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Energy conversion efficiencies of three pyrolysis reactors (bench-scale auger, batch, and fluidized bed)
were investigated using rice straw as the feedstock at a temperature of 500 °C. The highest bio-oil yield of
43% was obtained from the fluidized bed reactor, while the maximum bio-char yield of 48% was obtained
from the batch reactor. Similar bio-oil yields were obtained from the auger and batch type reactors. The
GCMS and FTIR were used to evaluate the liquid products from all reactors. The best quality bio-oil and
bio-char from the batch reactor was determined to have a heating value of 31 M]/kg and 19 MJ/kg,
respectively. The highest alkali mineral was found in the bio-char produced from the auger reactor. The
energy conversion efficiencies of the three reactors indicated that the majority of the energy (50—64%)
was in the bio-char products from the auger and batch reactors, while the bio-oil from the fluidized bed
reactor contained the highest energy (47%). A Sankey diagram has been produced to show the flows of
product energy from each pyrolysis process. The result will help determine which conversion process
would be optimal for producing specific products of bio-char, bio-oil, and gas depending on the needs.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Rice is a major agricultural crop in Asia. Globally, 727 million
tons of rice straw were produced in 2009 [1]. Rice production in the
United States was ranked 13th in 2012 [2]. Rice straw can be used as
feed or bedding material for cattle, and it can also be used in
composting. However, rice straw in many underdeveloped or
developing countries is left on the ground or burned, and thus will
have negative environmental impact [3]. Furthermore, the high
SiO, and alkali metal content of the straw often causes erosion in
the milling apparatus and they also cause slagging or fouling
problems in the heat exchangers.

Pyrolysis is a thermochemical process with a temperature range
from 300 to 600 °C in an oxygen free condition. The rate at which
the thermal decomposition occurs will determine the resulting
products depending on the feedstock, temperature, residence time,
reactor type and heat transfer. It is widely known that bio-oil and
bio-char are the key products from the pyrolysis process. Many
studies have used the chemical composition of a lignocellulosic
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biomass to understand the relationship between mass and energy
yields to external conditions such as temperature, residence time,
moisture, and input gas type [4—7]. Among the chemical compo-
sitions of the feedstock (cellulose, hemicellulose and lignin), lignin
is the most difficult component to convert chemically [8]. Most
cellulose, hemicellulose and some lignin degrade into various
chemicals in the pyrolysis process, mostly resulting as phenolic
compounds with alcohols, acids, aldehydes, ketones, esters, furans
and other aromatics [9,10].

The pyrolysis process using the abundant rice waste (rice husk
and rice straw) has been done by many researchers. Pyrolysis of rice
husk in a fixed bed reactor for a comparison of slow and fast py-
rolysis was completed and the maximum bio-oil yield was achieved
at 50.5 wt% at 500 °C [11]. The yield of bio-oil from rice straw py-
rolysis increased from 30% to 40%, whereas the bio-char yield
decreased from 58% to 40% in the lab-scale slow pyrolyzer, as the
temperature rose from 300 to 700 °C [12]. Torrefaction, another
term for pyrolysis under the temperature from 200 to 300 °C, was
experimentally investigated using rice straw through a batch
reactor [13].

Several types of reactors were used in the pyrolysis process; an
auger type [14—-17], a batch type [11,12,18,19], a fluidized bed type
[20—22], and a microwave type reactor [23—26]. A fixed bed batch
reactor was used to investigate the effects of independent variables
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of temperature, particle size, nitrogen flow rate, and steam velocity
on the pyrolysis products. According to Piitiin et al. [18], the
maximum yield of bio-oil (35.86%) was through steam pyrolysis.
The conditions for maximum bio-oil yields were a temperature of
824 K, a particle size of 0.435 < D < 0.85 mm, and a nitrogen gas
flow of 400 ml/min. Ingram et al. [17] determined that the bio-oil
heating value from pine and oak wood from the auger reactor
was at a range of 18—22 M]J/kg. The product mass yields of pine
woodchips from the auger pyrolysis reactor were 57% liquid and
26% solid [14]. Sadaka et al. [15] used the auger reactor for gasifi-
cation of agricultural residues. The effect of temperature was tested
to produce gas to explore the possibility of finding a fuel source for
an on-site facility. Fast pyrolysis in a fluidized bed reactor was used
to process rice straw and rice husk at temperatures of 375—500 °C
[22]. The highest mass yield of bio-oil from rice straw and rice husk
was obtained at 500 °C while the highest char yield was achieved at
375 °C. The fluidized bed reactor was also used for gasification
process to convert wastes of sorghum, cotton, gin trash, and dairy
manure [20,21]. The microwave reactor was also used to pyrolyze
rice straw at 237—423 °C [23]. Furthermore, Lam et al. [24—-26] used
a microwave pyrolyzer to convert waste engine oil into potential
fuel products by reducing metals. The addition of the metallic-char
catalyst enhanced the quality of liquid and gas products. Duman
et al. [27] used cherry seed to compare slow and fast pyrolysis. The
maximum bio-oil yield at 500 °C was found to be about 44 wt% for
the fast process and about 15 wt% for the slow pyrolysis.

Many alternative uses of rice straw wastes have been reported
recently [28]. Rice straw has excellent potential for soil erosion
control, sediment traps, and soil improvement. The straw prevents
water erosion and soil loss by retaining moisture, reducing evap-
oration, controlling soil temperature, preserving fertilizer, and
providing useful soil organic matter as it decomposes. Grantz et al.
[29] demonstrated that the use of recalcitrant mulch, including
straw, improved the growth of plants in arid and semiarid lands.
Also, covering soil with a thick layer of straw helps in weed control.
Other alternative applications of rice straw include paper and
composite materials. According to FAO, 15.6 million tons of non-
wood fibers were used for paper and pulp production in the
world. Interestingly, the production of rice straw exceeds its use
every year. A large amount of rice straw in many underdeveloped or
developing countries has often been left as is or burned in the field.
The applications mentioned above still produce other types of
wastes. Pyrolysis technologies not only help control mass produc-
tion of rice straw wastes, but they also assist in converting the
wastes into valuable soil amendments and catalysts with a deoxi-
dized bio-char. Also, the bio-oil and the gas generated during py-
rolysis can be used in power generation. Thus, the comparison of
energy conversion efficiencies of different pyrolysis technologies
would be of great significance in making use of the rice straw for
soil amendment and production of value added products.

The specific objectives of this study were to compare the py-
rolysis process using an auger type, a batch type, and a fluidized bed
type reactor. The characteristics of rice straw was assessed and used
in understanding pyrolysis process and to evaluate solid, liquid and
gas product properties. Mass and energy recovery efficiencies were
investigated and compared between the reactors. A study of py-
rolysis behavior using different reactors will help select right
technology for generating a desired pyrolysis product.

2. Materials and experimental methods
2.1. Sample preparation and characterization

Rice straw was obtained from Beaumont, Texas, and air-dried. A
Wiley Laboratory mill (model #4) was used to mill the sample using

2-mm sieve. The methods described in Section 2.3 were used for
the proximate analysis, high heating value (HVV) and elemental
analysis.
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Fig. 1. Schematic diagrams of the three pyrolysis reactors.
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2.2. Experimental conditions and equipment

Pyrolysis experiments were conducted using an auger type, a
batch type, and a fluidized bed (FB) type reactor as shown in Fig. 1.
The auger and batch type reactors will represent slow pyrolysis,
and the fluidized bed type reactor represents fast pyrolysis, ac-
cording to EIA bioenergy group report [30]. The auger type reactor
can also be defined as intermediate pyrolysis as the residence time
ranged between 20 and 25 min, which is an intermediate residence
time between slow pyrolysis (over 4 h) and fast pyrolysis (less than
1 s). All three reactors are regarded as bench-scale reactors, as the
maximum processing rate of 100 g/min in auger reactor, 80 g/min
in FB reactor, and the one time processing capacity of 300 g in batch
reactor can be used.

An auger based reactor was used for slow or intermediate py-
rolysis. A 3-zone cylindrical electric furnace (Linberg/Blue M from
Thermoelectron Corporation/Centigrate Service Inc., North Car-
olina) was used to heat the main tube reactor of 10.2 cm diameter
and 150 cm length with an auger flight connected to the feed
hopper (61 cm x 61 cm x 130 cm). Nitrogen gas of 10 L/min was
passed into the reactor during the experiment to make sure that the
produced gas was pushed into the exhaust pipe. One K-type ther-
mocouple was placed inside the tube reactor to measure the actual
reaction temperature, along with three thermocouples which were
attached to the electric furnace. A bio-char bin was fitted at the end
of the tube reactor. Two outlets were provided to collect volatile gas
from the tube reactor. Glycol water at —4 °C was used to condense
the bio-oil in an indirect heat exchange condenser. Then, a four-
staged solvent condenser was placed to capture the remaining
condensable volatile matter. The feed rate was set at about 10
g/min. The number of solvent condensers used were determined
based on a preliminary experiment. The volumetric gas flow was
measured with a gas meter (METRIS 250, Itron, Oweenton, KY) after
calibration. Then, the sampled gas was analyzed using a gas chro-
matograph (GC) equipped with thermal conductivity detector
(TCD).

A stainless steel batch type reactor (Series 4580 HP/HT, Parr
Instrument Company, Moline, IL; Fig. 1) was used for slow pyrolysis.
The same set up was used in previous torrefaction study of rice
straw and cotton stalk from California [13]. A cylindrical electric
furnace was used to heat the 5.7 L AISI 316 reactor and the tem-
perature of the reactor was controlled by a ] type thermocouple
placed inside the reactor. A chiller using —4 °C glycol water was
connected to an indirect heat exchange condenser, and the con-
densable volatiles were collected in the condenser. The remaining
condensable vapors were captured by a two-staged solvent con-
densers. The remaining incondensable vapor from the condenser
was passed through a gas meter and quantified. Nitrogen gas was
used to flush out the air in the reactor after the reactor was closed.
An internal stirrer was used to mix the sample in the reactor. The
temperature was increased to the set temperature (500 °C) at the
rate of 4 °C/min. The sampled gas was injected in to a GC-TCD to
determine its gas compositions.

A fluidized bed reactor was used for fast pyrolysis. The 30 cm
single zone split tube furnace was placed to heat the main tube
reactor made of AISI 316 stainless steel. The tube reactor was of the
size 7.6 cm diameter and 84 cm long. A K-type thermocouple and a
pressure gauging tube were located at the bottom bed, and another
thermocouple and gauge were placed at the upper bed. An inert gas,
nitrogen, was used for the fluidization of the bed material of Mul-
grain 47—10 x 18 (C E Minerals, Andersonville, GA), which used for
the previous gasification studies [20,21]. The bed material was
sieved using —20 and + 40 mesh sieve pans (ASTM E-11 specifica-
tion, Fisher Scientific Company, USA). The average density and mean
diameter were 1.45 g/mL and 630 pm, respectively. The height of the

bed material was 33 cm. The ground rice straw sample was inserted
into the main reactor through a 4 cm diameter screw auger feeding
system connected to the hopper. The feed rate was set at 5 g/min.
Two-stage TAMU cyclones, designed for the pyrolysis process, were
connected to the end of the reactor to remove the solid product. The
bio-oil was condensed in a six-staged condenser; the first canister
was empty, whereas the others contained solvents (acetone). The
incondensable gas was passed through the gas meter, and the gas
samples were collected and analyzed using a GC-TCD.

2.3. Analytical methods

The solid, liquid, and gas products from the rice straw pyrolysis
experiment were analyzed using the following analytical
methods. A PARR bomb calorimeter 6200 was used to measure
high heating value (HHV) in accordance with ASTM D 711. The
proximate and moisture data was obtained using ASTM standard
D 3173 (Sample Preparation and Moisture Content Determina-
tion), D3175 (Standard Test Method for Volatile Matter for Ash in
Biomass) and E1755 (Standard Test Method for Ash in Biomass)
methods. Bio-oil from each reactor was analyzed according to
ASTM standard D7544-10 which comprises of ASTM D482 (ash
content) and E203 (water content). The pH of the bio-oil was
measured using a digital pH meter. The ultimate analysis data (for
C, H, N and S) was obtained from a Vario MICRO Elemental
analyzer (ASTM D5373). A GC-MS of Shimadzu QP2010Plus,
ZB5MS 30 m x 0.25 mm diameter x 0.25 um thick, was used to
determine chemical composition of the bio-oil. The column
temperature was programmed at 40 °C and held for 5 min before
this was ramped to 300 °C. The ramping was carried out at the rate
of 5 °C/min and then held for 5 min. The gas composition was
analyzed using an SRI Multiple gas chromatograph (GC) equipped
with a TCD. The column in the GC contained a 6’ Molecular sieve
13X and a 6’ Silica Gel column. The carrier gas of helium was used
to detect the gas mixtures of Hy, Ny, Oy, CO, CHy, CO,, CoHy, CoHg,
C3Hg, and C3Hg. A Shimadzu IRAffinity-1 FTIR spectrophotometer
was used to analyze the bio-oil. The mineral contents of samples
were determined using ICP-OES of Spectro Blue, while the protein
content was obtained from total nitrogen content which was
determined by a high temperature combustion process.

2.4. Experimental design and data analysis

Three replications were used for each condition. The tempera-
ture was set at 500 °C in all the experiments, as the maximum bio-
oil yield was obtained at this temperature [10,18,22,27,31]. The
particle size of the rice straw was controlled by grinding the sam-
ples using a fixed sieve of 2 mm. The quantities of the feedstock
used in each trial were about 250 g (batch reactor), 200 g (auger
reactor) and 200 g fluidized bed reactor.

Pyrolysis using the auger type reactor is regarded as a slow or
intermediate pyrolysis which is set at the speed of 1.03 RPM, and
corresponds to the 20—25 min reaction time from Equation (1). The
nitrogen gas flow was maintained at 10 L/min. For the slow py-
rolysis, the reactor was heated at 4 °C/min until the set temperature
(500 °C) and maintained for 30 min after nitrogen gas filled the
reactor before each run. The residence time in the fluidized bed (FB)
reactor was 1.6 s according to Equation (2) [8]. The inert gas flow
rate of the fluidized bed reactor was set at 45 L/min.

Residence time of the auger (s) = Auger reactor length (m)/ Biomass
flow velocity (m/s) (1)

Residence time of the fluidized bed (s) = FB reactor volume (L)/
Volumetric flow rate (L/s) (2)
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Product mass and energy yields were obtained using Equations
(3)—(5).

The yield balance was established after accounting for the los-
ses. Mass yield was calculated on a weight basis whereas the energy
yields of each of the solid, liquid, and gas product was calculated
based on the amounts of energy converted from the initial biomass
after pyrolysis.

Product yield (%) = mproduct/minitial (3)

Bio — char yield (%) + Liquid yield (%) + Gas yield (%) + Loss (%)
= 100%

(4)

Energyyield (%) = (mproduct X HHVproduct) /(Mipnitial < HHVipigial)
(5)

3. Results and discussion
3.1. Rice straw characteristics

The properties of rice straw are shown in Table 1. The analysis
showed the presence of a high proportion of volatile combustible
matter (VCM) and ash, which contributed to about 69% and
22% of the rice straw used, respectively. The fixed carbon (FC)
contents showed only 9%. These results are similar to those re-
ported previously (60—79% VCM, 4.6—16% FC, and 9.8—23% ash)
[12,13,18,32—-34]. The presence of a large proportion of ash led to
relatively low heating value (14.2 M]/kg) compared to the reports
of other studies (15—16.2 MJ/kg). This also affected the carbon and
hydrogen concentrations, which were as low as 36% C and 4.9% H.
The H/C and O/C molar ratios of RS were revealed as 1.61 and 0.65,
respectively. This O/C molar ratio is less than that reported for corn
stover (O/C 0.71) [10], but higher than those obtained from the
algae Nannochloropsis oculata (O/C 0.39) [35]. The rice straw is
expected to produce more oxygenated volatile compounds than
N. oculata. The chemical composition of rice straw is:
CH1.6100.66N0.0250.002-

3.2. Yields of pyrolysis products
Pyrolysis experiments were conducted to evaluate the effects of

different reactors on product yield and characteristics with rice
straw. Product mass yields of bio-char, liquid (bio-oil and aqueous

Table 1
Rice straw and cotton stalk characteristics.

Biomass characteristics Rice straw Literature®
High Heating Value (MJ/kg), db 142 + 0.2 15-16.2
Moisture (wt%) 9.2+0.1 8.9-14.1
Proximate analysis (wt%), db
VCM 69.3 + 0.1 60—77
Fixed Carbon 9.01 + 0.96 4.6—-16
Ash 217 +1.1 9.8-23
Ultimate analysis (wt%), db
C 36.6 + 0.2 40.8—54
H 49 +0.15 5-7.6
N 0.77 + 0.02 0.4-3.9
S 0.23 + 0.02 0.5—0.56
O (by difference) 31.96 30-51.6
db: dry basis.

2 [12,13,18,32-34].
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Fig. 2. Bio-char, liquid and gas product yields from rice straw pyrolysis.

phase) and the gas produced from an auger, a batch, and a fluid-
ized bed reactor are shown in Fig. 2. The mass product yield from
the auger and batch pyrolysis systems exhibit similar trends of
highest yield of bio-char (45—48%), followed by the liquid product
(25—31%) and then by the lowest yield of gas (11—13%). On the
other hand, the highest yield of the liquid portion (43%) was ob-
tained from the fluidized bed pyrolysis, followed by the bio-char
(27%) and gas (23%). The mass yields of bio-char and liquid in
fluidized bed and other reactors showed a complete reversal of the
above results mainly due to the use of different heating rates. The
fluidizing medium caused a broad and abrasive contact with
biomass at a faster rate, resulted in a high yield of liquid portion.
More of the direct heating surface of the fluidized bed medium
would have converted the biomass into more volatile matters.
Furthermore, the volatile matters did not have enough time, en-
ergy or both to decompose into gases at 500 °C [27]. On the other
hand, high yields of bio-char were obtained from the slow pyrol-
ysis process of auger and batch type reactors due to slower heat
transfer rates to the biomass. Similar results were observed from
the slow and fast pyrolysis studies. A mass product yield from rice
straw pyrolysis processed at 500 °C and 1.2 s residence time pro-
duced 20% bio-char, and 36% liquid from a fluidized bed reactor
[36]. A lab scale rice straw fast pyrolysis showed similar data at
23% bio-char, 50% bio-oil, and 27% gas at 520 °C [37]. In a slow
pyrolysis process, about 40% bio-char, 38% bio-oil and 20% gas
were obtained [12]. Thermogravimetric analysis (TGA) also
showed 40% bio-char from rice straw pyrolysis [34]. The pyrolysis
yields of corn stover in the same fixed bed reactors were reported
at 32% for bio-char, 28% for liquid, and 18% for gas. Also, the bio-
char output yield from the auger pyrolyzer gained around 50%
by weight of biomass input [8].

Mass conversion efficiencies of different process reactors were
calculated based on Equation (4). The average loss from each
reactor was 35% for the auger, 9% for the batch, and 12% for the
fluidized bed reactor. Those losses were generated mostly from
uncondensed liquid bio-oils that remained on the sides of the re-
actors and pipes as well as uncollected bio-char and the gas. The
auger reactor had the highest loss as the quantity of the samples
used was too small in such a large scale equipment. Despite the
weaknesses, the experimental data show a clear trend and they will
be useful when developing a large-scale pyrolyzer for commercial
applications. The auger type reactor for slow/intermediate rate
pyrolysis has some technical advantages; it is easy to operate
compared to fluidized bed reactor, and is also possesses faster
production ability compared to a batch type reactor. Furthermore,
the system can be automated, thus making it more user-friendly
and cost effective.
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3.3. Bio-oil properties

The liquid products from each reactor had different visual ap-
pearances. The bio-oil product from the FB reactor was homoge-
nous and dark brown in color and produced a smoky odor. On the
other hand, the liquid from the slow pyrolysis process of the auger
and batch reactors separated into two layers of top organic portion

(bio-o0il) and a bottom aqueous portion (bio-liquor). The bio-oil
composition contained alkanes, alkenes, alcohols, ketones, phe-
nols, aromatics, and others in the top layer bio-oil from slow/in-
termediate pyrolysis and fast pyrolysis (Table 3). The top layer bio-
oil from the slow pyrolysis process was more viscous and darker
brown color than the bio-oil from fast pyrolysis process. The slow
pyrolysis bio-oil smelled strong and irritating. The bottom layer

Table 2
Physicochemical properties of the pyrolysis bio-oil.
Auger Batch FB ASTM standard D7544
HHV(MJ/kg) 294 +2.6 30.7 + 2.1 20.6 +2.2 15 min. ASTM D2015
Ash (wt.%) <0.2 <0.2 1.0 £ 0.1 0.25max. ASTM D482
pH 53+03 31+00 26 +0.1 Report pH meter
MC content (wt.%) 143 £ 0.8 102 £ 03 57+ 04 30max. ASTM E203

Table 3

Chemical composition of bio-oil determined by GC—MS (Bold — name of chemical functional category).

Auger

Batch

FB

Compound (Relative %)
Alkanes (13.75)
Tridecane

Dodecane

Tridecane, 4,8-dimethyl-
Hexadecane

Alkenes (8.88)

1-Dodecene

3-Tetradecene, (Z)-
1,4-Methanonaphthalene, 1,4-dihydro-
1-Tetradecene

1-Hexadecene

1-Docosene

Alcohols (4.83)
Nonanol, 4,8-dimethyl-
2-Furanmethanol, tetrahydro-

Ketones (12.04)
2-Cyclopenten-1-one, 2-methyl-
2-Cyclopenten-1-one, 3-methyl-
2-Cyclopenten-1-one, 2,3-dimethyl-
Acetophenone

Phenols (35.27)

Phenol

Phenol, 2-methyl-
Phenol, 3-methyl-

Phenol, 2-methoxy-
Phenol, 4-ethyl-

Phenol, 2,3-dimethyl-
Phenol, 2-ethyl-5-methyl-

Aromatics (20.25)

Ethylbenzene

Benzene, 1,2,3-trimethyl-
1H-Indene, 1-chloro-2,3-dihydro-
Benzene, 2-ethenyl-1,4-dimethyl-
Benzene, 1-ethyl-2-methyl-

Nitriles (4.43)
Benzonitrile

Compound (Relative %)
Alkanes (11.33)

Nonane

Decane

Tridecane

Dodecane, 2,6,11-trimethyl-

Alkenes (10.18)

1-Decene, 4-methyl-

1-Dodecene

3-Tetradecene, (Z)-

2-Hexadecene, 2,6,10,14-tetramethyl-
1-Tetradecene

Alcohols (3.89)
1,2-Ethanediol, diacetate
2-Furanmethanol, tetrahydro-

Ketones (19.03)

2-Pentanone, 3-methyl-
Cyclopentanone

Cyclopentanone, 2-methyl-
Cyclopentanone, 3-methyl-
2-Cyclopenten-1-one, 2-methyl-
2-Cyclopenten-1-one, 2,3-dimethyl-
Cyclopentanone, 2-ethyl-

Phenols (27.72)

Phenol

Phenol, 2-methyl-

Phenol, 3-methyl-

Phenol, 2-methoxy-

Phenol, 2-methoxy-4-methyl-
Phenol, 2,4-dimethyl-

Phenol, 4-ethyl-

Aromatics (25.27)

Ethylbenzene

p-Xylene

Benzene, 1,3-dimethyl-

Benzene, 1,2,4-trimethyl-
Benzene, 2-ethenyl-1,4-dimethyl-
Benzene, 1-ethyl-2-methyl-
Toluene

Indene

1,4-Methanonaphthalene, 1,4-dihydro-
Naphthalene

Nitriles (1.56)
Butanenitrile, 3-methyl-
Pentanenitrile

Compound (Relative %)

Acids (4.27)

Acetic acid, methyl ester

Butanoic acid

Propanoic acid, 2-oxo-, methyl ester

Alkenes (0.5)
3-Hexene
1-Butene, 3-methyl-3-(1-ethoxyethoxy)

Alcohols (6.91)

2-Furanmethanol

1,4-Butanediol, 2,3-bis(methylene)-
1,3-Propanediol, 2-(hydroxymethyl)-2-nitro-
1,3-Propanediol, 2-ethyl-2-(hydroxymethyl)-

Ketones (17.72)

1-Hydroxy-2-butanone

2-Pentanone, 4-hydroxy-4-methyl-
4-Nonanone, 7-ethyl-

Cyclohexanone

2-Cyclopenten-1-one, 3-methyl-
2-Furanone, 2,5-dihydro-3,5-dimethyl
2-Cyclopenten-1-one, 3-ethyl-2-hydroxy

Phenols (33.04)

Phenol

Phenol, 2-methyl-

Phenol, 3-methyl-

Phenol, 2-methoxy-

Phenol, 4-ethyl-

Phenol, 4-ethyl-2-methoxy-
Phenol, 2,6-dimethoxy-
Phenol, 2-methoxy

Phenol, 2,6-dimethoxy-4-(2-propenyl)-
Vanillin

1,2-Benzenediol
1,2-Benzenediol, 4-methyl-
2-Methoxy-4-vinylphenol
Hydroquinone

Aromatics (2.01)
1,2,4-Trimethoxybenzene
1,3-Benzenediol, 2-methyl-

Others (29.31)

Furfural

Benzofuran, 2,3-dihydro-
p-Allose

Butanedial

Hexanedial
3-Acetoxybenzaldehyde
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aqueous portion was watery (less viscous) and yellowish in color.
The separated liquid phase from slow pyrolysis was also reported
from other biomass wastes of lignocellulose biomass [38—41] and
aquatic wastes [35]. The bio-oil from fast pyrolysis also showed
unseparated liquid in different studies [40,42]. However, invisible
separation was found after a month of storage, and bottom portion
had a higher portion (55%) of water than the middle or the top
portions (23%) of bio-oil [42].

Fig. 3 shows the elemental compositions of pyrolytic bio-oils
from three reactors. The highest carbon content (74%) of bio-oil
was obtained from batch reactor, followed by auger reactor (61%),
and fluidized bed reactor (50%). Conversely, the oxygen contents of
bio-oil were 15% from the batch, 26% from the auger, and 42% from
the FB reactor. The highest oxygen content was from the FB bio-oil
which indicated the presence of oxygenated chemical compounds,
as compared to the other two reactors. The trend in a higher oxygen
content from the FB reactor to the fixed-bed (batch) type was also
reported in a previous study [27]. Oxygen content of 21—28% was
obtained from the fixed-bed reactor, whereas that of 30—48% was
from the FB reactor. The presence of high oxygen content presents
several weaknesses to the fuel; low heating value, unstable bio-oil,
and immiscibility with other hydrocarbons [43]. The chemical
formula for the three bio-oils are: CH1gNg 4003250005 (auger),
CH1.4N0,0300.1550.004 (batch), and CH1,6No0200.6250.009 (FB). For a
better understanding of the elemental composition of bio-oil, the
Van Krevelen diagram was plotted as shown in Fig. 4. This diagram
includes the results from the current study as well as many other
studies [10,12,18,35,40,44,45]. The O/C ratios (0.03—0.62) of rice
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Fig. 3. Ultimate analysis of bio-oil from different reactors.
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Fig. 4. Van Krevelen diagram for the liquid and solid products from different pyro-
lyzers (Reference of biomasses; corn stover, sorghum, rice straw, switchgrass, algae,
and corn cob [10,12,18,35,40,44,45]).

straw bio-oil from different reactors varied to a greater extent than
did the H/C ratios (1.37—1.77). The previous pyrolysis studies from
different feedstocks and reactors showed similar trends with the
current study for H/C and O/C ratios. The bio-oil from the FB reactor
had higher O/C ratio (0.58—0.74) compared to those from the batch
reactor (O/C ratio of 0.07—0.29) and the auger reactor (O/C ratio of
0.32—-0.59). The elemental ratio of the petroleum products are
between 1.5 and 2.0 for H/C, and less than 0.06 for O/C [46]. The
closest O/C ratio to a petroleum fuel was obtained from the batch
reactor bio-oil (0.15). The results show that the pyrolysis oil needs
further processing before it can substitute a petroleum oil. How-
ever, the mixing of bio-oil with petroleum products can be used
without upgrading.

Table 2 shows physicochemical characteristics of bio-oils. The
high heating value (HHV) of bio-oil was found at 29 MJ/kg from
the batch reactor, 31 MJ/kg from the auger reactor, and 21 MJ/kg
from the FB reactor. These value were all above the ASTM standard
of 15 MJ/kg. A high ash content of the fuels can contribute to wear
of pumps, valves, and reactors by fouling and slagging. The ash
content obtained from this study was less than 0.2 wt% from the
slow/intermediate pyrolysis process, whereas 1.0 wt% in the FB
bio-oil. The ash content of the bio-oil from an FB reactor can vary
depending on the feedstock size and the reaction temperature
[40]. The smaller the feedstock size and the lower the reaction
temperature, the lesser will be the ash content was produced. A
higher pH value from the auger pyrolysis bio-oil was determined
at 5.3, which was higher than the bio-oils from the batch and the
FB reactors. The bio-oil pH value which ranged between 2 and 4.5
was found from bagasse in a batch reactor, and from energy sor-
ghum in an FB reactor [40,47]. As the low acidity is corrosive to
metals, the low acidity should be treated before it is used in an
engine. Moisture contents of bio-oils were determined at 14%
from the auger, 10% from the batch, and 6% from the FB reactor.
The amount of moisture present in the bio-oil affects the overall
viscosity, the heat of combustion, and the flame temperature
when used in the engines.

The relative chemical composition of bio-oil was determined
using GCMS, and the results are shown in Table 3. More than 100
chemical compounds were detected in FB bio-oil, but a fewer
number of chemical compounds were found in the bio-oils of auger
and batch reactors. The compounds were categorized by chemical
groups of phenols, alkanes, alkenes, alcohols, ketones, aromatics,
nitriles, and others. The largest relative chemical from all three
reactors was the phenol group at 28—35%. The 2-methoxyphenol is
one of the main chemical compounds produced from the lignin
portion of the biomass. More oxygenated compounds contributed
to a higher phenolic content [48]. The phenol compounds were also
found to be a major components of lignocellulose biomass
[10,27,40]. Many oxygenated compounds of aromatics and ketones
were produced mainly from cellulose and hemicellulose [49]. As
the rice straw feedstock has high portion of glucan and xylan from
the main components of cellulose and hemicellulose, respectively, a
large percentage of the oxygenated chemicals were inevitably
found in the derived bio-oils. Additionally, almost 20% of aliphatic
compounds of alkanes and alkenes were obtained in the bio-oils of
slow pyrolysis process whereas the bio-oil from the fast pyrolysis
had only traces of aliphatic chemicals.

The FTIR spectra was used to understand the absorption of the
functional groups of the bio-oil and aqueous product as shown in
Fig. 5. The FTIR functional groups at each peak are referenced from
other studies [10,35,50]. The peak ranged between 3600 and
3200 cm~! which indicates that the O—H stretching vibrations
show the presence of water, phenol, and alcohol, which was the
dominant peak of the aqueous product from both the auger and
batch pyrolysis processors due to the presence of large quantity of
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water. The C—H bending vibration at 3200—2800 cm~! and
1475—1350 cm~! indicate the presence of alkanes in the bio-oils
from both processes (2941, 1455, and 1380 cm™!). The aliphatic
acids that include ketones, aldehydes and carboxylic acids were
detected in both the aqueous products and the bio-oils as the C=0
vibration peaks from 1750 to 1650 cm~!. A higher peak at
1654 cm~! was observed in the aqueous product as compared to
the bio-oil mainly by the wide spectrum bands of ketones, whereas
a higher peak at 1710—1696 cm~' was obtained in the bio-oil
indicating the presence of aldehydes and carboxylic acid [51-53].
The C=C bending vibration peaks between 1650 and 1580 cm™ !,
corresponding to the presence of alkenes and aromatic compounds
were observed in both auger and batch type bio-oils (1600 cm™!) as
well as in the aqueous product (1640 cm™!). The broad peak ranges
of 1150—980 cm™! (the C—O stretch of polysaccharides) [54], and
1215—1220 cm~! (a strong vibration of C—C, C—O and C=0
stretches) [55] were detected in the bio-oil, while no or small peaks
in the ranges exist in the aqueous component. Polycyclic aromatics
were found in the bio-oil (825 and 752 cm™!) as the peaks between
900 and 675 cm™L This indicated the presence of polycyclic and
substituted aromatic rings.

3.4. Bio-char properties

Bio-char samples were collected from the three process re-
actors. Proximate analysis of the bio-char from all reactors indi-
cated the presence of the highest amount of ash content among
others of the volatile combustible matter (VCM) and fixed carbon
(FC) (Fig. 6; p-value 0.0185). It was reported that lignin was the
main component of FC in the bio-char, which does not easily
decompose at 500 °C [56]. As the pyrolysis temperature was set at
500 °C, a large portion of the VCM was reduced from 69% to 20—27%
due to the removal of most of the cellulose and all of the hemi-
cellulose. The FC from a batch reactor showed relatively higher
amounts than other reactors (p-value 0.0023). This could be due to
the pyrolysis reactions occurring statically in batch reactor, in
comparison with that in a FB reactor where the reactions occur in
the moving bed in N3 flow. The conversion rate of lignin (FC) from
the same materials can vary depending on the different process
types. The heating value (HV) of the FB bio-char was 13 MJ/kg,
whereas that from an auger and batch reactors was 16 (auger) and
19 (batch) M]/kg. The higher heating value of the bio-char from the
batch reactor as compared to the FB reactor can be explained by the
sum of the VCM and FC contents.
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Fig. 6. Proximate data and high heating value for the bio-char products (dry basis).

The elemental compositions of bio-chars of different reactors
were also determined. The carbon content was found to be be-
tween 38% and 45%, which was higher than that of rice straw (37%).
As shown in the Van Krevelen plot in Fig. 4, the H/C (0.56—0.78) and
0/C (0.02—0.1) ranges of rice straw bio-char did not vary much in
spite of the use of different reactors. Also, the different feedstock
(corn stover, sorghum, swith grass, algae, and corn cob) showed
similar H/C (0.36—0.78) and O/C (0.03—0.32) ranges in the bio-
chars. Thus, regardless of the type of feedstock and process re-
actors used, similar ratios of H/C and O/C were produced during the
pyrolysis at around 500 °C as indicated in Fig. 7. However, the
different operating temperatures from 200 to 300 °C lead to
different ratios of H/C (0.89—1.65) and O/C (0.21—0.87) of rice straw
and cotton stalk samples according to Nam and Capareda [13]. The
highest bio-char carbon content was obtained from the batch py-
rolysis, whereas the lowest was recorded from the auger bio-char.
The protein contents of the bio-chars from the auger and batch
reactors are (8.3%) as shown in Table 4, which verified the amount
of nitrogen at 1.5% in bio-char from both reactors. The protein
content of 2% from the FB reactor supported the nitrogen content of
0.49%.

Overall, the bio-char from the batch reactor has better quality
for other power generation applications, as it has the lowest ash
content, a high HV, and carbon content. Moisture content was
found more or less about 1.5% + 2 (auger), 1.7% + 4 (batch), and
1.2% + 5 (FB). The mineral content of P, K, Ca, Mg, Na, Zn, Fe, Cu, Mn,
S, and B in the bio-char and raw rice straw was determined using
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Fig. 5. FTIR of slow pyrolytic liquid fractions (from top; bio-oil from auger and batch, and aqueous portion from auger and batch).
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Fig. 7. Ultimate data of bio-char from the rice straw pyrolysis (dry basis).

ICP-OES as shown Table 4. The total mineral content differed by the
type of reactor used: Raw RS (11.4 g/kg) < batch bio-char (41.2 g/
kg) < FB bio-char (42.3 g/kg) < auger bio-char (46.9 g/kg). The
highest alkali mineral contents of K, Ca, Mg, and Na were found in
the auger bio-char (37.7 g/kg) as compared to batch bio-char

Table 4

(31.8 g/kg) and the FB bio-char (30.8 g/kg). The highest alkali
content of auger bio-char can be utilized to correct soil acidity.

The X-ray diffraction patterns of bio-char were analyzed as
shown in Fig. 8. The peaks in the bio-chars indicate the presence of
inorganic materials of cristobalite (SiO,), calcite (CaCOs3), and syl-
vite (KCl) [57,58]. The XRD patterns of auger and batch bio-chars are
similar including the amorphous silica (cristobalite) broad peak at
0 = 22.5°. The peaks at 6 = 28.3° and 40.4° were intensified,
especially with auger RS bio-char, due to its high increase in po-
tassium content compared to other bio-chars, which corresponds
to the same results obtained from the ICP-OES analysis.

3.5. Gas composition

Combustible gas products were obtained from different re-
actors after pyrolysis as shown in Fig. 9. The composition of
combustible gases were Hy, CO, CHy4, CoHa, CoHy4, CoHg, C3Hg, and
C3Hs. Since an N carrier gas was used in the auger and fluidized
bed, high Ny gas composition was obtained in the product gas,
which would have led to a low gas heating value of 7 (auger) and
0.4 (FB) MJ/m°>. As a study [59] reported that the minimum gas
heating value of 4.2 MJ/Nm? is needed for engine use, the gas
products from the batch and auger reactors may be applicable or

Total mineral composition and protein contents of raw rice straw and pyrolysis bio-chars.

Dry basis Raw RS Auger RS bio-char Batch RS bio-char FB RS bio-char
Protein (wt.%) 0.9 8.3 8.3 2.0
P (mg/kg) 700 2900 2200 2600
K (mg/kg) 5000 24,500 19,400 17,400
Ca (mg/kg) 2200 8700 7600 7600
Mg (mg/kg) 1200 3900 4200 4600
Na (mg/kg) 390 634 550 1243
Zn (mg/kg) 27 198 130 93
Fe (mg/kg) 1209 1785 4106 7327
Cu (mg/kg) 19 99 17 143
Mn (mg/kg) 22 1656 1705 175
S (mg/kg) 625 2503 1241 1136
B (mg/kg) 3.6 185 9.8 113
Total Alkaline (g/kg) 8.8 37.7 31.8 30.8
Total Mineral (g/kg) 114 46.9 41.2 423
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Fig. 8. XRD analysis of bio-char from auger, batch, and FB reactors.
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Fig. 9. Composition of gas product from the rice pyrolysis (a) as received (b) after
removing O, and N, gases.

at least flammable. On the other hand, the gas from the FB reactor
contained a large portion of non-combustible gas of about 95%. A
high Hy production from the auger pyrolyzer was noticeable
among three reactors. Higher composition of H, gas can be ob-
tained at the increased temperatures from the auger based reactor
[60]. After calibrating the gas compositionsd by removing the O,
and N, gases, the gas heating values from all reactors were
increased to around 10 MJ/kg. Large amounts of CO and CO, gas
production from pyrolysis process was produced by the cracking
and reforming of functional carboxyl groups [35]. The gas heating
values of batch reactor with a similar feedstock (corn stover) were
reported to increase from 10 to 22 MJ/m> as the temperature
increased from 400 to 600 °C [10].
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Fig. 10. Energy recoveries of pyrolysis process from different reactors.
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Fig. 11. Sankey diagram for bio-char, bio-oil, and bio-gas product distribution via
various pyrolysis reactors.

3.6. Energy balance

Fig. 10 shows the energy recovery distribution of pyrolysis
products from different reactors at 500 °C. It can be observed that
the recovery of the energy yields were similar for batch and auger
pyrolyzers. More than half of the initial energy was recovered by
bio-char, and 10—15% of the energy was derived from volatile
products (bio-oil and gas) in slow pyrolysis reactors. The low
energy recovery of the volatile products is the result of the low
quantities of bio-oil and non-combustible CO gas. In contrast, the
energy recovery from an FB bio-oil reached 47%, which was due to
large mass production with moderate bio-oil heating value. On an
average, the total energy recovered from these processes achieved
ranged from 65% for the auger pyrolyzer to 75% for the batch
pyrolyzer. Since the auger reactor was large, the energy loss was
higher with the same amount of initial samples than with the
other pyrolyzers. Otherwise, the product energy efficiency of the
auger reactor was 81% [60]. Other researchers also reported en-
ergy loss as much as 25% and 18% during the pyrolysis process
caused by reactor heat loss and energy lost from condensers
[44,61]. The Sankey diagram helps in understanding how energy
is transferred from raw biomass wastes to other types of products
(bio-char, bio-oil, and bio-gas) as shown in Fig. 11. The process rate
of biomass input was set at 1 kg/hour for three reactors, which
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corresponds to 12.9 M]/h. From the diagram, the energy of gas
production from all types of reactors was close to 1 MJ/h. Large
amounts of energy were contained in the solid products that were
obtained from auger and batch reactors, while a major energy
product from the FB reactor was bio-oil.

4. Conclusion

Three reactors (an auger type, a batch type, and a fluidized bed
type) were utilized for the pyrolysis study. The temperature con-
dition was set at 500 °C with 2 mm milled rice straw. The slow
process of the auger and batch type reactors resulted in higher
yields of bio-char, while the fast process of the fluidized bed reactor
produced a larger quantity of bio-oil. The fast heat transfer rate due
to the fluidizing medium led to a high mass yield of bio-oil. The
heating value (HV) of bio-oils from the auger and batch type re-
actors showed a relatively higher HV than the fluidized bed reactor.
The bio-oil from all reactors had a majority of phenolic compounds,
and more aliphatic compounds were detected from the slow py-
rolysis reactors. The bio-oil elemental composition ratio (O/C)
showed different ranges depending on the type of reactor used,
while the H/C ratio remained similar among the three reactors. On
the other hand, both the O/C and H/C ratios of bio-chars were
similar among three different reactors were obtained in similar
ranges. In summary, a batch and an auger reactor can be recom-
mended for bio-char production, whereas a fluidized bed reactor is
optimal for bio-oil production even though the best bio-oil quality
can be obtained from a batch reactor.
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