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ABSTRACT 

	The compaction of biochar into briquette form offers a viable method for improving the energy utilization of leftover biomasses, especially in underdeveloped nations. The intrinsically poor cohesiveness of biochar necessitates the use of binders, whose characteristics and ratios directly affect the mechanical, energy, and environmental attributes of the briquettes. This paper presents a comprehensive analysis of the primary binder types, categorized into organic, mineral, intrinsic, and hybrid classifications, alongside the relevant physicochemical mechanisms, including particle coating, hydrogen bond generation, and thermoplastic phenomena. The investigation indicates that organic binders, including molasses and starch, enhance cohesiveness and augment calorific value, although possess restrictions about their hygroscopicity. Conversely, mineral binders offer substantial mechanical strength at the cost of calorific value. Intrinsic binders, such as lignin, have intriguing possibilities but are contingent upon the conditions of implementation. Hybrid binders present a viable way to enhance these trades-offs. Ultimately, targeted recommendations are presented for Guinea, emphasizing the utilization of local resources and by-products to facilitate the advancement of sustainable solid fuels.
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1. INTRODUCTION

The shift to sustainable energy systems necessitates enhanced utilization of biomass resources, especially in areas with restricted access to modern energy. This situation is especially evident in Guinea, where a substantial segment of the population continues to depend on traditional biomass for household use, so exerting pressure on forest resources and generating noxious emissions. Within this paradigm, biochar, derived from the pyrolysis of lignocellulosic residues, is garnering increasing attention due to its diverse applications, such as soil enhancement, carbon sequestration, and solid fuel production (Ngene et al., 2024; Wu et al., 2025). Nonetheless, the inherent characteristics of biochar, defined by elevated porosity, reduced apparent density, and diminished mechanical strength, restrict its direct application, especially as a solid fuel. To address these constraints, densification into briquettes or pellets is a commonly utilized option, enhancing energy density, simplifying handling, and optimizing transportation and storage (Kaliyan & Vance Morey, 2009). 
The incorporation of binders is crucial for maintaining interparticle cohesion and the structural integrity of the briquettes. A diverse array of binders has been examined, encompassing organic substances such as starch, molasses, and natural gums, alongside mineral binders like clays, or hybrid formulations that integrate various compound types (Manyuchi et al., 2018; Obi et al., 2022). The binder's type and quantity significantly affect the final characteristics of densified biochar, particularly its mechanical strength, durability, calorific value, and ash content, therefore influencing its overall efficacy as a fuel (Akbar et al., 2021; Hu et al., 2015). In locations such as Guinea, these decisions must take account for the local resource availability and socio-economic limitations, especially those pertaining to food security and supply expenses.
Although the increasing volume of studies on biomass densification exists, research focused on binders is still fragmented and predominantly depends on isolated experimental methods performed under varied operating settings. This heterogeneity restricts the comparability of data and impedes the formulation of generalizable conclusions (Obi et al., 2022; Olugbade et al., 2019). Furthermore, the majority of research concentrate on singular qualities without offering a comprehensive study of the intricate interactions among binder characteristics, the carbonaceous matrix, and shaping parameters. The absence of a systemic approach presents a significant barrier to the concurrent optimization of mechanical and energetic performances (Ngene et al., 2024), especially in contexts where production circumstances are inadequately standardized, as frequently observed in artisanal systems in Guinea.
Moreover, the essential physicochemical mechanisms that govern briquette cohesion, namely capillary forces, hydrogen bonds, and interparticle interactions, are inadequately examined in the literature, despite their pivotal role in the formation and stability of densified materials (Kaliyan & Vance Morey, 2009). This issue is exacerbated by a significant bias toward industrial or standardized binders, which are often unavailable in developing countries. As a result, the applicability of these findings is limited in contexts where local availability, cost, and environmental sustainability are critical considerations (Manyuchi et al., 2018), as observed in Guinea. 
The existing literature highlights a notable gap, namely the absence of a coherent framework that systematically links binder properties to the overall effectiveness of densified biochar, while giving too little attention to local constraints in the selection of these binders.This study presents a comprehensive and critical analysis of binders utilized in biochar densification to rectify these deficiencies. The objective is to categorize various binder types, clarify the physicochemical mechanisms of briquette cohesion, and define explicit correlations between binder properties, their interactions with the carbonaceous matrix, and the resultant material performance (Hu et al., 2015; Kaliyan & Vance Morey, 2009). This paper provides a systematic analysis of the trade-offs among mechanical, energetic, and environmental performances, while specifically considering the unique restrictions of developing countries, particularly Guinea. It aims to advance the formulation of optimal binders that are locally sourced and tailored to current energy and environmental issues (Akbar et al., 2021; Olugbade et al., 2019).
2. LITERATURE REVIEW
Binders play a pivotal role in governing the properties of densified biochar due to the complex interactions they establish with the carbon matrix. A critical analysis of the various types of binders, their physicochemical mechanisms, and their effects on briquette performance is therefore essential to better understand the trade-offs reported in the literature.
2.1. Organic Binders
Due to their renewable origin and ability to improve the fuel's energy properties, organic binders are the most studied category in the production of charcoal briquettes. Molasses is one of the most popular among them, mostly because to its affordability and accessibility (Grover & Mishra, s. d.; Obi et al., 2022). Its high sugar and viscous chemical concentration allows for efficient particle coating and the creation of solid bonds after drying, giving it excellent adhesive qualities. Experimental studies indicate that binder concentration plays a critical role in determining performance. In carbonized water hyacinth briquettes, an intermediate binder proportion optimizes the balance between density, mechanical strength, and calorific value (Carnaje et al., 2018). Ichsan et al. found that increasing molasses content improves density and strength and lowers ash content, but excessive amounts result in higher moisture levels and a decrease in calorific value (Ichsan et al., 2025). Ngamo Yannick Gervais et al. emphasize the significance of exact dosage by recommending an ideal range of 9.4 to 12.5% (Gervais et al., 2021). Manyuchi et al. showed improved crush resistance and decreased friability in briquettes made from coal fines and sawdust, confirming the efficacy of molasses in co-briquetting systems. Nevertheless, its hygroscopic nature continues to be a significant limitation, especially under tropical storage conditions, and variations in its chemical composition may affect reproducibility (Manyuchi et al., 2018). Another extensively researched organic binder is starch, which functions through thermal gelatinization. Borowski et al. demonstrate that an 8% content can achieve high mechanical strength without compromising calorific value (Borowski et al., 2017). While Nonsawang et al. show that a range of 10 to 20% enhances cohesion and stability (Nonsawang et al., 2024). However, its efficacy depends on the source, as noted by Seetapong et al. (Seetapong et al., 2024a), and its cost may prevent large-scale use. Natural gums offer intriguing qualities, particularly gum arabic. They greatly increase mechanical strength, however a high content lowers the calorific value, as demonstrated by Oladeji (Oladeji & Enweremadu, 2012). High amounts of xanthan gum can raise the ash content, despite its high viscosity and ability to promote internal cohesion (Kpalo et al., 2020). Although locust bean gum has not yet received much research in this area, its gelling qualities indicate that it has good promise. Overall, organic binders have a definite energy advantage, but how well they work relies on how well their mechanical strength, moisture content, and thermal performance are balanced.
2.2. Mineral binders
 Mineral-based materials are frequently regarded for their capacity to enhance the structural integrity of briquettes. Mineral binders, particularly clays like bentonite, kaolin, and native earth, are widely employed to enhance mechanical strength and durability. Their efficacy is primarily ascribed to their flexibility and colloidal characteristics, which facilitate the development of cohesive structures during the drying process (Adeleke et al., 2022). They demonstrated that bentonite markedly improves compressive strength and durability; however, excessive addition tends to diminish calorific value (Adeleke et al., 2022). Fetene and Tikuneh observed analogous observations, highlighting the significance of an appropriate binder ratio (Fetene & Tikuneh, s. d.). Kolo et al. discovered that clay-bound briquettes possess greater density and superior mechanical resistance in comparison to those utilizing organic binders (Kolo et al., s. d.). Notwithstanding these benefits, mineral binders provide a significant drawback: they elevate ash content without enhancing energy value. Seetapong et al. emphasize that the incorporation of clay enhances water resistance but results in increased solid residue development (Seetapong et al., 2024b). This illustrates a fundamental trade-off between mechanical performance and energy efficiency in the choosing of binders.
2.3. Intrinsic Binders: Lignin, Bagasse and Agricultural Residues
Materials that can naturally promote particle cohesiveness have drawn more interest in the hunt for affordable and readily accessible substitutes for traditional binders. Certain lignocellulosic materials can function as intrinsic binders by nature, in contrast to exogenous binders. Because of its thermoplastic nature, which permits the formation of interparticle linkages when pressure and temperature are applied, lignin is particularly important (Anukam et al., 2021; Kaliyan & Vance Morey, 2009). For instance, at the right operating circumstances, sugarcane bagasse, which is high in lignin, can be densified without the need of external binders (Zandersons et al., 2004). However, this capability is highly dependent on processing conditions, and under insufficient temperature, bagasse behaves primarily as a fibrous material rather than an effective binder. Additionally, agricultural leftovers have intriguing potential. Lubwama et al. shown that incorporating starch-rich residues at rates of 10–15% can enhance cohesiveness (Lubwama et al., 2024). However, their effectiveness is still inconsistent since variations in mineral content and chemical composition, like the silica found in rice husks, can have a detrimental effect on the finished product's overall quality.
2.4. Hybrid Binders
Due to the constraints of single binders, hybrid binders are emerging as a viable alternative. Celestino et al. shown that the amalgamation of clay and gum arabic can concurrently enhance density, mechanical strength, and combustion efficiency (Celestino et al., 2023). Mekonen et al. similarly observed that a molasses–paper combination improves both density (surpassing 0.80 g/cm³) and fragmentation resistance (Mekonen et al., 2024). The enhancements can be attributed to the complementary mechanisms: organic binders primarily provide chemical cohesion, whereas mineral binders strengthen the mechanical structure. Nonetheless, establishing the ideal proportions presents a significant difficulty, since it is heavily influenced by processing conditions and the characteristics of the biomass employed.
3. COMPARATIVE ANALYSIS OF BINDERS AND GAPS
The comparative analysis in Table below indicates that the performance of biochar briquettes arises from a complex interplay of bonding mechanisms, binder characteristics, and processing conditions, revealing that no single binder can simultaneously enhance both mechanical and energy performance, thus underscoring a fundamental trade-off. Organic binders, like molasses and starch, enhance energy content and cohesion: molasses establishes solid bridges upon drying, while starch produces a continuous matrix by gelatinization(Borowski et al., 2017; Carnaje et al., 2018). Nonetheless, their efficacy is heavily contingent upon concentration, typically within limited optimum ranges, and their susceptibility to moisture constitutes a considerable constraint. Conversely, mineral binders, especially clays, offer superior mechanical strength via plasticity and interparticle locking mechanisms; however, their non-combustible characteristics elevate ash content and diminish calorific value (Adeleke et al., 2022), highlighting the conflict between mechanical and energy performance. Intrinsic binders like lignin facilitate densification without external additives owing to their thermoplastic properties; however, their efficacy is significantly influenced by thermomechanical conditions (Kaliyan & Vance Morey, 2009). Conversely, agricultural residues can enhance cohesion but are hindered by chemical variability, which restricts reproducibility. In this context, hybrid binders provide a viable solution, integrating the benefits of organic and mineral binders to improve mechanical strength and structural stability while preserving satisfactory energy performance (Celestino et al., 2023; Mekonen et al., 2024). Nonetheless, its optimization is intricate and susceptible to several interacting aspects. Nevertheless, despite these discoveries, numerous shortcomings persist in the existing body of research.
Table 1: Classification of binders in biochar densification: mechanisms, advantages, limitations, and energy performance impacts.
	Binder type
	Examples
	Binding mechanism
	Main advantages
	Main limitations
	Effect on energy performance

	Organic (viscous)
	Molasses
	Particle coating and formation of solid bridges after drying (Grover & Mishra, s. d.; Obi et al., 2022)
	Low cost, good mechanical cohesion (Carnaje et al., 2018)
	Moisture sensitivity, variable composition (Kaliyan & Vance Morey, 2009)
	Maintains or improves heat output (combustible binder)

	Organic (gelling)
	Starch (cassava, maize, rice)
	Thermal gelatinization forming a solid matrix (Borowski et al., 2017)
	Good mechanical strength, low ash content (Nonsawang et al., 2024)
	Cost and availability, source-dependent (Seetapong et al., 2024b)
	Maintains good energy performance

	Organic (hydrocolloid)
	Gum arabic, xanthan gum
	Formation of a polymeric network and hydrogen bonding (Oladeji & Enweremadu, 2012)
	High cohesion and mechanical stability
	Moisture sensitivity, may reduce energy at high content (Akowuah et al., 2012)
	May reduce heat output if used in excess

	Mineral
	Clay, bentonite, kaolin
	Plasticity and mechanical interlocking of particles (Adeleke et al., 2022)
	High mechanical strength, good durability (Kolo et al., s. d.)
	Increased ash content, non-combustible (Seetapong et al., 2024b)
	Reduces heat output (increases ash content)

	Intrinsic (biomass)
	Lignin, bagasse
	Thermoplastic behavior and bond formation under pressure (Kaliyan & Vance Morey, 2009)
	Can eliminate the need for external binders (Zandersons et al., 2004)
	Strongly dependent on processing conditions
	Generally neutral or slightly positive effect

	Agricultural residues
	Peels, sawdust, husks
	Fiber interlocking and partial gelatinization (Lubwama et al., 2024)
	Low cost, locally available
	Variability, moisture sensitivity, mineral content (Zhang et al., 2018)
	Variable effect depending on composition

	Hybrid
	Clay + molasses / starch
	Combination of chemical and mechanical bonding mechanisms (Celestino et al., 2023; Obi et al., 2022)
	Good compromise between strength and energy (Mekonen et al., 2024)
	Complex formulation
	Can be optimized to maintain good heat output



The majority of studies are mostly experimental and significantly heterogeneous, complicating the comparison of outcomes across various publications. The physicochemical bonding mechanisms remain inadequately comprehended, especially at the microscopic level. Moreover, local limits, particularly in developing nations, are seldom included in the analysis. The identified deficiencies underscore the necessity for a cohesive framework that connects binder qualities to the overall efficacy of briquettes, posing a significant challenge for the optimization of sustainable solid fuels and the formulation of context specific solutions.
4. STRATEGIC RECOMMENDATIONS FOR THE REPUBLIC OF GUINEA
In Guinea, the production of charcoal briquettes should be tackled from a holistic viewpoint that incorporates food security, resource availability, value chain organization, and environmental sustainability. In a nation where food self-sufficiency is problematic, the utilization of food resources like cassava or maize as binders must be meticulously monitored to prevent rivalry with human consumption. Their applicability is pertinent solely when confined to by-products or processing leftovers, therefore aligning with a waste valorization strategy. Conversely, binders sourced from agro-industrial by-products, such as molasses, and lignocellulosic residues, seem to be more appropriate alternatives, since they facilitate valorization without competing applications while advancing sustainable energy value chains. This approach advocates the valorization of locally sourced agricultural residues, such as groundnut shells, rice husks, and cassava processing by-products, as feedstocks for biochar production and as complementary binding agents in densification processes. This strategy facilitates cost minimization, mitigates post-harvest losses, and fosters the advancement of a circular economy in rural regions. Moreover, scientific research indicates that hybrid formulations integrating organic and mineral binders constitute a notably advantageous approach for concurrently enhancing the mechanical and energy efficiency of briquettes. In the Guinean context, combinations like molasses–clay or agricultural residues–residual starch may be preferred due to their alignment with local resources and potential for optimization. The humid tropical environment of Guinea is a crucial consideration in briquette design. The susceptibility of organic binders to moisture necessitates the formulation of tailored solutions, especially for drying and storage. The implementation of enhanced solar drying methods, together with ventilated and secure storage facilities, is crucial for maintaining the stability and longevity of briquettes. Moreover, modifying formulations to restrict moisture absorption constitutes a significant technical strategy. In addition to technological considerations, the advancement of the charcoal briquette industry in Guinea necessitates the creation of a suitable legislative and institutional framework. The establishment of national standards delineating minimum briquette qualities, characterization techniques, and ideal binder ratios will enhance product quality and promote their distribution. Simultaneously, enhancing applied research and initiating pilot projects are crucial for delineating local resources, evaluating formulations, and measuring performance in real-world situations. 
Ultimately, biochar briquettes ought to be incorporated into a comprehensive national energy program as a sustainable substitute for conventional fuels. Their advancement may alleviate strain on forest resources, curtail emissions linked to inefficient wood combustion, and enhance energy accessibility in remote regions. The establishment of incentive mechanisms, including support for small-scale production units, training for local stakeholders, and assistance for entrepreneurial initiatives, serves as a crucial lever to foster the development of a viable, sustainable sector aligned with the country’s socio-economic realities.
5. CONCLUSION
This study emphasizes that the choice of binder is crucial for enhancing the performance of biochar briquettes. The comparative research of several binder types indicates that no singular solution can concurrently satisfy mechanical, energy, and environmental criteria, highlighting a structural trade-off among these attributes. Organic binders provide an energy benefit but are susceptible to moisture, while mineral binders enhance mechanical cohesion at the cost of calorific value. Intrinsic binders, especially lignin, exhibit significant potential; yet, their efficacy is highly contingent upon thermomechanical conditions. In this context, hybrid binders represent the most pertinent method for harmonizing both criteria by leveraging the complementarity of bonding processes. Nonetheless, their optimization necessitates a more profound comprehension of the interplay among binders, biomass, and densification conditions. This work significantly emphasizes the necessity for a cohesive framework that connects these factors to overall performance. Moreover, tailoring solutions to the local environment is crucial. In a nation like Guinea, the enhancement of by-products and indigenous resources is a critical avenue for the development of sustainable briquettes. Further research is required to enhance formulations and increase process repeatability.
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