used to determine acidity/basicity at room temperature.

2.6.5. Density
Density of bio-oil was analyzed with a 25-mL bottle at room temperature. After filling the bottle with bio-oil, it was weighed to
determine the density, according to Equation (7).

m
=y @
where: p = Density of bio-oil (g/mL).

m = Bio-oil mass (g).

V = Bottle volume (25 mL).

2.6.6. Heating value
Bio-oil heating values were computed from ultimate analysis data on a dry basis. The HHV was using the calculation procedures of
Channiwala and Parikh [30], given as Equation (8).

MJ
HHV,,, (k—> =0.3491C+1.1783H + 0.1005S — 0.103400 — 0.0151N — 0.0211A (8)
8

where C, H, O, S, N and A are the percentages of carbon, hydrogen, oxygen, sulfur, nitrogen and ash content of bio-oil on a dry basis.
The LHV was calculated using the HHV and the hydrogen content, as in Equation (6). Bio-oil heating values were obtained from a bomb
calorific test, similar to those of biomass, as explained in Section 2.2.

2.6.7. GC-MS

Bio-oil samples that experimentally yielded the most bio-oil (i.e., at 400 °C) were analyzed by GC-MS to identify their chemical
compositions. GC-MS analyzer (Agilent 7890A GC and Agilent 7000B MS) with a DB-wax capillary column (60 m length x 0.25 mm i.
d., 0.25 pm film thickness). Twenty mg of the raw material was dissolved in 1 mL ethanol, and 1 pL of this material was injected into the
column. The GC column was programmed to heat from 70 °C (3-min hold) at 3 °C/min to 180 °C (no time hold), and then at 10 °C/min
to 250 °C (25-min hold). Injection was done in a 1:20 split mode. Helium was used as carrier gas at the flowrate of 1.0 mL/min. GC-MS
data were processed by GC-QQQ software and the compounds were identified using spectral database from the NIST MS Search 2.0
library.

2.7. Analysis of char obtained from fast pyrolysis of tung seed residues

Solid char collected from the cyclones in experiments with the greatest bio-oil yields (i.e., 400 °C) was used for characterization.
Elemental composition of these samples was determined, as were the density, ash content, and heating values. Each analysis was
performed in triplicate.

2.7.1. Elemental composition
Char elemental composition was quantified yielding carbon, hydrogen, nitrogen, sulfur, and oxygen levels. This was done in an
identical manner as for the biomass feedstock and bio-oil, discussed in Section 2.2.

2.7.2. Density
Char density was analyzed using a 50-mL bottle at room temperature. After filling the bottle with char particles, it was weighed to
determine the density, according to Equation (7).

2.7.3. Ash content
Ash content determination is discussed in Section 2.2.

2.7.4. Heating values
Heating values of char were calculated determined using Equations (6) and (8) for LHV and HHV, respectively.
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3. Results and discussion
3.1. Biomass characterization

Table 2 presents the properties of three types of Tung seed residues. The proximate analysis results show RS with the highest
volatile matter content, 79.46 wt% (dry basis). Thus, it can be speculated that RS will have higher bio-oil yields than TI and TO
fractions. From an ultimate analysis, RS has a higher carbon content (50.30 wt% on a dry basis) than TO and TI. Comparing with earlier
research studies, RS presents a higher carbon content than groundnut shells [19] but less than palm shells [31]. In fact, the carbon
content greatly contributes to the biomass heating value. A greater carbon content yields an augmented heating value. As a result, RS
has a higher LHV (19.00 MJ/kg) than TO and TI. Despite being approximately 5% higher than those of calculated ones, experimented
heating value (HHV) by bomb calorimeter showed the same tendency, with RS having the highest value at 21.15 MJ/kg.

Fig. 3 presents thermogravimetric analysis (TGA) of TO, TI and RS. As can be seen from this graph, the first mass loss of Tung seed
residue occurred at about 25-100 °C. This resulted from water loss from the biomass. The next mass loss was observed at temperatures
of 220-350 °C for TO and TI, and 220-400 °C for RS, resulting from hemicellulose and cellulose decomposition. Lignin was the last
component to decompose, at 450-1000 °C, as can be seen by the tail of the graph for the three types of Tung seed residues in Fig. 3. The
weight loss characteristics of Tung seed residues were similar to those of bagasse [23], radiata pine [32], biomass pellets [33], and
straw [34,35] over all temperature ranges examined.

Biomass compositional structure and functional group were characterized by FT-IR technique. FT-IR spectra of TO and TI showed
similarities while that of RS has distinctive pattern and intensity, particularly within a wavelength of 1700-1000 cm™! (Fig. 4). For RS
graph, shaper peaks attributed to C-C, C-O bonds (1230 crn’l), and aromatic rings (1269 and 1502 cm’l) [36] were noticed. This
implied a presence of lignin component in RS. Furthermore, RS graph had boarder peak at 1622 cm ™!, corresponding to C=0 bonds in
hemicellulose and triglycerides [10]. All type of biomass showed the same peaks at 1026 (C-0), 1142 (C-0-C), and 1734 (C=0) em ™!
[36], indicating cellulose and hemicellulose composition.

3.2. Effect of pyrolysis temperature on bio-oil production

Fig. 5 shows the impacts of pyrolysis temperature on bio-oil yield. The results clearly showed an optimal pyrolysis temperature for
all types of Tung seed residues at 400 °C. The greatest bio-oil yields achieved were 53.46, 52.81 and 62.85 wt%, for TO, TI, and RS,
respectively. All parts of Tung seed residues produced more bio-oil than palm residues, which was 46.4 wt% [31]. However, it is
notable that performance differences might be partially due to the disparate reactors used in palm residue experiments.

From Fig. 6, two phases can be clearly seen in bio-oils, oil and aqueous phases. An oil phase can be used as bio-fuel whereas water
phase is a potential feedstock for the bio-chemical industry. Bio-oils obtained from TO and TI have the same phase characteristics, with
the organic phase being denser. In contrast, RS bio-oil obtained produced an organic phase that was less dense than an aqueous phase.

Fig. 7 shows the relative amounts of two phases of bio-oil obtained from three types of Tung seed residues pyrolyzed at 400 °C
(optimal temperature). Not only does the bio-oil from RS have unique phase characteristics, but also the amount of oil phase was six-
times greater than that of the aqueous phase. This is because the RS still had some residual oil after pressing, and the experimental

Table 2
Characteristics of Tung seed residues.
Analysis Tung seed residues Groundnut shells” Palm shells”
TO TI RS
Proximate analysis (wt.%, dry basis)
Moisture (wet basis) 0.25 £ 0.13 5.55 + 0.07 0.23 £ 0.01 4.01 11.00
Volatile matter 66.81 + 0.16 65.07 £ 0.21 79.46 + 0.51 70.46 74.59
Fixed carbon* 22.96 + 0.15 26.27 + 0.06 12.93 + 0.45 12.16 21.87
Ash 10.23 + 0.01 8.36 £ 0.16 7.60 + 0.07 17.22 2.33
Ultimate analysis (wt.%, dry basis)
Carbon 43.00 + 0.08 49.73 £ 0.14 50.30 + 0.07 36.62 55.89
Hydrogen 5.96 + 0.02 6.64 + 0.04 7.21 +0.12 5.73 5.98
Nitrogen 0.56 £+ 0.02 1.92 + 0.08 4.70 £ 0.09 3.11 0.09
Sulfur 0.06 + 0.01 0.18 + 0.02 0.34 + 0.04 0.23 0.18
Oxygen* 40.19 33.15 29.85 37.06 35.51
H/C molar ratio 1.66 + 0.01 1.60 + 0.01 1.30 + 0.05 1.88 1.28
0O/C molar ratio 0.70 + 0.01 0.50 + 0.01 0.24 + 0.02 0.76 0.48
Molecular formula CCH1.6600.70 CH1.6000.50 CHj.3000.24 CH; 8800.76 CHj.2800.48
Heating value by calculation (MJ/kg, dry basis)
Higher heating value (HHV) 17.60 + 0.02 20.01 + 0.05 20.57 + 0.10 15.42 21.47
Lower heating value (LHV) 16.30 + 0.02 18.56 + 0.05 19.00 + 0.07 14.17 20.16
Heating value by bomb calorimeter (MJ/kg)
Higher heating value (HHV) 19.52 + 0.22 20.50 + 0.10 21.15 + 0.06 n/a n/a

" Calculated by difference.
2 Suttibak [19].
b Abnisa et al. [31].
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Fig. 3. Thermogravimetric analysis of Tung seed residues, Tung seed outer shell (TO), Tung seed inner shell (TI) and the pressed residues of oil
seeds (RS).
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Fig. 4. FT-IR spectra of Tung seed residues, Tung seed outer shell (TO), Tung seed inner shell (TI) and the pressed residues of oil seeds (RS).
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Fig. 5. Effect of temperature on bio-oil yield from different parts of Tung seed residues, Tung seed outer shell (TO), Tung seed inner shell (TI) and
the pressed residues of oil seeds (RS).
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Fig. 6. Phase separation/arrangement characteristic of bio-oil obtained from three types of Tung seed residues, (a) TO, (b) TI, (c) RS.
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Fig. 7. Comparison of bio-oil yields in oil and water phases at 400 °C (optimal temperature).

Table 3

The properties of bio-oils obtained from Tung seed residues.
Types of oil/bio-oil Analysis parameters

Water content (wt.%) Density (kg/m>) pH value Ash content (wt.%)
Tung oil 0.25 £ 0.15 920.1 + 7.60 5.22 £0.11 NA
TO-Bio oil (Aqueous phase) 89.45 + 16.42 990.1 +1.01 4.69 + 0.02 NA
TO-Bio oil (Organic phase) 18.73 + 0.26 1139.5 + 62.32 4.60 + 0.03 0.03 + 0.01
TI-Bio oil (Aqueous phase) 85.12 + 22.58 998.3 + 0.99 4.09 + 0.02 NA
TI-Bio oil (Organic phase) 14.68 + 0.68 1147.2 + 29.40 3.74 £ 0.12 0.02 + 0.01
RS-Bio oil (Aqueous phase) 86.88 + 21.36 1026.3 + 3.57 6.60 + 0.01 NA
RS-Bio oil (Organic phase) 8.06 + 0.43 966.4 + 0.46 8.09 + 0.09 0.01 +0.01
Bio-oil from groundnut shells® 18.56 1215 4.2 0.03
Bio-oil obtained from palm residue” 53 1051 2.5 NA
Bio-oil obtained from Napier grass® (Aqueous phase) 73.32 £19.3 993 + 2.21 4.42 + 0.02 <0.01 £ 0.003
Bio-oil obtained from Napier grass® (Organic phase) 9.40 + 0.65 1101 + 2.07 4.22 + 0.02 0.01 + 0.004

ASTM burner fuel standards’ 30 max 1,100-1,300 2-4 0.25 max

& Suttibak [19].

P Abnisa et al. [31].

¢ Junsiri and Suttibak [32].
4 Oasmaa et al. [33].

results show that fast pyrolysis can help extract this oil content.
3.3. Characterization of bio-oil products

Table 3 compares the bio-oils derived from three Tung seed residues via fast pyrolysis. Characterization was conducted for both
organic and aqueous phases, however, only the organic phase can serve as a bio-fuel. Therefore, it is the only phase considered in the
current work. The bio oils from TO, TI, and RS had water contents of 18.73, 14.68, and 8.06 wt%, respectively. The moisture content of
the RS bio-oil organic phase was lowest, while those of TO and TI had the same magnitude as that of bio-oil produced from groundnut
shells [19]. All types of Tung seed residues could produce bio-oil with much less water content than that of palm residues [31]. The
densities of bio-oil from TO, TI and RS were 1139.5, 1147.2 and 966.4 kg/m>, respectively. It is notable that the bio-oil from RS was
less dense than water. In contrast, the bio-oil from TO and TI was denser than water, which is similar to that of Napier grass bio-oil
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Table 4
Analysis of element composition and heating values of bio-oils.
Analysis Bio-oil from Tung seed residues (Organic phase) Tung oil Groundnuts shell” Palm shells”
TO TI RS
Pyrolysis temperature (°C) 400 400 400 475 500
Elemental composition (wt.%, dry basis)
Carbon 60.63 + 0.53 64.22 + 0.36 66.85 + 1.39 77.75 £+ 0.56 71.46 19.48
Hydrogen 4.56 + 0.03 5.67 £ 0.03 7.25+0.13 8.97 £ 0.13 7.73 8.92
Nitrogen 0.43 = 0.06 1.84 £ 0.09 4.32+0.11 4.44 £ 0.12 6.57 0.2
Sulfur 0.06 £+ 0.02 0.13 £ 0.01 0.21 + 0.02 1.24 +0.07 1.35 0.04
Oxygen* 34.52 28.10 21.35 7.59 12.86 71.40
H/C molar ratio 0.91 +0.01 1.06 £ 0.01 1.30 £ 0.05 1.39 £ 0.01 1.30 NA
0O/C molar ratio 0.43 +0.01 0.33 +£0.01 0.24 + 0.02 0.07 £ 0.01 0.13 NA
Molecular formula CHo.9100.43 CCHj.0600.33 CH;.3000.24 CH1.3900.07 CH1.3000.13 NA
Heating value by calculation method (MJ/kg, dry basis)
Higher Heating Value (HHV) 22.89 £+ 0.22 26.19 £ 0.14 29.63 £ 0.47 36.99 + 0.41 26.68 11.94
Lower Heating Value (LHV) 21.89 + 0.22 24.95 +0.14 28.05 + 0.47 35.03 + 0.38 24.85 10.0
Heating value by bomb calorimeter (MJ/kg)
Higher heating value (HHV) 21.32 £ 0.03 24.69 + 0.02 28.11 £ 0.05 35.79 + 0.07 n/a n/a

" Calculated using a difference.
2 Suttibak [19].
b Abnisa et al. [31].

[37]. Tung oil has a density of approximately 920 kg/m°. It was expected that Tung oil left in the RS was extracted into the organic
phase, and this gave rise to the lower density for RS bio-oil among the other Tung seed residues. The bio-oil pH values were 4.60, 3.74,
and 8.09, for TO, TI, and RS respectively. Except for the caustic nature of RS bio-oil, other bio-oil properties were close to the ASTM
burner fuel standards [38] for all samples.

Table 4 presents the ultimate analysis and heating values of bio-oil obtained from fast pyrolysis of three Tung seed residues. Among
all types of Tung seed residues, the RS bio-oil showed the most carbon, leading to its highest heating value. This was primarily caused
by residual Tung oil in RS after pressing. Tung oil has a carbon content as high as 77.75 wt% (dry basis) and this gave rise to the greater
carbon content in RS bio-oil. Carbon is the main source of heat in biomass. Greater carbon contents indicate higher heating values.
Comparing to bio-oil from groundnut shells [19], TI and RS yielded bio-oil with higher heating values, while TO derived bio-oil had a
lower heating value. Bio-oil from all three types of Tung seed residues had significantly higher heating values than that of bio-oil of
palm shells [31]. Experimental bio-oil HHV values were roughly 6% lower than the calculated HHYV for all three samples. Apparently,
the same increasing trend of heating values from TO, TI to RS could be observed.

Experimentally obtained bio-oil chemical composition (organic phase) with the highest bio-oil yield (i.e., 400 °C) for three types of
feedstocks was identified using a GC-MS technique. Semi-quantitative analysis was done based on percent of peak area of 6 chemical
groups. It was computed from sum of peak area of each chemical group divided by total peak area. As shown in Fig. 8 in descending
order of intensities, they are acids, nitrogen compounds, hydrocarbons, phenols, ketones, and esters [10]. List of individual chemicals
was provided in Supplementary material 1.

The GC-MS analysis revealed similar chemical composition and proportion among 3 different kinds of Tung seed residues (Fig. 8).
Acids were the most abundant chemicals in bio-oil, with 62.6-64.7% of quantified area. Nitrogen compounds and hydrocarbons were
ranked second and third, with 14.8-15.5% and 12.0-13.5% of quantified area, respectively. For oil-containing biomass, acids and
hydrocarbons were the main decomposition products. This is because triglycerides were pyrolyzed into carboxylic acids, fatty acids,
alkenes, alkanes, alkadienes, and aromatic hydrocarbons [10]. For nitrogen compounds, Tung seed residues tended to result in more
nitrogen compounds in bio-oil than other biomasses in earlier works. Bio-oil from mangaba seed [10] yielded nitrogen compounds in
comparable amount to phenols, ketones, esters and alcohols. Bio-oil from sugarcane bagasse [39], hardwood sawdust [40] and palm
kernel shell [41] showed no presence in nitrogen compounds. While the optimum pyrolytic temperature of other biomasses in the
literature was in the range of 500-650 °C [10,39-43], the present study showed 400 °C was the best condition for bio-o0il production.
Therefore, lower pyrolytic temperature was expected to cause less gasification of protein content in Tung seed residues, leading to
more nitrogen compounds remained in bio-oil. Phenols and ketones had their quantified area in the same order of magnitude. Whereas
phenols were mainly derived from lignin, ketones were originated from cellulose and hemicellulose [10,39,41].

As shown in Fig. 9, the number of C atoms in acids was plotted against the peak area of GC-MS chromatogram [10]. The peak area of
C16 and C18 appeared distinguishably high. The remaining of large acid molecules in bio-oil dictated partial decomposition of oil
content in Tung seed residues. C16 acids consisted of palmitic acid, and C18 acids were composed of stearic acid, oleic acid, and
linoleic acid. Besides these large fatty acids, the majority of carbon chain of acidic components in bio-oil was C5 — C10.

3.4. Pyrolysis temperature impacts on char yield

Temperature effects on char yield were different from those of bio-oil. While a peak was observed at 400 °C for bio-oil (Fig. 5), char
yield kept decreasing with increasing temperature (Fig. 10). At higher temperatures, not only was there more primary biomass
decomposition, but secondary thermal decomposition of solid char took place as well [16]. Among three sample types, TO gave the
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Fig. 8. Distribution of chemical groups in bio-oil obtained from the experiment at 400 °C (optimal temperature) from different parts of Tung seed
residues, Tung seed outer shell (TO), Tung seed inner shell (TI) and the pressed residues of oil seeds (RS).
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Fig. 9. Carbon number distribution of acid compounds in bio-oil obtained from the experiment at 400 °C (optimal temperature) from different parts
of Tung seed residues, Tung seed outer shell (TO), Tung seed inner shell (TI) and the pressed residues of oil seeds (RS).
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Fig. 10. Effect of temperature on char yield from different parts of Tung seed residues, Tung seed outer shell (TO), Tung seed inner shell (TI) and the
pressed residues of oil seeds (RS).

highest yield of char particles at all temperatures, whereas TI and RS produced similar level of the yield.

3.5. Characterization of char products

Table 5 presents char characteristics from fast pyrolysis of TO, TI, and RS. Char from RS showed outstanding properties. It had the
highest carbon content and density, resulting in its highest heating values. Hence, this indicated that residual oil was also beneficial in
the quality of solid char. Ultimate analysis indicates that the H/C molar ratios were 0.53-0.56 with O/C molar ratios of 0.03-0.05 for
all three cases.
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Table 5
Characteristics of char product from fast pyrolysis of Tung seed residues.
Analysis Char from Tung seed residues Groundnuts shell”
TO TI RS
Pyrolysis temperature (°C) 400 400 400 475
Elemental composition (wt.%, dry basis)
Carbon 65.27 + 0.50 67.28 + 0.85 72.23 +0.91 61.78
Hydrogen 2.87 £ 0.05 3.07 £ 0.05 3.37 £0.09 3.56
Nitrogen 1.04 + 0.07 1.15 + 0.03 1.36 + 0.09 2.75
Sulfur 0.67 £+ 0.09 0.87 £0.11 0.81 £+ 0.06 0.60
Oxygen* 4.43 3.77 2.89 0.64
H/C molar ratio 0.53 £ 0.01 0.55 £+ 0.01 0.56 + 0.01 0.69
0O/C molar ratio 0.05 £+ 0.01 0.04 £ 0.01 0.03 £ 0.01 0.11
Molecular formula CHo.5300.05 CHo.5500.04 CHo.5600.03 CHo.6900.11
Density (kg/ms) 208.04 £ 0.44 286.77 £ 1.62 494.98 + 0.68 NA
Ash (wt.%) 26.39 + 0.63 24.73 £ 0.72 20.15 + 0.30 22.98
Heating value by calculation method (MJ/kg, dry basis)
HHV 25.14 + 0.24 26.18 + 0.44 28.44 + 0.49 24.34
LHV 24.52 + 0.23 25.51 + 0.43 27.71 + 0.47 23.56

" Calculated using a difference.
2 Suttibak [19].

4. Conclusions

Product characterization from fast pyrolysis process of Tung seed residues in a fluidized-bed reactor was done, with a 500 g/h feed
rate. An optimal pyrolysis temperature for TO, TI and RS was 400 °C, respectively producing 53.46, 52.8 and 62.85 wt% of bio-oil yield
(dry basis). Among three types of Tung seed residues, maximal bio-oil yield was from RS. The bio-oils clearly separated, forming
organic and aqueous phases. Organic phases of these three bio-oils had moisture contents of 18.73, 14.68, and 8.06 wt%, with densities
of 1139.5, 1147.2, and 966.4 kg/ms, for TO, TI and RS, respectively. The organic phase of bio-oil obtained from RS had a density less
than water. Furthermore, bio-oil from RS had the highest percentage of carbon and subsequently the highest heating value. From GC-
MS result, bio-oil chemical composition was found to be dominant by acids, nitrogen compounds, and hydrocarbons. This occurred
since there was still residual Tung oil in the seed residue after oil pressing. Therefore, a conclusion is drawn that pyrolysis is an
alternative approach to maximize use of oil-rich Tung seed residues. Residual oil in Tung seeds has an important part in both the
quality and quantity of bio-oil product obtained. Bio-o0il had the properties that were close to the ASTM burner-fuel standards and
therefore could be used as a bio-fuel. Char product showed lower yield with increasing temperature, owing to its subsequent thermal
degradation. TO gave the highest char yield, 39.26 wt% at 350 °C. In contrast, TI produced minimal char yield, 23.23 wt% at 500 °C. At
400 °C, RS generated char with the highest density of 494.98 kg/m? and LHV of 27.71 MJ/kg. Hence, residual oil in Tung seeds also
impacted the quality of char product obtained.
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