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Influence of Carbonization Temperature on
Physicochemical Properties of Biochar derived from
Slow Pyrolysis of Durian Wood (Durio zibethinus)
Sawdust
Zaira Z. Chowdhury,a,* Md. Ziaul Karim,a Muhammad Aqeel Ashraf,b,c,* and
Khalisanni Khalid d
The objective of this study was to explore the influence of pyrolysis
temperature on the physicochemical properties of biochar synthesized
from durian wood (Durio zibethinus) sawdust. Surface morphological
features, including the porosity and BET surface area of biochars,
provide appropriate dimensions for growing clusters of microorganisms
with excellent water retention capacity in soil. Oxygen-containing surface
functional groups play a vital role in improving soil fertility by increasing
its cation and anion exchange capacities with reduced leaching of
nutrients from the soil surface. Biochar was produced via slow pyrolysis
of woody biomass (WS) using a fixed bed reactor under an oxygen-free
atmosphere at different pyrolysis temperatures (350, 450, and 550 °C).
The biochars obtained were characterized using ultimate and proximate
analyses, Brunauer-Emmett-Teller (BET) surface area, field-emission
scanning electron microscopy (FE-SEM), Fourier transform infrared
spectroscopy (FTIR), and X-ray diffraction (XRD). The yield of biochar
decreased from 66.46 to 24.56%, whereas the BET surface area
increased sharply from 2.567 to 220.989 m2/g, when the pyrolysis
temperature was increased from 350 to 550 °C. The results highlighted
the effect of pyrolysis temperature on the structure of the biochar, which
could be advantageous for agricultural industries.
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INTRODUCTION
Thermochemical transformation of lignocellulosic residues using combustion, fast
pyrolysis, and slow pyrolysis in conjunction with gasification techniques has received
increasing research attention. These techniques are simple and flexible in converting
biomass wastes into value-added chemicals and fuels (Yanik et al. 2007). Among these
processes, slow pyrolysis has been used extensively to obtain syngas, liquids, and solid
fractions of biochar due to its moderate operating conditions (Chowdhury et al. 2013; Xie
et al. 2015). Biochar is a stable, recalcitrant, organic carbonaceous compound that can be
procured from a variety of feedstocks such as lignocellulosic biomass, manure, and
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municipal solid waste. Despite the relatively recent introduction of the term “biochar”,
versatile applications of charred materials have been identified due to their unique
physiochemical properties (e.g., high surface area, porosities, surface functional groups,
and sorption capacities). It contains polycyclic aromatic hydrocarbon with an array of
different functional groups. The surface of the biochar can exhibit hydrophilic,
hydrophobic, acidic, and basic properties. It was observed that the pyrolysis temperature
can greatly affect the extent of humic and fulvic acid in biochar derived from Eucalyptus
wood (Trompowsky et al. 2005).
The physiochemical properties and compositions of biochar vary sharply based on
the feedstock and the experimental conditions (Arash Arami-Niya et al. 2012, Bridgwater
et al. 1999; Bahng et al. 2009; Brewer et al. 2009). Different types of lignocellulosic
residues, including woody biomass (Abdullah and Wu 2010), wheat (Chun et al. 2004),
rice straw (Peng et al. 2011), corn cob (Feng et al. 2012), and sugar beet tailings (Yao et
al. 2011), have been used to synthesize biochar. Due to variation in carbon and lignin
contents of different types of lignocellulosic materials, the yield of biochar produced
from a given quantity of biomass varies greatly; the highest yield was obtained from
woody biomass (Xie et al. 2015). Careful selection of the reaction conditions for
thermochemical processes can transform compact, heterogeneous forms of
lignocellulosic biomass into advantageous forms tailored to the user’s requirements
(Abdul Hamid et al. 2014). Design of the pyrolysis reactor, biomass composition,
reaction parameters (including temperature, time, heating rate, catalyst type, and
pressure), and the physical characteristics of biomass residues in terms of particle size
and porosity have robust influences on the yield and physiochemical characteristics of
biochar (Bridgwater et al. 1999). The mechanism of biochar formation from biomass is
complicated. However, the following three steps were suggested to describe the reaction
mechanism of char formation by previous researchers (Demirbas 2004),
1st step: Biomass
2nd step: Unreacted residue
(2)
3rd step: (Char)1
(3)

Water + Unreacted residue

(1)

(Volatile + Gases)1 + (Char)1
(Volatile + Gases)2 + (Char)2

The biochar sample produced in the second stage undergoes further
decomposition to yield carbonaceous residual solids through chemical changes in the
biochar. Because of its wide range of applications, it has received significant research
attention recently. Biochar can potentially be used as a carbon sequestration agent as well
as a natural fertilizer to amend soil properties (Brewer et al. 2009). Biochar contains
calcium, potassium, phosphorus, magnesium, and other elements that can act as liming
agents for acidic soil. It improves nutrient holding capacity, water retention, the pH of the
soil, and crop yield (Chan et al. 2008; Zweiten et al. 2010). Furthermore, it decreases the
bioaccumulation of metallic cations and organic contaminants in the soil and adsorbent
for waste water treatment (Zwieten et al. 2010, Masulili et al. 2010; Jones et al. 2011a,b,
2012). It can improve the quality of the soil by changing the microbial community (Jones
et al. 2011a,b). Application of biochar is considered an effective means to sequester
atmospheric carbon while concurrently producing carbon-negative energy and improving
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soil properties (Brewer et al. 2009). Therefore, detailed information concerning the
properties of biochar is valuable.
Durian (Durio zibethinus) is a seasonal fruit that grows abundantly in Southeast
Asian countries. It is a tropical fruit and belongs to the Bombaceae family and Durio
genus (Jun et al. 2010). It is often referred to as the “King of Fruits”. Durio zibethinus is
commercially grown in Malaysia. Statistics show that the total production of durian in
Malaysia was approximately 376,273 metric tons in 2008 (Department of Agriculture
Malaysia 2009). Prior to this study, no research has been conducted regarding the
synthesis of biochar from durian wood sawdust using a slow pyrolysis technique. The
purpose of this study was to investigate the properties of biochar produced under various
pyrolysis temperatures using a fixed bed reactor. The present experimental work focused
on important biochar properties including its elemental composition, crystallinity,
structural changes, and morphology. The future perspective of this work is to apply the
prepared biochar as a soil amending agent and an adsorbent material in single and multilab-scale and industrial-scale solute systems.

EXPERIMENTAL
Preparation of Biochar
The starting lignocellulosic material, durian wood sawdust, was collected from a
local sawmill in Malacca, Malaysia. The wood chips were ground and sieved. The
material was passed through a 50-mesh screen to remove large lumps. The average
particle size of the wood sample was kept at approximately 0.7 to 0.8 mm. The ground
wood was dried at 110 °C for 24 h and stored in a sealed container before initial
characterization.
The sample was pyrolyzed from room temperature to the desired temperature
using a heating rate of 10 °C/min. The pyrolysis process was carried out using a tube
furnace with continuous nitrogen gas purging at a flow rate of 30 mL/min. The design of
the fixed-bed reactor used in this research was described in previous works (Chowdhury
et al. 2012a, b). Biochar samples were prepared at 350, 450, and 550 °C with a residence
time of 3 h. The biochars obtained were labeled, according to the heating temperatures, as
B-350, B-450, and B-550.
Analytical Methods
The raw samples and prepared biochar samples were characterized with a CHN
elemental analyzer (PerkinElmer-2400, Tokyo, Japan). Thermogravimetric analysis
coupled with a differential thermal analyzer (DTA) (Mettler Toledo Star SW901) was
carried out to determine the thermal stability of the samples under 10 mL/min nitrogen
flow. In the thermogravimetric analysis (TGA), 5 mg of each sample was heated to
1100 °C under a heating rate of 10 °C/min. Ultimate analysis was carried out using the
Elemental Analyzer (PerkinElmer, Series II 2400) to evaluate the percentage of carbon,
hydrogen, and nitrogen in WS, B-350, B-450, and B-550.
The pH of the biochar was determined according to Novak et al. (2009). To
begin, 2 g of biochar was shaken with 40 mL deionized water for 30 min. The sample
was allowed to settle for 15 min before recording the pH using pH electrode 827 pH Lab
(Metrohm, USA). Biochar was shaken with deionized water for 24 h, during which the
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solid solution ratio was kept at 1:10. The electrical conductivity was measured using a
conductimeter (Jenway 4510, UK). The cation exchange capacity (CEC) of biochar was
measured by the ammonium acetate (NH4OAC) extraction methods (Song and Guo 2012;
Melo et al. 2013). Then 40 mL of 1 M NH4OAC was agitated with 0.5 g of biochar in a
50-mL glass centrifuge tube at room temperature for 20 min. The resultant mixture was
transferred onto a 0.45 µm glass fiber filter under vacuum. The biochar remaining on the
filter was further washed with two 20-mL portions of 1 M NH4OAC, followed by three
30-mL portions of isopropanol. The biochar was then rinsed with four 50-mL portions of
1 M KCl. The rinsate was collected in the vacuum flask and the volume was made up to
250 mL using deionized water. NH4+ ions concentration was measured by the Kjeldahl
method (Melo et al. 2013). The CEC (mmolc kg−1) of biochar was calculated by
normalizing the amount of NH4+ in the rinsate with the biochar mass (0.5 g).
X-ray diffraction (XRD) patterns of the raw samples and biochars were examined
using a D5005 apparatus (Bruker, Germany) at 40 kV and 40 mA with a Cu-Ka radiation
source. A continuous 2 scan mode from 5 to 60 was applied for high degree scanning
at step size of 0.02 and step time of 2 s. A scanning electron microscope (SEM, Model
Leo Supra 50VP Field Emission, UK) was used to evaluate the morphological features
of the biochars prepared from raw wood samples. The Brunauer-Emmett-Teller (BET)
surface area, pore volume, and pore size distribution of the prepared char samples
were analyzed with an Autosorb 1 Quantachrome Autosorb automated gas sorption
system. The char samples were outgassed under vacuum at 400 °C for 6 h to eliminate
residual moisture before nitrogen gas adsorption. The BET equation was used to
calculate the surface area of the biochar. The surface functional groups of the biochar and
raw wood sawdust were determined by FT-IR, in which the test samples were prepared
by mixing the biochar with KBr at a fixed ratio to fabricate a translucent disc. The FT-IR
spectra were recorded in the range of 400 to 4000 cm-1.
RESULTS AND DISCUSSION
Effect of Temperature on Yield Percentages
The yield of biochar decreased as the pyrolysis temperature was increased from
350 to 550 °C, as illustrated by Table 1. The biochar yield decreased from 66.56 to
24.46%. Usually, at lower temperatures, the primary thermal degradation of
lignocellulosic biomass occurs. After that, subsequent increases in the temperature further
crack the volatile materials into low-molecular weight organic compounds and gases
rather than biochar (Thangalazhy-Gopakumar et al. 2010). Increasing the temperature
would enhance the dehydration and elimination reactions, decreasing char yield (Bacaoui
et al. 2001; Lua and Yang 2004; Adinata et al. 2007). The observed decrease in biochar
yield with increasing temperature is consistent with other literature regarding the
pyrolysis of woody biomasses (Wang et al. 2009, Garcia-Perez et al. 2008; DeSisto et al.
2010; Keiluweit et al. 2010).
Effect of Temperature on Physiochemical Properties of Biochar
Proximate and ultimate analysis of raw wood and biochars
The elemental composition of the raw biomass and biochar samples investigated
are presented in Table 1. The carbon content in the samples increased from 3.38 to
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70.89% with increasing pyrolysis temperature. However, the hydrogen and oxygen
contents decreased successively with increasing temperature. This implies that the degree
of carbonization was enhanced by increasing the pyrolysis temperature (Chun et al. 2004;
Chen et al. 2012). The reduction of the hydrogen and oxygen contents at higher
temperatures was due to the cleavage of weak bonds inside the biochar matrix (Demirbas
2004).
Table 1. Proximate and Ultimate Analyses of Wood Sawdust (WS) and Biochar

WS
B-350
B-450
B-550

Yield Proximate Analysis (wt. %)
(%)
Water
Volatile Fixed
Content Matter
Carbon
66.56
41.22
24.46

8.07
4.58
3.05
1.57

78.88
45.88
22.77
6.77

3.38
36.88
55.88
70.89

Ash

Ultimate Analysis (wt. %)
C
H
N
O

H/C

O/C

C/N

9.67
12.66
18.30
20.77

33.77
40.88
52.99
75.99

0.23
0.18
0.15
0.04

1.44
1.11
0.74
0.30

7.98
27.8
128.9

11.40
8.35
6.01
1.02

6.06
5.12
2.01
0.55

48.77
45.65
38.99
22.44

pH

EC
dS/m

CEC
mmolckg-1

6.1
6.4
6.8

0.76
0.89
0.98

27
25
22

Figure 1 is a Van Krevelen plot showing the H/C and O/C atomic ratios in terms
of pyrolysis temperature. The H/C and O/C ratios are calculated to evaluate the degree of
aromaticity and carbonization inside the biochar samples (Krull et al. 2009). Significant
decreases in the H/C and O/C atomic ratios were observed compared to the raw saw dust
sample with increased pyrolysis temperature.
0.25
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0.20
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B-450
0.15

Ratio of H/C

Sample
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B-550
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Ratio of C/O

Ratio of O/C

Fig. 1. Comparison of Van Krevelen plots of wood sawdust (WS) and biochars produced at
various temperatures (B-350, B-450 and B-550)

Lower O/C ratios in biochar produced at higher temperature increases its stability
in the environment (Melo et al. 2013). The raw wood sawdust had relatively high H/C
atomic ratio, reflecting low aromaticity compared to that of the biochar samples. Woody
biomass pyrolyzed at lower temperature contained some carbohydrates. Thus, the H/C
and O/C ratios were higher for B-350 than B-450 and B-550. This is due to increased rate
of dehydration, decarboxylation, and decarbonylation of the sample with increased
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temperature (Tang and Bacon 1964; Kim et al. 2011). At higher temperature, plant based
biomass undergoes dehydration and depolymerization reactions to form volatile lignin
and cellulose which condensate subsequently to yield graphitic structure inside the
biochar matrix (Melo et al. 2013). These results indicated that at elevated temperature,
more recalcitrant carbon structure was formed inside the biochar matrix. A similar
observation was reported earlier for preparation of graphitic black carbon, switch grass,
and pine wood biochar (Schmidt and Noack 2000; Kim et al. 2011). The C/N ratio was
also increasing with increasing temperature. The C/N ratio obtained for B-450 and B-550
were greater than 20. This indicated that the wood derived biochar had good potential for
net N immobilization in the soil (Stevenson and Cole 1999; Fungai et al. 2013).
Table 1 shows the proximate analyses of raw biomass and the biochar samples.
Results demonstrated that the fixed carbon contents of the biomass increased following
pyrolysis. The carbon content increased with increasing pyrolysis temperature. The ash
content reflects the extent of non-volatile and non-combustible matters in biochar (Angin
2013). The ash contents of the biochar samples were also higher than in the raw biomass.
Compared to B-350, the B-450 and B-550 contained more ash and fixed carbon, whereas
their volatile component content decreased with increasing temperature. A similar trend
was followed during carbonization of safflower seed press cake based biochar (Angin
2013).
Thermogravimetric analyses (TGA) of the raw biomass and biochars were
performed to better understand the thermal stability of the samples. Figures 2(a) and 2(b)
show the TG curves and differential calculations of the weight loss (DTG) of the
biochars. The weight loss in the TG/DTG curves observed for the raw biomass indicated
water loss up to 130 °C. After that, degradation of hemicelluloses and cellulose took
place at 200 to 300 °C and 300 to 400 °C, respectively.

100
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Raw Wood Sawdust (WS)
B-350
B-450
B-550
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40
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0

0
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Fig. 2. Thermogravimetric curves for wood sawdust (WS) and biochars produced at various
temperatures (B-350, B-450, and B-550)
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As shown by previous research, the degradation of hemicelluloses partially
overlaps with cellulose degradation in the biomass, and lignin degradation occurs within
the temperature range of 200 to 700 °C (Gronli et al. 2002; Putun et al. 2007). The
maximum weight loss of the biomass occurred at 359 °C, due to the thermal degradation
of cellulose. The degradation features of the prepared biochars were notably different
from one another. Relative to B-350, the B-450 and B-550 exhibited higher thermal
stability. As the temperature increased, the biochar contained more stable forms of carbon
that were more heat resistant. The mass loss for biochar prepared at different temperature
was less than the starting biomass itself. Mass losses of B-350, B-450, and B-550 at were
around 25.35%, 21.56%, and 19.79%, respectively. This trend was expected and was
observed previously for saw dust based biochar (Azargohar et al. 2014). The mass loss at
higher temperature is related to dehydrogenation and aromatization of char with
subsequent decomposition of inorganic element (Oja et al. 2006).

Deriv. Weight (%/OC)

-1.5

B-550
B-450
B-350
Raw Wood Sawdust (WS)

-1.0

-0.5

0.0

0

200

400

600

800

1000
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Fig. 3. Differential thermal gravimetric curves of wood sawdust (WS) and biochars produced at
various temperatures (B-350, B-450, and B-550)

The pH and electrical conductivity (EC) of the prepared biochar increased slightly
with increasing temperature. This is due to the presence of greater ash content in biochar
prepared at higher pyrolysis temperature (Melo et al. 2013). The EC values give measure
of the total water soluble ions (salinity). It can affect the plant growth negatively as it
tends to decrease water uptake by plant roots resulting reduced nutrient intake (Chan et
al. 2008). The biochar prepared here from wood sawdust (WS) had comparatively low
EC values.
It was reported earlier that EC values around 4 ds/m in soil water extract cause
salinity of the soil which is harmful for plant growth (Carrier et al. 2012). Thus the
biochar prepared here should not have significant negative impact on salinity of the soil.
The cation exchange properties (CEC) decreased with successive increase of temperature.
With increasing temperature O/C and H/C ratios were decreasing. The reduction of CEC
values may be due to reduction of oxygen containing functional groups (Singh et al.
2010; Song and Guo 2012; Mukherjee et al. 2011).
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SEM image analysis
Pyrolysis degrades cellulose, hemicellulose, and lignin within the biomass
sample. SEM images of the raw biomass and biochar samples obtained at different
temperatures are shown in Fig. 4. The surface morphology of the biomass changed
evidently following pyrolysis. The surface initially was comparatively smooth and
without pores, cracks, or crevices before pyrolysis. However, after pyrolysis at 350 °C,
the surface became uneven. Few pores were observed on the surface of the biochars
derived at lower temperatures (Fig. 4b). The biochar samples produced at lower
temperatures were blocked by volatile matter and ash (Fig. 4b), decreasing the porous
volume. However, the porosity of the biochar increased with increasing temperature.
After carbonization at 450 °C, the number of pores increased. Some large pores were
observed over the surface of B-550, containing some micropores inside them. The large
pores might be originated from the vascular bundles of the starting wood biomass (WS).
This phenomenon was earlier reported for producing biochar from bamboo at 500 °C
(Hernandez-Mena et al. 2014). The porous texture is beneficial for improving the soil
quality by providing habitats for symbiotic microorganisms (Thies and Rilling 2009).
This shows that thermal carbonization at 550 °C was effective in creating virtually welldeveloped pores on the surfaces of the biochar. The results were in agreement with the
preparation of palm shell based biochar (Arami-Niya et al. 20012). This observation is
consistent with the data reported in Table 2, in which the pore volume was almost 1.7
times higher for B-550 than B-450.
(a)

(b)

(c)

(d)

Fig. 4. SEM imagines of biomass and biochar: (a) wood sawdust; (b) B-350; (c) B-450; and (d) B550 (Magnification 12000 x, 20.0 kV, Low Vacuum)

BET surface area analysis
Table 2 summarizes the BET surface areas and total pore volumes of the biochar
samples B-350, B-450, and B-550.
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Table 2. BET Surface Area Analysis of Wood Sawdust and Biochar
Sample

BET Surface
Area
(m2/g)

External Surface
Area
(m2/g)

Total Pore
Volume x 10-3
(cc/g)

Average Pore
Diameter
(nm)

WS

1.384

1.006

0.789

1.787

B-350

2.567

2.009

4.543

6.098

B-450

45.78

42.89

5.786

8.098

B-550

221.0

209.6

8.587

12.78

It was observed that increasing the pyrolysis temperature from 350 to 450 °C
substantially increased the BET surface area. Furthermore, at a high temperature of
550 °C, the BET surface area increased considerably, to 221.0 m2/g. This was due to
incomplete carbonization at lower temperatures. This phenomenon was observed earlier
in the SEM images in which pores were blocked by deposition of tar-like substances and
ash residues. Further increases in the temperature, to 550 °C, facilitated the release of
volatile materials and created more pores, resulting in larger surface area. Greater surface
area is desirable because it aids in improving soil properties and increases water retention
capacity to a greater extent (Shaaban et al. 2013). It was reported that the biochars
derived from rice husk and empty fruit bunch by slow pyrolysis at 500 °C for 2 h had
BET surface areas of 230.91 and 15.42 m2/g, respectively (Claoston et al. 2014).
However, other literature reported that the BET surface areas of rice husk biochar and
elm biochar produced by slow pyrolysis at 500 °C for 4 h were 12.2 and 84.3 m2/g,
respectively (Wang et al. 2013). The surface areas of crop residue-based biochar samples
were increased from 116 to 438 m2/g with increases in the temperature from 400 to
600 °C (Chun et al. 2004), but decreased at 700 °C. The specific surface area of the
biochar is closely associated with the pyrolysis reactor type, temperature, time, flow rate,
and other parameters. A sudden increase in surface area was also observed for wood char
obtained from Birch pendula at a certain heating temperature previously (James et al.
2005). It was observed that the surface area was just 5.6 m2/g when carbonized at 600 °C,
but it increased drastically to 430 m2/g when heated at 700 °C (James et al. 2005).
Likewise, Pinus sylvestris based wood char had surface area of 3.6 m2/g at 450 °C which
was increased up to 320 m2/g at 500 °C (James et al. 2005).
Surface functional group (FTIR) analysis
Table 3 lists the functional groups present in the raw wood sawdust and biochar
samples obtained at different pyrolysis temperatures. The spectrum for the biochar
obtained at the lower temperature of 350 °C was somewhat similar to that of the raw
material. At higher temperatures, some peaks disappeared and the spectra became
simpler. This was attributed to the rupture of various functional groups with increasing
temperature. The peaks in the range of 474.02 to 579.54 cm were assigned to C-H out-ofplane bending and the O-H stretching vibrations of the C-O-H band. The peak around
1400 to 1550 cm−1 was due to the C=O stretching vibration of carboxylate groups. It was
reported previously that different types of oxygen-containing functional groups, which
existed in the raw pistachio nut shell, disappeared after thermal activation, initiating
aromatization inside the carbon structure (Yang and Lua 2003). A similar phenomenon
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was observed for raw date pits, which after activation lost aliphatic -C-H groups and
developed some aromatic C=C and oxygen groups (El-Hendawy 2005). A wide-ranging
band around 3550 to 3420 cm-1 was ascribed to the hydrogen bonded -OH stretching of
phenol (Ahmad et al. 2007). However, the intensities decreased significantly at higher
temperatures (550 °C). A similar observation was reported earlier as a result of the
dehydration of woody biomass and the cleavage of phenolic groups at temperatures
above 500 °C (Wang et al. 2013).
Table 3. Functional Groups of Wood Sawdust (WS) and Biochar Samples
Determined by the FTIR Analysis
Peak Number
WS

Frequency
B-350
B-450

B-550

1

474.02

-

436.45

446.25

2
3

538.40
913.89

549.26
-

569.66
-

579.54
-

4

-

-

1079.67

1088.64

5

-

1380.98

1390.99

1345.94

6

1590.58

1595.98

1599.87

1509.70

7
8

1668.75
-

1788.87

-

-

9

2335.25

-

-

-

10

2370.38

-

-

-

11
12

2870.67
2975.59

-

-

-

13

3390.77

3453.89

14

-

-

3514.67

3520.33

Assignment
C-H out-of-plane
bending of benzene
derivatives
C-H bending
O-H bending
C-O-C stretching of
esters, ethyl, or phenyl
group
CH3 deformation
C=C ring stretching of
benzene derivatives
C=O stretching
C=O stretching
C=C stretching
vibration of ketones,
aldehydes, or
carboxylic groups
C=C stretching
vibration of ketones,
aldehydes, or
carboxylic groups
C-H stretching
C-H stretching
O-H stretching
vibration of hydroxyl
functional groups
C-H out-of-plane
bending of benzene
derivatives

The peak observed in the raw sample at around 2800 to 2900 cm-1 was
disappeared following carbonization. The disappearance of the peak representing
aliphatic C-H stretching vibration (2975 to 2870 cm-1) suggests the loss of aliphatic
compounds during the pyrolysis process with development of additional recalcitrant,
aromatic constituents (Wang et al. 2013). The loss of -OH and C-H groups indicate the
formation of pores inside the biochar matrix with simultaneous development of fused ring
structures (Bagreev et al. 2001).The acidic group of C=O for lactone, at around
1788.87 cm-1 in B-350, disappeared for B-450 and B-550.
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X-Ray diffraction (XRD) analysis
The X-ray diffraction patterns of the raw wood biomass and biochar samples are
illustrated in Fig. 5. Two narrow, sharp peaks at 2θ values of around 16 and 22° for the
raw biomass were observed due to presence of crystalline cellulose in the wood sample
(Yang et al. 2007).

Intensity (a.u)

Raw Wood Sawdust (WS)

B-350

B-450

B-550

10

20

30

40

50

Bragge angle (2))

Fig. 5. X-ray diffractogram of raw wood sawdust (WS), B- 350, B-450, and B-550

For B-350, the intensities of these two peaks were decreased, demonstrating
partial cellulose degradation (Keiluweit et al. 2010). However, the crystalline cellulose
was totally destroyed at higher temperature. These two peaks were barely visible in the
spectra for B-450 and B-550. Higher pyrolysis temperatures yielded a broader peak at 2θ
values of around 22 to 24°. This indicated the development of atomic order in the
carbonized sample at higher temperatures (Keiluweit et al. 2010). The absence of sharp
peaks demonstrated the amorphous texture of the biochar sample (Tongpoothorn et al.
2011). It was reported previously that the formation of aromatic structures began after the
complete disintegration of the nanocomposite structure during the charring process (Paris
et al. 2005). The occurrence of a broad peak around 22 to 24° in the biochar prepared at
higher temperatures indicated the formation of a crystalline structure with improved layer
alignment (Yang and Lua 2006). Similar results have been reported for the carbonization
of Jatropha curcas and nut shell (Pechyen et al. 2007; Tongpoothorn et al. 2011).

CONCLUSIONS
1. Biochar yield decreased significantly, from 66.46 to 24.56%, when the pyrolysis
temperature was increased from 350 to 550 °C.
2. The physicochemical characteristics of the prepared biochar were functions of the
pyrolysis temperature. The degree of carbonization of the B-350, B-450, and B-550
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samples were enhanced with successive increases in the pyrolysis temperature from
350 to 550 °C.
3. Increasing the pyrolysis temperature significantly increased the carbon content and
reduced the oxygen and hydrogen contents of the biochar sample.
4. The BET surface area and the porosity of the biochar sample increased from 2.567 to
220.989 m2/g with increasing pyrolysis temperature.
5. With successive increase in temperature for char formation, the cation exchange
capacity (CEC) reduced slightly; whereas the electrical conductivity (EC) and pH
values increased with elevated temperature.
6. Acidic functional groups decreased and were largely replaced with basic groups such
as quinone on the surface of the biochar following to the carbonization process.
Increased basic functional groups can increase the pH of the soil. The future
perspective of this research is to apply the prepared biochar to acidic soil to enhance
its fertility and improve crop yield.

ACKNOWLEDGMENTS
The authors are grateful for the financial support of the BKP (BK054-2015) and
High Impact Research Grant (F-000032) of the University of Malaya, Malaysia for their
support in completing this work.

REFERENCES CITED
Abdullah, H., and Wu, H.W. (2010). “Biochar as a fuel: 1. Properties and grindability of
biochars produced from the pyrolysis of mallee wood under slow-heating conditions,”
Energy Fuels 23(8), 4174-4181. DOI: 10.1021/ef901435f
Abdul Hamid, S. B., Chowdhury, Z. Z., and Zain, S. M. (2014). “Base catalytic approach:
A promising technique for the activation of biochar for equilibrium sorption studies
of copper, Cu(II) ions in single solute system,” Materials 7(4), 1-7. DOI:
doi:10.3390/ma7042815
Adinata, D., Daud, M. A.W., and Aroua, M. K. (2007). “Preparation and characterization
of activated carbon from palm shell by chemical activation with K2CO3,” Bioresour.
Technol. 98(1), 145-149. DOI: 10.1016/j.biortech.2005.11.006
Ahmad, A. L., Loh, M. M., and Aziz, J. A. (2007). “Preparation and characterization of
activated carbon from oil palm wood and its evaluation on methylene blue
adsorption,” J. Dyes Pigments 75(2), 263-272. DOI: 10.1016/j.dyepig.2006.05.034
Angin, D. (2013). “Effect of pyrolysis temperature and heating rate on biochar obtained
from pyrolysis of safflower seed press cake,” Bioresour Technol, 128, 593-597.
DOI: 10.1016/j.biortech.2012.10.150.
Arash Arami-Niya, A., Abnisa,F., Shafeeyan, M. S., W. M. A. Wan Daud, W. M. A., and
Sahu, J. N. (2012). “Optimization of synthesis and characterization of palm shellbased bio-char as a by-product of bio-oil production process,” BioResources, 7(1),
246-264.
Chowdhury et al. (2016). “Sawdust slow pyrolysis,” BioResources 11(2), 3356-3372.

3367

PEER-REVIEWED ARTICLE

bioresources.com

Azargohar, R., Nanda, S., Kozinski, J. A., Dalai, A. K., and Sutarto, R. (2014). “Effects
of temperature on the physicochemical characteristics of fast pyrolysis bio-chars
derived from Canadian waste biomass,” Fuel 125, 90-100.
DOI:10.1016/j.fuel.2014.01.083.
Bahng, M. K., Mukarakate, C., Robichaud, D. J., and Nimlos, M. R. (2009). “Current
technologies for analysis of biomass thermochemical processing: A review,”
Analytica Chimica Acta 651(2), 117-138. DOI: 10.1016/j.aca.2009.08.016
Bacaoui, A., Yaacoubi, A., Dahbi, A., Bennouna, C., Phan Tan Luu, R., MaldonadoHodar, F. J., Rivera-Utrilla, J., and Moreno-Castilla, C. (2001). “Optimization of
conditions for the preparation of activated carbons from olive-waste cakes,” Carbon
39(3), 425-432. DOI: 10.1016/S0008-6223(00)00135-4
Brewer, C. E., Schmidt-Rohr, K., Satrio, J. A., and Brown, R. C. (2009).
“Characterization of biochar from fast pyrolysis and gasification systems,” Environ.
Prog. Sustain. 28(3), 386-396. DOI: 10.1002/ep.10378
Bridgwater, A. V., Meier, D., and Radlein, D. (1999). “An overview of fast pyrolysis of
biomass,” Org. Geochem. 30(12), 1479-1493. DOI: 10.1016/S0146-6380(99)00120-5
Bagreev, A., Bandosz, T. J., and Locke, D.C. (2001). “Pore structure and surface
chemistry of adsorbents obtained by pyrolysis of sewage sludge-derived fertilizer,”
Carbon 39(13), 1971-1979. DOI: 10.1016/S0008-6223(01)00026-4
Carrier, M., Hardie, A. G., Uras, U., Görgens, J., and Knoetze, J. H. (2012). “Production
of char from vacuum pyrolysis of South-African sugar cane bagasse and its
characterization as activated carbon and biochar,” J. Anal. Appl. Pyrol. 96, 24-32.
DOI: 10.1016/j.jaap.2012.02.016.
Chan, K. Y., Van Zwieten, L., Meszaros , I., Downie , A., and Joseph, S. (2008).
“Agronomic values of green waste biochar as a soil amendment,” Soil Research
45(8), 629-634. DOI.10.1071/SR07109.
Chen, Y. Q., Yang, H. P., Wang, X. H., Zhang, S. H., and Chen, H. P. (2012). “Biomassbased pyrolytic polygeneration system on cotton stalk pyrolysis: Influence of
temperature,” Bioresour. Technol, 107, 411-418. DOI:
10.1016/j.biortech.2011.10.074
Chowdhury, Z. Z., Zain, S. M., Khan, R. A., and Khalid, K. (2012a). “Batch and fixed
bed adsorption studies of lead(II) cations from aqueous solutions onto granular
activated carbon derived from Mangostana garcinia shell,” BioResources 7(3), 28952915. DOI: 10.15376/biores.7.3.2895-2915
Chowdhury, Z. Z., Zain, S. M., Khan, R. A., and Khalid, K. (2012b). “Process variables
optimization for preparation and characterization of novel adsorbent from
lignocellulosic waste,” BioResources 7(3), 3732-3754. DOI:
10.15376/biores.7.3.3732-3754
Chowdhury, Z. Z., Abdul Hamid, S. B., Das, R., Hasan, M. R., Zain, S. M., Khalid, K.,
and Uddin, M. N. (2013). “Preparation of carbonaceous adsorbents from
lignocellulosic biomass and their use in removal of contaminants from aqueous
solution,” BioResources 8(4), 6523-6555. DOI: 10.15376/biores.8.4.6523-6555
Chun, Y., Sheng, G. Y., Chiou, C. T., and Xing, B. S. (2004). “Compositions and
sorptive properties of crop residue-derived chars,” Environ. Sci. Technol. 38(17),
4649-4655. DOI: 10.1021/es035034w

Chowdhury et al. (2016). “Sawdust slow pyrolysis,” BioResources 11(2), 3356-3372.

3368

PEER-REVIEWED ARTICLE

bioresources.com

Claoston, N., Samsuri, A. W., Ahmad Husni, M. H., and Mohd Amran, M. S. (2014).
“Effects of pyrolysis temperature on the physicochemical properties of empty fruit
bunch and rice husk biochars,” Waste Manage. Res. 32(4), 331-339. DOI:
10.1177/0734242X14525822
Demirbas, A. (2004). “Effects of temperature and particle size on bio-char yield from
pyrolysis of agricultural residues,” J. Anal. Appl. Pyrol. 72(2), 243-248. DOI:
10.1016/j.jaap.2004.07.003
Department of Agriculture of Malaysia. (2009). http://www.doa.
gov.my/statistik/buah03-08.htm, Accessed on 23 April, 2009.
DeSisto, W. J., Hill, N., Beis, S. H., Mukkamala, S., Joseph, J., Baker, C., Ong, T. H.,
Stemmler, E. A., Wheeler, M. C., Frederick, B. G., and Van Heiningen, A. (2010).
“Fast pyrolysis of pine sawdust in a fluidized-bed reactor,” Energy Fuels 24(4), 26422651. DOI: 10.1021/ef901120h.
El-Hendawy, A. N. A. (2005). “Surface and adsorptive properties of carbons prepared
from biomass,” Appl. Surf. Sci. 252(2), 287-295. DOI: 10.1016/j.apsusc.2004.11.092
Feng, Y., Qi, X., Jian, H. L., Sun, R. C., and Jiang, J. X. (2012). “Effect of inhibitors on
enzymatic hydrolysis and simultaneous saccharification fermentation for lactic acid
production from steam explosion pretreated lespedeza stalks,” BioResources 7(3),
3755-3766. DOI: 10.15376/biores.7.3.3755-2766
Fungai, N. D., Zhang, X. M., Silva, L. C. R., Six, J., and Parikh, S. J. (2013). “Use of
chemical and physical characteristics to investigate trends in biochar feedstocks,” J.
Agric. Food Chem. 2013, 61, 219-2204. DOI: org/10.1021/jf3049142.
Garcia-Perez, M., Wang, X. S., Shen, J., Rhodes, M. J., Tian, F. J., Lee, W. J., Wu, H.
W., and Li, C. Z. (2008). “Fast pyrolysis of oil mallee woody biomass: Effect of
temperature on the yield and quality of pyrolysis products,” Ind. Eng. Chem. Res.
47(6), 1846-1854. DOI: 10.1021/ie071497p
Gronli, M. G., Varhegyi, G., and Di Blasi, C. (2002). “Thermogravimetric analysis and
devolatilization kinetics of wood,” Ind. Eng. Chem. Res. 41(17), 4201-4208. DOI:
10.1021/ie0201157
Hernandez-Mena, L. E., Pécora, A. A. B., and Beraldo, A. L. (2014). “Slow pyrolysis of
bamboo biomass: Analysis of biochar properties,” Chemical Engineering
Transactions 37, 115-120. DOI: 10.3303/CET1437020.
James, G., Chiou, C. T., Rutherford, D., Scott, A. C., and Karapanagioti, H. K. (2005).
“Evaluating phenanthrene sorption on various wood chars,” Water Res. 39(4), 549558. DOI:10.1016/j.watres.2004.10.015.
Jones, D. L., Edwards-Jones, G., and Murphy, D.V. (2011a). “Biochar mediated
alterations in herbicide breakdown and leaching in soil,” Soil Biol. Biochem. 43, 804813. DOI: 10.1016/j.soilbio.2010.12.015
Jones, D. L., Murphy, D. V., Khalid, M., Ahmad, W., Edwards-Jones, G., and DeLuca, T.
H. (2011b). “Short-term biochar-induced increase in soil CO2 release is both
biotically and abiotically mediated,” Soil Biol. Biochem. 43, 1723-1731. DOI:
10.1016/j.soilbio.2011.04.018
Jones, D. L., Rousk, J., Edwards-Jones, G., DeLuca, T. H., and Murphy, D. V. (2012)
“Biochar-mediated changes in soil quality and plant growth in a three year field trial,”
Soil Biol. Biochem. 45, 113-124. DOI: 10.1016/j.soilbio.2011.10.012
Jun, T. Y., Arumugam, S. D., Abdul Latip, N. H., Abdullah, A. M., and Latif, P. A.
(2010). “Effect of activation temperature and heating duration on physical
Chowdhury et al. (2016). “Sawdust slow pyrolysis,” BioResources 11(2), 3356-3372.

3369

PEER-REVIEWED ARTICLE

bioresources.com

characteristics of activated carbon prepared from agriculture waste,” Environ. Asia 3,
143-148.
Keiluweit, M., Nico, P. S., Johnson, M. G., and Kleber, M. (2010). “Dynamic molecular
structure of plant biomass-derived black carbon (biochar),” Environ. Sci. Technol.
44(4), 1247-1253. DOI: 10.1021/es9031419
Kim, P., Johnson, A., Edmunds, C. W., Radosevich, M., Vogt, F., Rials, T. G., and
Labbe, N. (2011). “Surface functionality and carbon structures in lignocellulosicderived biochars produced by fast pyrolysis,” Energy and Fuels 25, 4693-4703. DOI:
org/10.1021/ef200915s.
Krull, E. S., Baldock, J. A., Skjemstad, J. O., and Smernik, R. J. (2009). “Characteristics
of biochar: Organo-chemical properties,” in: Lehmann, J., and Joseph, S. (eds.),
Biochar for Environmental Management: Science and Technology, Earthscan,
London, UK.
Lua, A. C., and Yang, T. (2004). “Effect of activation temperature on the textural and
chemical properties of potassium hydroxide activated carbon prepared from pistachio
nut shell,” J. Colloid Interf. Sci. 274(2), 594-601. DOI: 10.1016/j.jcis.2003.10.001
Masulili, A., Utomo, W. H., and Syechfani, M. (2010). “Rice husk biochar for rice based
cropping system in acid soil. 1. The characteristics of rice husk biochar and its
influence on the properties of acid sulfate soils and rice growth in West Kalimantan,
Indonesia,” J. Agric. Sci. 2(1), 39-47.
Melo, L. C. A., Coscione, A. R., Abreu C. A., Puga, A. P., and Camargo, O. A. (2013).
“Influence of pyrolysis temperature on cadmium and zinc sorption capacity of sugar
cane straw-derived biochar,” BioResources 8(4), 4992-5004. DOI:
10.15376/biores.8.4.4992-5004
Mukherjee, A., Zimmerman, A. R., and Harris, W. (2011). “Surface chemistry variations
among a series of laboratory-produced biochars,” Geoderma 163(3-4), 247-255.
DOI: 10.1016/j.geoderma.2011.04.021
Novak, J. F., Busscher, W. J., Laird, D. L., Ahmedna, M., Watts, D. W., and Niandou, M.
A. S. (2009). “Impact of biochar amendment on fertility of a Southeastern coastal
plain soil,” Soil Science 174(2), 105-112. DOI: 10.1097/SS.0b013e3181981d9a.
Oja, V., Hajaligol, M. R., and Waymack, B. E. (2006). “The vaporization of semi-volatile
compounds during tobacco pyrolysis,” J. Anal. Appl. Pyrol. 76(1-2), 117-123.
DOI:10.1016/j.jaap.2005.08.005.
Paris, O., Zollfrank, C., and Zickler, G. A. (2005). “Decomposition and carbonisation of
wood biopolymers – a microstructural study of softwood pyrolysis,” Carbon 43(1),
53-66. DOI: 10.1016/j.carbon.2004.08.034
Peng, X., Ye, L. L., Wang, C. H., Zhou, H., and Sun, B. (2011). “Temperature- and
duration-dependent rice straw-derived biochar: Characteristics and its effects on soil
properties of an Ultisol in southern China,” Soil Till. Res. 112(2), 159-166. DOI:
10.1016/j.still.2011.01.002
Pechyen, C., Atong, D., Ahtong, D., and Sricharoenchaikul, V. (2007). “Investigation of
pyrolyzed chars from physic nut waste for the preparation of activated carbon,” J.
Solid. Mech. Mater. Eng. 1, 498-507. DOI:10.1299/jmmp.1.498.
Putun, E., Uzun, B. B., and Putun, A. E. (2007). “Composition of products obtained via
fast pyrolysis of olive-oil residue: Effect of pyrolysis temperature,” J. Anal. Appl.
Pyrol. 79(1-2), 147-153. DOI: 10.1016/j.jaap.2006.12.005

Chowdhury et al. (2016). “Sawdust slow pyrolysis,” BioResources 11(2), 3356-3372.

3370

PEER-REVIEWED ARTICLE

bioresources.com

Shaaban, A., Sian-Meng S., Nona Merry, M., and Mitan, M. F. D. (2013).
“Characterization of biochar derived from rubber wood sawdust through slow
pyrolysis on surface porosities and functional groups,” Proc. Eng. 68, 365-371. DOI:
10.1016/j.proeng.2013.12.193.
Schmidt, M. W. I., and Noack, A. G. (2000). “Black carbon in soils and sediments:
Analysis, distribution, implications, and current challenges,” Global Biogeochem.
Cycles, 14 (3), 777-793.
Singh, B., Singh, B. P., and Cowie, A. L. (2010). “Characterisation and evaluation of
biochars for their application as a soil amendment,” Aust. J. Soil Res. 48(7), 516-525.
DOI.org/10.1071/SR10058.
Song, W., and Guo, M. (2012). “Quality variations of poultry litter biochar generated at
different pyrolysis temperatures,” J. Anal. Appl. Pyrolysis 94, 138-145.
DOi:10.1016/j.jaap.2011.11.018.
Stevenson, F. J. and Cole, M. A. (1999). Cycles of Soil−Carbon, Nitrogen, Phosphorus,
Sulfur, Micronutrients, Wiley, New York.
Tang, M. M., and Bacon, R. (1964). “Carbonization of cellulose fibers. 1. Low
temperature pyrolysis,” Carbon 2 (3), 211–214.
Thangalazhy-Gopakumar, S., Adhikari, S., Ravindran, H., Gupta, R. B., Fasina, O., Tu,
M., and Fernando, S. D. (2010). “Physiochemical properties of bio-oil produced at
various temperatures from pine wood using an auger reactor,” Bioresour. Technol.
101(21), 8389-8395. DOI: 10.1016/j.biortech.2010.05.040
Thies, J. E., and Rillig, M. C., (2009). “Characteristics of biochar: biological properties,”
in: Biochar for Environmental Management, Lehmann, J., and Joseph, S. (eds.),
Gateshead, UK, Earthscan, Chapter 6, pp. 85-105.
Tongpoothorn, W., Sriuttha, M., Homchan, P., Chanthai, S., and Ruangviriyachai, C.
(2011). “Preparation of activated carbon derived from Jatropha curcas fruit shell by
simple thermo-chemical activation and characterization of their physico-chemical
properties,” Chem. Eng. Res. Des. 8(9), 335-340. DOI: 10.1016/j.cherd.2010.06.012.
Trompowsky, P. M., Benites, V. M., Madari, B. E., Pimenta, E. S., Hockaday, W. C.,
and Hatcher, P. G. (2005). “Characterization of humic like substances obtained by
chemical oxidation of eucalyptus charcoal,” Org. Geochem. 36(11), 1480-1489.
DOi:10.1016/j.orggeochem.2005.08.001.
Wang, Z., Cao, J., and Wang, J. (2009). “Pyrolytic characteristics of pine wood in a
slowly heating and gas sweeping fixed bed reactor,” J. Anal. Appl. Pyrol. 84(2), 179184. DOI: 10.1016/j.jaap.2009.02.001
Wang, Y., Hu, Y., Zhao, X., Wang, S., and Xing, G. (2013). “Comparisons of biochar
properties from wood material and crop residues at different temperatures and
residence times,” Energy Fuel 27(10), 5890-5899. DOI: 10.1021/ef400972z
Xie, T., Reddy, K. R., Wang, C., Yargicoglu, E., and Spokas, K. (2015). “Characteristics
and applications of biochar for environmental remediation: A review,” Environ. Sci.
Technol. 45(9), 939-969. DOI: 10.1080/10643389.2014.924180
Yang, Z., Jiang, Z. H., So, C. L., and Hse, C. Y. (2007). “Rapid prediction of wood
crystallinity in Pinus elliotii plantation wood by near-infrared spectroscopy,” J. Wood
Sci. 53(5), 449-453. DOI: 10.10007/s10086-007-0883-y
Yang, T., and Lua, A. C. (2003). “Characteristics of activated carbons prepared from
pistachio-nut shells by physical activation,” J. Colloid Interf. Sci. 267(2), 408-417.
DOI: 10.1016/S0021-9797(03)00689-1
Chowdhury et al. (2016). “Sawdust slow pyrolysis,” BioResources 11(2), 3356-3372.

3371

PEER-REVIEWED ARTICLE

bioresources.com

Yang, T., and Lua, A. C. (2006). “Textural and chemical properties of zinc chloride
activated carbons prepared from pistachio-nut shells,” Mater. Chem. Phys. 100(2),
438-444. DOI: 10.1016/j.matchemphys.2006.01.039
Yanik, J., Kommayer, C., Saglam, M., and Yuksel, M. (2007). “Fast pyrolysis of
agricultural wastes: Characterization of pyrolysis products,” Fuel Process Technol.
88(10), 942-947. DOI: 10.1016/j.fuproc.2007.05.002
Yao, Y. B., Gao, M., Inyang, A. R., Zimmerman, X., Cao, P., Pullammanappallil, P., and
Yang, L. (2011). “Biochar derived from anaerobically digested sugar beet tailings:
Characterization and phosphate removal potential,” Bioresour. Technol., 102(10),
6273-6278. DOI: 10.1016/j.biortech.2011.03.006
Zwieten, L. V., Kimber, S., Morris, S., Chan, K. Y., Downie, A., Rust, J., Joseph, S., and
Cowie, A. (2010). “Effects of biochar from slow pyrolysis of papermill waste on
agronomic performance and soil fertility,” Plant Soil 327(1), 235-246. DOI:
10.1007/s11104-009-0050-x.
Article submitted: March 10, 2015; Peer review completed: May 28, 2015; Revised
version received and accepted: November 26, 2015; Published: February 17, 2016.
DOI: 10.15376/biores.11.2.3356-3372

Chowdhury et al. (2016). “Sawdust slow pyrolysis,” BioResources 11(2), 3356-3372.

3372

