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ABSTRACT

Biomass especially agronomic residues are renewable with a natural carbon footprint that are now been explored as solutions to problems of energy depletion and scarcity. This study was aimed at exploring the innate potential of Manihot esculenta and Cocos nucifera waste for biocharcoal briquettes as alternative energy source. The procedure adopted purposive ecological methods of random sampling for plant species based on availability and accessibility to study sample site, which was validated using a hand - held Geographic Positioning System (GPS - Garmmi Dakota 10 model) for the georeferencing of the exact sampled point of the species. Biomass preparation, carbonization, briquetting, characterization for proximate and thermal analyses and data analysis via ANOVA and LSD using SPSS version 20.0 were carried out. The results obtained indicate that the briquettes made from Cocos nucifera frond and Manihot esculenta peel have high heating value enough for domestic use and small-scale industrial applications, though with Manihot briquette comparatively better based on its’ significant ignition time (1.33kg/s); burning time (5177.33kg/s) and bulk density (37.58g) as well as non-significant less moisture content (23.19%); ash content (11.46%); high fixed carbon (44.66%) and calorific value (2770.85kcal/g). Therefore, with the significant variation in the briquettes quality of the two species they can be categorized as biomass with demonstrated briquettes potential for the source of alternative domestic energy and by implication as carbon footprint to enhance reforestation and ecosystem restoration.
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1.1. INTRODUCTION
The prevailing upsurge in modernization and industrialization with consequent environmental negativity, has informed the increasing drive for an environmentally friendly alternative source of energy for human life and sustainable development. Biomass especially of agronomic residues has now been explored as a solution to problems of energy depletion and scarcity, they are renewable with a natural carbon footprint. Generally, biomass refers to forestry, purpose-grown crops, trees, and plants; wood, leaves, and organic, agricultural, agro-industrial, and domestic waste; it is the oldest source of energy to humans and was once the global energy source before the advent of oil and electricity (Rusdianasari et al., 2023). 

The potential energy efficiency of biomass has been known to be harnessed through the process of pyrolysis via thermochemical conversion in oxygen-limited environment (in a closed container with little or no available air) (Nguyen et al., 2010; Lehman et al. 2011; Frantseska-Maria et al., 2021). Pyrolysis is a form of baking biomass in the absence of air to drive off volatile gasses, leaving carbon behind.  It breaks down the organic materials into a stable carbon-rich material that can be used for various purposes (Kauffman, 1995). The nature of carbon structures is the key to high stability (Nguyen et al., 2010; Lehman et al. 2011). So it produces bioenergy in the form of gas and oil, as well as biochar with subsequent fortification and enhancement as briquettes. This energy can be recoverably used as a renewable fuel (Yang et al., 2005). 
Fossil fuel consumption, deforestation due to large-scale logging / domestic fuel-wood harvesting, increasing prices of kerosene and cooking gas, industrialization as well as burning of agricultural waste (stalks, leaves, and husks) in many countries have led to an increase in aerial concentration of carbon dioxide (CO2) [a greenhouse gases besides methane (CH4) and nitrous oxide (N2O)] with pervasive global warming (Kauffman, 1995; Demirbas, 2005; CEC, 2004; Watts, 2017) lack of proper awareness and limited knowledge in sustained utilization of plant value chain, the utilization of raw Cocos nucifera as fuel ends up releasing smoky particles from burning of the fronds which when inhaled continuously results to eye and respiratory diseases (Olorunnisola, 2004). Coconut fronds and trunks are the common residues generated at coconut plantations. Usually, coconut farmers dispose off the residues in the coconut plantation by burning or leaving them to rot in the fields, thereby causing pollution (Brassard et al., 2016). Also considering the fact that coconut water and mesocarp are being consumed in diverse spheres of life globally it’s being pointed to be responsible for the large volume of municipal solid waste generated particularly in coastal nations (Silva, 2014); with the attendant consequences of disease generation vectors such as flies, mosquitoes, cockroaches and rats causing diverse health and environmental challenges (Fae et al., 2006). Also challenging is the incorrect or inappropriate places (landfills and dump sites) for coconut waste (Seneviratne and Dissanayake 2008), thus generating a series of impacts on the environment. 

Generally, the major problem or challenges associated with coconut and cassava waste disposal after consumption is the management and allocation of these wastes to the proper disposal location and the reuse of these wastes for economic purposes. So in managing such waste, it may probably go into three locations; i) A safe disposal or authorized location such as a sanitary landfill, ii) An authorized or unsafe location where it is being discarded inappropriately thereby polluting the environment, and iii) returning to a reverse distribution chain (Fae et al., 2006); coupled with undomesticated weak laws and policies set up for solid waste management, in terms of weak implementation of technologies for waste conversion and treatment. These necessitate the need for renewable alternative sources of energy accessible to society by harnessing their biomass. Renewable energy has been identified as the world’s fastest-growing energy resource, with consumption increasing by an average of 2.3 - 3% annually, between 2015 and 2040 (EIA, 2009). This is due to its environmental friendliness against the rising concern about the environmental impacts of fossil fuel use.

Manihot esculenta in its value chain has been utilized in diverse ways (Andrew 2002; Sheela et al., 2024); similarly, is coconut palm (Cocos nucifera) with its’ multiple functionalities has been exploited for its’ potential value chain for all humanity (Ferreira, 1998; Pino et al., 2006; Ana et al., 2019; Henrieta et al., 2022; Pamar et al., 2021; Sulaiman et al., 2014). This study was aimed at exploring the innate potential of Manihot esculenta and Cocos nucifera waste for biocharcoal briquettes as alternative energy source. Biocharcoal briquette is a compressed block of coal dust, very affordable with its raw material which lies as waste in the environment. Briquetting is the process of densification of biomass to produce homogenous, uniformly sized solid pieces of high bulk density which can be conveniently used as fuel (Kaliyan and Morey, 2008). Owing to the fact that coal dust (charcoal) is a material without plasticity, the coal dust cannot hold into shape without adding some binders for the briquette. Therefore, cassava flour obtained from cassava will be used as a binder for strengthening the briquettes. This is because it contains natural and harmless high starch and amylose content which has good performance to tightly bind charcoal fines to charcoal briquettes (Lubwama et al., 2020). Furthermore, the cassava flour has low water binding capacity which enables it to remain stable at a certain temperature range (Muazu et al., 2017). The purpose of this study was to explore an alternative source of waste utilization with the objective of comparative assessment of Coconut frond and Cassava peel for energy production potency and delivery as well harnessing sustainable way to waste management via briquetting .The findings indicate Cocos and Manihot briquettes having high heating value enough for domestic use and small-scale industrial applications. Manihot briquette comparatively had better significant thermal values and non-significant proximate values. Prospectively, this will become a window for restoration of ecosystem from deforestation and waste pollution trend, long term sustainable means of climate change mitigation and energy security among other renewable alternative energy sources and a source of sustainable livelihood among inhabitants in the gross root.

2.0.        MATERIALS AND METHODS 
2.1
Study Area, Location and Site

The study was conducted for six months (between September 2022 to February, 2023) in Khana Council Area (among the 23 Local Government Council in Rivers State) with its’ geographical situate between latitude 4o37`0``N and 4o37`15``N and longitude 7o23`35``E and 7o23`45``E of the equator. The study area within the State is bordered in the north by Oyigbo, west by Tai and Gokhana, and south by Andoni and Opobo / Nkoro LGAs, and inter-state by Akwa-Ibom in the east. The climatic condition of the area at the time of study had variable rainfall annually and relative humidity under the influence of latitudinal and relative humidity variation. The area is characterized by secondary vegetation under a progressive successional trend; an agrarian area housing over 60 villages in six Clan Communities involving: Bille, Ekpeye, Nyo-Khana, Kenkhana, Babbe, and Eeken study locations. The Cocos nucifera frond and Manihot esculenta peel were obtained from the study location (Eeken), which has an average temperature of 25oC. The area has several rivers and tributaries flowing within its territories of several hamlets including Bara study sample site. 

2.2.
Experimental design

The experiment was divided into seven phases viz: (i) Field sampling of Eichhornia crassipes and Nypa fruticans biomass. (ii) Processing of sampled biomass involving drying and carbonization of biomass to biochar. (iii) Briquettes production involving preparation / gelatinization of the biomass blends using different biochar / binder mixture ratios. (iv) Densification/Briquetting of biochar/binder ratio (v) Oven drying of briquettes (vi) Characterization of the well-formed briquettes by proximate analysis, bulk density determination, shattering index, thermal analysis and specific heat of combustion. (vii) Data analysis.

2.3.
Sampling of Biomass Feedstock 

A random system of sampling as stated by Lawal et al. (2019) was adopted. A known quantity (1000g) fresh weight of  Cocos nucifera was collected from its habitat using a machete to cut off matured branch from the plant stand while 500g fresh weight of Manihot esculenta tuber was collected from the study site by uprooting the entire plant to ensure the whole biomass was intact (Figs.1a&b). This was carefully done to ensure the entire biomass of the sample on fresh weight bases was maintained. The sampled site were validated using a hand - held Geographic Positioning System (GPS - Garmmi Dakota 10 model) for the georeferencing of the exact sampled point of the species in question (Table 1) and imagery of the sampled sites produced with the plant species biomass identified and recorded from the sampled sites.
2.4
 Processing of Biomass Feedstock
2.4.1.
Pre-moisture Determination and Drying

The Cocos nucifera frond were separated from the petiole using a cutlass, while the Manihot esculenta peel was gotten from the cassava tuber after peeling has been done (Figs.2a&b). The initial moisture content of Cocos nucifera frond and Manihot esculenta peel as collected was determined as described by Tembe et al. (2014) by measurement on fresh weight basis. Both materials were sun dried firstly (Figs.3a &b) for a period of 96 hours at 30-35oC to get rid of the moisture content in the plant and subsequently oven dried at temperature of 105oC for 24hours to reduce the moisture content (Yasha and Sudan, 2021). The entire experiment was carried out and analyzed at Chemical Engineering Laboratory, University of Port Harcourt.
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Table 1: GPS Coordinates Biomass sampling points 

	Manihot esculenta Cranzt

	Points
	Lat.  (N)
	Longt. (E)
	Alt. (m)

	1
	04.61838o
	007.39568o
	16

	2
	04.61839o
	007.39566o
	17

	3
	04.61845o
	007.39567o
	11

	4
	04.61847o
	007.39563o
	11

	5
	04.61845o
	007.39560o
	12

	6
	04.61847o
	007.39558o
	11

	7
	04.61851o
	007.39558o
	11

	8
	04.61852o
	007.39559o
	10

	9
	04.61851o
	007.39560o
	10

	10
	04.61840o
	007.39565o
	11

	11
	04.61835o
	007.39566o
	10

	12
	04.61834o
	007.39568o
	11

	13
	04.61831o
	007.39570o
	11

	14
	04.61832o
	007.39573o
	10

	15
	04.61838o
	007.39575o
	11

	16
	04.61849o
	007.39571o
	13

	Cocos nucifera Linn

	Points
	Lat. N
	Longt. E
	Alt.(m)

	1
	04.61819o
	007.39385o
	13

	2
	04.61822o
	007.39383o
	15

	3
	04.61825o
	007.39378o
	19

	4
	04.61810o
	007.39361o
	15

	5
	04.61800o
	007.39365o
	15
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2.4.2.
Carbonization of Biomass to Biochar

The carbonization of the sun-dried Cocos nucifera frond and Manihot esculenta peel was carried out using a muffled furnace (Carbolite Sheffield England LMF 4) which allows for limited supply of air (Fig. 4). Carbonization was done at 350 oC for 2 hours and followed by sprinkles of water on the samples upon removal to stop the samples from forming ash (Figs. 5a and b) (Tembe et al., 2014). It was allowed to cool at room temperature for three hours before further steps for briquette production were taken. 
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2.4.3.
Biochar Size Reduction

 
The carbonized samples were crushed into fine particles using a crusher (crushing machine) as adapted in Yasha and Sudan (2021) method to reduce the size of the biochar to about 1mm diameter and screened through 1mm diameter mesch seive to enable a good binding surface area. The larger particles were further subjected to size reduction until an even particle size was achieved.

2.4.4.
Preparation and Application of Binder
The binder was gelatinized (this is the process where starch material from cassava was subjected to heated boiled water at 100oC, causing the starch granules to swell; this gives the system a viscous and transparent texture). The binder versus biomass ratio was determined by varying the grams of starch added to a fixed biomass feedstock (Yasha and Sudan, 2021) and mixed properly with the crushed particles based on Ajit et al. (2017) approach. 
2.4.5.
 Briquette Production (Briquetting of Biochar)

 Starch gelatin used as a binding agent was added to the already crushed carbonized biochar samples for the preparation of briquette. The gelatin was added in the required quantity (50g) mixed properly with the crushed particles and discharged into briquetting cylindrical mould, where the briquettes were formed. The briquetting of the mixture filled in the mould was by densification under constant operating conditions (temperature of 28 oC) with a manual hydraulic piston press as adopted by Ajit et al. (2017). The sample took the shape of the mould and was allowed for about 5mins then unscrewed and pulled out from the mould (Yasha and Sudan, 2021). The resultant briquettes following densification were placed in an oven and left to be dried at a temperature of 1050C for a period of 6-8hrs to completely dry before testing for the properties. Briquettes were made from each sample (Figs. 6a and b) and their initial densities were measured.
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2.5
Briquette Characterization

The analytical characterization of briquette product for quality characteristics and environmental suitability was based on the proximate and thermal quality and physical property indices: 

2.5.1
Proximate determination: The proximate analysis was based on classical conventional methods for the following parameters: percentage moisture content (MC) (ASTM, D2444-16, 2016); percentage volatile matter (VM) (ASTM D3175-18, 2018); % ash content (AC) (ASTM D3174-12. 2012); and fixed carbon (FC) using the British Standard Method (BSI, 2005). 

2.5.2. 
Thermal analysis; for Ignition Time (IT) (Kg/s), Burning Time (BT) (Kg/s), Burning Rate (BR) (Kg/s), Water Boiling Time (WBT) (Cm2/s) was based on Onukak et al.(2017); while Specific Heat of Combustion (SHC) (Kcal/kg) (Heat capacity and Calorific Value) was based on Rusdianasari  et al. (2023) method.

2.5.3.
Physical properties: involving Bulk Density (BD) analysis using ASTM D2395-17 (2017)  and Shattering Index (SI) according to ASTM D440-86 (2002) were all determined. 

2.6.
Statistical Analysis 
The data of briquette analyses were further subjected to Analysis of Variance (ANOVA) and Fisher’s Least Significance Difference (LSD) test to determine the significant difference between the various briquette characteristics. Descriptive statistics that include mean and standard deviation of estimates were also used to describe the data, where the significant differences were encountered; the means were separated using Duncan Multiple Range Test (DMRT) using least significant difference (LSD) tests at 0.05 probability level. Pearson correlation was applied to determine the degree of relationship among the parameters of Cocos and Manihot briquettes. All analysis was done using the SPSS software Version 20.0 of 2020 (IBM, Chicago).

3.0.
RESULTS 
3.1.
Proximate Analysis


The result as represented in Fig 7, showed that Cocos frond briquettes had a non-significantly (P-value 0.035 > 0.05) higher moisture content with mean values 25.33 ± 0.45 than Manihot  peel briquettes (23.19 ± 0.52)  which was significantly (P-value 0.005 < 0.05) lower in volatile matter (Fig. 8) with mean (17.44 ± 0.52) than Cocos briquette of mean value (21.42 ± 0.45) (Table 2).


 Figure  9 presented a non-significantly (P-value 0.024 > 0.05) higher ash content (14.25 ± 0.52) in Cocos briquette than Manihot briquette (11.46 ± 0.58),  which recorded a non-significantly (P- value 0.44 > 0.05) higher Fixed Carbon content with mean values 44.66 ± 0.43 than Cocos briquette with mean value 42.20 ± 0.73 (Fig. 10) (Table 2). 
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3.2.
Physical Analysis 

As exemplified in Fig 11. Manihot peel briquette had a higher bulk density (37.58 ± 0.35) significantly different (P-value 0.002 < 0.05) from Cocos briquette mean value of 28.67 ± 1.20, which also recorded significantly (P-value 0.003 < 0.05) lower shattering resistance of 72.43 ± 0.70 than Manihot briquette (78.05 ± 0.56) (Fig. 12). 

3.3. 
Thermal Analysis

Cocos briquette had a significantly (P-value 0.000 < 0.05) increased or slower ignition time with mean value (18.00 ± 0.56) than Manihot briquette with a decreased and faster mean values (1.33 ± 0.33) ignition time (Fig. 13), which had a significantly  (P-value 0.000 < 0.05) higher burning time (5173.33 ± 37.34) than Cocos briquette (4453.00 ± 53.50) as shown in Fig.14. 

The burning rate in Fig 15, indicated Cocos briquette with a higher rate with values (0.01 ± 0.00) than Manihot briquette at a lower rate of 0.08 ± 0.00, however, with no significance difference (P-value 0.88 > 0.05).
The water boiling time with Cocos briquette recorded higher mean value (86.00 ± 3.51) than Manihot briquette (77.67 ± 1.20) with significance difference (P-value 0.000 < 0.05) (Fig. 16). Manihot briquette had a higher Specific Heat of Combustion (2770.85 ± 33.20) than Cocos briquette mean value (1590.05 ± 31.79) with no significant difference (P-value 0.288 > 0.05) (Fig. 17).
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4. 
DISCUSSION

The analytical characterization of biomass briquettes for the purpose of evaluating their potential as alternative energy source, geared toward environmental restoration cannot be over-emphasized. With the present study it has been recorded that Cocos frond briquettes had a non- higher moisture content than Manihot peel briquettes which was significantly lower in volatile matter than Cocos briquette. The non-significant higher ash in Cocos briquette than Manihot briquette which recorded non-significant higher fixed carbon content than Cocos briquette was also reported. Manihot peel briquette had a higher bulk density significantly different from Cocos briquette, which also recorded significantly lower shattering resistance than Manihot briquette. Cocos briquette had a significantly increased or slower ignition time than Manihot briquette with a decreased and faster ignition time which had a significant higher burning time than Cocos briquette. The burning rate with Cocos briquette was higher than Manihot briquette, however with no significance difference. The water boiling time for Cocos briquette was significantly higher than Manihot briquette which had a higher Specific Heat of Combustion than Cocos briquette with no significant difference. 

 Comparatively several studies have documented the usefulness of briquettes from various biomass feedstocks in light of thermal and proximate indices as an alternative energy source (Lawal et al., 2019; Tembe et al, 2014; Rezania et al., 2016; Carnaje, et al., 2018). Though Cocos frond briquette had higher moisture content than Manihot briquette this is because the moisture level of the briquette depends on the nature of the feedstock. Besides the non-significant difference in high moisture content of both briquettes recorded in this study, moisture has been noted as an impurity to thermal energy value of briquettes; hence it could lower the heating value (Yasha and Sudan, 2021). 

Moisture content of briquettes can increase with increase in binder concentration and decrease with an increase in compaction pressure for all briquettes (Akintaro et al., 2017). Studies have shown that moisture content to a level of less than 10% or higher than 15% makes briquettes fragile or inconsistent and can shatter into pieces (Marreiro et al., 2021; Raju et al., 2024; Nsirim and Zinabari 2022). The above assertion can be corroborated by this present study in which moisture content has a significantly positive correlation (r = 0.96; P<0.05) with shattering resistance and (r = 0.89; P<0.05) with BR respectively (Table 3). However, it has been recorded that low moisture content will result in easy ignition with an expected higher calorific value (Akowuah et al., 2012). But in this study higher moisture content as exemplified in Cocos briquette can cause delay or decrease in ignition time as well as burning time. This can be represented in significant negative correlations (r = -0.83; P<0.05) between MC and IT and (r = -0.76; P<0.05) between MC and BT.

Similarly, Cocos frond briquette had a significantly higher volatile matter than Manihot peel briquette. This can be attributed to the higher moisture content of the Cocos briquettes. This can be represented in a significant positive correlation (r = 0.97; P<0.05) between VM and MC. This corroborates similar work with Eichhornia having a higher volatile matter due to high moisture content (Nsirim and Zinabari, 2022).  Despite the difference in VM of both briquettes, they seem to fall within the range of good briquette in line with earlier assertion by Rezania et al. (2016) and Akintaro et al. (2017) for any briquette with VM range of 10-25%. Large moisture content with resultant fuming have been reported as well as not less than 5% for stability and not very high preventing fuming (Nsirim and Zinabari, 2022) can be corroborated by this present study with briquette at the range of 10-25% moisture content indicated stability and non-fuming.  

Low ash content offers higher heating value for briquettes but high ash content results in dust emissions that lead to air pollution. It affects the combustion volume and efficiency (Obi et al., 2013). Knowledge of the ash content tells the extent of clogging up of the burning medium. Results from Table 2 showed that the average percentage ash content for Cocos frond briquette was non-significantly higher than Manihot peel briquette. The fewer the ash left by post-combustion, the greater the fixed carbon and combustion energy. This can be represented in a positive correlation (r = 0.97; P<0.01) between ash content and FC as well as (r = 0.90; P<0.05) for SHC. This corroborated with Rezania et al. (2016) and Nsirim and Zinabari (2022).
 This implies that increase in FC and SHC is a function of decreased AC and vice-versa.  High ash content results in lower calorific value and vice versa, because ash content influences burning rate as a result of minimization of heat transfer to fuel’s interior parts and diffusion of oxygen to the briquette surface during char combustion (Jaan et al., 2010). This can be corroborated by the present study as exemplified in a negative correlation (r = -0.043; P<0.05) with burning rate.

The percentage of carbon available in both briquettes has recorded non-significant content with Manihot peel briquette higher in content. The fixed carbon is the percentage of carbon available for combustion (Efomah and Agidi, 2015). Studies have recorded a fixed carbon range of 17.9 to 18.6% (Raju et al., 2014); 60.5% (Pallavi et al., 2013) and 29.84 – 47.20% (Nsirim and Zinabari (2022) as suitable for domestic application depending on biomass feedstock deployed. Besides these variables in fixed carbon utility, it has been revealed that higher fixed carbon of a fuel is reciprocal to the greater calorific value, smaller volatile matter, lower ash, and moisture content with a resultant better quality fuel. This can be corroborated by this present study as exemplified in a significant positive correlation (r = 0.85; P<0.05) between FC and SHC; weak negative correlation (r =-0.61; P<0.05) with VM; significant positive correlation (r = 0.97; P<0.01) with AC and weak negative correlation (r = -0.41; P<0.05) with MC. Similarly, a high FC value of briquettes has recorded a reduction in the rate of cooking (i.e. burning rate) (Yasha ans Sudan, 2021; Nsirim and Zinabari 2022). This was noticed in this present research with a weak positive correlation (r = 0.003; P<0.05) between FC and BR. (Table 3). 


There was a significant difference (P<0.05) in the BD of the briquette with Manihot peel briquette recording higher BD. A higher BD leading to high energy release and longer burning time have been revealed by Kers et al. (2010) and Nsirim and Zinabari (2022). This can be corroborated by the higher energy release and longer burning time by Manihot peel briquette as exemplified in  significant positive correlations (r = 0.98; P<0.01) between BD and SHC and (r = 0.99; P<0.01) between BD and BT. Though a positive correlation of increased BD to increase water boiling time has been recorded (Nsirim and Zinabari, 2022). But this present study has an increased BD to decrease WBT as represented in negative correlation (r = - 0.61; P<0.05) between BD and WBT, as well as decrease in VM as exemplified in a negative correlation (r = - 0.85; P<0.05) between BD and VM by Manihot briquette.


The shattering resistance of briquette is an important index for assessment particularly in light of the handling, transportation, and storage (Husain et al., 2002). There was a significant difference (P<0.05) in the shattering resistance with a higher index being recorded in Manihot briquette. The shattering resistance or briquette durability is a function of moisture content, density, FC, and VM (Husain et al., 2002). A Similar study has recorded lesser briquette durability as a function of higher moisture content (Nsirim and Zinabari, 2022).The higher durability of Manihot briquette can be attributed to lower MC and VM, which can be exemplified in significant positive correlation (r =0.96; P<0.01) between SI and MC and (r = 0.998; P<0.01) with VM as well as positive correlation (r = 0.64; P<0.05) with FC and (r = 0.86; P<0.05) with BD. This implies that as MC and VM decreased, shattering resistance increased as well as increased BD and FC. This inversely means that increased MC decreased shattering resistance. 


The ignition time (IT) of the briquette samples had a significant difference (P<0.05) with Cocos briquette having increased ignition time at increased moisture content than Manihot briquette of lower moisture with decreased ignition time. This can be represented in a significant negative correlation (r = -0.83; P<0.05) between IT and MC. This corroborates earlier studies on ignition time as a function of moisture content (Yasha ans Sudan, 2021; Nsirim and Zinabari, 2022).


The burning time (BT) of briquette depicts how fast the fuel burns.
Manihot briquette has recorded a longer burning time with significant difference (P<0.05). It has been reported to be a factor that controls the water boiling time (BSI, 2005). Similarly, it has been recorded that the longer the WBT the lower the BT of briquette (Nsirim and Zinabari, 2022). This implies an inverse functionality as observed in the present study in which lower burning time with longer WBT in Cocos briquette and increased BT with shorter WBT in Manihot briquette has been recorded. This can be represented in a negative correlation (r = -0.69; P<0.05) between BT and WBT.


The duration of time for briquette to burn out is the burning rate (BR) and for both samples was non-significantly different (P<0.05). Several factors are known to influence the burning rate of briquettes and this includes MC, FC, and BD (Yasha ans Sudan, 2021; Schmidt and Noack, 2000; Ania et al., 2009; Chikeziel et al., 2022).  This can be observed in the present study in a positive correlation (r = 0.89; P<0.05) between BR and MC as could be observed in Cocos briquette with higher MC and increased BR. In contrast is the decrease in BR due to increase in FC and BD in Manihot briquette. This can be represented in a positive correlation (r = 0.003; P<0.05) between BR and FC and a negative correlation (r = -0.31; P<0.05) between BR and BD. This corroborated with Nsirim and Zinabari (2022). The negative relationship of BD could be due to influence of moisture content of the type of biomass feedstock and densification process in briquetting. The BR of briquettes is an important characteristic that affects their use and application. Generally, briquettes with slower BR are considered more efficient and cost-effective as they provide a sustained source of heat over a longer period of time.

The specific heat of combustion (SHC) determines the amount of heat energy present in a material and it is synonymous to calorific values. It was observed from Table 2 that a non-significant difference (P<0.05) was recorded in SHC for Cocos and Manihot briquettes, though with the latter higher in energy value. Study has revealed SHC values ranging from 4586.72 to 4827.20Kcal/kg (Ogwu et al., 2014); 23991 to 33116Kcal/kg (Ajit et al., 2017) and 4341.66 to 3620.86Kcal/kg (Nsirim and Zinabari, 2022).Depending on the biomass feedstock deployed comparing the calorific value with results of present work showed that the briquette samples produced have good combustion properties good enough for domestic use and small-scale industrial applications. It has been revealed that briquette made from materials of high FC, low in VM, AC and MC generally has higher calorific value (Watts, 2017).. 

Similar study by Yasha and Sudan, (2021) has recorded high quality of heat energy produced as a function of less % of moisture content and high fixed carbon with a negative correlation between SHC and MC and a positive correlation between SHC and FC. This can be corroborated by the present study in which Manihot briquette with higher SHC had a high FC, and low in AC, VM and MC. This can be exemplified in a positive correlation (r = 0.85; P<0.05) between SHC and FC, negative correlations (r =- 0.81; P<0.05) between SHC and MC; (r =- 0.92; P<0.01) for VM and (r =- 0.90; P<0.05) for AC. This implies increase in moisture lowers rate of calorific energy and high fixed carbon increases the rate of heat released, while the increase in ash decreases calorific value as indicated in Table 3 for Cocos and Manihot briquettes.

5. 
CONCLUSION

Renewable energy from biomass feedstock gives opportunity for sustainable livelihood and healthy environment; hence biomass waste can be converted to useful briquettes as substitute for fuels and domestic energy source. The Cocos nucifera and Manihot esculenta briquettes has high heating value, enough for industrial applications, thus  are means of reducing deforestation and improving the ecosystem. We strongly recommend a total digression from deforestation to exploitation of biomass material hence, this will aid in sustainable ecosystem restoration.
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 Table 2: Briquette Characteristics of Cocos nucifera frond and Manihot esculenta peel biomass

	Parameters
	
Cocos nucifera
	Manihot esculenta
	p-values (0.05)

	Moisture content (%)
	25.30 ± 0.45a
	23.19 ± 0.52 a
	0.035

	Volatile matter (%)
	21.42 ± 0.45a
	17.44 ± 0.53b
	0.005

	Ash Content (%)
	14.23 ± 0.52a
	11.46 ± 0.58a 
	0.024

	Fixed carbon content (%)
	42.20 ± 0.73a
	44.66 ± 0.43a
	0.044

	Bulk Density (g)
	28.67 ± 1.20b
	37.58 ± 0.35a
	0.002

	Shattering resistance (%)
	72.24 ± 0.70b
	78.05 ± 0.56a 
	0.003

	Ignition time (kg/s)
	18.00 ± 0.58b
	1.33 ± 0.33a 
	0.000

	Burning time(kg/s)
	4453.00 ± 53.50b
	5173.33 ± 37.34a
	0.000

	Burning rate (kg/s)
	0.01 ± 0.00a
	0.08 ± 0.00a
	0.088

	Water boiling time (Cm2/s) 
	86.00 ± 3.51a
	77.67 ± 1.20b
	0.000

	Specific heat of combustion (Kcal/kg)
	1590.05 ± 31.79a
	2770.85 ± 33.20a
	0.288


           Values are expressed as mean ± SD

           Note: Similar superscript indicates an insignificant statistical difference at p-values > 0.05,

           while different superscript indicates a statistically significant difference at p-values < 0.05

Table 3: Pearson Correlations of the Briquette Characteristics

	 Parameters 
	MC
	VM
	AC
	FC
	BD
	SR
	IT
	BT
	BR
	WBT
	SHC

	MC (%)
	1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	VM (%)
	.972**
	1
	 
	 
	 
	 
	 
	 
	 
	 
	 

	AC (%)
	-.482
	-.668
	1
	 
	 
	 
	 
	 
	 
	 
	 

	FC (%)
	-.412
	-.607
	.965**
	1
	 
	 
	 
	 
	 
	 
	 

	BD (g)
	-.700
	-.845*
	.949**
	.911*
	1
	 
	 
	 
	 
	 
	 

	SR (%)
	.962**
	.998**
	-.693
	.642
	.857*
	1
	 
	 
	 
	 
	 

	IT (Kg/s)
	-.825*
	-.932**
	.878*
	.821*
	.957**
	-.943**
	1
	 
	 
	 
	 

	BT (Kg/s)
	-.757
	-.886*
	.934**
	.873*
	.989**
	-.897*
	.984**
	1
	 
	 
	 

	BR (Kg/s)
	.892*
	.767
	-.043
	.003
	-.310
	.749
	-.500
	-.384
	1
	 
	 

	WBT (Cm2/s)
	.772
	.798
	-.476
	-.363
	-.611
	.782
	-.780
	-.688
	.640
	1
	 

	SHC (Kcal/kg)
	-.805
	-.920**
	.904*
	.850*
	.977**
	-.932**
	.996**
	.994**
	-.460
	-.731
	1

	**. Correlation is significant at the 0.01 level (2-tailed).

	*. Correlation is significant at the 0.05 level (2-tailed).


Note: MC = Moisture Content; VM = Volatile Matter; AC = Ash Content; FC = Fixed Carbon; BD = Bulk Density; SR =    Shattering Resistance; IT = Ignition Time; BT = Burning Time; BR = Burning Rate; WBT = Water Boiling Time; SHC = Specific Heat of Combustion  
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Figs. 1: Fresh sampled biomass feedstock (a) Cocos nucifera frond (b) Manihot esculenta tuber
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Figs. 2: Fresh biomass feedstock (a) Cocos nucifera frond; (b) Manihot esculenta peel
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Figs.3: Sun dried biomass feedstock (a) Cocos nucifera frond; (b) Manihot esculenta peel
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Fig. 4: Muffled furnace








Figs.5: Carbonized biomass (a) Cocos nucifera frond & (b) Manihot esculenta peel to biochar
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Figs. 6: Briquette samples of (a) Cocos nucifera biomass & (b) Manihot esculenta biomass
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Fig 7: Moisture Content of Cocos and Manihot briquettes 








Fig 8: Volatile Matter of Cocos and Manihot briquettes








Fig 9: Ash Content of Cocos and Manihot briquettes








Fig 10: Fixed Carbon Content of Cocos and Manihot briquettes








Fig 11: Bulk Density of Cocos and Manihot briquettes





Fig 12: Shattering Resistance of Cocos and Manihot briquettes








Fig 13: Ignition Time of Cocos and Manihot briquettes








Fig 14: Burning Time of Cocos and Manihot briquettes








Fig 15: Burning Rate of Cocos and Manihot briquettes








Fig 16: Water Boiling Test of Cocos and Manihot briquettes








Fig 17: Specific Heat of Combustion of Cocos and Manihot briquettes
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