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Abstract 

The teak tree saw dust (TTSD) and rice husk (RH) were pyrolysed in a fixed 

bed reactor at the temperature of 450°C. The feedstock particle sizes for both 

the biomasses were in the range of 0.5-1.0 mm. About 33.3 and 35 wt% liquid 

yields were found from TTSD and RH respectively. The calorific values were 

recorded as 23.41 and 20.01 MJ/kg for TTSD and RH bio-oils respectively, 

which are slightly higher than their respective biomasses. The kinematic 

viscosities of the bio-oils were found to be in the range of 6.8-8.1 cSt, which are 

quite lower than many other bio-oils. The pH value of TTSD bio-oil (i.e., 3.4) 

was slightly higher than the RH bio-oil (i.e., 2.8). The bio-oils indicated acidic 

nature with low pH value, e.g., 2.8-3.4. The bio-oils contained mostly the 

carboxyl and hydroxyl functional groups to represent phenols and alcohols. 

Both TTSD and RH have the potential to produce pyrolysis oil; however, it 

requires certain upgradations to make it useful for engines. 

Keywords: Pyrolysis oil, Thermogravimetric analysis, Teak tree, Rice husk, 

Atomic ratio. 

 

 

1.  Introduction 

The crisis of petroleum fuel and environmental pollution are the major concerns in 

most of the countries of the world. Therefore, the uses of renewable sources to 

harness energy have been found increased interest in the recent years. Among all the 

sources of renewable energy, the biomass is one of the easily available and it can be 

converted into liquid (pyrolysis oil) and gaseous form, which have comparatively 

better fuel characteristics than the biomass [1, 2]. For conversion of biomass, pyrolysis 

and gasification are found to be more flexible and easier than the other techniques [3]. 

From the literature report, it was found that pyrolysis is one of the most economical 

and simple technique for thermochemical conversion of biomass [4]. 
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Abbreviations 

FTIR Fourier Transform Infra-Red           

IR Infrared 

RH Rice husk                                                            

TTSD Teak tree saw dust                             

TG Thermogravimetric 

TGA Thermogravimetric analysis             

Although the pyrolysis of biomass has three main products such as liquid (bio-

oil), solid (biochar) and gas (incondensable gas), it is mainly optimised for bio-oil 

production. The bio-oil derived from biomass through pyrolysis is a dark brown 

free flowing liquid with a neat ‘smoke’ smell and its properties are quite different 

from the petroleum fuels [5]. The pyrolysis oil consisting of approximately 35-40 

wt.% of oxygen, 55-60% wt.% of carbon, an acidic pH value, density near about 

of 1.2 g/cm
3
 and 15-60 wt.% of water [6,7].  

The fuel in the liquid form is easier to store and transport than the solid 

biomass. Moreover, by converting biomass into liquid form can reduce the 

pollution and cost of solid waste disposal. However, because of some poor 

properties, such as low calorific value, low pH, high viscosity, high water and 

oxygen content, certain upgradations are required to make it a suitable engine or 

transportation oil. Usually, the oxygen content found in the bio-oil is about 45-50 

wt.%, because of which the calorific value of the oil becomes a low average value 

of 18 MJ/kg [8]. Qiang et al. [9] found the kinematic viscosity of the bio-oil 

derived from rice husk about 17cSt at 40°C and observed to be gradually 

decreasing with the increase of temperature. The pyrolysis oil contains substantial 

amount of acid contents such as carboxylic acid, formic acid and acetic acid 

which results low pH value, e.g., 2-3 [10].  

The moisture content in the biomass feedstock plays an important role on the 

characteristics of the pyrolysis products. Due to the higher moisture content in the 

biomass, bio-oil contains more water leading to reduce the calorific value. 

Therefore, the recommended moisture content in the feedstock for proper 

pyrolysis is below 10-15 wt.% [11]. The size of the feedstocks also influences the 

yields and properties of the pyrolysis products. It was found that, smaller size 

feedstocks are mostly preferred in pyrolysis as it provides more uniform heating 

which results in higher liquid yields [12]. The yield of liquid product are found to 

be different in fixed bed and moving bed reactors although the same size (2 mm) 

feedstocks are used, and therefore it is very difficult to generalise the specific size 

of feedstock for a specific pyrolysis system [13].  

A wide range of biomasses have been found to be used as feedstock for 

pyrolysis, among which agricultural residues, forestry products, municipal waste 

are the most common [14]. Rice husk is one of the mostly abundant agricultural 

residues found available in many parts of the world. Several types of 

investigations were performed on rice husk through rapid or fast pyrolysis using 

fluidised bed reactors and found some suitable properties of the bio-oils derived 

from it [15, 16]. Feng et al. [17] used saw dust and rice husk and their mixture to 

produce pyrolysis oil using fluidised bed reactor in order to investigate the yields 

and properties of the oil and found the similar kinds of results. Recently, Kumar 

et al. [18] have investigated the effect of temperature and catalysts on the 
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behaviour of saw dust pyrolysis oil. However, the liquid yield was quite lower in 

both cases, i.e., with and without catalyst as compared to the present study. 

The saw dust of teak tree is easily available in the village areas of Assam, 

India, as the wood of teak tree is mostly used for furniture making purposes. The 

dead inner portion of teak wood is brownish red in colour, while the living outer 

portion is whitish and light yellowish brown in colour. The teak tree wood is hard 

and ring porous. There is a strange smell in newly collected saw dust of teak tree. 

The rice husk is the major by-product of rice mill, which is available across the 

state of Assam, India. About 2 million tons of rice husk is found to be available 

each year in India [19]. The characteristics of pyrolysis oil derived from rice husk 

and saw dust are found in many previously published reports [9, 16, 17]. Feng et 

al. [17] showed that the volatile matter in saw dust is higher as compared to the 

rice husk and thus the liquid yield and calorific value. Therefore, saw dust 

obtained from teak tree (TTSD) is although a new biomass material, it is 

predicted that the bio-oil from TTSD contains higher calorific value than RH. In 

the present work, TTSD and RH are taken as the feedstock and a comparative 

study of the properties of the bio-oils is performed. 

 

2.  Experimental  

2.1.  Feedstock preparation 

The teak tree saw dust and rice husk were collected from the small scale 

wooden mill and rice mill respectively, from the village of Assam (India). A 

mechanical sieve shaker (IKON
TM 

instrument) was used along with the 

standard test sieve (SETHI, as per IS: 460, sieve mesh size 500 micron and 1.00 

mm) to prepare the feedstocks in the size of 0.5-1.0 mm. Before feeding into 

the reactor, the feedstocks were dried in the sunlight for 24 h and then these 

were dried in the electrical heater to reduce the moisture content. 

 

2.2.  Proximate and elemental analysis 

In order to perform the proximate analysis of the biomass samples, ASTM D-271-

48 standard was used to determine ash content, volatile matter and fixed carbon. 

The moisture content was determined as received basis. The elemental analysis of 

the biomass samples and pyrolysis oils were conducted in a CHN analyser (Perkin 

Elmer, series- ii). The calorific values of the biomasses and pyrolysis oils were 

determined with the help of the Automatic Bomb Calorimeter (Model 5E-1 

AC/ML, Changha Kaiyuan Instrument Co-Ltd.). 

 

2.3.  Thermogravimetric analysis (TGA)  

The thermogarvimetric analysis was conducted in a TGA analyser 

(SHIMADZU, TGA-50), in nitrogen atmosphere under the flow of N2 at the 

rate of 30 ml/min. About 4.68 mg of biomass samples were used for the 

experiments. The samples were heated from the room temperature to 600°C at 

the rate of 10°C/min. 
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2.4.  Viscosity, density and water content 

Two major properties of the bio-oil, i.e., viscosity and density, were measured 

with the help of a digital instrument (LEMIS Instrument, VISCODENS, VDM 

300). In order to determine the water content of the bio-oil samples, the Dean and 

Stark Apparatus (As per IP specification) was used. For complete separation of 

water, the experiment was carried out for 24 h after which no more moisture was 

found to be received in the graduated tube. 

 

2.5.  Flash point, fire point and pH value 

An open cup digital tester (REICO EQUIPMENT AND INSTRUMENT PVT. 

LTD, model RFFP) was used to determine the flash point and fire point of the 

pyrolysis oils. The pH values of the bio-oils were determined with help of a pH 

meter (SYSTRONICS, Digital pH Meter 802). The FTIR analysis of the bio-oil 

samples was performed using a FTIR instrument (NICOLET, Impact 410) with a 

resolution of 4 cm
-1

. 

All the above properties were evaluated three times and the average values are 

reported in this article. The standard deviations of various tests values ranged in 

0.5-1.5. 

 

2.6.  Bio-oil production 

A lab scale pyrolysis plant was developed in Tezpur University, Assam, India, in 

order to produce the pyrolysis oil from the local biomasses as shown in Fig. 1. A 

fixed bed reactor made of stainless steel is used for the pyrolysis, the main body 

of which is cylindrical in shape with a conical head. The inside and outside 

diameters of the cylindrical part of the reactor are 88 mm and 100 mm 

respectively. The length of the cylindrical part of the reactor is 150 mm, while the 

length of conical part is 100 mm. At the top of the reactor, a small opening with a 

diameter of 25 mm is made to feed the biomass sample inside the reactor. The 

major part of the reactor is surrounded by a clamp type tubular furnace (2 kW) 

made of ceramic and stainless steel. In order to condense the pyrolysis vapour, a 

glass condenser is used. A nitrogen gas cylinder is connected to the reactor to 

provide a flow of N2 (99.9% purity) throughout the pipe connecting the reactor 

and condenser. The continuous monitoring and regulation of the temperature and 

heating rate was performed with the help of a digital temperature controller.  

About 80 g of biomass sample was placed gently in the reactor through the 

opening at the top of the reactor and it was tightly closed. The temperature was 

programmed at 10°C for 1.0 min with 10°C/min increment and held at 450°C, for 

at least 1 h. The literature study reveals that the optimum liquid yield in pyrolysis 

is found at around 450°C, such as the liquid yield of rice husk pyrolysis was 

maximum, e.g., 56 wt.% at 450°C and 480°C [16], while the optimum 

temperature for liquid yield in pyrolysis of rice straw ranged in 440-500°C and 

the properties were evaluated for the bio-oil produced at 445°C [20]. Similarly, 

the optimum liquid was obtained in between 400-500°C during the pyrolysis of 

waste bamboo [21]. Further, the highest bio-oil was obtained from saw dust at 

450°C (26 wt.%) without catalyst, however, it reduces while catalyst is used [18]. 
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During the experiment, nitrogen gas was supplied at the flow rate of 25 

ml/min intermittently to enhance the flow of vapour, produced inside the 

reactor. This vapour was passed through a condenser with the cold-water 

circulation at the temperature of 10°C. The operating pressure in the reactor 

during the experiment was maintained at 0.5 MPa. The condensed liquid was 

collected in a container at the end of the experiment. As the reactor cooled 

down to the room temperature, the conical head of the reactor was opened for 

collecting the char stored inside the reactor and the inner surface of the reactor 

was cleaned. The liquid yields of TTSD and RH pyrolysis were about 33.3 and 

35 wt.% respectively. These values are found to be relatively higher than few 

recently published articles [18, 22]. 

 

Fig. 1. Schematic diagram of lab scale pyrolysis plant. 

1: Cold water in, 2: Condenser, 3: Hot water out, 4: Bio-oil container, 5: Pressure gauge, 6: 

Reactor, 7: Biomass feedstock, 8: Temperature sensor, 9: Furnace, 10: Power supply to the 

furnace, 11: Temperature controller, 12: Input power, 13: N2 cylinder, 14: Gas flowmeter. 

 

3.  Results and Discussion 

3.1.  Biomass characterisation  

The results obtained from proximate and elemental analysis of TTSD and RH are 

reported in Table 1 along with some other biomasses. The volatile matter in 

TTSD has been found to be higher than RH. The higher volatile matter is an 

indication of higher amount of cellulose and hemicellulose content in the 

biomass. Further, the amounts of volatile matters found in TTSD and RH are 

quite higher than the other biomasses as shown in Table 1. The fixed carbon 

amounts in both TTSD and RH are quite lower as compared to all the biomasses. 

This result confirms the presence of lower amount of lignin in TTSD and RH. The 

ash contents of TTSD and RH are found to be within the range of other 

biomasses, and thus these biomasses can be considered as the suitable feedstocks 

for bio-oil production. The calorific values of TTSD and RH are found to be 
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similar to many other biomasses such as rice straw, bamboo sawdust, rapeseed 

cake, etc. [1, 5, 15, 20, 23-25]. The variation of calorific values in the biomasses 

is due to the type of biomass, amount of moisture, oxygen, carbon and hydrogen 

contents as seen in Table 1. 

Table 1. Proximate and elemental analysis of TTSD and RH. 

 

 
Rice 
husk 

[15] 

Rice 
straw 

[15] 

Sweet 

sorghum 

bagasse 
[1] 

RH 
(this 

study) 

Soybean 

[23] 

Pine 

saw 

dust 
[5] 

TTSD 
(this 

study) 

Mesquite 
saw dust 

[5] 

Wheat 
shell 

[5] 

Moisture 

(wt%) 

1.3 4.1 4.17 9.34 9.5 10.2 10.05 12.5 18.8 

Volatile 

matter 

(wt%)db 

69.3 74.3 76.33 78.59 69.28 wb -- 94.92 -- -- 

Fixed 

carbon 

(wt%)db 

16.8 16 15.98 8.71 14.92 wb -- 2.98 -- -- 

Ash 

(wt%)db 

13.9 9.8 3.53 12.7 6.30 wb 0.3 2.10 0.6 5.4 

Calorific 
value 

(MJ/kg) 

16.8 18.6 18.57 17.05 18.17 15.4 16.45 15.4 14.1 

Elemental analysis (wt%) 

C  50.4 54.3 45.71 39.19 41.7 51.6 51.76 53.0 46.8 
H  6 5.7 5.80 5.98 6.17 5.2 7.55 4.8 6.0 

N  0.9 1.6 0.33 0.97 7.14 -- 0.87 0.6 3.4 

O (by 
difference)  

42.6 38.4 48.16 53.86 44.99 43.2 39.82 41.6 43.8 

H/C -- -- 0.13 1.83 1.78 -- 1.75 -- -- 

O/C -- -- 1.05 1.03 0.81 -- 0.58 -- -- 

db: dry basis, wb: wet basis 

The TGA profiles of TTSD and RH are shown in Fig. 2. In both the samples, 

the moisture removal from the biomasses can be seen within 100°C. However, 

minor weight losses can be observed up to about 250°C in the RH profile, which 

is assumed to be due to the evaporation of moisture and volatile matters as well as 

the decomposition of hemicellulose. In TTSD, no significant weight loss is 

observed up to 200°C. The major weight losses, i.e., approximately 50 wt% 

TTSD and 44 wt% RH are observed within the temperature of 250-350°C. This 

can be observed by the sharp decrease of the TG curves.  

The patterns of the TG profiles found in this study are quite similar to the TG 

profiles of bamboo saw dust and rice straw [20]. These major weight losses 

indicate the decomposition of hemicellulose and cellulose. The weight loss up to 

250°C as shown by TGA curves (Fig. 2.) indicates the decomposition of 

hemicellulose and the weight loss between 250-350°C is due to decomposition of 

cellulose. The further weight loss after 350°C as seen in the TG profiles indicates 

the decomposition of lignin content in the biomass [20]. The cellulose is a 

polysaccharide in which D-glucose is uniformly linked with ß-glycosidic bonds. 

It has the crystalline structure and offers great resistance to acids and alkalis. The 

hemicellulose is also a polysaccharide whose degree of polymerization is higher 

than cellulose and smaller in size and therefore, it decomposes at low temperature 

such as 250°C as compared to cellulose. 
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Since lignin consists of benzene rings, it is more aromatic as compared to 

cellulose and hemicellulose, and therefore, it requires more thermal energy in 

order to break the bonds and found to be decomposed in a broad higher 

temperature region [26, 27].
 
This is an agreement of the result of proximate 

analysis with higher volatile matters, as the volatile matters are derived from 

cellulose and hemicellulose which are likely to convert into bio-oil [14]. The 

remaining solid products of TTSD and RH are about 21 wt% and 27 wt% 

respectively and thus it can be concluded that pyrolysis was almost completed at 

450°C [21]. TTSD and RH can be considered as softwood biomasses, as the 

maximum thermal decomposition in both the biomasses occurs at low 

temperature [28]. From the TG analysis, the minimum pyrolysis temperature 

requirement for TTSD and RH can be considered as 350°C, as about 70% of the 

biomass weight was found to be lost within this temperature. 

 

Fig. 2. TGA of TTSD and RH. 

3.2.  Bio-oil characterisation 

The results of elemental analysis and the physical properties of TTSD and RH 

pyrolysis oils are shown in Table 2. The calorific value of the rice husk (RH) bio-

oil in the present work has been found to be slightly better than the previously 

reported value by Pattiya and Suttiback [15]. The calorific value of bio-oil of 

TTSD is higher than RH as well as some other bio-oils as seen in Table 2. 

However, TTSD and RH bio-oils have lower calorific values than the rapeseed 

cake and soybean bio-oils (Table 2). This is possibly due to high water content in 

the raw biomass and bio-oil, high oxygen content and low carbon content in the 

bio-oil. In general, as the oxygen and water content in the bio-oil increases, the 

calorific value decreases as seen clearly in Table 2. However, the water content 

reduces the viscosity of the bio-oil and helps in atomization and combustion [10]. 

The atomic ratios, i.e., H/C and O/C, in TTSD and RH bio-oils are found to be 

within the range of other bio-oils as shown in Table 2. It can be observed that the 

H/C and O/C ratios in both TTSD and RH have decreased from the feedstock to 

bio-oil, (see Tables 1 and 2) and this indicates the production of less oxygenated 

and more carbonaceous liquid fuel. The flash points of TTSD and RH bio-oils 

ranged between 63-90°C, which is a good agreement with some previous 

publications [23, 25, 29].  
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The pH value of the bio-oils shown in Table 2 indicates that the bio-oil of RH 

is less acidic than TTSD. However, the pyrolysis oils derived from lignocellulosic 

biomasses are generally acidic in nature [15]. This acidic nature of the pyrolysis 

oils with low pH values indicates the presence of significant amount of acid 

contents such as carboxylic acids. Further, the pH value of RH and TTSD bio-oils 

are quite comparable with all other bio-oils, except wheat shell, as shown in Table 

2. The pH values of the bio-oils found in the present work are slightly higher than 

the bio-oil obtained from Pine saw dust, e.g., 2.5 [30]. 

The kinematic viscosities of the RH and TTSD pyrolysis oils measured at 40°C 

and 60°C are reported in Table 2. The decrease of viscosity in RH and TTSD bio-

oils with increase of temperature followed the similar pattern, as observed by Qiang 

et al. [9]. The viscosity of the bio-oils in the present study was found to be lower 

than most of the previously produced bio-oils as reported in Table 2. This lower 

viscosity is the result of higher amount of water content in the bio-oil. From Table 

2, it is seen that, the density of the TTSD and RH bio-oils are consistent with the 

range of other bio-oils, e.g., 964-1300 kg/m
3
 as found elsewhere [16, 17, 25, 31]. 

The shape, position and intensity of the peaks found in FTIR spectrum, reveal 

the functional group and structure of the compounds present in the pyrolysis oil. 

The IR spectrum of TTSD and RH pyrolysis oils are plotted in Fig. 3. The broad 

band in the frequency range 3600-3200 cm
-1

 (about 3440 cm
-1

), in both TTSD and 

RH bio-oils represents the polymeric O–H, water, phenol and alcohol with O–H 

stretching vibration [9, 32]. The peak found within 1750-1650 cm
-1

 indicates the 

presence of carboxylic acid (C=O stretching vibration together with C–H 

stretching vibrations), which contains carboxyl and hydroxyl functional groups 

[33]. The presence of olefinic compounds such as aromatic hydrocarbons, phenols 

and esters can be identified with C=O stretching vibration absorption at 1643 cm
-1

 

[1]. The C–H bending vibrations within 1465-1380 cm
-1

 (at 1388 cm
-1

) indicate 

the presence of compounds with alkane groups in the pyrolysis oils [34].  

 

Fig. 3. FTIR of TTSD and RH pyrolysis oil. 
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Table 2. Physical properties of TTSD and RH pyrolysis oil. 

Properties 

Wheat 

shell 

[5] 

Sweet 

sorghum 

bagasse 

[1] 

Rice 

husk 

[15] 

RH 

(this 

study) 

Rice 

straw 

[15] 

Sugarcane 

bagasse 

[29] 

TTSD 

(this 

study) 

Rapeseed 

cake [24] 

Soybean 

[23] 

Higher 
calorific 

value, as 

produced 
basis 

(MJ/kg) 

6.02 12.39 19.4 20.01 22.1 22.4 23.41 26.7 33.6 

Elemental analysis (wt%) 

C 69.9 22.08 58.9 61.05 64.1 54.6 65.08 63.56 67.89 
H 9.7 6.52 7.0 5.97 7.6 6.45 7.19 8.89 7.77 

N 11.5 0.21 0.9 0.91 0.8 0.73 0.89 3.6 10.84 

O (by 
difference

) 

8.8 71.2 33 32.07 27.3 38.07 26.84 23.74 13.5 

H/C 1.90 0.3 1.2 1.37 1.4 -- 1.46 1.68 1.37 
O/C 0.07 3.22 0.5 0.59 0.3 -- 0.42 0.28  

Flash 

point 
-- -- -- 72 -- <90 70 83 63 

pH 6 2.84 2.9 3.4 3.4 2.7 2.8   

Kinematic viscosity (cSt) 

at 40°C  1.89 10.3 8.1 13.3 26.7 7.6   

at 60°C  1.23  6.8  11.2 6.9   
Density (kg/m3) 

at 40°C    1180  1195 1200   

at 60°C    1168  1180 1190   
Water 

content 

(wt%) 

84.4 56.29 23.46 23.22 22.14 13.8 24.45 0.001 0 

The absorptions occurred between 1300-900 cm
-1

 in both the pyrolysis oils are 

possibly due to C–O vibrations of carbonyl components such as alcohols, esters, 

carboxylic acids or ethers, whereas absorption at 1278 cm
-1

 can be assigned        

to –C–O–C– for ethers [35]. The peaks found within the band of 1500-1000 cm
-1

 

(centred at 1050 cm
-1

) in TTSD confirm the presence of esters, primary, 

secondary and tertiary alcohol with C–O stretching vibration. However, no such 

peak was observed in that region in case of RH bio-oil. 

 

4.  Conclusions 

Teak tree saw dust (TTSD) is the new biomass which was taken in this study for 

production of bio-oil and the characteristics of the bio-oil are consistent with and in 

some cases better than the bio-oils produced from other biomasses. Some 

characteristics of the RH bio-oil in this study are better than the previously 

produced RH bio-oil such as calorific value, pH and viscosity. Further, the study 

reveals that the TTSD and RH biomasses are mainly composed by cellulose and 

hemicellulose as well as small amount of lignin. The decomposition of the 

biomasses almost completed at around 450-500°C and thus pyrolysis temperature 

for the experiment was set at 450°C. The calorific values of TTSD and RH bio-oils 

were higher than some other bio-oils, although it is not enough for direct use as 

engine oil, and therefore certain necessary upgradations are required. Due to higher 

amount of oxygen and water contents, the calorific values of the bio-oils were found 

to be lower. Both the bio-oils were acidic nature due to low pH value (i.e., 2.8 and 
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3.4). Similar to other pyrolysis oils, the TTSD and RH bio-oils also contain 

carboxylic acids and alcohols due to pyrolysis of cellulose and hemicellulose and 

less aromatic hydrocarbons due to less pyrolysis of lignin. 

 

Acknowledgement  

The authors highly acknowledge Tezpur University for the financial support to 

develop the lab scale pyrolysis experimental setup for performing the experiments 

and using various laboratory instruments. 

 

References 

1. Yin, R.; Liu, R.; Mei, Y.; Fei, W.; and Sun, X. (2013). Characterization of 

bio-oil and bio-char obtained from sweet sorghum bagasse fast pyrolysis with 

fractional condensers. Fuel, 112, 96-104. 

2. Mukherjee, A.; and Lal, R. (2013). Biochar impacts on soil physical properties 

and greenhouse gas emissions. Agronomy, 3(2), 313-339. 

3. Yanik, J.; Kommayer, C.; Saglam, M.; and Yuksel, M. (2007). Fast pyrolysis 

of agricultural wastes: characterization of pyrolysis products. Fuel Processing 

Technology, 88(10), 942-947. 

4. Bridgwater, A.V. (1999). Principles and practice of biomass fast pyrolysis 

processes for liquids. Journal of Analytical and Applied Pyrolysis, 51(1-2), 3-22. 

5. Bertero, M.; Puente, G.; and Sedran, U. (2012). Fuels from bio-oils: Bio-oil 

production from different residual sources, characterisation and thermal 

conditioning. Fuel, 95, 263-271. 

6. Czernik, S.; and Bridgwater, A. (2004). Overview of applications of biomass 

fast pyrolysis oil. Energy and Fuels, 18(2), 590-598. 

7. Gayubo, A.G.; Valle, B.; Aguayo, A.T.; Olazar, M.; and Bilbao, J. (2009). 

Attenuation of catalyst deactivation by coffeeding methanol for enhancing the 

valorisation of crude bio-oil. Energy and Fuels, 23(8), 4129-4136. 

8. Bridgwater, A.V. (2004). Biomass fast pyrolysis. Thermal Science, 8(2), 21-49. 

9. Qiang, L.; Lai, Y.X.; and Feng, Z.X. (2008). Analysis on chemical and 

physical properties of bio-oil pyrolyzed from rice husk. Journal of Analytical 

and Applied Pyrolysis, 82(2), 191-198. 

10. Qi, Z.; Jie, C.; Tiejun, W.; and Ying, X. (2007). Review of biomass 

pyrolysis oil properties and upgrading research. Energy Conversion and 

Management, 48(1), 87-92. 

11. Bridgwater, A.V.; and Peacock, G.V.C. (2000). Fast Pyrolysis process for    

biomass. Renewable and Sustainable Energy Reviews, 4(1), 1-73. 

12. Akhtar, J.; and Amin, N.S. (2012). A review on operating parameters for 

optimum liquid yield in biomass pyrolysis. Renewable and Sustainable 

Energy Reviews, 16(7), 5101-5109.  

13. Aylon, E.; Fernandez Colino, A; Navarro, M.V.; Murillo, R.; Garcia, T., 

Mastral, A.M. (2008). Waste tyre pyrolysis: comparison between fixed bed 

reactor and moving bed reactor. Industrial and Engineering Chemistry 

Research, 47(12), 4029-4033.  



252       M. Bardalai and D. K. Mahanta 

 
 
Journal of Engineering Science and Technology          January 2018, Vol. 13(1) 

 

14. Asadullah, M.; Rahman, M.A.; Ali, M.M.; Rahman, M.S.; Motin, M.A.; 

Sultan, M.B.; and Alam, M.R. (2007). Production of bio-oil from fixed bed 

pyrolysis of bagasse. Fuel, 86(16), 2514-2520. 

15. Pattiya, A.; and Suttibak, S. (2012). Influence of glass wool hot vapour filter 

on yields and properties of bio-oil derived from rapid pyrolysis of paddy 

residue. Bioresource Technology, 116, 107-113. 

16. Ji-lu, Z. (2007). Bio-oil from fast pyrolysis of rice husk: Yields and related 

properties and improvement of the pyrolysis system. Journal of Analytical 

and Applied Pyrolysis, 80(1), 30-35. 

17. Feng, Z.X.; Ji-lu, Z.; Xiang, G.Q.; and Shi. Z.Q. (2006). Pyrolysis of rice 

husk and saw dust for liquid fuel. Journal of Environmental Science, 18(2), 

392-396. 

18. Kumar, P.; Kumar, P.; Rao, P.V.C.; Chaudary, N.V.; and Sriganesh, G. 

(2017). Saw dust pyrolysis: effect of temperature and catalysts. Fuel, 199, 

339-345.  

19. Gidde, M.R. and Jivani, M.P. (2007). Waste to wealth-Potential of rice husk 

in India A literature review. Proceedings of the International Conference on 

Cleaner Technologies and Environmental Management. Pondicherry, India, 

586-590. 

20. Jung, S.H.; Kang, B.S.; and Kim, J.S. (2008). Production of bio-oil from rice 

straw and bamboo sawdust under various reaction conditions in a fast 

pyrolyis plant equipped with a fluidized bed and a char separation system. 

Journal of Analytical and Applied Pyrolysis, 82(2), 240-247.  

21. Gang, X.; Ming-jiang, N.; He, H.; Yong, C.; Rui, X.; Zha-ping, Z.; and Ke-

fa, C. (2007). Fluidised bed pyrolysis of waste bamboo. Journal of Zhejiang 

University. Science A, 8(9), 1495-1499.  

22. Huang A.N.; Hsu, C.P.; Hou, B.R.; and Kuo, H.P. (in press). Production and 

separation of rice husk pyrolysis bio-oils from a fractional distillation 

column connected fluidized bed reactor. Powder Technology. 

23. Sensoz, S.; and Kaynar I. (2006). Bio-oil production from soybean (Glycine 

max L.); fuel properties of Bio-oil.  Industrial Crops and Products, 23(1), 

99-105. 

24. Sundaram, E.G.; and Natarajan, E. (2009). Pyrolysis of coconut shell: An 

experimental investigation. The Journal of Engineering Research, 6(2), 33-39. 

25. Çulcuoğlu, E.; Ṻnay, E.; Karaosmanoğlu, F.; Angin, D.; and Şensöz, S. 

(2005). Characterization of bio-oil of Rapeseed cake. Energy Sources, 

27(13), 1217-1223. 

26. Sharma, R.K.; Wooten, J.B.; Baliga, V.L.; Lin, X.; Chan, W.G.; and 

Hajaligol, M.R. (2004). Characterization of chars from pyrolysis of lignin. 

Fuel, 83(11-12), 1469-1482. 

27. Gani, A.; and Naruse, I. (2007). Effect of cellulose and lignin content on 

pyrolysis and combustion characteristics for several types of biomass. 

Renewable Energy, 32(4), 649-661. 

28. Greenhalf, C.E.; Nowakowski, D.J.; Harms, A.B.; Titiloye, J.O.; and 

Bridgwater, A.V. (2013). A comparative study of straw, perennial grasses 

and hardwoods in terms of fast pyrolysis products. Fuel, 108, 216-230. 



Characterisation of Pyrolysis Oil Derived from Teak Tree Saw Dust . . . . 253 

 
 
Journal of Engineering Science and Technology          January 2018, Vol. 13(1) 

 

29. Pèrez, M.G.; Chaala, A.; and Roy, C. (2002). Vacuum pyrolysis of sugarcane 

bagssse. Journal of Analytical and Applied Pyrolysis, 65(2), 111-136. 

30. Suttibak, S., Sriprateep, K. and Pattiya, A. (2015). Production of bio-oil 

from Pine sawdust by rapid pyrolysis in fluidized-bed reactor. Energy 

Sources, Part A: Recovery, Utilization, and Environmental Effects, 37(13), 

1440-1446. 

31. Sipilä, K.; Kuoppala, E.; Fagernäs, L.; and Oasmaa. A. (1988). 

Characterisation of biomass-based flash pyrolysis oils. Biomass and 

Bioenergy, 14(2), 103-113. 

32. Ateş, F.; Pütün, E.; and Pütün, A.E. (2004). Fast pyrolysis of sesame stalk: 

yields and structural analysis of bio-oil. Journal of Analytical and Applied 

Pyrolysis, 71(2), 779-790. 

33. Li, L.; Zhang, H.; and Zhuang, H. (2005). Pyrolysis of waste paper: 

Characterisation and composition of pyrolysis oil. Energy Sources, 27(9), 

867-873. 

34. Pütün, A.E.; Özcan, A.; and Pütün, E. (1999). Pyrolysis of hazelnut shells in 

a fixed bed tubular reactor: yields and structural analysis of bio-oil. Journal 

of Analytical and Applied Pyrolysis, 52(1), 33-49. 

35. Tsai, W.T.; Lee, M.K.; and Chang, Y.M. (2006). Fast pyrolysis of rice 

straw, sugarcane bagasse and coconut shell in an induction-heating reactor. 

Journal of Analytical and Applied Pyrolysis, 76(1-2), 230-237. 


