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This study was conducted to investigate the impact of torrefaction process 
on surface morphology as well as functional group of EFB before undergoing 
further processing method so that it can be used as renewable energy. 
Scanning Electron Microscope (SEM) showed surface structure of EFB after 
undergoing torrefaction by which it is completely decomposed internally by 
producing pores, while the structure become flattened with almost 
disappeared sharp edge compared to the raw EFB. The changes of presence 
functional groups before and after the particular torrefaction process were 
observed under certain wavelength by using Fourier Transformation 
Infrared (FTIR) which were O-H bonds around 3420 cm-1, C-H bonds around 
2930, 1430 and 850 cm-1, C=O bonds at 1750 cm-1 and much more. 
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1. Introduction 

*The depletion of fuel will lead to the 
environmental issues such as economic activities 
and rapid climate change, hence to remedy these 
issues, exploration and study of finding alternatives 
to fuels had come to renewable energy resources. 
Renewable energy is defined as any energy sources 
that are derived from solar energy (Sathaye and 
Meyers, 2013; Mohamed et al., 2015). Chen et al. 
(2012) listed that the renewable energy resources as 
such solar, ocean, wind, biomass, geothermal and 
hydropower. There are many energy sources which 
are biomass, coal, hydro, nuclear and wind power 
which play as a key role in generating energy with 
sustainability to the massive populations in 
developing countries (Painuly, 2001). According to 
Basu (2013), biomass is a promising alternative as it 
can provide a full range of feedstock accounted to 
replace 10% of world’s annual energy consumption 
(IEA, 2010). The zero of net carbon emissions 
released from biomass burning (Chen et al., 2012) 
made it considerable as carbon neutral fuel (Ahmad 
et al., 2015). Moreover, its huge resources in global 
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scale, and the ability to be convert into thermal 
energy in forms of liquid, solid or gaseous fuels and 
other by-products. Biomass is defined as organic 
materials that originated from plants and animals 
(Loppinet et al., 2008). Formation of biomass from 
dead animals happened as microorganisms breaking 
down the biomass into water (H2O), carbon dioxide 
(CO2) and potential energy whereas biomass from 
plants are obtained by a photosynthesis process 
whereby carbon dioxide is converted into glucose in 
the presence of sunlight and water (Basu, 2013). 

In this study, empty fruit bunch (EFB) is used that 
are obtained from waste removal of fruits or nuts 
from fruit bunches (Hakeem et al., 2015; Law et al., 
2007) and in this case it is from oil palm fruit bunch 
due to its abundances which are one third of oil palm 
waste compared to oil palm fronds (OPF) and oil 
palm trunks (OPT) (Awalludin et al., 2015; 
Koguleshun et al., 2015). Other than EFB, OPF and 
OPT, mesocarp fiber (MF) and palm-kernel shells 
(PKS) are produced too as a by-products of oil 
extraction process (Uemura et al., 2013). 

Every biomass including EFB will undergo several 
pretreatment processes before being a further 
processing as renewable energy. The pretreatment 
process composed of carbonization, gasification, 
pyrolysis and torrefaction. The more preferable 
process among those is torrefaction due to its 
production of coal substitute from biomass, which 
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caught the attention of power industries (Basu, 
2013). 

Torrefaction is stated as thermochemical process 
in an inert ambient, whereby biomass is gradually 
heated in a specific range of temperature between 
200 to 300 ℃ (Bergman and Kiel, 2005) under an 
atmospheric pressure and characterized by a low 
heating rates of particle (< 50 ℃) (Basu, 2013) 
within a time less than 60 minutes. The properties of 
torrefied biomass EFB is further analyzed in terms of 
morphology and its bonding. In terms of 
morphology, torrefaction process change its 
structure in terms of particle sizes and structures 
look (Cruz et al., 2012; Ibrahim et al., 2013; Hamzah 
et al., 2013). Meanwhile, in terms of its bonding, 
different wavelength associates with different types 
of functional group that exists in EFB. 

2. Methodology 

2.1. Materials 

Empty fruit bunches (EFB) which was derived 
from oil palm wastes of oil palm (Elaeis guineensis 
sp.) at an oil palm plantation in Felda Kemahang, 
Tanah Merah, Kelantan. EFB is chosen due to its 
potential as renewable biomass since it is locally 
produced in Malaysia and rich with lignocellulosic 
components (cellulose, hemicellulose and lignin) 
(Pua et al., 2011; Zakaria et al., 2013). The sample 
was grind and sieved into a smaller size. Later on, it 
was dried in an oven for an overnight. 

2.2. Setup 

Torrefaction process was carried out in an 
ambient pressure using a manual microwave oven; 
model Daewoo KO6L77 with maximum power of 700 
W with dual wave system as a reactor. The 
experimental set-up was shown in Fig. 1. The 
torrefaction process required an inert gas to create a 
non-oxidizing environment by using nitrogen gas. 
Nitrogen (N2) gas was used to prevent oxidation and 
ignition in the microwave compared to oxygen 
(Tumuluru et al., 2010). Flow rate of N2 gas is 15 
mLmin-1. N2 gas helped releasing gases from the 
sample upon torrefaction takes place in terms of 
both liquid and gas products (Ismail et al., 2013). 
EFB sample was placed in an alumina crucible and 
put inside the microwave (Ahmad et al., 2016). 
Parameters considered in this research were 
temperature, heat input (power) and residence time. 
Temperature is controlled using temperature 
controller (Abdullah et al., 2016; Rizman et al., 
2013). The final product of torrefaction is torrefied 
material of EFB. 

2.3. Sample analyses 

Surface morphology and bonding of torrefied EFB 
were analyzed by using Scanning Electron 
Microscope (SEM), model JEOL JSM6360 LA and 

Fourier Transformation Infrared (FTIR), model 
Nicolet iN10 FTIR microscope respectively. Not only 
the torrefied EFB was analyzed, its raw also undergo 
the same analysis (Kassim et al., 2015), so that a 
comparison can be made. 

3. Results and discussion 

3.1. Surface morphology of EFB 

Structure of EFB was perceived using scanning 
electron microscope (SEM) under magnifications of 
×700; ×2000 and ×10000 were shown in Figs. 1-4 
respectively. Raw EFB as shown in Fig. 1 indicates a 
smooth surface with sharp edges at the end (Figs. 1a 
and 1b). An unorganized and irregular fibers 
arrangement could be seen at its cross-sectional area 
(Figs. 1b and 1c). There were possibilities of pores, 
voids or inter-particle gaps presence in the structure 
of raw EFB, but they were not clearly determined 
due to the irregular fiber arrangements. 

 

 
Fig. 1: Structure of raw EFB sieved 500 µm. (a) ×700 

magnification, (b) ×2000 magnification and (c) ×10000 
magnification 

 
When compared to the torrefied EFB shown in 

Figs. 2-4 respectively, spongy-like structure was 
shown as the effect of torrefaction process. Fig. 2 
shows the 20 minutes’ residence time of torrefaction 
process where at the formation of porous were 
observed and determined. In Figs. 2a, 2b, and 2c, 
only torrefied EFB at 200°c shows a similar structure 
as raw EFB. This was because of the low temperature 
was used in the torrefaction process which almost 
unaffected the structure. Started at temperature of 
225°c as shown in Figs. 2d, 2e, and 2f), interparticle 
gaps were formed but the sharp edge between the 
gaps were not completely diminished. The sharp 
edge became completely flattened at the torrefaction 
temperature of 250°c. 

As the temperature increased corresponded with 
residence time upon torrefaction process take place, 
the structures of EFB became fully porous as shown 
in Fig. 3 and Fig. 4. 

On a high magnification of ×2000 and ×10000, 
tiny particles could be clearly seen which were 
attached to the porous-structure of EFB. These were 
happening due to the particles of alumina crucible 
which were crack as the effect from thermal 
expansion happened inside it, causing alumina 
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unable to retain strength as temperature increased 
upon time. Mertke and Aneziris (2015) claimed that 
alumina crucible could retain strength when the 
thermal shock was 14.51 MPa at relatively high 
maximum temperature of 500 °c. However, 
frequently used alumina crucible could trigger the 
crack formation. Hence, causing its particles is 
attached to the structure. 

 

 
Fig. 2: Structure of torrefied EFB on 20 minutes of 

torrefaction at respective temperatures with 
magnifications of ×700 (a, d, g, j, m), ×2000 (b, e, h, k, n) 

and ×10000 (c, f, i, l,o) 
 

Fig. 4 exposing a clear image of ruptured at the 
surface structure of the EFB from cross-sectional 
area’s point of view. The ruptured images could be 
seen during 40 minutes of residence time (Fig. 3), 

but not as clear as torrefaction’s residence time of 60 
minutes.  

 

 
Fig. 3: Structure of torrefied EFB on 40 minutes of 

torrefaction at respective temperatures with 
magnifications of ×700 (a, d, g, j, m), ×2000 (b, e, h, k, n) 

and ×10000 (c, f, i, l, o) 

 
The stretching of ruptured surface structures was 

caused by the degradation of lignocellulose 
compared to during the low temperature at low 
residence time. The clause of breakage of fiber wall 
surface was contributed by the rupture impact as the 
decomposition of cellulose and hemicellulose take 
places. Also, the ruptured images contributed to the 
degradation of lignocellulose, the porosity also 
participated in the degradation. High porosity 
indicates high degradation of lignocellulose. Longer 
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residence time causing a large amount of 
hemicellulose and cellulose were destroyed. Since 
the cellulose was degraded, the fiber wall became 
thinner as residence time was longest, 60 minutes. 
This was because of cellulose tending losing its 
strength. The longer the residence time, the faster 
the degradation happened as well as the 
temperature. When looked up closely at ×10000 
magnification, the fiber was torn apart. Each of 
hemicellulose, cellulose and lignin were depleted 
underneath a certain temperature of torrefaction 
(Wen et al., 2014), whereby hemicellulose was 
decomposed at very low temperature started at 200 
℃ and completely disappeared as it almost reached 
300 ℃ (Chen and Kuo, 2011b). Temperature above 
250 °c was placed for cellulose degradation, whereas 
for lignin was on high temperature of 300 °c. 
Decomposition of lignin take place at high 
temperature and residence time respectively, 
because of its complex structure consists of phenolic 
polymer that made them strong and durable against 
an enzymatic attack (Gomez et al., 2008). Thus, lignin 
was hard to be degraded. 

3.2. Fourier transforms infrared spectra 

Fourier Transformation Infrared (FTIR) 
spectrometry been used in this studied to distinguish 
the change in chemical structure for both raw and 
torrefied EFB by analyzed the functional groups, 
which later on will affected the degradation of 
hemicellulose, cellulose and lignin as of  torrefaction 
impact. Generally, studying the functional group 
helped in determined the frequency of each 
lignocellulose to be degenerated. Figs. 5-7 show the 
functional groups presence during 20 minutes, 40 
minutes and 60 minutes of torrefaction respectively 
for selected torrefied EFB at temperature of 200 °c, 
250 °c and 300 °c and being compared to the raw 
EFB. According to Nasri et al. (2013), absorption 
bands around 850-890 cm-1 indicated the 
deformation of C-H bending. Meanwhile, bands 
between 1045 up to 1055 cm-1 corresponded to the 
increasing of C-O stretching. Whereas, peaks ranged 
at 1430-1440 cm-1 show rapid stretch of C-H bond. 
On these bands, C-H2 shearing and benching present. 
Bands of 1730-1750 cm-1 stating the C=O stretching 
take place. Both C-H and C-H2 bonds appeared 
around bands of 2930-2950 cm-1, but the bonding 
was stretched as the temperature of torrefaction 
increasing whereby the reaction of C-H was almost 
complete. The bands around 3420-3435 cm-1 were 
assigned for O-H stretching with rapid decreasing 
intensity. C-O-C stretching bond also identified at the 
band of 1260 cm-1. 

Based on these wavenumbers of infrared spectra, 
the degradation of hemicellulose, cellulose and lignin 
could be determined as stated by Zakaria et al. 
(2013). Hemicellulose started to decomposed at the 
absorption band of 1050 cm-1 and 1734 cm-1, while 
cellulose takes place simultaneously on band 1050 
cm-1 and at 1437 cm-1 which the C-H2 bond was 
shearing. In extend, lignin was breakdown at lower 

infrared bands of 891 cm-1 as well as at 1256 cm-1 
and 1437 cm-1 which similar to the decomposition of 
cellulose but the bond was benched. 

 

 
Fig. 4: Structure of torrefied EFB on 60 minutes of 

torrefaction at respective temperatures with 
magnifications of ×700 (a, d, g, j, m), ×2000 (b, e, h, k, n) 

and ×10000 (c, f, i, l, o) 
 

Hemicellulose decomposed at a relatively long 
wavelength compared to cellulose and lignin because 
the hemicellulose does not require a longer time of 
torrefaction (60 minutes) to be deformed. It was 
already take place during 40 minutes of residence 
time at lower temperature, as could be seen in Fig. 3 
by the formation of rupture structure. Meanwhile, 
for cellulose, the structure was degraded at 
relatively lower wavelength than of hemicellulose 
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indicating the process take place at high temperature 
alongside high residence time between 40 minutes 
up to 60 minutes. Since the structure of lignin was 
complex (Gomez et al., 2008), its deformation took 
place at a lower wavelength with not fully detached 
explaining that it required relatively high 
temperature of 250-500°c to be degraded whereby 
temperature above 300°c was for pyrolysis process 
(Chen and Kuo, 2011a). Thus, the degradation of 
lignin could only be appeared at lower 
wavenumbers. Longer residence time would cause 
lignocellulose to be decomposed. In other words, as 
the time of torrefaction increasing, the intensity of 

bands whereby the degradation of hemicellulose 
took place was decreasing as mentioned in Figs. 3-7 
respectively. It was not only for hemicellulose, both 
of cellulose and lignin were also affected by the time 
but not fully caused degradation to be happens. 

Lignin which has been mention in previous 
paragraph did not fully detached its structure made 
the its band to showed only a slightly decrease in 
bands. Summary of FTIR analysis with respective 
functional groups presented on particulars bands 
associates with their compounds were stated in 
Table 1. 
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Fig. 5: Functional groups presence during 20 minutes 
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Fig. 6: Functional groups presence during 40 minutes 
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Fig. 7: Functional groups presence during 40 minutes 

 

4. Conclusion 

Both morphology and bonding behaviour of the 
torrefied EFB were influenced the degradation of 
lignocellulose; hemicellulose, cellulose and lignin. 
Surface morphology of torrefied EFB showed at 
higher temperature, lignin was denatured compared 
to cellulose and hemicellulose. Hemicellulose was 
starting to degrade at lower temperature with 
medium residence time and completely destroyed as 
temperature increase whereas cellulose degraded at 
medium temperature as its structure was slightly 
complex than cellulose. Not only that, upon 
torrefaction takes place, the structures forming and 

became porous due to high released of moisture 
content made the structure dried out. All structures 
of torrefied EFB showed that the hemicellulose 
degraded at lower torrefaction temperature as well 
as its spectrum involving the C=O and C-O stretching 
bonds.  

Meanwhile, cellulose decomposed at a medium 
temperature of torrefaction involving also C-O and C-
H2 bonds. Decomposition of lignin is hard to be 
determined based on the torrefied EFB’s structures; 
fortunately the FTIR spectra proved it occurred at 
the band gap of 891, 1256 and 1437 cm-1. 

 
Table 1: FTIR functional groups present at particular wavenumbers with their compound 

Wavenumber (cm-1) Functional Group (Phenomenon) Compound Class 
3420-3435 O-H stretching Phenols, alcohols 
2930-2950 C-H and C-H2 stretching Alkanes 
1730-1750 C=O stretching Carbonyl (aldehydes, ketones, carboxylic acids) 
1430-1440 C-H stretching, C-H2 shearing and benching Alkanes 

1260 C-O-C stretching Aromatics 
1045-1055 C-O stretching Esters, ethers 

850-890 C-H bending (deformation) Aromatics 
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