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Abstract—Brown alga Saccharina japonica was pyrolyzed in a fixed bed reactor under conditions intended to maxi-
mize the yield of bio-oil and bio-char. The results revealed that the product distribution of bio-oil, bio-char, and gas
was considerably influenced by the pyrolysis temperature (430-530 °C) and holding time (4-10 min). The maximum
yields of bio-oil and bio-char were approximately 48.4 and 32.3 wt%, respectively, when prepared at 450 °C for 8 min
with a carrier gas flow rate of 2.2 cm/s. The fuel properties of dewatered S. japonica bio-oil (DSB) included higher heat-
ing value (HHV), kinematic viscosity, density, moisture and ash content, pH, and flash and pour point. The possibility
of blending 5-20 vol% DSB with No. 6 fuel oil (Bunker C oil) was also examined. The physicochemical properties of
the bio-char exhibited decreased carbon and HHYV, and increased inorganic elements and surface area, with increasing

pyrolysis temperature.
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INTRODUCTION

Marine macroalgae (ie., seaweeds) have attracted attention as a
potential feedstock for renewable energy because of their short
growth cycle, high productivity, high photosynthetic ability, effi-
cient CO, fixation, and less competition for food and farmland [1-
3]. The macroalgae include members of the brown, red, and green
algae, which have been commonly used as ingredients in food,
medicine, cosmetics, hydrocolloids, animal feed, and fertilizers [4-
6]. The amount of macroalgae cultivated in the world has increased
steadily (at a 10% annual growth rate) to reach >15 million wet-
metric-tons by 2010 [7]. In particular, two brown algae (Saccha-
rina japonica and Undaria pinnatifida) are considered the most
promising macroalgae species for bioenergy and biorefinery feed-
stock [3,8,9], and have a much higher uptake of inorganic carbon
(e.g., CO, HCOj, and CO;™) and higher energy density than any
other algae [1].

Brown algae can be converted to biofuels such as bioethanol
[10,11], biogas (i.e., methane or hydrogen) [12,13], and bio-oil [14-
19] through biological and thermochemical processes. The bio-oil
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known as pyrolysis oil can be directly produced by fast pyrolysis,
which is rapid thermal decomposition of biomass such as straw,
wood, sewage sludge, and micro- and macro-algae, in the absence
of oxygen [20,21]. The product is generally a complex dark brown
mixture that mainly includes hundreds of oxygenated organic com-
pounds such as aldehydes, alcohols, carboxylic acids, esters, ethers,
turans, ketones, phenols, and anhydrosugars [14,20,22]. However,
the bio-oil yield and its chemical composition are influenced by
the biomass species and pyrolysis conditions such as reactor type,
and whether or not catalysts are used.

Fast pyrolysis is known as higher bio-oil yield because the feed-
stock is rapidly heated in the absence of air [23]. Appropriate reac-
tor types for different biomass species can be selected by examining
heat transfer rates, the quenching of the pyrolysis vapors, and the
flow rate of the carrier gas [24]. Our previously published work
showed that the pyrolysis behavior of S. japonica was much differ-
ent than that of terrestrial biomass [16,17]. Also, the fast pyrolysis
of S. japonica using a fluidized bed reactor made it difficult to sus-
tain continuous operation because of the formation of sticky prod-
ucts by alginate and minerals in the biomass [19].

In this study; a fixed bed reactor was used for the pyrolysis of S.
japonica to evaluate the effect of pyrolysis temperature, holding time,
and carrier gas flow rate on the yields of bio-oil and bio-char. Pyro-
lyzed products (bio-oil, bio-char, and gases) were systematically
characterized. There is no available information and published lit-
erature for the fuel properties, which were derived from biomass
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pyrolysis and its mixtures with petroleum based heavy oil. The
analysis of bio-oil and petroleum based heavy oil mixture is the
first trial in this work. Analyzed fuel properties are useful in help-
ing to provide for the standards of bio-oil based fuels.

MATERIALS AND METHODS

1. Pyrolysis Procedure

Biomass of the marine brown alga S. japonica was collected at
Wando Island, Republic of Korea. The fresh feedstock was first dried
by sunlight to reach a moisture content of approximately 10-15
wt% and dried at 105 °C for 12 h before use [25]. The feedstock
was ground with a knife mill and sieved to obtain particles in the
range 3-5 mm.

Pyrolysis of S. japonica was carried out in a fixed bed reactor
with a cylindrical quartz tube (500 mm long, 24 mm inner diame-
ter) filled with a screen mesh holder (330 mm long, 18 mm outer
diameter) containing 30 g of sieved biomass (Fig. 1). Nitrogen was
fed at a flow rate of 0.6 L/min to remove air from the reactor before
reaction. The pyrolysis vapor leaving the reactor was condensed
within a series of three condensers (room temperature, ice water,
and liquid nitrogen). The condensed liquids (bio-oils) were col-
lected in a flask while the solid residue (bio-char) remained in the
screen mesh holder. The pyrolysis conditions were as follows: tem-
perature 430-530 °C, holding time 4-10 min, carrier gas flow rate
1.5-44 cm/s. The bio-char yield, defined as the solid dry weight
after reactionx100/the feed dry weight, was obtained by weighing
the biomass holder before and after pyrolysis. The liquid yield was
defined as the collected liquidsx 100/feed dry weight. The gas yield
was calculated from the balance of the feed dry weight.

8 8
9 10

Fig. 1. Schematic diagram of a fixed bed pyrolysis apparatus.
1. Nitrogen cylinder 6. Controller
2. Valve 7. Biomass holder
3. Flow control valve 8. Bio-oil storage
4. Quartz reactor 9. Ice bath
5. Furnace 10. Liquid nitrogen bath
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2. Preparation of Dewatered Bio-oil Blends

The dewatered bio-oil was prepared using a reduced pressure
distillation apparatus. The distillation was in a round-bottom flask
with two necks. A distillation column containing ten-theoretical
plates, and a receiver connected to a vacuum pump, (N840 Dia-
phragm Pump, KNE Germany) were attached to the round-bottom
flask. The temperature was monitored by inserting a thermocou-
ple in the distillation tip and a round-bottom flask through the
other neck. The distillation of bio-oil for dewatering was carried
out according to ASTM standard method D 2892. The dewatered
bio-oil was blended with No. 4 fuel oil. A total of 500 mL of blends
containing 5, 10, 20 volume percent of the dewatered bio-oil were
prepared. The blends for homogenization were stirred at 40+5 °C
for 24h in 1,000 mL sealed round-bottom flask using a heating
mantle.

3. Characterization Methods

The proximate analysis of S. japonica and bio-chars determined
the moisture and ash contents according to ASTM standard meth-
ods E 1755 and E 1756. The content of volatile matter was deter-
mined using a non-isothermal thermogravimetric (TG) method
that follows the ASTM E 872 method. Fixed carbon was calcu-
lated from the difference between 100 and the sum of the moisture,
ash, and volatile matter. The thermal and combustion characteris-
tics of S. japonica and the bio-char were also obtained by the TG
method. In the TG method, 20 mg of the sample was heated in a
thermogravimetric analyzer (TGA 2000, TA Co.) under a nitrogen
or an air flow of 30 mL/min. The temperature was programmed
from room temperature to 900 °C at a heating rate of 10.0 °C/min.
The elemental composition (C, H, N, and S) of the algae and the
bio-char were determined using an elemental analyzer (Vario
macro/micro, Elementar) according to ASTM standard method D
5373. The higher heating value (HHV) of the S. japonica and the
bio-char samples was then estimated by the correlation method of
Channiwala and Parikh [26]. The metal composition of S. japon-
ica and the bio-char samples was analyzed by using an ICP-OES
(Optima 5300DV, Perkin Elmer). The N,-adsorption isotherms for
the bio-char samples were evaluated at 77 K using a high-speed sur-
face area and pore-size analyzer (Nova 4200e series, Quantachrome).
The bio-char samples were degassed in the analyzer for 3h at 120°C
prior to the N, adsorption experiments. The resulting N, adsorp-
tion data were used to determine the BET-N, surface area and total
pore-volume.

The hydrogen content in the gas products was analyzed by gas
chromatograph (HP-5890 GC, Hewlett Packard Co.) with a ther-
mal conductivity detector (TCD), using a Hayesep DB packed col-
umn (SS, 30 ftx1/8 in, 80/100 mesh). Carbon dioxide (CO,), carbon
monoxide (CO), and hydrocarbon gases (C,-C,) were also meas-
ured by gas chromatography (HP-5890 GC, Hewlett Packard Co.)
with a flame ionization detector (FID), a methanizer of Ni catalyst,
and a Porapak Q packed column (SS, 6 ftx1/8 in, 80/100 mesh).

The fuel properties of the dewatered bio-oil and the blended oil
samples determined included the moisture content (CA-200, Mit-
subishi), density (DMA 4500, Anton Paar), pH (SevenCompact
S$220, Mettler Toledo), flash point (ATM-7, Tanaka), pour point
(MPC-602, Tanaka), ash (Muffle furnace, Fisher Scientific), HHV
(6400EE Paar), and kinematic viscosity (CAV-2100, Cannon Instru-
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ment Company). These were determined according to the ASTM
standard methods E 203, D 4052, E 70, D 93, D 97, D 482, D 240,
and D 445, respectively. The elemental composition (C, H, O, N,
and S) of the bio-oil was determined using elemental analyzers
(FLASH 2000, Thermo Scientific; FLASH 1112 series, Thermo Fin-
nigan; TN-110, Mitsubishi Chemical Co.; NSX-2100V; Mitsubishi
Chemical Analytech) according to the ASTM standard methods
of D 5291, D 5622, and D 4294. The solids content in the bio-oil
was determined according to the ASTM standard method D 7579.
This was accomplished by dissolving a 10 g sample of bio-oil in a
1:1 solution of methanol and dichloromethane for 30 min, and
then filtering the resulting mixture with a paper filter (0.45 um).
This was dried in an oven at 60 °C for 24 h prior to the measure-
ment of the remaining weight.

RESULTS AND DISCUSSION

1. Pyrolysis Yields

The results of the proximate and ultimate analysis and heating
value of the S. japonica sample before pyrolysis in the fixed bed
reactor; are summarized in Table 1. The data were compared to
those of Bae et al. [16] and Kim et al. [17]. The composition char-
acteristics of S. japonica samples produced from South Korea were
found to be quite similar. The ash content of S. japonica was much
higher than that of lignocellulosic biomass (2.7-12.1 wt%) [16,21],

Table 1. Proximate and ultimate analysis and heating value of S.
japonica samples

This work Baeetal. [16] Kim et al. [17]

Parameter

Proximate analysis (wt%)

Moisture’ 2.79 7.65 6.90
Volatile matter” 70.90 53.10 68.79
Fixed carbon ‘ 3.32 10.97 4.10
Ash? 22.99 28.28 20.21
Ultimate analysis (wt%, dry basis)
Carbon 42.09 30.60 32.89
Hydrogen 438 4.89 6.17
Nitrogen 1.53 1.51 0.93
Sulfur 0.40 0.56 n/a
Oxygen* 51.60 62.44 60.01
HHV* (MJ/kg) 14.05 641 12.11
Metal content (ppm)
Ca 7,621 7,726 7,002
K 134,063 102,470 64,787
Mg 5,900 5,942 4,781
Na 24,101 26,790 30,836
P 1,855 2,111 1,402

“Determined according to the ASTM E 1756 standard method
"Determined by thermogravimetric analysis

‘By difference

“Determined according to the ASTM E 1755 standard method
“The higher heating value (HHV) was estimated by the correlation
of Channiwala and Parikh [26]
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Fig. 2. Effect of pyrolysis temperature of S. japonica biomass on fixed
bed pyrolysis: (a) Pyrolysis product yields, (b) pyrolysis gas
composition.

and the alkali and alkaline earth metals (ie., Ca, K, Mg, and Na)
contained in the ash may play a role in catalysis by inhibiting bio-
oil production during pyrolysis [14,17,27,28].

The effect of pyrolysis temperature on the product yields is shown
in Fig. 2. The product yields of bio-oil, bio-char, and gas were sig-
nificantly influenced by the temperature within the range 430-530 °C,
for holding time of 8 min and carrier gas flow rate of 2.2 cm/s (Fig.
2(a)). The bio-char yield steadily decreased from 34.5 to 25.5 wt%,
with rising temperature. This was the opposite of the gas yield,
which increased from 20.3 to 27.2 wt%. The yield of bio-oil was
maximal at 450 °C (48.4 wt%), and then decreased as the tempera-
ture increased. The pyrolysis temperature and heat transfer play an
important role in the product distribution [16,23,29]. Compared
with packed-tube pyrolysis at the same temperature [16], in a fixed-
bed reactor, the pyrolysis of S. japonica biomass produced more bio-
oil and less bio-char. Generally; a high ash content in the biomass
caused lower bio-oil yield [16,17,21]. However, a decrease of bio-
oil yield can be prevented by careful selection of the pyrolysis reac-
tor design [21]. The gas products were mainly composed of CO,,
CO, H,, CH,, and C,-C; gases (ethane, ethylene, and propane). The

Korean J. Chem. Eng.(Vol. 33, No. 9)
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Fig. 3. Effect of holding time of S. japonica biomass on fixed bed
pyrolysis.

initial main components, CO, and CO, steadily decreased with ris-
ing temperature, whereas the H,, CH,, and C,-C, gases increased
due to secondary cracking of substances in the pyrolysis vapor, such
as aliphatic and aromatic structures (Fig. 2(b)). This phenomenon
was also observed in studies of fast pyrolysis of lignocellulosic and
other algal biomass [16,21,30].

The effect of holding time on product yields is shown in Fig. 3.
The holding time is the period the biomass remains in the fixed
bed reactor. This is a major parameter of heat transfer into the bio-
mass in a pyrolysis reactor. As observed, the bio-char yield mark-
edly decreased with increasing holding time (4-8 min). The max-
imum yield of bio-oil was reached with a holding time of 8 min at
450 °C under a nitrogen flow of 2.2 cm/s. Meanwhile, the gas yield
did not change significantly with change in holding time. This ob-
servation indicates that thermo-conversion of the biomass into
condensable vapor (bio-oil) is complete at a holding time of 8 min.
However, decreasing the holding time leads to incomplete heat
transfer results in lowered efficiency of biomass pyrolysis [30].

Pyrolysis vapors generated from the surface of the heated bio-
mass can quickly be swept out by the carrier gas. Accurate control
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Fig. 4. Effect of carrier gas flow rate of S. japonica biomass on fixed
bed pyrolysis.
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of the carrier gas could provide a positive effect for increasing the
yield of bio-oil collected from condensable vapor during pyrolysis.
As shown in Fig. 4, the bio-oil yield reached a maximum value of
48.4 wt% when the carrier gas flow rate was 2.2 cm/s (at 450 °C for
8 min), and then decreased as the carrier gas flow rate increased.
A slower flow rate (less than 2.2 cm/s) of the carrier gas could cause
secondary reactions due to a longer residence time, which most
likely would result in the cracking of condensable gas to non-con-
densable gas, thus increasing the gas yield [31,32]. When the flow
is >2.2 cm/s, the higher speed of the carrier gas could cause a loss
of condensable gas or entrain fine particles of char into the bio-oil
[24]. This observation indicates that the optimal carrier gas flow
rate for fixed bed pyrolysis is relatively slower than for fluidized
bed pyrolysis [19,33].
2. Characterization of Bio-oil

Bio-oils of S. japonica were obtained at four different tempera-
tures using the three condensers of the fixed-bed batch system (Fig.
1). As shown in Table 2, the greatest amount of bio-oils was col-
lected at the second condenser, whereas the least amount of bio-
oils was collected at the third condenser. A high moisture content
(63.2-83.7 wt%) was measured in all the bio-oils at the second and
third condensers, whereas a low water content (28.9-33.9 wt%) was
measured in the bio-oils collected at the first condenser. All of the
bio-oils collected at all of condensers underwent phase separation
into dark brown and transparent phases within 24 h. This aging
phenomenon is considered due to high moisture content as well
as to different polarities of sugars, aliphatics, and aromatics in bio-
oil [34,35]. All of bio-oils collected at the first condenser exhibited
transparent aqueous and dark oil phases (top and bottom layers,
respectively), whereas the bio-oils collected at the second and third
condensers exhibited a dark oil top layer and a transparent aque-
ous bottom layer. Except for the bio-oils collected at the third con-
denser, the solids suspended in the bio-oils were 0.055-0.968 wt%.

The bio-oil produced by pyrolysis is completely different from
petroleum fuels with regard to physical and chemical properties. It
is necessary to understand the fuel properties of a bio-oil derived
from macroalgae for use in many stationary applications such as

Table 2. Yields and properties of bio-oils at different pyrolysis tem-

peratures
Pyrolysis temperature (°C) 425 450 475 530
Yield (wt%)
First condenser 13.1 154 12.7 11.2
Second condenser 28.3 28.6 29.2 30.5
Third condenser 3.8 44 6.2 5.6
Total 452 48.4 48.1 47.3
Moisture content (wt%)
First condenser 289 314 32.8 339
Second condenser 63.2 63.9 65.5 67.6
Third condenser 78.8 81.2 82,5 83.7
Solid content (wt%)
First condenser 0.968 0.820 0.711 0.556
Second condenser 0.063 0.065 0.591 0.055
Third condenser 0.000  0.000 0.000 0.000
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Table 3. Fuel properties of dewatered S. japonica bio-oil (DSB) in comparison with crude bio-oil, ASTM D 7544, and No. 6 fuel oil
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Properties Methods DSB* Crude bio-0il’ ASTM D 7544° (Grade D) No. 6 fuel oil’ (Bunker C oil)
HHV (M]/kg) ASTM D 240 28.7 8.7 >15 40
Moisture content (wt%) ASTM E 203 1.49 70.7 <30 0.1
Kinematic viscosity (mm?/s) ~ ASTM D 445 264 at 50 °C n/a <125 at 40°C 351 at 50 °C
Density (kg/de) ASTM D 4052 1.16 at 20°C n/a 1.1-1.3at 20°C 0.94-0.96 at 15 °C
Ash content (wt%) ASTM D 482 0.03 n/a <0.15 0.03
pH ASTM E 70 5.7 6.9 Report n/a
Flash point (°C) ASTM D 93 84.0 n/a >45 100
Pour point (°C) ASTM D 97 5.0 n/a <9 21
Elemental composition (wt%)
Carbon ASTM D 5291 62.8 16.2 n/a 85.6
Hydrogen ASTM D 5291 83 10.2 n/a 10.3
Nitrogen ASTM D 5291 2.0 <0.3 n/a 0.6
Sulfur ASTM D 4294 0.2 <0.3 <0.05 2.5
Oxygen ASTM D 5622 25.6 63.9 n/a 0.6

“Dewatering process by reduced pressure distillation at 40 °C and 40 mmHg

’Choi et al. [33]
‘Determined according to the ASTM D 7544 standard method
4Chiaramonti et al. [36]

boilers, furnaces, gas turbines, and diesel engines. In this study; S.
japonica bio-oil was prepared under reaction conditions including
pyrolysis temperature 450 °C, holding time 5 min, and carrier gas
flow rate 2.2 cm/s. Then the S. japonica bio-oil was dewatered by
reduced pressure distillation at 40 °C and 40 mmHg (5.3329 kPa).
The fuel properties of the dewatered S. japonica bio-oil (DSB) sam-
ple are summarized in Table 3. With decreasing moisture content
of the DSB, the higher heating value (HHV) of DSB was three times
that of crude bio-oil [33], whereas it was lower than that of No. 6
fuel oil [36]. High moisture content of bio-oil can lead to serious
problems of phase separation and low energy density [34,35,37].
Meanwhile, with decreasing moisture content in the DSB, the phys-
ical and chemical properties (viscosity, density, pH, flash and pour
point, and elemental compositions) of the bio-oil were improved.
The pH of the DSB was 5.7, which was higher than those of bio-oil
samples (pH 2.0-3.9) obtained from lignocellulosic biomass [21,35].
This observation implies that a low pH value may be increased by
polymerization or condensation reactions with acidic compounds
during reduced pressure distillation [38]. The flash and pour point
of DSB may be mainly affected by its chemical composition. Espe-
cially; the flash point is attributed to small-molecule compounds

such as ketones, furans, and aldehydes; which evaporate around
84 °C. A suitable flash point can make a fuel considerably less dan-
gerous for handling, transport, and storage. The high pour-point value
(5°C) of DSB is generally associated with a high proportion of sugar
derivatives (e.g., alginate, mannitol, fucoidan, and laminarin) and
polymerized compounds with carboxylic acids, alcohols, and alde-
hydes [34,39]. These could lead to problems in the design of fuel
injectors, pumps, and pipelines [37]. This DSB has much higher
oxygen and nitrogen content compared to petroleum-based fuel oil
The high oxygen content (25.6 wt%) could help improve its com-
bustion as heating oil. Meanwhile, the high nitrogen content (2.0
wt%) in the DSB could increase NO, emissions.

The results from blending 5-20 vol% DSB with No. 6 fuel oil
(Bunker C oil) are shown in Table 4. Blending a small amount of
DSB with No. 6 fuel oil could improve the low heating value of DSB.
The ignition delay (flash point) and viscosity of the No. 6 fuel oil
was reduced in the DSB blend. Moreover, the DSB has a lower
sulfur content, and therefore its blending could reduce the sulfur
emission of the No. 6 fuel oil. Up to 20% of the DSB addition on
the fuel properties of No. 6 fuel oil could improve combustion sta-
bility and reduce sulfur emissions for replacing heavy fuel oil in

Table 4. Fuel properties of No. 6 fuel oil, DSB, and No. 6 fuel 0il/DSB blends

No. 6 fuel 0il/DSB blends

No. 6 fuel oil* DSB
95/5 90/10 80/20
Flash point (°C) 85.5 85.0 84.5 84.0 84.0
Kinematic viscosity at 50 °C (mm®/s) 284 281 279 276 264
Sulfur (wt%) 3.30 3.14 2.94 3.11 2.93
Moisture content (wt%) 0.10 0.05 0.22 0.39 1.49
Solid content (wt%) 0.055 0.040 0.095 0.195 0.885

“No. 6 fuel oil was from the Korea Petroleum Quality & Distribution Authority

Korean J. Chem. Eng.(Vol. 33, No. 9)
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Fig.5. TG (left) and DTG results (right) of S. japonica and bio-char samples at a heating rate of 20 °C/min under nitrogen gas (a), (b) or

ambient air (c), (d).

boilers and gas turbines. However, blends of above 20% DSB with
No. 6 fuel oil can be immiscible because of high oxygen content
(25.6 wt%) of the DSB (Table 3). The DSB could be emulsified with
bio-based fuels (e.g,, biodiesel and bioethanol) using a surfactant
or a solvent, to provide heat and power generation fuels for boil-
ers, furnaces, diesel engines, and gas turbines [35,36].
3. Characterization of Bio-char

The pyrolysis behavior of S. japonica and the bio-chars accord-
ing to different pyrolysis temperatures was observed from the TG
and differential thermogravimetric (DTG) curves under nitrogen
gas (Fig. 5(a) and 5(b)). The thermal degradation of S. japonica
showed three weight loss steps in the range 200-450 °C. The first
and second peaks were at 235 and 290 °C, respectively (Fig. 5(b)),
and were associated with the carbohydrate decomposition of algi-
nate, mannitol, fucoidan, and laminarin [14,15,19]. The third peak,
from 350 to 450 °C, was associated with the decomposition of pro-
tein and lipids [14,16]. The TG curves of the corresponding bio-char
were quite similar, indicating further decomposition of bio-char
into solid residues, including minerals at temperatures >500 °C.

The combustion behavior of S. japonica and the bio-char sam-
ples is shown in the burning profiles of TG and DTG curves in
ambient air (Fig. 5(c) and 5(d)). These profiles indicate a more com-
plex route compared with the pyrolysis behavior. A stepwise pro-
file of the S. japonica sample in the temperature range of 200-400 °C
was attributed to the carbohydrates, proteins, and lipids described
above. However, similar features were present in the burning pro-
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files of the S. japonica and bio-chars at temperature >400 °C, and
they appeared to have exhibited additional significant weight loss.
As reported in previous studies, the presence of alkali metals in the
biomass influences the pyrolysis and combustion behavior [14,28,40].

The proximate and ultimate analysis, HHV, bulk density; surface
area, and pore volume of the bio-char samples are summarized in
Table 5. The ash content steadily increased, whereas the HHV; vol-
atile matter content, and fixed carbon decreased with increasing
pyrolysis temperature. As reported in previous studies, the heating
value of algae-derived bio-char was typically lower than that of lig-
nocellulosic bio-char due to a comparatively high ash content [14,
21]. The surface area and pore volume of the bio-chars produced
at all temperatures were generally low; but the surface area slightly
increased from 1.55 to 2.41 m’/g, with higher pyrolysis temperature.
The surface area and porosity were attributed to the fast release of
volatiles during pyrolysis, which produced an open porous struc-
ture in the bio-char and minerals [41].

The inorganic elements of the bio-chars can be bound to a car-
bonaceous matrix. The enrichment ratio of inorganic elements in
the bio-char products with different pyrolysis temperatures is shown
in Fig. 6. Calcium (Ca), potassium (K), magnesium (Mg), sodium
(Na), and phosphorus (P), in order of higher concentration were
the major inorganic elements detected (Table 1). The enrichment
ratio of inorganic elements (Ca, K, Mg, Na, and P) increased two-
to four-times with increased pyrolysis temperature. With the excep-
tion of potassium, the inorganic elements increased at a constant
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Table 5. Proximate and ultimate analysis, heating value, surface area,
and porosity of bio-char samples

Pyrolysis temperature (°C)
430 450 470 530

Parameters

Proximate analysis (wt%, dry basis)

Moisture’ 1.64 1.90 1.29 1.23
Volatile matter” 30.35 29.75 29.67 29.06
Fixed carbon’ 10.64 7.46 6.65 2.01
Ash? 57.37 60.89 62.39 67.70
Ultimate analysis (wt%, dry basis)
Carbon 51.67 47.57 34.70 34.57
Hydrogen 2.54 235 1.56 1.86
Nitrogen 1.46 1.75 1.39 1.42
Sulfur 1.54 2.32 1.47 1.14
Oxygenc 42.79 46.01 60.88 61.01
O/C molar ratio 0.83 0.97 1.75 1.76
H/C molar ratio 0.05 0.05 0.04 0.05
HHV* (MJ/kg) 1553 1354 6.47 6.62
Bulk density (g/mL) 0.39 0.40 0.42 0.48

BET surface area (m’/g) 155 1.88 2.07 241
Pore volume (cm’/! g) 0.0042  0.0058 0.0070  0.0091
Pore size (nm) 18.38 18.05 17.43 17.97

“Determined according to the ASTM E 1756 standard method
*Determined by thermogravimetric analysis

‘By difference

“Determined according to the ASTM E 1755 standard method
“The higher heating value (HHV) was estimated by the correlation
of Channiwala and Parikh [26]

4.5
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3.5 1
3.0 1

2.5 1
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430 450 470 490 510 530
Temperature (°C)

Fig. 6. The enrichment ratio of inorganic elements from bio-chars
formed at different pyrolysis temperatures.

rate. Potassium increased less with higher temperature and may
affect different activations (i.e., dehydration, demethoxylation, and
secondary reactions) as a catalyst during pyrolysis [14,17,27,28].
Algae-derived bio-chars typically have low carbon content, whereas
they have high nitrogen, phosphorus, and alkaline mineral content
(e.g, Ca, K, Mg, Na) compared with terrestrial biomass species

[14,41]. The bio-char, with its alkaline carbon materials, could be
used to balance acidic soil [42,43] and for long-term carbon seques-
tration [44].

CONCLUSIONS

Algal biomass (S. japonica) was successfully pyrolyzed using a
fixed bed reactor under various conditions to produce a high yield
of bio-oil and bio-char. When optimizing the operating conditions
of heat and mass transfer, the highest yields of bio-oil (48.4 wt%)
and bio-char (32.3 wt%) were achieved at the pyrolysis temperature
of 450 °C, the holding time of 8 min, and the carrier gas flow rate
of 2.2 cm/s.

To improve the major problem of phase separation of bio-oil
caused by its high water content, the crude bio-oil was simply dewa-
tered by reduced pressure distillation at 40 °C and 40 mmHg. The
tuel properties of the DSB were improved, including the values of
HHYV, kinematic viscosity; density, water and ash content, pH, and
flash and pour points. For blends of DSB and No. 4 fuel oil, addi-
tion of 5-20 vol% DSB could improve the low heating value, igni-
tion delay, high viscosity;, and sulfur content of the No. 4 fuel oil.
The bio-char derived from S. japonica has properties, including
comparatively high nutrient content (Ca, K, Mg, N, and P), that
make it suitable for use as a soil additive, and for long-term soil
carbon sequestration.
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NOMENCLATURE

ASTM : American society for testing and materials
DSB  :dewatered S. japonica bio-oil

DTG :differential thermogravimetric

FID  :flame jonization detector

GC  :gas chromatograph

HHV :higher heating value

S. japonica : Saccharina japonica

TCD  :thermal conductivity detector

TG  :thermogravimetric
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