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In the present study, the mechanical (bulk), physicochemical, and thermal properties of
densified empty fruit bunch (EFB) and carbon nanotube (CNT) were examined at various
mixing ratios. A press machine initially produced the EFB briquettes with an operating
pressure of 7 MPa and briquetting temperature of 150 <C for 30 minutes. The results show
that an increase in weight fraction of CNT causes a significant increase in gross calorific
value (from 17900 kJ/kg to 19200 kJ/kg) and fixed carbon content (from 18% to 28%).
However, the reduction in relaxed density (from 1300 kg/m? to 1100 kg/m?), moisture
(8% to 7.5%), volatile matter (62% to 70%), and ash (from 3.9% to 3.1%) was recorded.
Furthermore, the gross calorific value and fixed carbon content were improved with the
addition of CNT to EFB. However, the thermal analysis revealed that CNT addition
marginally affected the thermal degradation behaviour and temperature profile
characteristics of the briquettes. In conclusion, the relaxed density, gross calorific value
and moisture of the EFB-CNT briquettes fulfilled the requirement for commercialisation
as stated by international benchmarks. The findings of the present study reveal the
potential of EFB briquettes blended with CNT particles to become as a source for future

Keywords:
EFB, palm biomass, densification, empty fruit
bunch, CNT, briquettes, palm oil

energy.

1. INTRODUCTION

Currently, fossil fuels comprising oil, natural gas and coal
are the most critical energy resources, accounting for 86% of
global primary energy [1]. Due to growing concerns about
global warming and climate changes, alternative sources of
energy are urgently needed to safeguard the environment.
Theoretically, the renewable energy sources such as wind,
solar, geothermal and marine resources could provide the total
energy consumed per day worldwide [2]. Currently, Malaysia
contributes 39% of world palm oil production and 44% of
global exports [3]. As one of the largest producers and
exporters of palm oil products, Malaysia has a cheap and
widely available source of oil palm biomass, which could be
potentially converted into renewable and sustainable energy
and fuels. Typically, the palm oil mills generate over 30
million tonnes of major oil palm biomass wastes [4],
comprising empty fruit bunch (EFB), mesocarp fibre (MSF),
and kernel shell (PKS) annually [5, 6]. Therefore, there is an
enormous potential for transforming these abundant wastes
especially EFB into a renewable fuel for electricity generation
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at steam power plants in Malaysia.

Carbon nanotubes (CNT) are unique nanostructured
materials commonly utilised for various applications in
science, technology and industry. For example, CNT is
considered ideal materials for reinforcing fibres due to their
exceptional mechanical, thermal, and electrical properties [7,
8]. The strength of CNT has been experimentally and
theoretically proven due to its carbon bonds. Moreover, CNTs
are extremely promising raw materials for the development of
high-performance nanostructured materials due to their low
density [9]. The utilisation of CNT in natural fibre reinforced
composite improves the mechanical properties with epoxy
matrix [10, 11].

Several researchers have also utilised CNT for applications
in the synthesis of various fuels [12, 13] and other value-added
products [14, 15]. The addition of CNT can enhance
combustion characteristics [16]. Furthermore, Moy et al., [17]
reported that the addition of CNT (wt.% of CNT=1-15%)
enhanced the burning rate of liquid fuels in a spark ignition
(SI) engines. Besides, the study demonstrated that CNT
addition enhanced the anti-knock properties of the engine [17].
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In another study, Alias et al. [18] examined the effect of CNT
dispersions on the properties of palm oil biodiesel blends. The
authors observed that CNT improved the fuel properties
particularly thermal conductivity and flash point. When the
volume percentage of CNT added was increased to 2.5%, the
thermal conductivity improved from 6% to 10% [18].

Furthermore, several authors have demonstrated that CNT
blended water-diesel emulsion fuels can enhance engine
thermal efficiency and reduce pollutants [13, 14, 16]. Basha et
al. [13] found that at the full load, carbon nanotubes (CNT)
and Di-Ethyl Ether (DEE) blended biodiesel emulsion fuels
give brake thermal efficiency, NO and smoke emission of
28.8%, 895 ppm and 36%, respectively, while pure diesel
gives 25.2 %, 1340 ppm and 71%, respectively. Therefore, it
can be asserted that the addition of CNT improves the
combustion properties of liquid fuels such as diesel. However,
research studies on the effects of CNT on the performance of
solid fuels (e.g. palm biomass) remain lacking. Therefore, this
study presents a novel approach to utilise pulverised EFB
blended with CNT as a potential fuel for enhanced energy
recovery. In addition, the study seeks to examine and
understand the characteristics of densified EFB blended with
CNT in various ratios.

Densification is a practical technique used to improve the
fuel properties, transportation, and handling of solid fuels [19].
It involves compacting loose biomass materials under pressure
into solid compact fuel with higher density [20, 21]. The
technique has several advantages such as increased energy and
volumetric density, reduced dust formation along with
improvement in moisture content and burning rate [22, 23]. In
the present study, the bulk mechanical properties (relaxed
density and durability), physicochemical properties (moisture,
ash, volatile matter, fixed carbon, and gross calorific value)
and thermal properties (combustion) of densified EFB with
CNT blends were comprehensively examined. Next, the
properties of the densified products were compared with the
requirements for commercialization as stated by DIN 51731
and several ISO standards.

The following chapters are organized as follows: Section 2
describes about preparation of raw materials, procedures for
densification and important analysis. The following Section 3
elaborates the discussion for the results obtained from the
experiment while the final section (Section 4) presents the
conclusion of the present study.

2. MATERIAL AND METHODS
2.1 Raw materials and sample preparation

Table 1. Basic properties of CNT

Parameter Properties
Outer diameter 20-30 nm
Length 10-30 um
Purity 95%
Odour Odourless
Melting range 3652 - 3697 C
Density 2.1 glcm?®

In this study, pulverised empty fruit bunch (EFB) and CNT
were used as raw materials. The shredded EFB fibres were
obtained from a near palm oil mill before being dried and
ground into powder. Next, the ground EFB fibres were sieved
to obtain the desired homogenous particles with a diameter
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below 500 um. Meanwhile, the CNT was supplied by Chengdu
Organic Chemical (Chinese Academy of Science, China) in
the commercial single walled form. The basic properties of the
CNT are presented in Table 1.

2.2 Briquetting process

The mixture of EFB and CNT for briquetting was prepared
in the weight ratio of 95:5, 90:10, and 85:15. The mixture was
subsequently rotated at a speed of 160-165 rpm for 2 hours
using a lab roller mixer to obtain a homogenous composition.
The weight of each sample was approximately 40 grams.
Subsequently, the briquettes were prepared with different EFB
to CNT weight ratios of 95:5, 90:10 and 85:15. The
experimental setup for briquetting is shown by Figure 1. The
compaction process involved placing the samples inside the
die set (comprising the base, wall and piston). Next, the piston
was pushed slowly into the die set until it reached the sample.
The samples and the die set were placed between two plates of
the piston press machine (Tehcnopress 100 HC-f).

The EFB and CNT mixtures were subsequently compressed
by the press machine (with a hydraulic piston diameter of 120
mm) at the desired pressure of 7 MPa and temperature of
150°C for the residence time of 30 minutes. Finally, the
produced briquettes were placed under ambient condition
approximately for a week to obtain stability and rigidity. In the
present study, three briquettes were produced for each weight
ratio of 95:5, 90:10 and 85:15.

1-  Temperature Controller

2-  Steel Coil Heater with Jacket
Covered by Insulator

Type-K Thermocouple Sensor
Die Set (Piston)

Die Set (Wall)

Die Set (Base)
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Figure 1. Experimental setup for briquetting
2.3 Bulk mechanical analysis

The bulk or mechanical properties of the briquettes
comprising the relaxed density and mechanical durability were
examined as highlighted in the procedures in sections 2.3.1
and 2.3.2.

2.3.1 Relaxed density

The relaxed density was determined using the geometric
formulae, which measures the volume and mass of the
briquettes [24]. The measurement of the volume and mass was
performed using a calliper gauge and a precise mechanical
balance (Model: FX-300i), respectively.

2.3.2 Mechanical durability

The mechanical durability of the briquettes was determined
by performing the drop test [25, 26]. Hence, the briquettes
were dropped from a height of 1.85 m onto a flat steel plate.
This procedure was repeated four times for each briquette to



investigate the reliability of the briquettes produced. Next, the
weight of the briquette was measured after each drop whereas
the durability was calculated based on Eq. (1).

Durability (%)
_ Final Weight of Briquette after four drops

Initial Weight of Briquette

()
X 100

2.4 Physicochemical analysis

The physicochemical properties of EFB, CNT and the blend
mixtures were examined by ultimate (elemental), proximate,
and gross calorific (higher heating) value. The procedures,
standard codes and procedures adopted are presented in the
next sections.

2.4.1 Ultimate analysis

The ultimate analysis of the sample was performed using
the CHNS elemental analyser (Model: vario MICRO CUBE,
Germany), according to standards BS EN ISO 16948:2015 for
the determination of carbon, hydrogen, nitrogen, and sulphur
contents. Lastly, the oxygen contents were determined by
difference.

2.4.2 Proximate analysis

Proximate analysis was carried out according to the
American Society for Testing and Materials standards (ASTM
D3173-D3175) for the determination of the moisture, ash and
volatile matter. However, the content of fixed carbon was
obtained by deducting the summation of moisture, volatile
matter and ash contents from 100%.

2.4.3 Gross calorific value

The determination of gross calorific value was performed
by using a bomb calorimeter system (Model: IKA C2000
calorimeter system) for all briquettes produced along with the
raw materials of EFB and CNT based on the ASTM standard
D240.

2.5 Thermal analysis

The thermal analysis of the samples was examined by
thermogravimetric analysis (TGA) to examine the oxidative,
thermal degradation behaviour, and the characteristic
temperature profiles of the EFB, CNT and the EFB/CNT
blends 95:5, 90:10 and 85:15.

2.5.1 Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) was carried out
under non-isothermal oxidative conditions to simulate the
combustion of the EFB, CNT and the EFB/CNT blends 95:5,
90:10 and 85:15 samples. For each test, approximately 6-10
mg of each sample was placed in alumina crucible before
transferring to the furnace of the TG Analyser (Model:
Shimadzu TG-50, Japan). Next, the sample was heated from
30°C to 900°C based on the non-isothermal heating rate of
20 °C/min under air flow rate (20 mL/min) to simulate
combustion of the samples. On completion, the TGA was
cooled to room temperature whereas the raw TGA data was
recovered and analysed through the Shimadzu Thermal
analysis software (Version: Workstation TA-60WS).
Subsequently, the mass loss (TG, %), and derivative mass loss
(DTG, %/min) was plotted against temperature to examine the
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oxidative degradation of the samples.

2.5.2 Temperature profile characteristics (TPC)

Based on the TG-DTG plots, the temperature profile
characteristics (TPC) comprising; ignition (7,.s), midpoint
(Tnia), maximum decomposition (Tax), and burnout (7,p)
temperatures, as well as the mass loss (ML, %) and residual
mass (RM, %) of the samples, were examined. The TPC values
were determined using the tangent method [27], which is
embedded in the Shimadzu Thermal analysis software
(Version: Workstation TA-60WS). The T, (onset or ignition)
is defined as the temperature in which a material begins to
undergo thermal degradation during TGA. The midpoint (7iia)
is the halfway or middle temperature of the TG plot, whereas
the burnout (7,7 temperature is the final temperature of
devolatilization during TGA. However, the 7y Or maximum
decomposition temperature is determined from the DTG plots
and denotes the temperature in which the highest thermal
degradation of the sample occurs during TGA. Lastly, the
mass loss (M, %) represent the total loss of mass of the
sample, whereas the residual mass (Rm, %) denotes mass of
the residues resulting after thermal degradation [27, 28].

3. RESULTS AND DISCUSSION
3.1 Briquette morphology

The characterisation of the briquettes produced revealed a
distinct physical appearance. Figure 2 shows the physical

appearance of briquettes with various mixing ratios of EFB
and CNT.

90:10 85:15

Figure 2. Briquettes at different mix ratios (EFB: CNT)

As observed, the densification process resulted in round
solid uniform shaped briquettes regardless of the mixing ratio.
Furthermore, the mixture of EFB and CNT turned into dark
brown after the briquetting process. This is due to the presence
of CNT during the biomass sweating which contributes to this
phenomenon. Next, the EFB and CNT briquettes were
characterised to examine its mechanical (bulk),
physicochemical, calorific, and thermal properties.

3.2 Bulk physical properties

The results of the bulk physical properties of the EFB and
CNT briquettes comprising the relaxed density and
mechanical durability are presented in this section of the paper.

3.2.1 Relaxed density

The density is an important characteristic that describes the
energy content per unit volume of the briquettes produced. As
shown in Figure 3, the addition of 5 wt.% of CNT increased
the briquette density by 13% compared to briquettes made of
100% pulverised EFB. The increment is attributed to the
infiltration of CNTs into the pulverised EFB matrix. In this



case, the current high lignin content still dominates the
formation of briquettes, thereby resulting in the production of
briquettes with sufficiently small volume.
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Figure 3. Briquettes at different mixing ratios (EFB: CNT)
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Conversely, the increase in the weight percentage of CNT
reduced the relaxed density (RD) of the briquettes. The decline
in RD is due to the appearance of cracks as the regions
involved with binding mechanism starts to diminish due to
substitution by CNT. Besides, the increase in CNT fraction
created a larger volume of pores in the briquettes. As a result,
the density of the briquettes decreased with increasing CNT
ratio [29]. Based on density standard (1000 to 1400 kg/m?®) of
DIN 51731, it was found that the briquettes fulfil the
requirement for the commercialisation of densified fuels.

3.2.2 Mechanical durability

Although the addition of CNT in the briquettes lowered the
relaxed density, an opposite trend was observed for
mechanical durability. According to the EN ISO 17831-2
standard for commercial densified fuels, the mechanical
durability should be higher than 90%. Figure 4 presents the
results of the effect of CNT addition on the mechanical
durability of briquettes at various mixing ratios.

100.00
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99.80 +

fo970 1

z
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[
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Ratio of EFB to CNT (EFB:CNT)

Figure 4. Durability of briquettes at various mixing ratios

As observed, the briquettes showed highly durability above
99%, which indicates the addition of CNT improved the
durability. Furthermore, the results indicate that the produced
briquettes are physically durable. This is because lignin
content in the EFB binds or bridges the CNT and EFB patrticles,
thus producing highly durable briquettes. Lastly, the results
suggest that durability is not affected by the cracked surface
produced during the densification process.
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3.3 Physicochemical properties

3.3.1 Ultimate, proximate, and calorific analyses

The ultimate and proximate analysis of the pulverised oil
palm empty fruit bunches (EFB) and carbon nanotubes (CNT)
raw materials are presented in Table 2. The results show that
EFB and CNT both have low moisture content (<10%), which
fulfil the requirement for commercial fuel stated in DIN51731
and EN 14774-3 standard test methods. However, the ash
content of both materials is higher than the minimum
requirement of 0.7% as stated in the DIN5173 standard.
Besides, there is a significant difference in the volatile matter
between the pulverised EFB and CNT. As observed, the CNT
is almost pure carbon (98 wt.%) with a significantly high fixed
carbon (81.3 wt.%) compared to EFB.

Table 2. Physicochemical properties of EFB/CNT raw

materials
. Element/ Symbol
Analysis oroporty ({Jni ) EFB  CNT
Carbon C (wt.%) 4117 98.00
Hydrogen H (wt.%) 7.43 0.14
Ultimate Nitrogen N (wt.%) 0.84 0.16
Sulphur S (wt.%) 0.15 0.08
Oxygen O (wt%) 5042 1.62
Moisture MC (wt.%)  7.02 0.87
Proximate Volatile VM (Wt.%) 7554 16.20
Fixed carbon FC (wt.%) 13.94 81.26
Ash content A (wt.%) 3.51 1.67
- Gross Calorific GCV
Calorific Value (M/kg) 16.94 31.90

Next, the physicochemical analysis of the EFB/CNT mixing
ratios was examined, as presented in Table 3. As observed, the
percentage composition of carbon increased whereas the
hydrogen content decreased with the addition of CNT in the
briquette mixture. This is mainly due to the significantly high
carbon content but low hydrogen content of the raw CNT, as
shown in Table 3. Lastly, the percentage composition of
oxygen also clearly decreased with the increase in CNT
content in the mixture.

The gross calorific value (GCV) of empty fruit bunch (EFB)
and carbon nanotubes (CNT) was also examined as presented
in Table 2. As observed, gross calorific value for EFB is 16.94
MJ/kg, which does not differ markedly from values (17.02
MJ/kg — 18.88 MJ/kg) reported in the previous research works
[30-32]. The observed differences are ascribed to the various
pre-treatment, biological, and physicochemical, factors such
as moisture content, age, time of harvesting of the EFB, which
influence the lower gross calorific value [21, 33].

In comparison, GCV of EFB is slightly lower than the
minimum requirement (17500 kJ/kg) for commercial densified
fuels based on the DIN 51731 standard. Meanwhile, CNT has
sufficiently high gross calorific value. Therefore, the addition
of CNT to pulverised EFB during the briquetting will enhance
the combustion properties to meet the standard requirements
for commercialisation.

The proximate analysis of briquettes with different mixing
ratios of EFB and CNT are presented in Figure 5. The results
revealed that EFB/CNT briquettes have higher moisture
content (7.53-8.42 wt.%) compared to the raw materials
(EFB=7.02 wt.%; CNT=0.87 wt.%). This is supposedly due to
the modification of the mixture properties after simultaneous
heating and briquetting. The similar situation also has been



observed in the previous study [34]. The moisture content of
briquettes depends on that of the raw material, although the
values reportedly change during the briquetting process [35].
The authors observed that a fraction of the raw material
moisture content evaporates when the temperature increases
during compression.

Table 3. Results of ultimate analysis

Element/Property Symbol (unit) Mix ratio (EFB: CNT)

95:05  90:10 85:15

Carbon C (wt.%) 44.88 46.88 49.75
Hydrogen H (wt.%) 6.35 6.07 5.79
Nitrogen N (wt.%) 0.75 0.82 0.73
Sulphur S (wt.%) 0.14 0.16  0.13
Oxygen O (wt.%) 47.88 46.08 43.60

100% -

80% -

60% -

69.62

40% - 66.12 6189

Percentage (%)

20% -

w_ A EETE 2
95:5 90:10 85:15
Weight ratio (EFB;CNT)
Volatile Matter 0 Ash Content

HMoisture Content mFixed Carbon

Figure 5. Proximate analysis for briquettes with various
mixing ratios

As observed in Figure 5, when the weight fraction of CNT
was increased from 5% to 15%, the moisture content
decreased from 8.4% and 7.5%, respectively. The decreasing
trend was due to the low moisture content (0.87%) of CNT. As
a result, the moisture content of the briquettes produced
fulfilled the requirement for commercial purposes, as stated by
DIN 51731 and based on EN 14774-3 testing standard (<10%).

Similarly, the increase in the weight fraction of CNT from
5% to 15%, resulted in a decrease in volatile matter content
from 69.6% to 61.9%, whereas the fixed carbon increased
from 18.1% to 27.5%. This reveals that the high fixed carbon
content of CNT contributes to the increase in fixed carbon
content and the decrease in the volatile matter. Lastly, the ash
content also decreased from 3.9% to 3.1% when the mix ratio
of CNT was increased from 5% to 15%. The decrease in ash
is mainly because of the low ash content (~1.7%) of CNT raw
material. Overall, it can be concluded that the addition of CNT
strongly influenced the fuel properties of the EFB/CNT
briquettes.

The gross calorific value (GCV) analysis of the EFB/CNT
briquettes was also examined in this study as presented in
Figure 6. As observed, the GCV of briquettes increased with
the increase in CNT weight fraction from 5% to 15%. This
indicates that the addition of CNT resulted ina 5.7% to 13.3%
increase in the GCV of the EFB/CNT briquettes.

The results demonstrate that the addition of CNT enhances
the GCV of the briquettes. This observation confirms the
interrelationship between GCV and the percentage of carbon
composition in the briquettes. Lastly, the results indicate that
the GCV of the EFB/CNT briquettes fulfils the minimum
calorific requirements of 17500 J/g for commercialisation,
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based on DIN 51731 standard.

19500

19000
18500
18000
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raw EFB 95:5 90:10 85:15
Ratio of EFB:CNT

Gross Calorific Value [J/g]

Figure 6. Gross calorific value (GCV) of briquettes with
various mixing ratios

3.4 Thermal properties

The thermal properties of the raw materials (EFB and CNT)
along with the briquettes were examined by thermogravimetric
analysis (TGA). The findings present insights into the thermal
properties of the raw materials and the briquettes with various
mixing ratios.

3.4.1 Thermogravimetric (TGA) analysis

The TG plots for the raw material (EFB and CNT) along
with the EFB/CNT blends 95:5, 90:10 and 85:15 are presented
in Figure 7. The samples were heated from 30C to 900<C at a
heating rate of 20<C/min under an air flow rate of 20 mL/min
to examine the combustibility, thermal degradation behaviour,
and temperature profiles of the samples.

——EFB
——EC-85-15

e EC90-10
2 50 1 EC-95-5
40 A CNT

0 100 200 300 400 500 600 700 800 900
Temperature (°C)
**7EC” represents mixture of EFB and CNT

1000

Figure 7. TG plots for EFB, CNT and briquettes with various
mixing ratios (95:5, 90:10 and 85:15)

As observed, TG plots for the EFB and the mixing blends
95:5, 90:10 and 85:15 display the typical downward “Z” trend
as observed for thermally decomposing materials reported in
the literature [28]. This trend typically indicates that the
material is undergoing stepwise thermal decomposition due to
drying, devolatilization, and char degradation [36, 37] which
results in a significant mass loss during TGA. As observed, the
increase in the CNT fraction in the blends caused the TG plots
to shift to the right-hand side of the plots or higher
temperatures. This indicates that the addition of CNT increases
the thermal stability or resistance to thermal decomposition of
the briquettes. This is ascribed to the higher carbon, and fixed
carbon of the CNT, which lowers the thermal decomposition
or reactivity of the blends, as similarly reported for high
ranked coals and petroleum coke [38, 39].



The DTG plots for the raw materials (EFB and CNT) as well
as for the briquettes with various EFB/CNT blends of 95:5,
90:10 and 85:15 are presented in Figure 8.

-0.03
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Figure 8. DTG plots for EFB, CNT and mix blends (95:5,
90:10 and 85:15)

As observed, the thermal degradation of the samples
resulted in three sets of endothermic peaks in the temperature
ranges; (a) 30T to 200<C, (b) 200<C to 400<C, and lastly, (c)
850<C to 900 C. This indicates that the thermal degradation of
the samples occurred in four (4) stages as clearly evident in
Figure 8. The first stage from 30T to 200<C is typically
attributed to the loss of moisture and low molecular weight
volatile matter [40]. The second stage from 200<C to 400<C is
ascribed to the loss of volatile matter (devolatilization) from
the samples [36, 37]. As a result, the loss of mass from the
samples during this stage is significant as typified by the large
size, shape and symmetry of the peak in Figure 8. Stage three
which occurs from 400<C to 850<T is characterised by the
slow degradation of the char formed during the
devolatilization process in stage two. Lastly, stage four

occurred from 850 <C to 900<C is due to the char oxidation or
degradation. Overall, the results along with the shape, size and
symmetry of the DTG plots and peaks indicate that the
degradation mechanism of EFB, CNT and the briquettes is
similar and hence undergoing synergic interaction as earlier
reported. Next, the temperature profiles of the samples were
examined to deduce the thermal degradation behaviour.

3.4.2 Temperature Profile Characteristics (TPC)

Based on the TG-DTG plots, the temperature profile
characteristics (TPC) for the raw materials (EFB and CNT)
along with the EFB/CNT blends 95:5, 90:10 and 85:15 were
examined. The TPCs examined in this study include; ignition
(Tons), midpoint (Tmig), maximum decomposition (Tmax), and
burnout (Tor) temperatures, as well as the mass loss (ML, %)
and residual mass (RM, %) of the samples, as presented in
Table 4.

As observed, the ignition (Tons), midpoint (Tmig), maximum
decomposition (Tmax), and burnout (Tor) temperatures of EFB
are significantly lower than CNT. This is due to the
lignocellulosic nature of EFB which enhanced its thermal
reactivity compared to the highly inorganic nature of CNT
comprising high carbon and fixed carbon. As a result, the EFB
was significantly degraded during TGA as evidenced by its
higher mass loss (M_=91.5%) and lower residual mass
(Rm=8.6%) compared to the M =17% and Rm=83% for CNT.

In comparison, the EFB/CNT briquette blends 95:5, 90:10
and 85:15 experienced thermal degradation patterns similar to
EFB. As observed, the TPCs for the blends did not differ
markedly from the EFB, which indicates that the addition of
CNT did not significantly influence the thermal properties of
the briquettes. This observation is to be expected, as the CNT
was unreactive (Figure 7) during thermal degradation and
hence will have a marginal impact on the reactivity based on
the mass loss (Mr, %) and residual mass (Rm, %), despite
improving the calorific values as earlier reported.

Table 4. TPCs for raw EFB, CNT and briquettes

Sample  Tons °C) _ Twia(°C) _Twmax (°C) _Toyr (°C) M (%) R (%)
EFB 26627 31999  333.06 37271 9145 8.56
CNT 75691  770.74 86544  876.84 1697  83.03
85-15 26560 32241  341.66 38031  77.61  22.39
90-10 26553 32241  339.87 37896 8143  18.57
95-5  269.65 32329 34136 38045 8578  14.22

4. CONCLUSION

The briquettes made of pulverised empty fruit bunch and
carbon nanotube particles have been successfully produced
with various mixing ratios. It was found that the relaxed
density, gross calorific value, and moisture content of the
briquettes produced in the present study fulfil the minimum
requirement for commercial purpose as stated by DIN 51731
and 1SO standards. In terms of physical characteristics, it can
be concluded that the briquettes produced were highly durable,
with the durability of around 99%, based on standard EN 1SO
17831-2. Furthermore, the thermal properties revealed the
CNT marginal effect on the thermal degradation behaviour
and characteristics profiles of the EFB/CNT briquettes
produced. As an overall conclusion, the briquettes made of a
mixture of pulverised EFB and CNT particles have high
potential to be an alternative energy source to substitute the
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non-renewable energy sources as most of the critical criteria
has been found to fulfil the minimum requirement for
commercialisation. For future works, it is strongly
recommended that the EFB briquettes blended with CNT
particles to be pre-treated with torrefaction process for various
temperatures for further improvement in terms of the
combustion properties such as reduction in moisture content
and increase in gross calorific value.
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