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Abstract: The objective of this research was to investigate the quality of hybrid briquettes developed
from corncobs (CC) and oil palm trunk bark (OPTB) under a low-pressure densification technique.
The materials were combined in varying ratios of CC to OPTB (100:0, 75:25, 50:50, 25:75, 0:100) and
wastepaper pulp (10% by weight) was added to each mixture as a binder. The briquettes were
produced using a manually operated 20-tonne hydraulic piston press at 28 ◦C temperature and
≤7 MPa compaction pressure. The mechanical strength of the briquettes was determined by the drop
test and compression test methods, while a bomb calorimeter was used to determine the calorific
values. The results showed that the physical properties of hybrid briquettes ranged from 9.24–10.00%
moisture content, 0.38–0.40 g/cm3 density, and 87.60%–92.00% water resistance. Mechanical strength
showed a 98.28%–99.08% shatter index and 18.47–21.75 MPa compressive strength, while calorific
values ranged from 16.54–16.91 MJ/kg. The hybrid briquettes fared better than the CC briquettes.
The significance of this study lies in the production of briquettes with suitable physical, mechanical
and thermal properties by utilizing OPTB which have hitherto not been used, mixed with corncobs.
This could bring substantial environmental and socio-economic benefits to rural communities of the
developing countries.

Keywords: Corncobs; oil palm trunk; bark; hybrid briquettes; density; compressive strength; calorific
value; low pressure

1. Introduction

Biomass is organic and a renewable energy source. It is one of humanity’s earliest sources of energy
particularly in rural areas where it is often the only accessible and affordable source. [1]. Generation
of energy from biomass materials offers the potential to reduce the greenhouse gas emissions from
fossil fuels [2]. It can also guarantee energy security and tackle environmental problems [3], and
contributes to its efficient management and to developing rural areas economically [4]. The potential
of using biomass wastes in producing high energy concentrated fuels in the form of briquettes has
been explored by researchers [5–7]. Corncobs and oil palm trunk (OPT) are examples of biomass
wastes of plant origin, and are readily available in Nigeria. Their utilization, especially in rural
communities, is basically as direct fuel, while their disposal is by open burning or being dumped
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and left to rot on farmlands. Generally, biomass display poor energy characteristics when used in
their natural state [8,9]. They also show low bulk densities due to their porous structure which makes
processing, shipping, storage and combustion difficult [10]. The disposal method is inefficient and
leads to environmental pollution and degradation [11]. Biomass must be converted into a ready-to-use,
high-energy resource in order to be considered as viable fuel [12]. Biomass densification offers a
unique opportunity for converting biomass wastes with poor energy characteristics into solid fuels
with high energy concentration. Additionally, densification increases bulk density, thereby optimizing
transport and enabling the use of biofuel in areas far from where waste is generated. In turn, necessary
homogeneity is achieved. In a rural setting where energy is never enough, briquetting remains the
most applicable technology to produce energy in the form of solid fuel for cooking at the household
level [13,14].

Corncob is a process residue [15] produced after the harvesting of corn. Approximately 135 million
tons of corncobs generated globally from 797 million tonnes (Mt) of corn production was reported
in Muazu and Stegemann, [16]. Recent global production of corn puts the corn production estimate
at 1031 million tonnes [17], with an expected increase in corncobs residue. Several studies have
investigated the production and characterization of briquettes from corncob [18–21]. However, some
have observed that corncob briquettes have a tendency to absorb water due to high particle porosity [16],
and also displayed inadequate durability for handling and transporting after densification using low
compaction pressure at room temperature [22,23]. Additionally, corncobs have a low bulk density of
104 kg/m3 [24], low lignin content (5.6%), low water-soluble carbohydrates (1.1%) and low protein
(2.5%) that are largely responsible for forming solid bridge bonds during briquetting and thus, requiring
a high compacting pressure and/or an external binder [23].

OPT is an annually available solid waste obtained in large quantities after the felling of oil palm
trees [25]. Only about 40% of the OPT is utilized by oil palm-based plywood mills while the other 60%
is discarded as waste due to its insufficient properties [26]. Additionally, the plywood manufacturing
process includes debarking of the logs [27], which produces a lot of waste in the form of barks. In other
climes, OPT is dumped on plantations, as it is considered valueless with no competition for other
value-added products. However, it is lignocellulosic in nature (35.89% lignin) and thus rich in energy
content [28]. Lignin content of biomass can be used for heat and power production [29,30], and was
confirmed to contribute to bulk density and durability of briquettes [31]. Ultimate and proximate
analysis including the calorific value of OPT have shown that it has the potential to serve as a good
feedstock for biofuel production [32,33]. There are however strong concerns about the amount of ash
it may generate during combustion, as ash content in biomass above 4% may cause slagging [34].
Briquettes have been produced from some oil palm biomasses like the palm press fibers (PPF), palm
kernel shell (PKS), mesocarp fiber (MF) and empty fruit bunch (EFB) [35–40]. Yet, very little or no
attention has been given to OPT, as no studies can be traced to briquette made solely from OPT or
mixed with another residue until now.

Briquetting can be done with a small amount of energy using low compaction pressure. Briquettes
produced under a lower pressure technique have been reported to easily fall apart, while those under
high pressure remained durable [41], However, a compaction pressure of ≤7 Mpa has been used to
produce low cost briquettes that are durable [6,39,42]. These researchers used binding agents, which is
a requirement for low pressure densification. The purpose of the binder was to enable agglomeration
of the material. Resource problems from the use of food products such as starch as binders [43] may
arise, meaning non-edible and available products like waste paper, turned into pulp, can be used
as alternatives. Papers are cellulosic in nature and have a binding ability due to the proteinaceous
materials content, with an excellent adhesive property [44].

Previous studies have confirmed that a combination of different biomass materials enhances the
quality characteristics of densified products [23,45,46]. The potential energy content and generation
in large quantity presents corncobs and OPT as sustainable feedstock. This study anticipated that
combining these materials will result in quality hybrid briquettes that will not only contribute to the
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energy mix but also to a more sustainable waste management strategy. Therefore, hybrid briquettes
were produced from corncobs and the bark of oil palm trunk (OPTB) using a low-pressure technique
and wastepaper pulp as a binder. The objective was to assess the quality of the briquettes in terms
of physical, mechanical and thermal properties as a potential alternative energy source for domestic
cooking applications.

2. Material and Methods

2.1. Material Collection and Preparation

Corncobs (Figure 1a) were collected from local farms in Nasarawa state, Nigeria, while the oil palm
trunk was obtained from the local farmers in Serting Hilir, Malaysia. Waste papers were obtained from
offices within the Universiti Putra Malaysia (UPM) premises. The bark of the oil palm trunk (Figure 1b)
was separated from the trunk using an axe. Initial moisture contents of corncobs and OPTB as received
were 23.34% and 75.01% wet basis (w.b.), respectively. All moisture contents presented in this paper are
on a % wet basis. Both materials were later chopped into small pieces and then sun dried to reduce the
moisture content to 9.27% (w.b.) [47]. (Figure 2). A grinding machine (WARING COMMERCIAL) was
used to grind the raw materials further and then sieved with a 2 mm sieve (ENDECOTTS Test Sieves)
to obtain the desired particle size of ≤2 mm. The waste papers were soaked in water for 2 days and
then blended in a grinder to form pulp in accordance with the procedure described by Roy et al. [48].
A total of five different samples were prepared in varying ratios of corncobs (CC) to OPTB (Table 1)
and each sample was mixed with wastepaper pulp as binder (10% by weight of sample mix).
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bark (OPTB).
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2.2. Material Characterization

Proximate analysis was performed to estimate the percentage of volatiles, ash content and fixed
carbon present in the raw materials. Volatile matter was determined by keeping the dried sample
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obtained after moisture content determination in a closed crucible at 925 ± 20 ◦C for seven minutes
in a muffle furnace (Vulcan A-130) as per ASTM D-3175-18 [49]. The residual samples obtained after
volatile matter determination were heated gradually in a muffle furnace (Vulcan A-130) to 700 ± 50 ◦C
for half an hour as per ASTM D-3174-12 [50]. The fixed carbon content was the value obtained after
subtracting the value of the moisture content, volatile matter and ash content from 100%. The ultimate
analysis to determine the carbon, hydrogen, oxygen, nitrogen and sulfur content of the samples was
performed in accordance with ASTM D3176-15 [51] using an element analyzer (LECO CHN628+S,
Saint Joseph, MO, USA) at the material and characterization laboratory UPM. All determined values in
both analyses are reported in this paper as dry basis (d.b.).

Table 1. Material composition of corncobs (CC) and OPTB briquettes.

S/No Sample Name Corncobs OPTB

1 CC 100 * 0
2 OPTB 0 100 *
3 MIX 1 75 25
4 MIX 2 50 50
5 MIX 3 25 75

* Control.

2.3. Briquette Production

The briquettes were formed in a cylindrical mold with an inner diameter of 56.6 mm, a height of
74 mm and a rod with a 14.4 mm outer diameter placed in the center to create a hole in the middle of
the briquette. The hole helps to increase porosity and oxygen supply, thereby improving briquette
combustion. The mold was filled with the mixtures and densified under constant operating conditions
(temperature of 28 ◦C, pressure of ≤7 MPa) with a manually operated 20-tonne air hydraulic piston
press (KENNEDY Model HBP020, UK). Ten briquettes were produced from each sample and their
initial densities were measured immediately after ejection from the mold. The resultant briquettes
(Figure 3) were placed on a flat surface and left to air dry in a closed room with adequate air ventilation
for 30 days before testing the properties.
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2.4. Briquette Characterization

2.4.1. Moisture Content

Moisture content was determined by oven-dried methods in accordance with ASTM D2444-16 [52].
Each briquette was weighed and then oven-dried at 105 ± 3 ◦C to constant masses in 24 h. The loss in
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mass, expressed as a percentage of final oven-dried mass was taken as the moisture content of the
briquettes. The moisture content was calculated by equation

MC =
W1 −W2

W2
× 100 (1)

where MC = moisture content, W1 = wet weight, W2 = weight after drying.

2.4.2. Density

The density of briquettes was determined according to ASTM D2395-17 [53]. The density of
briquette was calculated by dividing the mass of the briquette by its volume. The volume was
determined by measuring the diameter, height and central whole diameter at different points using
a Vernier caliper, while the mass was measured with a digital weighing balance (Model AND GF
3000). The density of briquettes was determined 30 days after the briquetting process. The density was
calculated by:

ρ =
m
V

(2)

where ρ = Density, m = mass of biomass briquette, V = volume of biomass briquette.

2.4.3. Water Resistance

The water resistance test was carried out in accordance with the procedure described in Davies
and Davies, [54]. A digital weighing balance (Model AND GF 3000) was used to measure the initial
weight of each sample briquette and then dunked in water for 2 min. A stopwatch was used to time the
process. The briquette’s weights were measured again and the relative change in weight was recorded.
Percentage water absorbed was calculated using the following equation

% water absorbed by briquette =
W2 −W1

W1
× 100 (3)

where W2 = final weight of briquette after immersion and W1 = initial weight of briquette
before immersion.

Water resistance index is now calculated using equation

Water resistance (%) = 100% −% water absorbed by briquette. (4)

2.4.4. Shatter Index

This property was determined according to ASTM D440-86 [55]. The procedure involved weighing
and recording the initial mass of the briquette, followed by subjecting the sample to a gravitation fall
from a constant 2-m height. The drop is repeated three times and each time the sample was passed
through a sieve (2.36 mm), while the mass of the briquette retained on the sieve was recorded [56]. The
shatter index of each briquette was calculated by the equation:

K =
Bz

B
× 100 (5)

where K = shatter index, Bz = weight of briquette after shattering, B = weight of briquette
before shattering.

2.4.5. Compressive Strength

The compressive strength of a briquette is measured by the maximum load it can withstand
before cracking or breaking. This load estimates the weight a briquette can withstand during storage.
Compressive strength of briquettes was determined using a universal testing machine (INSTRON 3382)
with a load cell capacity of 50 kN and a cross-head speed was 1mm/min in accordance with ASTM



Sustainability 2020, 12, 2468 6 of 16

D2166-85 [57]. The briquette was placed in between the plates of the machine and was subjected to
uniform loading until failure or rupture.

2.4.6. Calorific Value

The calorific value of the briquette was determined using the IKA C2000 Basic bomb calorimeter
in accordance with ASTM D5865-13 [58]. One gram of sample was pelletized, placed in a sample holder
(crucible) and then transferred to a steel capsule from the bomb calorimeter. The test was performed at
the Institute of Tropical Agriculture and Food Security (ITAFoS), UPM.

2.5. Data Analysis

Samples of briquettes were selected by a simple random sampling method in each of the five
categories and their properties (density, moisture content, water resistance, compression strength,
shatter index and calorific value) were tested and replicated four times. The test data obtained were
subjected to Analysis of Variance (ANOVA) and Fisher’s Least Significance Difference (LSD) test to
determine the significant differences between the various treatments of the briquettes. All significance
tests in this study were conducted with p < 0.05.

3. Results and Discussion

3.1. Proximate and Ultimate Analysis of Raw Materials

The values in Table 2 shows the proximate and ultimate analysis of corncobs and OPTB in this
study, along with comparative values found in the literature. Corncobs had a lower ash content
compared with the OPTB. Studies have found a higher amount of ash in barks of several forest species
attributed to the higher mineral content in the bark than in the wood [59,60]. The higher percentage
of ash content of the OPTB suggests the possibility of more ash removal for OPTB than corncobs
when similar quantities of their briquettes are burnt. According to Duca et al. [4], high ash content
feedstock may also result in a high level of operating discomfort among home owners when used for
residential heating. Mendoza-Martinez et al. [12], added that it is desirable for the feedstock materials
and consequently for the final products to have a low ash content, high energy as well as fixed carbon.
The volatile matter and fixed carbon values obtained for this study are within the range reported by
the literature listed in Table 2. The results from the ultimate analysis shows that both materials met the
requirement of the DIN 51731 standard [61] guiding values except for sulfur, which was found to be
slightly above <0.08%. This implies that the thermal properties are good enough for heat production.

Table 2. Proximate and ultimate analysis of corncob and OPTB raw materials.

Properties This Study Literature Data

Corncobs OPTB
Corncobs OPT

[1] [62] [32] [33]

Moisture content (% w.b.) 9.27 9.27 NA 8.28 7.16 NA
Volatile matter (% d.b.) 74.39 78.92 87.40 71.16 82.60 86.70

Ash content (% d.b.) 2.42 8.01 1.10 2.70 5.27 3.35
Fixed carbon (% d.b.) 13.92 3.80 11.50 17.78 4.97 NA

Carbon (% d.b.) 42.70 42.12 49.00 49.00 42.72 51.41
Hydrogen (% d.b.) 6.49 6.48 5.40 5.40 5.61 11.82

Oxygen (% d.b.) 50.41 50.83 44.50 44.20 51.25 51.16
Nitrogen (% d.b.) 0.25 0.32 0.50 0.40 0.44 0.17

Sulfur (% d.b.) 0.15 0.25 0.20 NA NA NA
Calorific value (MJ/kg d.b) 16.13 16.71 NA 17.36 NA 17.47

NA means not available.
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3.2. Briquette Characterization

3.2.1. Moisture Content

Moisture content is an important parameter for evaluating changes that may occur in the physical
conditions of briquettes during storage and transport. The moisture content values obtained in this
study ranged from 9.24% for OPTB and a hybrid type (MIX 3) to 10.24% for CC briquette (Table 3,
Figure 4). The briquettes made with a higher percentage of OPTB material exhibited a lower moisture
content compared to those with a higher percentage of corncobs material. However, ANOVA showed
that there is no significant difference in the moisture content values of the briquettes (p < 0.05). (Table 4).
The values obtained are similar to those of rice husk briquettes with cassava starch, but lower than
the rice husk briquettes with cassava peel binder found in Arewa et al. [63]. According to Chin and
Siddiqui, [64], the tolerance level of moisture content for briquette is between 8% and 12%, which may
depend on the nature of the feedstock.

Table 3. Least Significance Difference test for the properties of briquettes.

Moisture Content
(% w.b.)

Density
(g/cm3)

Water
Resistance (%)

Shatter
Index (%)

Compressive
Strength

(Mpa)

Calorific
Value

(MJ/kg d.b.)

CC 10.24 a 0.35 a 86.20 b 99.20 a 10.26 a 16.65 a

OPTB 9.25 a 0.43 c 93.20 a 99.05 a 22.33 c 17.78 a

MIX 1 10.00 a 0.38 b 87.60 b 98.28 a 18.47 b 16.54 a

MIX 2 9.75 a 0.39 b 88.30 b 98.16 a 21.09 c 16.65 a

MIX 3 9.24 a 0.40 b 92.00 a 99.08 a 21.75 c 16.91 a

Means with the same letter(s) in a column for briquette properties are not significantly different (p < 0.05).
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Figure 4. Moisture content, density and resistance to water penetration of briquettes.

Studies have reported that a moisture content that is less than 4% or 5% will reduce the stability
of briquettes [65,66] and make the briquette too dry, hence making it burn out quickly [67]. Generally,
a high moisture content above the tolerance level can be detrimental to the briquette or the equipment
that uses it. Nonetheless, it could positively influence compression strength and shatter index [56].
High moisture content can make briquettes susceptible to poor combustion properties such as low heat
output, low combustion temperature, and long fuel residence time in the combustion chamber [68].
This could lead to excessive emission of fumes and risk of explosion if burnt in a furnace [69]. Briquettes
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with high humidity can cause a boiler to shut down [67], have lower durability, easily become eroded
and broken [70], and can be ruined due to microbial decomposition, resulting in a substantial loss
of dry matter during storage and transport [66]. The hybrid and control briquettes in this study are
good enough to burn and conform to the tolerant level. However, MIX 1 briquette is more likely to
attract moisture.

Table 4. ANOVA for properties of briquettes.

Source of Variation SS Df MS p-Value

Moisture content Test samples 3.20 4 0.80 0.54 a

Error/Residuals 15.00 15 1.00
Total 18.20 19

Density Test samples 0.01 4 0.003 0.000003 b

Error/Residuals 0.002 15 0.0001
Total 0.01 19

Water resistance Test samples 100.56 4 25.14 0.02 b

Error/Residuals 89.31 15 5.95
Total 189.87 19

Shatter index Test samples 3.88 4 0.97 0.52 a

Error/Residuals 17.35 15 1.16
Total 21.234 19

Compressive strength Test samples 397.92 4 99.48 0.0000002 b

Error/Residuals 41.79 15 2.79
Total 439.70 19

Calorific value Test samples 4.10 4 1.03 0.21 a

Error/Residuals 9.36 15 0.62
Total 13.46 19

a Not significant: b Significant: (p < 0.05).

3.2.2. Density

Density is an important parameter for the briquetting process. The density of the feedstock, binder,
briquetting pressure, temperature and time, to a large extent, determine the eventual density of the
briquette [71]. The higher the density in briquettes, the higher the energy/volume ratio. The burning
time may be longer [72], however, other combustion properties of such briquettes may be negatively
affected [73]. The CC briquette displayed the lowest density of 0.35 g/cm3 while the OPTB briquette
had the highest density at 0.43 g/cm3 (Table 3, Figure 4). ANOVA shows that densities of the briquettes
are significantly different (p < 0.05) (Table 4). However, LSD shows that densities for the hybrid
briquettes (MIX 1, MIX 2 and MIX 3) are not significantly different (Table 3). Density values observed
in this study are similar to briquettes produced with a carbonized coffee husk (0.30–0.39 g/cm3) using
different manual presses [74] and rice husk and bran briquettes (0.44 g/cm3) made with cassava starch
wastewater [42].

The observed difference between the CC and OPTB briquettes can be ascribed to the higher lignin
content and fineness of the OPTB materials. According to Antwi-Boasiako and Acheampong, [56],
briquette density is affected significantly by the raw material particle size, wherein finely ground
materials make very dense briquettes. This was confirmed by Mitchual et al. [41] suggesting that raw
material with finer particles provides a larger surface area for bonding, which results in the production
of briquette with a higher density. Owing to the inclination to absorb water, the lower values of
CC briquette could be due to a decrease in the briquette weight or a rise in the briquette volume
after drying and stabilizing, as observed by Okot et al. [21]. Studies have also noted that briquettes
produced from hydraulic piston presses have unit densities lower than 1.00 g/cm3 because of limited
pressure [56,66]. For economic purposes, low density raises the costs of briquette transportation and
decreases the energy density [12]. Blending corncobs and OPTB improved the density of the briquettes
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and the higher the proportion of OPTB material, the higher their densities. The hybrid briquettes
produced in this study are suitable for transportation, storage and handling.

3.2.3. Water Resistance

Studies on the water resistance test has been performed to determine the rate at which briquettes
can withstand degeneration in high humidity or water exposure [75]. The OPTB briquette recorded
the highest resistance to water penetration with a value of 93.2% followed by the MIX 3 briquette with
a value of 92.0%. (Table 3, Figure 4). ANOVA shows that water resistance indices of the briquettes are
significantly different (p < 0.05). (Table 4). The values obtained in this work compares favorably with
values (>70% resistance) obtained in Rajaseenivasan et al. [76] for sawdust and neem powder briquettes.
The CC briquette recorded the least resistance (86.2%), most likely from due to the low density and
porosity of corncob particles. Earlier, Pinto et al. [77] had observed that particle porosity from existence
of a capillary network in corn cob gives rise to its tendency to absorb water. Contrastingly, the hybrid
briquettes showed a gradual rise in resistance to water penetration. This is an indication that with
increased quantity of OPTB material, the hygroscopic property of the hybrid briquettes showed a
decrease in water absorption capacity. OPTB has a fibrous structure [28,78] and the positive effects of
that structure on the improvement of briquette’s water resistance was noted in Yaman et al. [79].

In a test carried out by Centre de Rescherches Agronomiques de l’Etat Gembloux (CRA) and
reported in Eriksson and Prior, [73], briquettes were subjected to humid air for a period of 21 days
in an atmosphere of 20 ◦C and 95% humidity. The recorded results showed that an elongation of
less than 30% (>70% resistance) was considered acceptable and less than 20% (>80% resistance) was
suggested to be most ideal. Richards [80] further added that a water resistance index of 95% would be
a reasonable target for most briquette types which maintain integrity after 30 min of immersion. In this
study, all the categories of briquettes fall within the acceptable quality value (>70%) based on the CRA
criteria. Briquettes may absorb moisture from the air during handling, transportation and storage.
If this is prolonged, they will swell to decrease the density and lead to total disintegration. Water
resistance also influences the combustion of briquettes as it affects their heat values. The lifetime of
briquettes is limited under humid conditions and thus the reason why they should be stored under dry
cover. It is important that briquettes display a high resistance to water penetration to avoid decay and
growth of fungi during storage particularly if the feedstock are agricultural residues. This research
finding suggests that the hybrid briquettes are good enough for transportation and storage, and that a
mild exposure to moisture would not have any serious damaging effect on them.

3.2.4. Shatter Index

Shatter indices are a direct means of gauging the strength of briquettes for the purposes of handling,
transportation and storage. Results in Table 3 and Figure 5 shows that the CC briquette recorded the
greatest shatter index of 99.20% which was closely followed by the MIX 3 briquette with a value of
99.08%. However, ANOVA (Table 4) shows that shatter indices of the briquettes are not significantly
different (p < 0.05). These results can be likened to the best shatter indices (98.21% and 98.17%) obtained
for sawdust and charcoal briquettes in Ajiboye et al. [81]. According to Borowski et al. [82], the shatter
index of briquettes should be at least 90%. In a previous study, a minimum value of 50% was considered
an acceptable shatter index for fuel briquettes developed for industrial and domestic applications [80].
The addition of paper pulp as a binder is responsible for the agglomeration of the materials, which
resulted in a strong bonding of particles. This was confirmed by the presence of paper mill waste,
which increased the shatter index of the briquettes obtained in Yaman et al. [79]. Similarly, higher ratio
of paper pulp resulted in a higher percentage of shatter resistance of briquettes in Kpalo et al. [11].
The shatter index of a briquette shows its ability to produce fewer fines during handling. The higher
the value of the shatter index, better the quality of briquette [83] and indicative of high durability to
gravitational deterioration [56]. The shatter indices of the hybrid briquettes in this study reveals that
they can be good for transportation and storage.
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Figure 5. Shatter index and Compressive strength of briquettes.

3.2.5. Compressive Strength

Compressive strength is the maximum crushing load a briquette can withstand before cracking or
breaking. Apart from shatter index, it is another index used to assess briquette’s ability to be handled,
packed and transported. The strength of briquettes depends on factors such as particle size, moisture
content, compaction parameters and material type [84]. Table 3 and Figure 5 shows that the values
for compressive strength of briquettes ranged from 10.26 to 22.33 MPa and are significantly different
(p < 0.05) as assessed by ANOVA (Table 4). The hybrid briquettes displayed better compressive
strengths than those of briquettes made from agro-based materials [85], pine needles [86] and banana
tree waste [67]. The CC briquette displayed the greatest variation, while the OPTB, MIX 2 and MIX 3
briquettes exhibited higher compressive strengths in similar manner with their reported density values.
The results are also consistent with the observation by Jamradloedluk and Wiriyaumpaiwong, [87]
that briquettes produced from materials with higher density can withstand higher ultimate stress
in comparison to those of lower density materials. Wu et al. [88] observed that the extremely high
compressive strength suggests the presence of the strong bonding forces between the particles within
HT biomass briquette. Aside the density of the raw materials, the paper pulp used as binder in this
work also contributed to the compressive strength of the briquettes. Increase in quantity of paper mill
waste correspondingly increased the compressive strengths of briquettes in Yaman et al. [79]. Generally
paper waste does not crumble when compacted properly due to having an excellent binding ability.

Compressive strength increases the lifespan of briquettes by reducing the absorbing ability of
moisture [72]. A minimum value of 0.38 MPa was given as an acceptable compressive strength for
briquette, which was established from a test performed on commercial fuel briquettes [80]. Similarly,
Borowski and Hycnar, [89] suggested a minimum value of 1.0 MPa. The values of compressive strength
for all types of briquettes in this study meets the requirements given in both studies mentioned. The
high compressive strength of the hybrid briquettes makes them safer to store or transport and will not
break or wear off very easily, in agreement with Nwabue et al. [90].

3.2.6. Calorific Value

A significant indicator of the quality of briquettes is the calorific value which measures the
briquettes’ energy content. It is known as the amount of heat that is formed when a briquette is burnt
out completely and the products of combustion are cooled. The findings in this study shows that OPTB
briquette had the highest calorific value of 17.78 MJ/kg compared with the CC and the hybrid briquettes
(Figure 6). They, however, do not significantly differ from each other (p < 0.05). (Table 4). These
values compare well with 16.68 MJ/kg paper/sawdust briquettes [91], but are higher than the 10.26 to
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13.70 MJ/kg of vegetable market waste briquettes [92] and 15.61 MJ/kg of rice straw briquettes [93].
The proximate and elemental analysis of the biomass materials (Table 2) suggests they had adequate
thermal characteristics which consequently contributed to the relatively high and acceptable calorific
values observed. Corncob has a higher cellulose content (40%) than its lignin content [22]. Higher
lignin content in OPT could have also contributed to the higher calorific value of the OPTB briquette
because lignin yields more energy when burned than cellulose [66].
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Figure 6. Calorific value of briquettes.

Fuelwood which is used for cooking, heating and lighting, especially in rural communities
of developing countries has calorific values between 15.4 to 16.2 MJ/kg [94]. A calorific value of
11.66 MJ/kg is sufficient to sustain combustion as observed in Romallosa and Kraft, [44]. The conditions
above implies that the calorific values of CC, OPTB and the hybrid briquettes are adequate to produce
enough heat for domestic cooking applications and thus provide a potential energy source. They
also meet the minimum values (≥16.0 MJ/kg) set by Wood Pellet Association of Canada as cited in
Mitchual et al. [46] While the OPTB briquette displayed a higher calorific value, the possibility of
burning with greater ash content presents the hybrid briquettes as preferable option. This is consistent
with Loh, [33] in stating that a very limited amount of ash during combustion of the material is a
characteristic of a good solid fuel. The production and adoption of these hybrid briquettes as alternative
energy sources significantly reduces the dependence on fuelwood for heating and cooking.

3.3. Correlation between Density and Some Briquette Properties

Density is one of the major indices used for assessing the handling characteristics, combustion
and ignition behavior of briquettes [14]. In this study, significant positive correlations were noticed
between density and compressive strength (r = 0.89), water resistance (r = 0.96), calorific value
(r = 0.83) and significant negative correlation with moisture content (r = −0.91). The briquettes with
the highest densities (OPTB and MIX 3) displayed corresponding high compressive strengths and
water resistant indices. A strong correlation between unit density and compression strength was found
by Rhén et al. [95]. This was further confirmed by Taulbee et al. [96], who suggested that the strength
of briquettes is improved when the density is increased. Gendek et al. [84] also reported a strong
correlation between density and compressive strengths in briquettes made of crushed pine, spruce and
larch cones. However, the study noted a certain inconsistency with pine cone due to low compressive
strength and assumed that it might be due to the contents of lignin and cellulose or resin content.
Briquette’s resistance to water penetration may also be dependent on its density. The more compact
and less porous the particles are, the less water the briquettes will absorb. The correlation observed is
expected because of the effectiveness of the inter-particle bonding. According to Tumuluru et al. [71],
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briquettes with higher densities generally have higher calorific values. Emerhi [97] reported that the
higher calorific values obtained may have been a result of the density of the briquette material. The
densities obtained in this study may have fallen short of the specific gravity of fuel briquettes (0.5–1.2)
as noted in Antwi-Boasiako and Acheampong, [56], yet it was suggested that there is little gain in
making denser briquettes as they might pose difficulty in burning [73,86]. Moisture content was found
to have a strong positive influence on bulk density of briquettes in Karunanithy et al. [31]. The negative
correlation between moisture content and density may not necessarily affect the briquettes quality in
this study, except when the moisture content is above a certain limit [42].

4. Conclusions

The objective of this study was to investigate the quality of hybrid briquettes developed from
corn cobs and the bark of oil palm trunk. Wastepaper pulp was utilized as a binding agent to allow for
agglomeration from a low-pressure densification technique. Briquettes were produced from individual
materials as controls and from a mixture of both in different proportions. The tests performed on
the briquettes were in respect of their physical, mechanical and thermal properties. Results from the
experiment showed that all the briquettes have adequate handling, transport and storage characteristics.
Additionally, the relatively high heating value of the briquettes presents an attractive option as an
energy source. Specifically, the OPTB briquette displayed the greatest qualities, however chances are
that it will burn, leaving behind a significant quantity of ash. The relatively low ash content of corn cob
added to OPTB can address this drawback, which presents the hybrid briquettes as favorable options.
The significant qualities of the hybrid briquettes have confirmed and justified the use of the bark of
oil palm trunk which hitherto, has not been used for briquette production. Further studies involving
an optimization process varying the feedstock property (particle size and moisture content) and
compression conditions (pressure and temperature) are recommended. The study also recommends a
further assessment of the thermal properties of the briquettes, as well their performance in cooking
applications. The use of these materials as alternative sources of energy is desirable because it could
tackle problems of waste disposal, energy shortages as well as mitigate against indoor air pollution. The
extraction of useful energy from a blend of corncob and OPTB could bring significant environmental
and socio-economic benefits to rural communities of developing countries, including Nigeria.
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