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Briquettes as a product of biomass compaction is considered a renewable 
product for replacing fossil fuels. Briquettes can be produced from several 
sources using the development of technology. In this study, the effect of 
walnut shells as an organic binder on the properties of biofuel briquettes 
made of industrial and garden wastes was investigated. Cylindrical 
briquettes from walnut shell flour with weight ratios of 5%, 10%, 15%, 20%, 
and 25% were prepared from industrial sawdust and ground garden 
residue with a weight ratio of 50/50. Briquettes were compacted under a 
temperature of 170 °C and pressure of 150 kg/cm2 for 30 s . Results 
indicated that the chemical analyses of compounds, compaction ratio, and 
density of the briquettes containing different proportions of walnut shells 
were not significantly different. The lowest fixed carbon was measured for 
briquettes containing 5% of walnut shell, and increasing the ratio of walnut 
shell significantly increased the compressive strength of the resulting 
briquette. 
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INTRODUCTION 
 

Fossil fuels, encompassing petroleum products, coal, natural gas, and others, are 

widely acknowledged as primary energy sources, constituting approximately 80% of the 

world's primary energy supply (Sansaniwal et al. 2017). The combustion of fossil fuels and 

deforestation, which are the predominant contributors to greenhouse gas emissions 

primarily composed of carbon monoxide and carbon dioxide, result in the degradation of 

the ozone layer (Olaoye and Kudabo 2017). The escalating global demand for fossil fuels, 

accompanied by the release of greenhouse gases, has yielded adverse environmental 

repercussions, presenting a substantial threat to human health. The continued use of these 

finite fossil fuels across diverse industries exacerbates pollution and environmental 

concerns (Tian et al. 2018). Pursuing contemporary, sustainable, and ecologically sound 

energy sources will mitigate environmental pollution and augment energy production 

through eco-friendly products (Mitchual et al. 2019). 

Briquettes represent a form of solid biofuel with the primary aim of generating 

electricity and heat (Tomen et al. 2023). Briquettes can be fabricated from various sources 

as a byproduct of technological advancement. In certain developing nations, briquettes are 

derived from agricultural, horticultural, and forestry residues to ameliorate coal extraction, 
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amplify coal yield, mitigate environmental challenges, and cultivate a sustainable coal 

industry. Biomass feedstock has complex physicochemical properties such as moisture 

content, fixed carbon, and ash content that complicate the processing and combustion of 

densified solid biofuel. Ash content as an undesirable component of biomass for energy 

production is preferred to be less than 4% (Nikkhah Shahmirzadi et al. 2022). The 

diminishing availability of wood resources and the mounting expense of wood-based 

briquettes, combined with nations’ emphasis on curtailing harvesting and deforestation, 

have spurred researchers to explore alternatives for briquettes production. The compaction 

of biomass particles is achieved by applying mechanical force, sometimes with heating for 

developing sturdy bridges at connection points. Binding agents are pivotal in the briquette 

production process, influencing resistance, thermal stability, combustion efficiency, and 

the overall cost of briquettes (Soleimani et al. 2017). The plastic and elastic behaviors 

during the compression of lignocellulosic constituents lead to bonding in the end product, 

facilitated by natural binding agents like lignin and starch (Afra et al. 2021). 

The role of lignin as a binding agent in compacting lignocellulosic materials to 

briquettes is attributed to its capacity for combustion and hydrogen bond formation at 

elevated temperatures (Tumuluru et al. 2011; Mardiyati et al. 2021). Van Dam et al. (2004) 

reported that lignin acts as a resin at temperatures above 140 °C, producing more durable 

pellets. The moisture content of biomass affects the enough temperature for lignin 

softening, the glass transition temperature of lignin, and the formation of solid bridges 

between particles (Afra et al. 2021), which was not a variable considered in this research. 

Walnut shells containing the highest levels of lignin (49.1%) compared to 

hardwood and softwood residues (Pirayesh et al. 2012), could be an organic binding agent 

in producing biofuel briquettes. Walnuts are cultivated globally on a substantial scale, with 

production exceeding 3.7 million tons. Walnut shell waste in Iran, with an annual yield of 

150,000 tons, has no economic value for industrial use and is usually thrown away or 

burned (Ebrahimi et al. 2009; Pirayesh et al. 2012). Accordingly, the aim of this research 

is to optimize the ratio of using walnut shell as an organic binder containing lignin 

compounds for biofuel briquettes. 

 

 

EXPERIMENTAL 
 
Materials 
  Industrial sawdust and ground garden residue were obtained from carpentry plants 

and grinding residues of peach tree pruning, respectively. The flour of walnut shell waste 

was supplied from a Mehr Sanat Company (Iran). Industrial sawdust and ground garden 

residue were sieved to a particle size of 40- to 60-mesh and heated in an oven at 103 ºC for 

24 h. 

 

Methods  
Briquetting procedure 

Industrial sawdust and ground garden residue were mixed in ratios of 50:50 by 

weight. Walnut shell flour (5%, 10%, 15%, 20%, and 25% w/w) was used as the binder. 

The cylindrical briquettes (50 mm outer diameter and 20 mm height) were pressed using a 

hydraulic piston at 170 °C temperature, 150 kg/cm² pressure, and a retention time of 30 s. 

The details of the hydraulic press are given in Fig. 1. 
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Fig. 1. Schematic plan of hydraulic press 

 

Chemical Analysis 
Chemical analyses of the raw materials were measured following TAPPI T204 cm-

97 (ethanol-benzene extractives), TAPPI T203 cm-99 (cellulose), and TAPPI T222 om-11 

(acid non-soluble lignin). 

 

Proximate Analysis 
Moisture content was determined by oven-dry methods following ASTM D2867 

(2009). Each biomass was weighed and then oven-dried at 103 °C for 3 h. The loss in mass, 

expressed as a percentage of the final oven-dried mass, was taken as the moisture content 

of the biomass. The moisture content was calculated by Eq.1, 

Moisture content (%) = 
Wet weight −weight after drying

weight after drying
 × 100        (1)  

Volatile matter content was assessed following ASTM D5832-98. Approximately 

1.0 g of biomass was placed in a dry crucible with the lid on and heated in a muffle furnace 

(Nabertherm, Germany) at 900 °C for 7 min. The volatile matter present in the sample on 

a percentage basis was calculated by Eq. 2, 

Volatile matter (%) = 
Loss in weight due to volatile matter removal

Weight of sample
 × 100       (2)     

Ash content was determined based on ASTM D2866 (2011). About 1.0 g of 

biomass was heated in a crucible in a muffle furnace (Nabertherm, Germany) to 600 °C for 

3 h. The crucible was removed and cooled in a desiccator before weighing. The weight of 

the residue was reported as the ash content of the sample on a percentage basis and was 

calculated by Eq. 3, 

Ash content (%) = 
Weight of ash left after heating

Weight of sample
 × 100              (3)         

Fixed carbon content was calculated as the difference between 100 and the sum of 
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volatile matter, moisture, and ash percentage contents. It was also expressed on a 

percentage basis, as shown by Eq. 4, 

Fixed carbon (%) = 100 − (Moisture content + Volatile matter + Ash content) (4)       

 
Fourier Transform Infrared Analysis 

The Fourier transform infrared (FTIR) spectra of sawdust and binder were recorded 

utilizing the Thermo Nicolet Nexus 670 spectrometer (Waltham, MA, USA) in the 

attenuated total reflectance (ATR) mode. The measurement of dried samples was 

conducted at room temperature by co-adding 30 scans at a resolution of 4 cm-1 within the 

wavelength range of 400 to 4000 cm-1. 

 

Tapped Density  
The tapped density is an increased bulk density achieved after mechanically tapping 

a graduated cylinder containing the industrial sawdust and ground garden residue and 

walnut shells as the powder samples. The tapped density is determined by mechanically 

tapping a graduated measuring cylinder containing the powder sample according to the 

ASTM D7481 (2018) standard. The apparatus (Fig. 2) consists of A 250-mL graduated 

cylinder and a drilling apparatus capable of producing, in 1.0 min, nominally 250 ± 15 taps. 

About 10 g of industrial sawdust and ground garden residue and walnut shell flour were 

separately introduced into graduated cylinders. After adding the powders, the measuring 

cylinder is mechanically tapped with a drill, and volume readings are recorded until a little 

further volume change is observed. The mechanical tapping was achieved by raising the 

cylinder and allowing it to drop under its mass. This process effectively removes the space 

between the powder particles. The tapped density (ρ) was calculated using the Eq. 5, 

𝜌 =  
𝑀

𝑉
                                                     (5)                                                                                                                                                                         

where 𝜌 is the tapped density of the powder (g/cm3), M is the mass of the powder (g), and 

V is the volume of the powder (cm3). 

 

 
 

Fig. 2. The apparatus consisting of a 250-mL graduated cylinder and a drill as a tapper device 
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Briquette Density 
The density of briquette, as the mass ratio to the briquette volume (Rabier et al. 

2006), was determined immediately after press using Eq. 6, 

𝜌 =  
𝑀

𝑉
                                                                              (6)    

where 𝜌 is density of the compressed briquette (g/cm3), M is mass of the briquette (g), and 

V is volume of the briquette (cm3). 

 

Compaction Ratio 

The compaction ratios were also determined by Eq. 7, 

Compaction ratio =  
𝜌𝑏

(𝜌𝑖×𝑎𝑖)+ (𝜌𝑔×𝑎𝑔) + (𝜌𝑤×𝑎𝑤)
                       (7)      

where 𝜌𝑏 is the density of the compressed briquette (g/cm3), 𝜌𝑖 , 𝜌𝑔, 𝜌𝑤 are the densities of 

the industrial sawdust, ground garden residue, and walnut shell flour (g), and 𝑎𝑖 , 𝑎𝑔, 𝑎𝑤 are 

mass fractions of the industrial sawdust, ground garden residue, and walnut shell flour in 

the briquette (cm3), respectively. 

 

Compressive Strength 
The compressive strength of the briquettes was determined following ASTM 

D2166-85 (2008) using an Instron Universal Strength testing machine (SANTAM-STM-

20) with a load cell capacity of 50 kN. The briquette was horizontally positioned in the 

compression test machine and loaded at a constant rate of 0.305 mm/min until failure or 

cracking occurred (Fig. 3). The compressive strength was subsequently calculated 

according to Eq. 8, 

Compressive strength =
3×𝑡ℎ𝑒 𝑙𝑜𝑎𝑑 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑝𝑜𝑖𝑛𝑡

[𝑙1 (mm) +𝑙2 (mm) +𝑙3 (mm)]
                          (8)          

where l1, l2, and l3 were lengths of briquettes at points one, two, and three, respectively 

(mm). 

 

 
 

Fig. 3. Determination of compressive strength of briquette 
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RESULTS AND DISCUSSION 
 
Characterization of Feedstock and Binder 

Table 1 shows the chemical and proximate analyses of feedstock and binder. Based 

on the results, unlike hemicellulose and volatile matter contents, the contents of extractives, 

lignin, cellulose, moisture, and ash for the industrial sawdust were higher than the ground 

garden residues. Lignin, as a binding agent in wood structure, is known to significantly 

contribute to biomass densification by forming a strong bond following plasticization under 

heat (Lehtikangas 2000). Additionally, lignin, with more combusting energy than cellulose, 

can be considered as a fuel.  

 

Table 1. Characterization of Feedstock and Binder 

 Feedstock Binder 
Industrial Sawdust Garden Sawdust Walnut Shell 

Component Analysis (wt%):    

Extractives 5.57 (0.37) 4.25 (0.01) 6.3 

Lignin 25.90 (0.53) 23.43 (0.17) 47.1 

Cellulose 44.15 (0.19) 43.10 (0.17) 25.4 

Hemicellulose 24.48 (1.25) 29.25 (0.10) 21.2 

Proximate Analysis (wt%):    

Moisture 11.53 (0.12) 10 (0) 8.74 (0.20) 
Volatile matter 73.09 (1.29) 75.85 (1.22) 62.55 (1.21) 

Ash 3.54 (0.04) 1.78 (0.67) 5.28 (0.21) 

Fixed Carbon 11.83 (1.31) 12.38 (0.68) 23.43 (1.43) 

Tapped Density (g/cm3) 0.25 (0.01) 0.23 (0.01) 0.46 (0.02) 

The data in parentheses are standard deviations 
 

In addition to the type of raw materials, moisture, and ash content, the flow 

characteristics of biomass are also effective in energy production (Chen et al. 2009). The 

role of moisture content is critical in the briquetting process. In the briquetting process, 

moisture affects the bonding mechanism and enhances the hydrogen bonds in the briquette. 

The moisture can enhance solid fuel properties by reducing the glass transition temperature 

of lignin and the bridge formation between the particles. Moreover, the moisture of biomass 

facilitates protein gelatinization and enhances fiber interlocking during compaction 

(Miranda et al. 2015). High moisture content reduces calorific value, while low moisture 

content can adversely affect briquette quality, as it burns rapidly without generating 

sufficient energy (Song et al. 2010). Based on previous research findings, the ideal 

moisture content for briquette production is approximately 8% (Chin and Siddiqui 2004). 

Mani et al. (2006) reported that the moisture of biomass increases the particle contact 

surface, subsequently inter-particle bonds created by van der Waals forces during 

compaction. Furthermore, utilizing biomass with a higher volatile matter content provides 

advantages for combustion (Akowuah et al. 2012). However, as an undesirable factor in 

energy production, ash reduces the calorific value (Nasser and Aref 2014). Biomass with 

low ash (less than 4%) and high fixed carbon content is preferred as a feedstock for 

briquette (Chen et al. 2009).  

 

FTIR Analysis 
Figure 4 shows the FTIR spectra of feedstock sawdust and walnut shell powder. A 

vibration peak at 3561 cm-1 (OH stretching) has appeared in industrial and garden sawdust 

(Ali et al. 2022). The band at 2900 cm-1 is attributed to aliphatic C-H bond stretching 
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vibrations (Nikkhah Shahmirzadi et al. 2022) (Fig. 4a). The 1688 cm-1 peak corresponds 

to carbonyl ester groups, which are more numerous in ground garden residue. These 

carbonyl groups are mainly found in the side chains of hemicelluloses (Sammons et al. 

2013). The 1282 cm-1 (C-O in guaiacyl and syringyl rings) and 859 cm-1 (out-of-plane C-

H) peaks have been observed in both industrial and garden residues (Sammons et al. 2013). 

The peaks at 1141 cm-1 and 1183 cm-1 resulted from the stretching of C-H and C-O bonds, 

respectively (Singh et al. 2011). The peak at 919 cm-1 related to the asymmetric out-of-

plane stretching in the p-hydroxyphenyl ring (Michell and Higgins 2002) indicates the 

higher proportion of hemicellulose in ground garden residue. 

 

 
 

 
Fig. 4. FTIR spectra of feedstock (a) and walnut shell powder (b) 

 

Figure 4(b) illustrates the results of FTIR spectroscopy of walnut shell powder. The 

peak at 3558 cm-1 indicates the presence of hydroxyl (OH) group stretching (Tang et al. 

2017). Peaks at 2850 cm-1 and 2925 cm-1 are ascribed to aliphatic C-H deforming vibration 

in lignin methyl and methylene structures (Lin et al. 2021). The 1747 cm-1 peak is assigned 

to the vibration of carbonyl (C=O) groups or the presence of carboxylic bonds (Lin et al. 

2021). The band at 1230 cm-1 is attributed to the stretching vibrations of ester groups 

(Esteves et al. 2018). The peak at 1162 cm-1 could be associated with the deformation of 

CH2 groups (Lin et al. 2021). The peak at 1107 cm-1 resulted from the C-O-C groups of 

polysaccharides (Michell and Higgins 2002). The peak 931 cm-1 was assigned to the 

stretching of pyranose ring bonds (Lin et al. 2021). 

 

Characterization of Biofuel Briquette 
Table 2 shows the proximate analysis of briquettes containing different proportions 

of walnut shell powder. Based on the results, no statistically significant differences were 

observed in moisture content, volatile matter, and ash content between briquettes of 

different proportions of walnut shells. The lowest fixed carbon was measured in briquettes 

containing 5% walnut shell, which did not show a statistically significant difference with 

other ratios.  

All of the briquettes met the minimum values of ash contents according to ISO 

17225-7 (2014) standard (a minimum value of ≤6%), which indicated good quality 

briquettes (Sawadogo et al. 2018). 
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Table 2. Proximate Analysis of Briquette 

 Walnut Shell Binder (%) 

5 10 15 20 25 
Proximate Analysis 

(wt%): 
   

  

Moisture 
1.56 

(0.43) 
1.34 

(0.32) 
1.05 

(0.21) 
1.13 

(0.20) 
1.29 

(0.24) 

Volatile matter 
77.53 
(0.55) 

76.34 
(0.21) 

75.87 
(0.79) 

75.34 
(0.24) 

75.04 
(0.87) 

Ash 
1.57 

(0.18) 
1.92 

(0.47) 
1.72 

(0.10) 
1.87 

(0.08) 
2.01 

(0.07) 

Fixed Carbon 19.34 
(0.98) 

20.40 
(0.59) 

21.36 
(0.93) 

21.66 
(0.05) 

21.66 
(0.76) 

The data in parentheses are standard deviations 

 

The effect of the walnut shell binder ratio on the density of the resultant briquettes 

is shown in Fig. 5. Based on the results, the density of the briquettes containing different 

proportions of the walnut shell did not show a significant difference. The results were also 

confirmed by Font et al. (2023), who proposed a density of 951 to 1056 kg/m3 for good 

quality in aspect of efficient transportation and safe storage briquettes in their work. 

 
Fig. 5. The effect of walnut shell powder ratio on the density 

 

 
Fig. 6. The effect of walnut shell powder ratio on the compaction  
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The compaction ratios of briquettes using various proportions of the walnut shell 

powder are illustrated in Fig. 6. The apparent differences were not statistically significant.  

The effect of walnut shell ratio as a binder on the compressive strength is shown in 

Fig. 7. Increasing the ratio of walnut shells increased the compressive strength of the 

resulting briquette . The briquettes containing 20% of the walnut shell binder exhibited the 

highest compressive strength. No statistically significant differences were observed in the 

compressive strengths between briquettes containing 15% and 20%, nor between those 

containing 15% and 10% walnut shells. The results are also consistent with the observation 

by Sen et al. (2016) that the compressive strength increased with increasing binder ratio. 

Conversely, increasing the walnut shells ratio to 25% reduced the compressive strength. 

 

 
 

Fig. 7. The effect of walnut shell powder ratio on the compressive strength 

 

It is worth highlighting that walnut shells contain approximately 49.1% lignin 

(Pirayesh et al. 2012), nearly double that of industrial and garden sawdust. As a result, 

increasing the walnut shell ratio to 20% significantly enhanced the compressive strength 

due to increased lignin proportion. However, a 25% ratio of walnut shell powder to 

feedstock sawdust led to a significant reduction in compressive strength, which can be 

attributed to the higher bulk density of walnut shells compared to the industrial sawdust 

and ground garden residue, consequently reducing the compaction ratio of resulting 

briquettes. 

 
 
CONCLUSIONS 
 

In this study, the potential of using walnut shells as a binder for manufacturing solid 

biofuels via biomass compaction was investigated.  

1. Despite the higher content of lignin and fixed carbon in the powder compared to 

sawdust, the results of the proximate analysis of briquettes showed no significant 

difference between various ratios of walnut shell powder as an organic binder.  

2. Upon assessing the physical and mechanical properties of the biofuel briquettes 

containing the industrial and garden wastes (50/50% W/W), the compaction ratio of 

resulting products declined proportional to the increase of the binder ratio from 5% to 

25 wt%.  
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3. Unlike the compaction ratio, the compressive strength was enhanced by increasing the 

binder ratio from 5% to 20 wt%. It can be concluded that for producing biofuel 

briquettes, the properties of briquettes were improved by increasing the ratio of the 

walnut shell as a binder up to 20%. Organic binder content of 25% resulted in a 

significant decline of compressive strength in the product.  

In general, based on the present study, it can be suggested that walnut shell waste 

as an organic binder can be substituted for a part of sawdust. 

 

 

REFERENCES CITED 
 
Afra, E., Abyaz, A., and Saraeyan, A. (2021). “The production of bagasse biofuel 

briquettes and the evaluation of natural binders (LNFC, NFC, and lignin) effects on 

their technical parameters,” Journal of Cleaner Production 278, article ID 123543. 

DOI: 10.1016/j.jclepro.2020.123543 

Akowuah, J. O., Kemausuor, F., and Mitchual, S. J. (2012). “Physico-chemical 

characteristics and market potential of sawdust charcoal briquette,” International J. 

Energy and Environmental Engineering 3(20), 1-6. DOI: 10.1186/2251-6832-3-20 

Ali, L., Palamanit, A., Techato, K., Ullah, A., Chowdhury, Md., S., and Khamphe 

Phoungthong, K. (2022). “Characteristics of biochars derived from the pyrolysis and 

co-pyrolysis of rubberwood sawdust and sewage sludge for further applications,” 

Sustainability 14(7), article 3829. DOI: 10.3390/su14073829 

ASTM D2166-85 (2008). “Standard test method of compressive strength of wood,” 

ASTM International, West Conshohocken, PA, USA. 

ASTM D2866-11 (2011). “Standard test method for total ash content of activated 

carbon,” ASTM International, West Conshohocken, PA, USA. 

ASTM D2867-09 (2009). “Standard test methods for moisture in activated carbon,” 

ASTM International, West Conshohocken, PA, USA. 

ASTM D5832-98 (2021). “Standard test method for volatile matter content of activated 

carbon samples,” ASTM International, West Conshohocken, PA, USA. 

ASTM D7481-18 (2018). “Standard test methods for determining loose and tapped bulk 

densities of powders using a graduated cylinder,” ASTM International, West 

Conshohocken, PA, USA. 

Chen, L., Xing, L., and Han, L. (2009). “Renewable energy from agro-residues in China: 

Solid biofuels and biomass briquetting technology,” Renewable and Sustainable 

Energy Reviews 13(9), 2689-2695. DOI: 10.1016/j.rser.2009.06.025 

Chin, O. C., and Siddiqui, K. M. (2004). “Characteristics of some biomass briquettes 

prepared under modest die pressures,” Biomass and Bioenergy 3(18), 223-228. DOI: 

10.1016/S0961-9534(99)00084-7 

Ebrahimi, A., Zarei, A., Fatahi, R., and Ghasemi Varnamkhasti, M. (2009). “Study on 

some morphological and physical attributes of walnut used in mass models,” Scientia 

Horticulturae 4(121), 490-494. DOI: 10.1016/j.scienta.2009.02.021 

Esteves, B., Cruz-Lopes, L., Ferreira, J., Domingos, I., Nunes, L., and Pereira, H. (2018). 

“Optimizing Douglas-fir bark liquefaction in mixtures of glycerol and polyethylene 

glycol and KOH,” Holzforschung 72(1), 25-30. DOI: 10.1515/hf-2017-0018 

https://doi.org/10.1016/S0961-9534(99)00084-7
https://doi.org/10.1016/j.scienta.2009.02.021
http://dx.doi.org/10.1515/hf-2017-0018


 

PEER-REVIEWED ARTICLE                             bioresources.cnr.ncsu.edu 

 

 

Ghorbani et al. (2024). “Walnut shell flour in briquettes,” BioResources 19(1), 683-694.  693 

Font, R., Villar, E., Garrido, M. A., Moreno, A. I., Gómez-Rico, M. F., and Ortuño, N. 

(2023). “Study of the briquetting process of walnut shells for pyrolysis and 

combustion,” Applied Sciences 13(10), article 6285. DOI: 10.3390/app13106285 

ISO 17225 7 (2014). in: “Solid biofuels-fuel specifications and classes – Part 7: Graded 

non-woody briquettes,” ISO, Geneva, Switzerland. DOI:10.1506/car.25.1.4 

Lehtikangas, P. (2000). “Storage effects on pelletized sawdust, logging residues and 

bark,” Biomass and Bioenergy 5(19), 287-293. DOI:10.1016/S0961-9534(00)00046-5 

Lin, W. F., Zhai, W. Y., Yan, Y., and Liu, Y. Q. (2021). “Highly sensitive Pb2+ sensor 

based on rod-like poly-tyrosine/Bi modified glassy carbon electrode combined with 

electrodeposition to eliminate Cu2+ interference,” Microchemical Journal 160, article 

ID 105664. DOI: 10.1016/j.microc.2020.105664 

Mani, S., Tabil, L. G., and Sokhansanj, S. (2006). “Specific energy requirement for 

compacting corn stover,” Bioresource Technology 12(97), 1420-1426. DOI: 

10.1016/j.biortech.2005.06.019 

Mardiyati, Y., Tarigan, E. Y., Prawisudha, P., Shoimah, S. M., Rizkiansyah, R. R., and 

Steven, S. (2021). “Binderless, all-lignin briquette from black liquor waste: Isolation, 

purification, and characterization,” Molecules 26(3), article 650. DOI: 

10.3390/molecules26030650 

Michell, A., and Higgins, H. (2002). Infrared Spectroscopy in Australian Forest Products 

Research, CSIRO Forestry and Forest Products, Melbourne, Australia. 

Miranda, T., Montero, I., Sepúlveda, F., Arranz, J. I., Rojas, C. V., and Nogales, S. 

(2015). “A review of pellets from different sources,” Materials 8(4), 1413-1427. 

DOI: 10.3390/ma8041413 

Mitchual, S. J., Katamani, P., and Afrifa. K. A.  (2019). “Fuel characteristics of binder 

free briquettes made at room temperature from blends of oil palm mesocarp fibre 

and Ceiba pentandra,” Biomass Conversion and Biorefinery 9(3), 541-551. DOI: 

10.1007/s13399-019-00410-8 

Nasser, R. A., and Aref, I. M. (2014). “Fuelwood characteristics of six Acacia species 

growing wild in the South west of Saudi Arabia as affected by geographical location,” 

BioResources 9(1), 1212-1224. DOI: 10.15376/biores.9.1.1212-1224 

Nikkhah Shahmirzadi, A., Kazemi Najafi, S., and Younesi, H. (2022). “Potential 

assessment of hybrid biochar from the date palm and pistachio residues,” Wood 

Chemistry and Technology 42(6), 435-444. DOI: 10.1080/02773813.2022.2115074 

Olaoye, J. O., and Kudabo, E. A. (2017). “Evaluation of constitutive conditions for 

production of sorghum stovers briquette,” Arid Zone Journal of Engineering, 

Technology and Environment 13(3), 398-410. 

Pirayesh, H., Khazaeian, A., and Tabarsa, T. (2012). “The potential for using walnut 

(Juglans regia L.) shell as a raw material for wood-based particleboard 

manufacturing,” Composites Part B: Engineering 43(8), 3276-3280. DOI: 

10.1016/j.compositesb. 2012.02.016 

Sammons, R. J., Harper, D. P., Labbe, N., Joseph, J. Bozell, J. J., Elder, T., and Rials, T. 

G. (2013). “Characterization of organosolv lignins using thermal and FT-IR 

spectroscopic analysis,” BioResources 8(2), 2752-2767. DOI: 

10.15376/biores.8.2.2752-2767 

Sansaniwal, S. K., Pal, K., Rosen, M. A., and Tyagi, S. K. (2017). “Recent advances in 

the development of biomass gasification technology: A comprehensive review,” 

Renew. Sustainable Energy Reviews 72, 363-384. DOI: 10.1016/j.rser.2017.01.038 

Sawadogo, M., Kpai, N., Tankoano, I., Tanoh, S.T., and Sidib, S., (2018). “Cleaner 

https://doi.org/10.3390/app13106285
https://doi.org/10.1016/S0961-9534(00)00046-5
https://doi.org/10.1016/j.biortech.2005.06.019
https://doi.org/10.3390/molecules26030650
https://doi.org/10.3390/ma8041413
https://doi.org/10.15376/BIORES.9.1.1212-1224
http://dx.doi.org/10.15376/biores.8.2.2752-2767
https://doi.org/10.1016/j.rser.2017.01.038


 

PEER-REVIEWED ARTICLE                             bioresources.cnr.ncsu.edu 

 

 

Ghorbani et al. (2024). “Walnut shell flour in briquettes,” BioResources 19(1), 683-694.  694 

production in Burkina Faso: Case study of fuel briquettes made from cashew industry 

waste,” Journal of Cleaner Production 195, 1047-1056. DOI: 

10.1016/j.jclepro.2018.05.261 

Sen, R., Wiwatpanyaporn, S., and Annachhatre A. P. (2016). “Influence of binders on 

physical properties of fuel briquettes produced from cassava rhizome waste,” 

International Journal of Environment and Waste Management 17(2), 158-175. 

DOI:10.1504/IJEWM.2016.076750 

Singh, J., Mishra, N. S., Uma, Banerjee, S., and Sharma, Y. C. (2011). “Comparative 

studies of physical characteristics of raw and modified sawdust for their use as 

adsorbents for removal of acid dye,” BioResources 6(3), 2732-2743. DOI: 

10.15376/biores.6.3.2732-2743 

Soleimani, M., Tabil, X. L., Grewal, R., and Tabil, L. G. (2017). “Carbohydrates as 

binders in biomass densification for biochemical and thermochemical processes,” 

Fuel 193, 134-141. DOI: 10.1016/j.fuel.2016.12.053 

Song, Y., Tumuluru, J. S., Iroba, K. L., Tabil, L. G., Xin, M., and Meda, V. (2010). 

“Material and operating variables affecting the physical quality of biomass 

briquettes,” in: Proceedings of the XVIIth World Congress of the International 

Commission of Agricultural and Biosystems Engineering (CIGR), Canadian Society 

for Bioengineering (CSBE/SCGAB), Québec City, Canada. 

Tang, R., Dai, C., Li, C., Liu, W., Gao, S., and Wang, C. (2017). "Removal of methylene 

blue from aqueous solution using agricultural residue walnut shell: Equilibrium, 

kinetic, and thermodynamic studies," Journal of Chemistry 2017, article ID 8404965. 

DOI: 10.1155/2017/8404965 

TAPPI T203 cm-99 (2009). “Alpha-, beta- and gamma-cellulose in pulp,” TAPPI Press, 

Atlanta, GA, USA. 

TAPPI T204 cm-97 (1998/1999). “Solvent extractives of wood and pulp,” TAPPI Press, 

Atlanta, GA, USA. 

TAPPI T222 om-11 (2011). “Acid-insoluble lignin in wood and pulp,” TAPPI Press, 

Atlanta, GA, USA. 

Tian, B., Ji, Z., and Chen, F. (2018). "Preparation and properties of pulp black liquor 

briquettes," BioResources 13(1), 1801-1813. DOI: 10.15376/biores.13.1.1801-1813 

Tomen, W. T., Diboma, B. S., Bill, B. V., and Tamba, J. G. (2023). “Physical and 

combustion properties investigation of hybrid briquettes from tropical Sawdust: Case 

study of Iroko (Milicia excelsa) and Padouk (Pterocarpus soyauxii),” Energy Reports 

9, 3177-3191. DOI: 10.1016/j.egyr.2023.02.006 

Tumuluru, J. S., Wright, C. T., Hess, J. R., and Kenney, K. L. (2011). “A review of 

biomass densification systems to develop uniform feedstock commodities for 

bioenergy application,” Biofuels, Bioproducts and Biorefining 5(6), 683-707. DOI: 

10.1002/bbb.324 

Van Dam, J. E. G., Van den Oever, M. J. A., Teunissen, W., Keijsers E. R. P., and 

Peralta, A. G. (2004). “Process for production of high density/high performance 

binderless boards from whole coconut husk, part 1: Lignin as intrinsic thermosetting 

binder resin,” Industrial Crops and Products 3(19), 207-216. DOI: 

10.1016/j.indcrop.2003.10.003 

 

Article submitted: Oct. 26, 2023; Peer review completed: Nov. 11, 2023; Revised version 

received and accepted: November 21, 2023; Published: December 4, 2023. 

DOI: 10.15376/biores.19.1.683-694 

http://dx.doi.org/10.1504/IJEWM.2016.076750
http://dx.doi.org/10.15376/biores.6.3.2732-2743
https://doi.org/10.1155/2017/8404965
http://dx.doi.org/10.15376/biores.13.1.1801-1813
https://doi.org/10.1002/bbb.324
https://doi.org/10.1016/j.indcrop.2003.10.003

