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PHYSICO-MECHANICAL PROPERTIES OF FUEL BRIQUETTE MADE FROM 

RAW AND TORREFIED NEEM AND TROPICAL ALMOND TREE BRANCHES 

USING DIFFERENT ORGANIC BINDERS 

 

 

ABSTRACT 

This study examines the physico-mechanical properties of briquettes produced from Neem 

(Azadirachta indica) and Tropical Almond (Terminalia catappa) branch residues, processed in 

both raw and torrefied forms, using cassava starch flour and African locust bean (Parkia biglobosa) 

pulp as binding agents. A total of 36 samples were produced with varying biomass-to-binder ratios 

and evaluated for their suitability as solid biofuels. Key parameters measured included maximum 

density, relaxed density, relaxation ratio and density ratio. Additionally, the briquettes were tested 

for shatter, tumbling and water resistance. The briquettes demonstrate excellent physical and 

mechanical properties that ensure their reliability as biofuels and a good promise of their resilience 

during transport, storage, and usage. 

Keywords: African Locust Bean (Pulp), Biomass Briquette, Neem tree, Tropical Almond tree, 

Torrefaction. 

1.0 INTRODUCTION 

The increasing population in developing countries raises the need for a balanced energy to light 

and heat homes, cook, run transportation and communication systems, and power industries. The 

lack of dependable and affordable energy in both urban and rural areas is a major challenge, leading 

to heavy reliance on firewood and fossil fuels, which causes significant environmental and health 

issues. Approximately 85% of annual greenhouse gas emissions come from fossil fuel use (Huang 

et al., 2018). Reducing dependence on these harmful and expensive energy sources and aiming for 

sustainable and reliable environmental conditions is a key priority in the global energy sector. 

Researchers have been exploring and developing eco-friendly renewable energy resources, as 

fossil fuel depletion is inevitable and advancements in renewable energy technologies are crucial 

for resource and environmental sustainability. Among the alternative energy sources, biomass 

stands out as the only carbon-based option that requires minimal modifications for use in 

traditional energy applications and is widely available. 

Biomass, a natural, organic non-fossil resource derived from photosynthesis, encompasses the 

earth's living matter within the biosphere and serves as a significant energy storehouse (Bergman 

et al., 2005). Biomass is one of the largest energy resources globally (Omoniyi & Ojo, 2023). 
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Biofuels derived from biomass can be used in heat and power generation as well as transportation, 

unlike solar and wind energy, which are used solely for electricity generation. Kumar and Singh 

(2017), reported that biomass is the main cooking and heating energy source for about three-

quarters of people in countries in the global south, accounting for 14% of total global energy use. 

With advancements in conversion technologies, biomass-derived energy fuel is predicted to 

provide up to 15% of the world's primary energy consumption by 2030, making it a significant 

renewable energy resource (Zhao, 2018). According to Bajwa et al., (2018), biomass resources can 

be categorized into woody, non-woody, and sourcing (agricultural residue and harvested natural 

materials). Biomass in the form of wood and agricultural wastes is one of the third largest 

alternative sources of primary energy in the world, aside from coal and oil (Chen et al., 2009). 

Renewable energy sources, such as agricultural waste and forest residues, are widely available but 

remain largely untapped (Akorede et al., 2017). If harnessed properly, these resources can 

significantly meet the country's energy demand (Falemara et al., 2018). Notable examples are 

waste from Neem tree and Tropical Almond tree branches residues. The Neem tree (Azadirachta 

indica) is reported to be a fast-growing, small to medium-sized evergreen tree that sheds most of 

its leaves in the dry season and blooms in full foliage during rainy season, reaching an average 

height of 5 to 20 meters within the first 3 to 5 years of planting (Abidina et al., 2020). Introduced 

into Nigeria from Ghana in 1928, the Neem tree is currently grown on more than 3,500 hectares 

of land in Northern Nigeria, with a density of about 1,200 trees per hectare (Fujinmi et al., 1990). 

It is used in various commercial products like shampoo, soaps, bug repellent, toothpaste, and 

medicine. On the other hand, the Tropical Almond Tree (Terminalia catappa) is a large, spreading 

tree found throughout the tropics in coastal environments, often planted for shade and ornamental 

purposes (Mbah et al., 2013). It is tolerant of strong winds, salt spray, and moderately high salinity, 

and its timber is a useful and decorative hardwood (Olatidoye et al., 2011). Due to their abundance, 

residues from these trees can cause environmental nuisance if not properly dispose of. Direct 

burning is the most common way to reduce or eliminate these residues, which harms the 

environment and living organisms. Harnessing the bioenergy potential of these biomass species 

will help expand the global biomass and biofuel production market and aid in solving Nigeria’s 

and global energy problems (Edmund, 2015). One method of converting biomass for energy is 

briquette production through carbonized or uncarbonized densification and manufacturing 

processes (ITTO, 2008). 
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Wide range of biomass thermochemical conversion techniques exists which include; combustion, 

pyrolysis, gasification, liquefaction, carbonization, and torrefaction (Bui et al.,2015; Toor, et al. 

2011). These techniques rely solely on oxygen supply, reaction time and temperature for the solid 

product, liquid, and gas biofuels to be produced. Torrefaction is a new technology to upgrade 

biomass for combustion and gasification applications. It is also referred to as a mild form of 

pyrolysis that occurs at temperatures between 200 and 300oC where a solid uniform product is 

produced (Pestano & Jose, 2016), with the aim of improving properties such as higher heating 

value and carbon content which is usually carried out at a temperature range between 200-300°C 

for residence time of 30-60 minutes in a nitrogen rich or less oxygen environment at atmospheric 

pressure (Saleh et al.,2013). The main benefits of the pre-treatment of biomass fuel via torrefaction 

include; lower transportation cost, limited size reduction which reduced milling cost, reduction of 

waste materials, low grinding energy and so on (Tumuluru et al., 2011). 

In terms of temperature, Chen, & Kuo, (2011), reported that torrefaction is categorized into light 

(200 to 235°C), mild (235 to 275 °C) and severe (275 to 300 °C). Moisture and low molecular 

weight volatiles in the biomass are released during light torrefaction, while during mild 

torrefaction hemicelluloses disintegration and volatile release are smoothed. In the case of severe 

torrefaction, hemicelluloses are almost exhausted completely and cellulose is thermally degraded 

to a greater amount (Rousset et al., 2011). Progress on torrefaction of different biomass materials 

for solid fuel production has been reported (Kim et al., 2015; Akogun and Waheed, 2019, Sarker 

et al.,2021). Pahla et al., (2017) manufactured high-quality biochar with characteristics similar to 

bituminous coal from landfill food waste. A biochar with higher heating value little above 26 

MJ/kg was formed as against the initial 19.76 MJ/kg. The mass and energy yields were also 

discovered to be 60% and 70%, respectively, which is desirable for total process efficiency. They 

reported that a rise in carbon content was responsible for the increase in higher heating value. 

Cardona et al., (2019), torrefied eucalyptus-tree leftovers to produce a solid fuel with 29% higher 

energy density than raw biomass and properties equivalent to lignite coal. 

Briquettes are blocks of combustible biomass materials that can be used as solid fuel for kindling 

fires in rural and urban households as well as industries (Ominiyi & Ojo, 2023). The process of 

briquetting involves compressing loose biomass materials into a solid product of any shape that 

can be used as fuel, similar to wood, coal, or charcoal. Biomass materials for briquette production 
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are readily available and in large quantities, they includes olive refuse and waste paper (Yaman et 

al., 2000), sawdust and coconut fiber (Chin & Siddique, 2000), Neem wood residues (Sotande et 

al., 2010), empty fruit bunches of oil palm plants (Kenechukwu & Kevin, 2013), rice bran and 

palm kernel (Mohammed & Olugbade, 2015), mixtures of corn cobs and rice husks (Nurhayati et 

al., 2016), rice husk, corn cobs, and bagasse (Muazu & Stegemann, 2017), empty fruit bunch 

(Nazari & Idroas, 2019) and Sawdust (Emerhi, 2011; Ohagwu et al., 2022; Namadi et al., 2023 & 

Omoniyi & Ojo, 2023).  Compressing biomass into fuel briquettes improves energy density 

compared to the original materials (Zhao et al., 2001; Chou et al., 2009), enhances thermal 

conversion (Oke et al., 2016), and results in convenient, uniformly sized briquettes that offer 

significant advantages in storage and transportation (Mohammed & Olugbade, 2015). This process 

requires the addition of a binding agent to hold biomass particles together, affecting the briquette's 

strength, thermal stability, combustion performance, and cost (Altun et al., 2001). It has been 

reported that higher amounts of starch binder level could be a way to improve the briquettes' 

calorific value (Nurhayati et al., 2016). 

Various binding agents were used in briquette formation, including starch and molasses (Chin & 

Siddique, 2000), gum arabic and starch (Sotande et al., 2010), cow dung, wood ash, and starch 

(Emerhi, 2011), okra (Ohagwu et al., 2022), and African locust bean (Parkia biglobosa) pulp 

(Namadi et al., 2023). Despite significant research in biomass-to-energy conversion via 

briquetting, there is limited information on the Physico-mechanical characteristics of raw, torrefied 

and briquetted biomass fuel. This study aims to determine the influence of some organic binders 

and their proportion on Physico-mechanical Properties of raw and torrefied briquettes made using 

Neem and Almond branch residues. 
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2.0 MATERIALS AND METHOD 

This section highlights the materials used in the study and the procedure followed ranging from 

feedstocks acquisition to the production of biofuel briquette. 

2.1 Materials 

Materials used in the study includes; feedstocks which comprises Neem and Tropical Almond tree 

branch residues with thickness (90mm and below) obtained from trimming activities withing the 

academic area of Bayero University, Kano Old Campus (Latitude 11°57´57"N to 11°59´12" N and 

Longitude 8°28´18"E to 8°29´06"E). Others are traditionally and locally made cassava starch flour 

(Manihot esculenta), African locust bean (Parkia biglobosa) pulp, metal pot, spoon, measuring cup, 

water, Electric muffle furnace (Nabertherm 30-3000℃, Model: LT 40/12/B180), Electrothermal 

thermostatic drying oven (BZF-6021), Metal container, Metal tong, Electronic digital caliper, 

Digital Analytical balance, Sieve, WQS Vibrating Screen (WA600014/042996) and Digital Multi-

meter (MASTEC-345). 

2.2 Method 

The neem and tropical almond tree branch residues, crushed to a size of ≤ 20mm, were sun-dried 

for ten (10) days at an average daily temperature of 39°C to lower their moisture content. Stones 

and other debris that could hinder the briquette-making process were removed using wire mesh. 

After drying, the residues were further griund using hammer mills and sieved. Particles that passed 

through a 1.18mm sieve and retained by 0.6mm were kept and stored in an air-tight container for 

later use. Binder from cassava flour C (hot) and African locust bean pulp P (hot) and their mixtures 

were each prepared by dissolving 33.33g (representing 30% by weight of the biomass) into 50ml 

of water at room temperature in the first instance, stirred for a minute for uniformity and then 

poured into a pot containing 250ml of water heated at 100°C, stirred gently and cooked for two 

minutes to form the binder. Similar method was adopted in binder preparation using cold water 

throughout without heating the mixture to produce cold-pulp binder P (cold). Table 1 highlighted 

the percentage proportion and nomenclature of the biomass residues (feedstocks) and binders as 

used in the current study. Torrefaction process was carried-out by placing a known mass of biomass 

feedstock contained in a metal container directly into the muffle furnace (Nabertherm 30-3000℃) 

heated at an operating temperature of 256°C. After 30 minutes of residence, the feedstock was 
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taken out and left to cool. To avoid combustion, the metal container was covered with its cover 

plate before being taken out of the furnace. The feedstock was kept in a sealed container for further 

characterization after cooling. 

Table 1: Mixtures of briquettes residues, Binder proportion and their nomenclature. 

  Briquette Residues 

proportion/Percentage 

(100%) 

Nomenclature 

1 100% NTB 100% Neem Tree Briquette 

2 100% ATB 100% Almond Tree Briquette. 

3 50%+50% NATB 50% Neem and 50% Almond trees Briquette. 

4 100% TNTB 100% Torrefied Neem Tree Briquette 

5 100% TATB 100% Torrefied Almond Tree Briquette. 

6 50%+50% TNATB Torrefied 50% Neem and 50% Almond trees Briquette. 

  Binder 

proportion/Percentage 

(100%) 

  

1 100%C (Hot) 100% hot-prepared cassava starch binder 

2 100%P (Hot) 100% hot-prepared African Locust bean pulp binder 

3 100%P (Cold) 100% cold-prepared African Locust bean pulp binder 

4 50%C+50%P (Hot) 50+50% hot-prepared blend of cassava flour and locust bean pulp binder 

5 25%C+75%P (Hot) 25+75% hot-prepared blend of cassava flour and locust bean pulp binder 

6 75%C+25%P (Hot) 75+25% hot-prepared blend of cassava flour and locust bean pulp binder 

 

The biomass and binder were combined in a ratio of 3:1. A total of Thirty-six (36) different 

briquette samples were produced from the raw and torrefied biomass residues using different 

organic binders and their blends. Six distinct types of briquettes were created using residues from 

the Neem tree (100% NTB), the Tropical Almond tree (100% TAB), and a 50/50 blend of the Neem 

and Almond tree residues (50/50% NATB) and their torrefied samples using varying binder 

proportions, Production of the briquettes was carried-out with the aid of a molder capable of 

producing 27.77kg cylindrical briquettes per day, as described by Namadi et al. (2024). The 

produced briquettes were allowed to dry naturally in the sun for ten days. Three (3) replicas of 

each experiment were conducted and the average results was presented. Plate 1 (a)–(i) depicts the 

various stages of the briquette-making process. 
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(a)                                     (b)                                    (c) 

 
(d)                                      (e)                                     (f) 

 
(g)                                    (h)                                    (i) 

Plate1: Cross-section of briquette production processes: (a) Waste biomass residues from 

trimming activities, (b) Sun-drying of sorted and shredded residues (c) Sieving process of 

shredded residues (d) Raw and Torrefied samples of pulverized biomass residues (e) Prepared 

cassava flour binder (g) Prepared African locust bean Pulp binder (g) Produced briquettes (h)-(i) 

Drying of the raw and torrefied briquette fuels. 

 

2.2.1 Determination of Physical and Mechanical Properties of the Briquettes 

Maximum and Relaxed Densities 

The maximum density 𝜌𝑚 and relaxed density 𝜌𝑟 of the briquettes were determined following the 

methods outlined by Olorunnisola (2007). The mass of each briquette was measured using a digital 
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scale, and its volume was calculated with dimensional measurements using vernier calipers, both 

immediately after production (for maximum density) and after drying (for relaxed density). 

The relaxation ratio, 𝑅𝑅 and density ratio 𝐷𝑅 of the briquette were obtained using equation (1) 

and (2) as demonstrated by Oladeji and Enweremadu, (2012): 

𝑅𝑅 =
𝜌𝑚

𝜌𝑟
                                                      (1) 

𝐷𝑅 =
1

𝑅𝑅
                                                    (2) 

Shatter index  

The shatter index is used to measure how durable the briquettes are. The durability of the briquettes 

was assessed using the shatter index, as described by Mandal et al. (2019). This involved 

repeatedly dropping the briquettes from a height of 1.5 meters onto a concrete surface. The amount 

of material remaining intact after each drop indicated the briquette's breakability, and the overall 

percentage of material lost was calculated using the formula provided by Sengar et al. (2012); 

Percentage of weight loss =
𝑊𝑎 − 𝑊𝑏

𝑊𝑎
 × 100                    (3) 

% Shattered = 100 − % 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠                                  (4) 

where; 𝑊𝑎, 𝑊𝑏 = weight of briquette before and after shattering in grams. 

Water Resistance Test 

The porosity of briquettes impacts their water absorption capacity. A water absorption test was 

conducted to measure the amount of water absorbed under specific conditions. The resistance to 

water penetration test was used to evaluate how well the briquettes withstand exposure to water, 

such as during rainy seasons or in humid environments. It was ascertained by submerging the 

briquette fully in water at room temperature (27°C) for 30 seconds, and the increase in weight was 

recorded to determine the percentage of water absorbed, following the method reported by 

Ikubanni et al. (2020). The water gain percentage was calculated using equation (5) as reported by 

Ramani et al. (2022). 



 

9 
 

% 𝑊𝑎𝑡𝑒𝑟 𝑔𝑎𝑖𝑛𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑏𝑟𝑖𝑞𝑢𝑒𝑡𝑡𝑒𝑠 =
𝑊𝑎 − 𝑊𝑏

𝑊𝑏
× 100                           (5) 

where 𝑊𝑎 and 𝑊𝑏 are the weight of the briquette before and after water immersion. The percentage 

resistance to water penetration was calculated by extraction as shown in equation (6); 

% 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑜 𝑤𝑎𝑡𝑒𝑟 𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 100 − (%𝑤𝑎𝑡𝑒𝑟 𝑔𝑎𝑖𝑛𝑒𝑑)      (6) 

Tumbling Resistance Test 

The durability of the briquettes was further tested using a tumbling test, which assessed their 

resistance to breakage upon impact. The test was carried out using a sieve shaker according to 

British Standards for fuels EN 15210-1 (2009) as reported by Ohagwu et al. (2022). As illustrated 

in Plate 2 (a-c), the mass of the briquette samples was first recorded using a digital scale, then 

placed on a vibrating screen and set into vibrations for 10 minutes, after which the briquette’s mass 

was re-calculated to determine their durability. 

 

Plate 2: Cross-section of tumbling resistance test of the briquette (a) Briquette mass measurement    

             (b) Briquette placed on a vibrating screen (c) Tumbling resistance set-up. 

 

Tumbler resistance was evaluated as a percentage of weight loss that occurred during the process 

(Ramani et al., 2022): 

% 𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 =
𝑊𝑎 − 𝑊𝑏

𝑊𝑎
× 100                                            (7) 

where 𝑊𝑎 and 𝑊𝑏 are the weight of the briquette before and after tumbling process. The percentage 

durability index was calculated by extraction as shown by equation (8); 

𝐷𝑢𝑟𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 = 100 − (%𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠)                         (8) 
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3. RESULTS AND DISCUSSION 

This section presents the results obtained from the evaluation of the briquettes' physico-mechanical 

properties, including the maximum and relaxed densities, relaxation and density ratios, shatter, 

tumblance, and water resistance tests. The findings are also discussed here: 

 

Figure 1: Maximum Density of raw and torrefied material briquettes 

As shown in figure 1, the maximum density of the material briquettes obtained after release from 

the mould varied from 789.72 kg/m³ to 1015.04 kg/m³ for one hundred percent Almond Tree 

Briquette (100% ATB) bonded with one hundred percent hot-prepared Locust bean Pulp (100% P-

hot) and one hundred percent Neem tree briquette (100% NTB) bonded with one hundred percent 

cold-prepared locust bean pulp (100% P-cold) for the raw samples. For torrefied samples, the 

maximum density ranged from 913.62 kg/m³ to 1013.65 kg/m³ for one hundred percent Torrefied 

Almond Tree Briquette (100% TATB) bonded with one hundred percent cold-prepared locust bean 

pulp (100% P-cold) and one hundred percent Torrefied Neem Tree Briquette (100%TNTB) bonded 

with one hundred percent hot-prepared cassava starch (100%C). According to the minimal values 

obtained in the study, the maximum density of the torrefied briquettes is 15% higher than that of 

the raw briquettes. The values obtained for both raw and torrefied briquettes surpass the range 

reported for corncob briquettes (Oladeji and Enweremadu, 2012) and favorably above 739.61-

987.65 kg/m³ reported for briquettes made from water hyacinth and phytoplankton scum binder 

(Davies and Davies, 2013). The results obtained for all the briquettes in this study exceeded the 

minimum value of 600 kg/m³ needed for efficient transportation and storage, as noted by Gilbert 
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et al. (2009). Therefore, torrefied briquettes are considered to be more efficient for transportation, 

storage and practical application and possessed more energy per unit volume. 

 

Figure 2: Relaxed Density of raw and torrefied material briquettes 

The relaxed density of the briquettes as shown in figure 2 varied between 363.64 kg/m³ and 457.67 

kg/m³ for 100% ATB and 100% NTB produced using 50%P+50%C (hot) binder mix. These figures 

are higher than those previously reported for corncob briquettes (Oladeji and Enweremadu, 2012) 

and fall within the range observed for neem wood residue briquettes using starch and gum arabic 

as binders (Sotande et al., 2010); and 327 kg/m³ to 472 kg/m³ for raw and torrefied cornhusk and 

sawdust feedstocks (Akogun et al., 2020). The higher density values for both raw and torrefied 

briquettes in this study suggest effective compaction during the briquette-making process, 

resulting in high-quality briquettes. 
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(a) 100% NTB 

          

 
(b) 100% ATB 

 
(c) 50+50% NATB 

 
(d) 100% TNTB 
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(e) 100% TATB 

 
                                                    (f) 50+50% TNATB 

Figure 3: Relaxation and Density ratio of (a) 100%NTB (b) 100% TAB (c) 50+50% NATB 

(d) 100%TNTB (e) 100% TATB (f) 50+50% TNATB. 

 

The relaxation ratio (Figure 3) ranged from 2.09 to 2.52 for 100% NTB and 100% TATB briquettes 

made using 100%P (hot). These values align with the 1.82-2.86 range reported for corncob 

briquettes of 4.70mm particle size (Oladeji & Enweremadu, 2012) and are lower than the 2.66-

2.80 range for sawdust briquettes using African locust bean pulp and cassava starch binders 

(Namadi et al., 2023). According to Sing et al. (2021), a lower relaxation ratio signifies higher 

stability, whereas a higher ratio indicates reduced stability. The findings indicate that the briquettes 

examined in this study are stable and capable of withstanding high impact during practical 

application. Also, the density ratio ranged between 0.40 to 0.48 for 100% NTB briquettes produced 

using 100%P (cold) and 100%P (hot) and a blend of 50%C+50%P (hot).These figures are 

consistent with the 0.35-0.55 range for corncob briquettes of 4.70mm particle size (Oladeji and 
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Enweremadu, 2012), but higher than the 0.37 reported for sawdust briquettes bonded with hot-

prepared locust bean pulp binder (Namadi et al., 2023). Briquettes with a 100P+0C (cold) binder 

had the lowest density ratio. The study also observed that the maximum density and relaxation 

ratio are directly proportional, meaning that as one increases, the other increases as well. 

 

Figure 4: Percentage shatter resistance test of Raw and Torrefied material briquettes 

As depicted in Figure 4, the shatter resistance percentage for briquettes made from raw biomass 

materials ranged from 39.06% to 99.86% for 50+50% NATB made using 100%P (hot) and 

50+50% NATB made using 100%C (hot). Consequently, torrefied samples recorded values 

between 72.95% to 99.78% for 100% TNTB made using 100%P (hot) and 100% TATB (100%C 

hot). Higher values observed are comparable to the 90.73 to 99.24% reported for briquettes made 

using greenhouses waste of peppers, tomatoes, and eggplant (Kabas et al., 2022), 93.45 to 98.74% 

reported for raw and torrefied cornhusk and sawdust briquettes at 200, 250 and 300℃ (Akogun et 

al., 2020) and 98.87 to 99.82% for briquettes made from the mixture of biomass and coal (Ramani 

et al., 2022). 

High percentage of shatter resistance indicates the briquette’s ability to withstand shocks and 

impacts during handling and transportation (Ramani et al., 2022). It was observed that briquettes 

made with hot-prepared pulp 100%P (hot) had the lowest resistance to shattering mostly, resulting 

in greater weight loss during testing, similar to the findings of Namadi et al. (2023). A shatter index 
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above 86% is recommended for optimal briquette fuel performance (Lubwama et al., 2019). 

Remarkably, 83% of the samples analyzed in this study exceeded this benchmark, showcasing 

excellent structural integrity and suitability for fuel applications. Briquette samples that have been 

torrefied appear to be more resistant to breaking than their counter-parts. This has been attributed 

to its low moisture content and the torrefaction process's elimination of volatile particles, which 

promotes the biomass particles' improved adherence and results in a denser and more compact 

material. 

 

Figure 5: Percentage Tumbling resistance of Raw and Torrefied material briquettes. 

Tumbling resistance, as displayed in Figure 5, varied from 86.94% to 99.98% for briquettes made from 

100% NTB bonded with 100%P (hot) and 100% ATB bonded with 100%C (hot) and a blend of 

75%C+25%P (hot). These values are higher than the 69.09–86.70% reported by Ramani et al. (2022) 

for briquettes made from biomass blends and the 67.41–77.85% observed for briquettes produced 

using a screw press (Tayde et al., 2010). However, they are closer to the ranges 93.58–95.68% and 

83.85–97.95% for sawdust briquettes bonded with okra (Ohagwu et al., 2022) and for mixtures of 

groundnut husk, sawdust, and soybean straw using a piston-press (Tayde et al., 2010), respectively. 

In terms of tumbling resistance test, the binder performance of the raw residues briquettes samples 

were ranked as: 100%C (hot) > 50%C+50%P (hot) > 75%C+25%P (hot) > 25%C+75%P (hot) > 

100%P (cold) > 100%P (hot), while those from torrefied residues briquettes are: 100%C (hot) > 

25%C+75%P (hot) > 50%C+50%P (hot) > 75%C+25%P (hot) > 100%P (cold) > 100%P (hot). All 

briquettes, except those produced using 100% NTB with 100%P (hot) binder, achieved a tumbling 

resistance of ≥90%, meeting the recommendations set by Tayde et al. (2010) and Bajwa et al. 
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(2018) for high-quality briquettes that can endure significant impacts during transportation and are 

suitable for industrial and household applications. The higher shatter and tumbling resistance 

percentages found in the study suggest that the organic binders used are capable of producing high-

quality briquettes. These briquettes maintain their structural integrity during transport, storage, and 

handling, minimizing material losses and reducing the formation of fine particles or dust that are 

undesirable for fuel briquettes. 

 

Figure 6: Percentage water resistance test of Raw and Torrefied material briquettes. 

As shown in Figure 6, the percentage of water resistance of the material briquettes ranged from 

33.13% to 96.12% for 100% ATB made using 100%P (hot) and 50+50% TNATB made using 

100%C (hot) binder. These values are greater than 17.49%-52.20% reported by Ramani et al. 

(2022) for briquettes made from de-oiled cake of mahua seed, rice husk, charcoal and grasses; and 

are closer to 52.0% - 97.1% for briquettes made using water hyacinth and phytoplankton scum as 

binder (Davies and Davies, 2013). Torrefied briquettes are expected to have a longer lifespan and 

provide more efficient energy output because they require less energy to remove moisture, which 

otherwise lowers the fuel's calorific value. Briquettes made with raw materials using locust bean 

pulp (hot/cold) recorded the highest water absorption, indicating poor performance in humid 

conditions and a tendency to disintegrate during handling, transportation, and usage. Briquettes 

made with torrefied residues perform better in terms of resistance to water penetration, with a 

minimum value of 42.27% as opposed to their raw counterparts with a minimum value of 33.13%. 
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Conclusion 

This study evaluated the physico-mechanical properties of briquettes produced from Neem 

(Azadirachta indica) and Tropical Almond (Terminalia catappa) branch residues in both raw and 

torrefied forms, using cassava starch flour and African locust bean (Parkia biglobosa) pulp as 

binders. The results revealed that the torrefied briquettes generally outperformed their raw 

counterparts across key parameters, including maximum density (789.72–1015.04 kg/m³ raw; 

913.62–1013.65 kg/m³ torrefied), relaxed density (363.64–458.21 kg/m³ raw; 377.39–434.51 

kg/m³ torrefied), relaxation ratio (2.09–2.48 raw; 2.12–2.52 torrefied), and density ratio (0.40–

0.48 raw; 0.40–0.47 torrefied). Furthermore, briquettes made from different binder proportions 

from both raw and torrefied exhibited superior mechanical resilience, with higher values recorded 

for shatter resistance (39.69%–99.86% raw; 72.95%–99.78% torrefied), tumbling resistance 

(86.94%–99.98% raw; 90.95%–99.84% torrefied), and water resistance (33.13%–96.02% raw; 

40.28%–96.12% torrefied). These improvements suggest enhanced durability, structural integrity, 

and moisture resistance of the briquettes, making them better suited for transportation, storage, 

and practical usage as solid biofuels. In conclusion, torrefaction process significantly enhances the 

overall performance of the briquettes, positioning torrefied briquette as more reliable option for 

sustainable energy applications. 
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