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ABSTRACT
Background and Objective: Water hyacinth (Eichhornia crassipes) is a fast-growing, invasive aquatic weed
that causes nuisance and threat to eco-diversity. It has the potential to be used as biofuel and
particleboard production. Densification of water hyacinth for briquettes will be an alternative energy
source and a strategic way of managing the menace created by the weed. This study investigates the
effect of binder ratio, compaction pressure and particle size on the compaction energy of water hyacinth
briquettes.  Materials  and  Methods:  The  water  hyacinth  samples were manually harvested, cleaned,
sun-dried, milled and sieved. The briquettes were produced at three particle sizes of 0.5 mm (D1), 1.6 mm
(D2) and 4 mm (D3), four compaction pressure levels of 3 MPa (P1), 5 MPa (P2), 7 MPa (P3) and 9 MPa (P4)
and five binder levels of 10% (B1), 20% (B2), 30% (B3), 40% (B4) and 50% (B5) by weight of each feedstock
using cylindrical die. A Randomized Complete Block Design experiment at combinations of DiPiBi was
employed. Results: The results showed that compaction energy varied from 7.42±0.66 kJ/kg (B4) to
11.34±1.27  kJ/kg  (B3)  for  all  the  produced  briquettes  at  all binder levels. The mean compaction
energy  ranged  from  6.59±0.42  kJ/kg  (D1)  to  13.68±1.16  kJ/kg  (D3)  for  all the particle sizes.
Conclusion: Compaction energy of water hyacinth briquette increased with an increase in particle size,
binder inclusion and compaction pressure.
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INTRODUCTION
The water hyacinth plant is a fast-growing, invasive aquatic weed. It has a detrimental impact on fishing,
hydropower, marine transportation, biodiversity, aquatic life and irrigation systems in the Niger Delta,
Nigeria1. Aquatic plants such as water hyacinth, lily and lettuce pose a danger to biodiversity2. With great
potential for use as energy-producing materials, aquatic plants are a renewable energy source. Nigeria
produces a lot of aquatic plants every year, but they are hardly ever used. Using loose aquatic plants as
feedstock for bio-based products and fuels is significantly hampered by the costs and challenges
associated with handling and storing them. These large aquatic plants can be handled more easily and
at a lower cost when they are transformed into a denser form for storage, transportation and handling.
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It is sustainable to use biomass to produce pellets and briquettes for biofuel. It will lessen rural
communities' excessive reliance on wood cutting for firewood, which is the same as deforestation. Both
briquettes and pellets burn cleanly and have the benefit of being stored for extended periods of time
without degrading. For various agricultural and aquatic wastes, including rice and coffee husks3, biomass
briquettes4, forest wastes5, hazelnut husks6, woody biomass7, water lettuce briquettes8, maize cob9, alfalfa
products10, carbonized palm kernel shell and plantain peels11, some researchers have looked into the
engineering properties of briquettes.

Other researchers worked on the production of briquettes using ground and unground hazelnut husks6,
corncob12, rice husk and coffee pulp13, rice straw14, coffee and rice, ground and unground hazelnut husks6.
rice and coffee husks3 and water hyacinth briquettes15. The mixture of rice husk and pine sawdust16, soda
weed17 and water hyacinth and plantain peel18.

Numerous studies have documented the various applications of water hyacinth, including the
manufacturing of particleboard, biogas, biofertilizer, furniture, sewage and biological waste-water
treatment and particleboard18. Biomass has been characterized by some academics as a renewable energy
source with significant production scale and quantity that could be included in the world's energy mix in
the future. Nigeria generates massive amounts of biomass yearly, but it is mostly underutilized, leading
to the unregulated burning of crop leftovers and a serious environmental issue19.

One potential source of renewable energy is the densification of biomass, which turns industrial and
agricultural wastes into smokeless solid fuels. One major contributing element to Nigeria's fuel wood
dilemma is the increase in demand for sustainable alternative energy. Developing nations like Nigeria
must quickly make the switch to a sustainable energy system4,20.

Biomass can be briquettes with or without the addition of an adhesive.The low density of agricultural
wastes makes them difficult to handle, transport and store, which adds to their drawbacks as a biomass
fuel.

Briquetting biomass and crop residues has several benefits, including increased bulk density, decreased
moisture content, consistent size and shape for simple handling, storage and burning, as well as improved
volumetric calorific values and cleanliness.

The compressive density of briquettes is between 1100 and 1200 kg/m3 and their bulk density is greater
than 600-800 kg/m3. In contrast, loose biomass has a bulk density ranging between 40 and 100 kg/m3 for
agricultural straws and grasses and 150-200 kg/m3 for woody biomass21-25. Transportation expenses may
be lowered by densifying biomass products26,27.

Mani et al.26 stated that the biomass densification energy requirement depends on compressed material
moisture content, the pressure of compaction, the material physical properties (initial bulk density,
compaction method and size of particle), pellet mill process parameters (length to diameter ratio of the
die, die diameter, the rotational speed of the die and feed rate), processing parameters (pressure and
temperature) and the chemical composition of the biomass28. Modifying residues into high-density form
by compaction is an efficient way to combat the limitation of densification. Compression bailing of loose
bulk volume of biomass can be reduced up to one-fifth of its total volume. However, the briquetting
process is quite expensive; the purchase price of briquetting lines and energy inputs is generally high29,30.
Oladeji24 and Tumuluru and Fillerup28 opined that biomass is the world's third-largest energy resource
after coal and oil. Currently, biomass in the form of wood fuels, agricultural straws and energy crops is the
most common biomass energy source, which occupies about 1.25 billion metric tons of oil equivalent, or
approximately 14% of the global annual energy consumption.
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DeCrosta et al.31 and Adapa et al.16 alluded to the fact that low energy density is synonymous with
agricultural waste, leading to a high cost of feedstock transportation. This cost is 40-60% of the total costs
of biomass energy production. However, the transportation costs ranged between 13 and 28%. Kaliyan
and Morey32 and Zhang et al.33 mentioned different techniques of producing briquettes from biomass,
which include direct compact, piston press and screw press technology, without blending it with a binder.
The machines are of different forms, such as conical screw extruders, mechanical piston presses, hydraulic
piston presses without die heating and twin-screw extruders. Some factors affecting the strength of
briquettes involve the biomass's chemical and physical characteristics and the densification processes'
variables, such as forming pressure, temperature, moisture content, feed constituent, die dimension and
feed particle size25,28. The quality of densified materials is affected by the composition of biomass24.
However, the components of biomass such as protein, starch and lignin are responsible for the natural
binding of biomass particles. The main objective of this work is to determine the effect of compaction
pressure, binder ratios and particle sizes on the compaction energy of water hyacinth briquettes.

MATERIALS AND METHODS
Study area: The laboratory work was conducted in the Processing laboratory, Niger Delta University. The
samples were collected from Port-Harcourt, Niger Delta, Nigeria and are located between Latitudes 4E2"
and 6E2" North of the equator and Longitudes 5E1" and 7E2" East of the Greenwich meridian, between
June 2019 and March 2020. For this study, 5×3×4 randomized complete block design has been used.

Preparation of binder: The method adopted by Moses and Augustina8 was used to prepare the binder
for this work. Plantain peels were sundried. Thus, it was ground into powder (particle size 0.075 mm) using
a hammer mill and Tyler Sieve. It was hydrated with a predetermined amount of boiling water at 100EC
to form a paste.

Experimental design: The experimental design of this study used the randomized complete block design
(5×3×4). The particle sizes of groundwater and dried hyacinth were of three categories (D1, D2, D3) relating
to 0.5, 1.6 and 4 mm. The pressures used (P1, P2, P3, P4) were at levels 3.0, 5.0, 7.0 and 9.0 Mpa. While the
ratio of plantain peels binder (B1, B2, B3, B4, B5) was 10, 20, 30, 40 and 50% by weight of residue. The
experiment was arranged in a randomized complete block design with three repetitions per investigation.

Preparation of briquette sample: The briquette samples used in this study were pretreated by drying,
reduction of size and compaction. Sundrying of samples was done for 5-7 days, after which, the dried
materials were cut using choppers such as knives and matchets and grounded by employing a hammer
mill. Particle size analysis equipment was used to achieve the desired sizes. Each of the aggregates was
divided into five equal parts, while the binder, in the proportion of 10, 20, 30, 40 and 50% by weight of
the residue stock, was added to each of the subdivided residue portions. An automated mixer was used
for the proper agglomeration of the mixture. The mixture was later oven-dried to 7.9% moisture content
on a dry basis.

Compaction tests: The universal testing machine was used to conduct compaction tests. The steel
cylindrical die was loosely filled with a known quantity of weight of each sample mixture and placed in the
hydraulic-powered press machine at 30 mm/min of piston movement to compact the sample. The samples
were compacted at 3.0, 5.0, 7.0 and 9.0 MPa, with particle sizes of 0.5, 1.6 and 4.7 mm and binder ratios
of 10, 20, 30, 40 and 50%. A known pressure was applied to the material in the die for 60 sec before
release and the briquette formed was extruded. Before the release of the applied pressure, the maximum
depth of piston movement was measured to calculate the volume and depth. Each briquette was
replicated  three  times  according  to  the  level  of production variables. A compaction energy test was
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conducted using a hydraulic press. The work done was estimated by the force versus displacement graph.
The force was determined using the following relationship by Lawrence et al.23:

2pπXF = 4

Where:
p = Pressure, MPa
X = Hydraulic press piston diameter, m

Compacting work done was determined using force-displacement curves of graphical integration.

The total specific energy (kJ/kg) of common reed compacting is calculated by the equation:

WE
M



Where:
E = Specific energy of compacting, kJ/kg
W = Work of compacting, kJ
M = Mass of compacted reed, kg

Statistical analyses: The obtained data was statistically analyzed using Statistical Analysis System (SAS)
(2007) and Microsoft Excel (2007) packages for Analysis of Variance (ANOVA). The probability significance
is (p<0.001).

RESULTS
Compaction energy ranged between 7.42±0.66 kJ/kg (binder at 40% ) and 11.34±1.27 kJ/kg (binder at
30%) as revealed in Fig. 1. The mean compaction energy of briquette at the various binder proportions
was statistically significant at p<0.001. The compaction energy decreased with an increase in the binder
concentration. The compaction energy and compaction pressure have a strong positive relationship. It
ranged between 5.92±0.21 kJ/kg (P1) and 15.37±1.50 kJ/kg (P4) as shown in Fig. 2 and the deviation in
their mean values were statistically important (p<0.001) as depicted in Table 1. The mean compaction
energy required to produce briquettes ranged from 6.59±0.42 kJ/kg (D1) to 13.68±1.16 kJ/kg (D3), as
indicated in Fig. 3. This is an indication that the smaller particle size requires less energy to compact
compared to larger particle size. The ANOVA displayed a significant difference between the values at the
different particle sizes (p<0.001).

Fig. 1: Effect of binder ratio on compaction energy of briquettes
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Fig. 2: Effect of compaction pressure on compaction energy of briquettes

Fig. 3: Effect of particle size on compaction energy of briquettes

Table 1: Summary of the ANOVA of the effect of binder ratio, particle size and pressure on the measured properties of water
hyacinth briquettes

Properties Source DF Type III SS Mean square F-value Pr>F
Compaction energy (kJ/kg) Binder 4 410.078052 102.519513 173.77 <0.001

Pressure 3 2351.732440 783.910813 1328.76** 0.001
Size 2 1583.434363 791.717182 1341.99** 0.001
Binder×Pressure 12 153.774743 12.814562 21.72** 0.001
Size×Binder 8 2442.142181 305.267773 517.44** 0.001
Size×Pressure 6 339.366717 56.561119 95.87** 0.001
Size×Binder×Pressure 24 437.148717 18.214530 30.87** 0.001
Error 120 70.794667 0.589956
Corrected total 179 7788.471880

**Statistically different p<0.001

DISCUSSION
The correlation between the compaction energy and particle size of the briquettes was found to be
significantly positive. It can be inferred that smaller particle sizes necessitate less energy for compaction
in comparison to larger particle sizes. This result was in agreement with the findings of Adapa et al.16 on
the effect of particle size on the compaction energy of briquettes produced from barley. It was found that
reducing the particle size from 0.64 to 0.56 mm reduced the specific energy consumption by 2 MJ/t.
Zhang et al.33 found that between 95 and 99% and 1 and 5% of the total specific energy was needed to
compress the grinds and in a single compact test, extrude the compact, respectively. It was also revealed
that  average  specific  compression  energy varied between 7.2 for pretreated wheat straw using steam
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explosion and 39.1 MJ/t for wheat straw. Adapa et al.16 reported on barley, canola, oat and wheat straw
densification at 10% moisture content (wb), 1.98 mm particle size and four compaction pressure levels of
31.6, 63.2, 94.7 and 138.9 MPa. The average total specific energy for wheat, canola, barley and oat straw
compacts was determined to be 3.69±0.28 to 9.29±0.39 MJ/t, 3.31±0.82 to 9.44±0.33 MJ/t, 5.25±0.42 to
9.57±0.83 MJ/t and 3.59±0.44 to 7.16±0.40 MJ/t. The data showed that the compaction energy required
to compress the biomass increased with increasing compaction pressure, with the highest recorded
compaction energy occurring at pressure P4 and the lowest at pressure P1.

Mani et al.26 reported that 8.1 MJ/t and 7.3 MJ/t, respectively, of compaction energy were needed to
compress corn stover to 5 MPa at 10 and 15% moisture content (w.b). Additionally, it was stated that to
compact the corn stover to 15 MPa at 10 and 15% wet, respectively, 14.0 and 15.8 MJ/t were needed. The
specific extrusion energy was included in the overall specific energy needed to compress the corn stover,
which ranged from 12 to 30 MJ/t. According to Kaliyan and Morey32, at 10% moisture content on a wet
basis, the specific energy needed to compact corn stover (3.0 mm hammer mill grind) to 150 MPa was 38.6
MJ/t. On the other hand, switch grass under the same circumstances had a specific compaction energy
of 37.5 MJ/t.

The die used in the research by Kaliyan and Morey32 had a diameter of 18.8 mm. For every particle size,
the mean compaction energy values varied from 6.59±0.42 kJ/kg (D1) to 13.68±1.16 kJ/kg (D3). It suggests
that the compaction energy needed to create the briquettes increased significantly as the particle size was
increased. According to Lawrence et al.23, the compaction energy required to compress biomass of a larger
particle size is greater than that a smaller particle size. The briquettes produced at binder ratio (B4) are
considered the optimum binder level needed to generate briquettes with acceptable thermal fuel
efficiency and minimal smoke. Choosing any other binder level above binder B4 resulted in both financial
and energy losses. Furthermore, The specific energy needed to produce pellets from biomass feedstock
(19-90 kJ/kg) was substantially higher than the compaction energy values (18-58 kJ/kg) found in this
study7. The specific energy requirements for biomass densification are reliant on the following: Feedstock
variables (moisture content and particle size/distribution), employed system and process variables
(temperature and pressure) and biochemical composition variables (presence of starch, protein, fat and
lignocellulosic composition)15,26. Compression and pushing/extrusion work are the most utilized
densification process. Energy through the channels is required in extrusion as the material must overcome
friction during compression and push23.

In briquette production, there is a strong negative relationship between the particle size of biomass and
compaction energy. However, a strong positive relationship was observed between pressure and
compaction energy in briquette production. The optimum binder ratio recommended for the production
of briquettes is 40%.

CONCLUSION
The study's findings demonstrated that pressure had a major impact on the compaction energy needed
to produce briquettes. The briquette's compaction energy values at each of the binders were noteworthy.
There was a significant variation in the briquette's compaction energy as the compaction pressure
increased. It suggests that the compaction energy needed for compression increases with increasing
particle sizes. There were notable variations in the average compaction energy values across all particle
sizes.

SIGNIFICANCE STATEMENT
Water hyacinth is a prolific aquatic weeds that devastate eco-diversity and affects the source of livelihood
of the people. Densification of water hyacinth and plantain peel (binder) for biofuel briquette production
will  be  a  strategic  way  of  managing  its  menace.  This  study  investigates  the  effect of binder ratio,
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 compaction pressure and particle size on the compaction energy of water hyacinth briquettes. This study
discovered the potentiality of producing briquettes at a very low compaction pressure. The results showed
that the optimum compaction energy is obtained at 0.5 mm particle size, 40% binder ratio and
compaction pressure of 9 MPa. The compression of water hyacinth into briquettes results in a ten-times
reduction in volume and enhanced storage, transportation and sustainability.
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