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Abstract

Rubber seed shells (RSS) are an abundant biomass in Thailand that can be used as a source of charcoal briquettes
for alternative energy. Food waste from the domestic sector also has the potential to be used as an effective binder
in the production of charcoal briquettes. This research aimed to develop charcoal briquettes from RSS using food
waste as an alternative binder material. The ratio of RSS charcoal to food waste binder was varied at 2:1, 5:1, and
10:1 (v/v). Cassava starch, a popular and conventional binder, was used as a binder to compare with food waste.
Cylindrical charcoal briquettes, 40 mm in diameter and 40 mm long, were formed by a hydraulic press with a
pressing force of 1 ton. The results show that the variation in the charcoal:binder (C:B) ratio affected the bulk
density, moisture, ash, volatile matter content, heating value, and compressive strength. RSS charcoal briquettes
at a C:B ratio of 1:1 was considered suitable because they had the highest heating value and a relatively high
compressive strength of 6,219 + 229 cal/g and 53.29 +2.91 N/cm?, respectively. The moisture content and heating
value of this RSS charcoal briquette are within the range set by the Thai Industrial Standard Institute (TISI)
standard. The heating value of RSS charcoal briquettes made from food waste binder at a suitable C:B ratio (10:1)
was not significantly different from those made from cassava starch binder at the same C:B ratio, but the
compressive strength was significantly lower.
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1. Introduction

The current global energy crisis is caused by the constant increase in energy consumption due to the increasing
world population, while fossil fuels are limited and may run out in the near future. Solar, wind, hydro energy, and
biomass are needed as alternatives to our fossil energy resources due to their being clean and renewable energy
sources [1]. Biomass is organic matter that is a natural energy storage source such as trees, agricultural waste, and
industrial waste such as rice husk, bagasse, sawdust, animal manure, household waste, etc. Thailand is an
agricultural country with a large amount of biomass available as an energy source. Therefore, biomass energy is
one of the alternatives that the government prioritizes in developing potential and ensuring that the public sees the
importance of using renewable energy from domestic energy sources in order to reduce the use of fossil fuels.
Most biomass waste is used as fuel for cooking and process heating in a residential setting by direct combustion,
due to its simplicity, convenience, and low cost. Unfortunately, biomass in its raw form has a low density, low
heating value, high moisture content, and high ash content. Carbonization is one of the most effective methods to
solve this. It permits the conversion of biomass into carbon via pyrolysis. Carbonization of biomass residues
nearly doubles the energy value per unit of weight. When burned, charcoal can generate PM2.5 and emit less
carbon dioxide than raw biomass [2]. In addition, if used to make charcoal briquettes, a small amount of smoke



is produced compared to traditional charcoal [1]. Thus, the conversion of biomass into highly efficient fuels such
as charcoal briquettes is becoming more attractive.

Charcoal briquettes are produced from charcoal powder and binder, mixed and compacted into the desired
shape by mechanical moulding [3]. Charcoal briquettes have an economic advantage due to their simple
production process, high heating value, and readily available raw materials. They have numerous applications,
ranging from domestic use for cooking and heating to use by small industries.

Thailand is one of the world’ s largest natural rubber producers, with 35,769 square kilometres or 3,576,862
hectares (ha) under rubber plantation in 2020 [4]. This number increases annually. Each hectare can yield
approximately 150 kg of seeds. Therefore, Thailand can produce up to 0.536 million tons of rubber seeds per year
[5]. Rubber seeds are inedible and abundant in the country. Some of them are planted as rubber seeds, while much
of the remainder is left to rot in the rubber plantations. Thus, the use of rubber seeds could be of great interest.
Rubber seeds contain a shell and a kernel. The kernel has been investigated for biodiesel production from rubber
seed oil [6]. Seed shells have been used as a raw material for the production of activated carbon [7] and charcoal
briquettes [8]. These applications could increase the value of Thailand’s rubber trees.

Many studies have been conducted on the production of charcoal briquettes from various agricultural waste,
including bagasse [3,9], madan wood waste, coconut shell [ 1], rubber seed [10], sawdust [11], corncob bagasse,
rice husk and bran [12], water hyacinth [13], palm kernel shell [14], and orange bagasse [15]. Furthermore, many
studies have been conducted on the binders used for charcoal briquette production, including cassava starch [1,14],
molasses [13], clay [9], and corn starch [15]. To date, no studies have reported the use of household waste,
specifically food waste, as a binder for charcoal briquettes. Food waste disposal is one of the world’s major crises
because about 1.3 billion tons of food waste is generated worldwide. In Thailand, a population of 66 million
generates 145 kg of food waste per person per year [16]. Thus, choosing food waste as a binder is advantageous
because it is readily available. Starch-containing waste with a glue-like substance and residues from household
sources are not only economical but also environmentally benign. School canteens are important places that
generate a lot of food waste from people eating all the time, especially during lunchtime. A large school canteen
in Thailand can generate approximately 1,800 kilograms of food waste per day [17]. A small canteen in Udon
Thani Rajabhat University generates approximately 300 kilograms of food waste per day, as recorded by the
housekeeping group. As a result, a lot of food waste accumulates in canteens throughout the country.

Therefore, the objective of this study was the development and characterisation of charcoal briquettes from
rubber seed shells (RSS) using food waste as a binder, varying the charcoal to binder ratio (C:B) at 2:1, 5: 1, and
10:1 (v/v), compared to using a conventional binder like cassava starch.

2. Materials and methods
2.1 RSS charcoal preparation

Rubber seeds were collected from rubber plantations in Na- Yoong district, Udon Thani Province, Thailand.
The RSS was separated from its kernel by hand (Figure 1A) then placed in the sun to dry for 3 days. All dried
RSS, with diameters ranging from 1 to 4 cm, were conventionally pyrolysed at around 500°C in a 200 L
incinerator. This was done until smokeless and RSS charcoals were properly obtained. Charcoal from RSS was
ground in a stone mortar and sieved through a 3 mm sieve to get charcoal powder.

2.2 Binder preparation

Food waste and cassava starch were used as binders in this study. Cassava starch binder was prepared by
dissolving 250 g of cassava starch in 0.5 L of hot water to form a paste. After obtaining the paste, another 0.5 L
of water was added and boiled. The paste was stirred gently until a smooth homogeneous gelatinized starch
solution was obtained. The solution was allowed to cool down before it was used. The food waste used as a binder
was collected from a school canteen because it is readily available and numerous types of food are commonly
found. The impurities, such as plastic, paper, and bone were separated from the food waste. Then, 2 kg of food
waste was mixed with 500 mL of water before being blended with a blender until homogeneous.

2.3 Charcoal briquettes preparation

The charcoal powder was mixed with a binder (food waste or cassava starch) at C:B ratios of 2:1, 5:1, and
10:1 by volume using a measuring cylinder. The proportions used in this study have undergone preliminary
mixing trials. The mixture was pressed in a cylindrical mould by a hydraulic press at 1 ton of pressure. The
cylindrical mold used has an inner diameter of 40 mm and a length of 60 mm without a centre hole. After the
briquette process, cylindrical charcoal briquettes, 40 mm in diameter and 40 mm long, were obtained from the



RSS (Figure 1B). The briquettes were dried by sunlight for 3 days until the moisture content was less than 8%.
Charcoal briquettes made with water instead of binder were used as a control.

Figure 1 Rubber seed shells (A), and charcoal briquettes made from rubber seed shells (B).
2.4 Characterization of RSS charcoal briquettes

The characteristics of the RSS charcoal briquettes - bulk density, moisture content, volatile matter content, ash
content, fixed carbon content, heating value, and compressive strength - were examined. The bulk density of the
briquettes was determined by the ratio of their mass to their volume. The moisture content of charcoal briquettes
was determined by ASTM D3173. The volatile matter (%V) and ash contents (%Ash) were determined by ASTM
D3175 and ASTM D3174, respectively. After determining the volatile matter and ash content, the formula was
used to calculate the fixed carbon content (%FC).

%FC = 100 — %V — %Ash (1)

The heating value of charcoal was analyzed according to ASTM D5865 using a bomb calorimeter. This
technique measures the heat emitted by determining the difference in temperature before and after the complete
combustion of a given amount of sample (1 g) introduced into the bomb. The heating value was calculated using
Equation (2), where Q is the heating value of the sample (MJ/g), W is the water equivalent of a calorimeter
(MIJ/°C), At is temperature change (°C), and g is the mass of the sample (g).
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The compressive strength of charcoal briquettes was determined by analysis of their resistance to compression
using a universal testing machine (model TM113). In this test, briquettes were subjected to progressive and
constant pressure until they broke. All tests were performed in triplicate.

Comparison of means was done using one-way ANOVA with the Duncan test as a post hoc test. A t-test for
independent samples was utilized to compare the mean difference between two samples. The statistical analyses
were conducted with a level of confidence of 95% (a = 0.05) using the SPSS statistics program (Version 17.0 by
IBM corporation).

3. Results and discussion

Charcoal briquettes were fabricated in this study from RSS using food waste and cassava starch as binders at
different C:B ratios (2:1, 5:1, 10:1 v/v). The characterization test results for RSS charcoal briquettes are shown in
Table 1. These results were compared to the Thai Community Product Standards (TCPS) for charcoal bars (ICPS
No. 238/2547) governed by the Thai Industrial Standard Institute (TISI) [18] which determines that charcoal
briquettes should have a moisture content of less than 8% and heating value over 5,000 cal/g. The moisture content
of all briquettes tested was in the range of 4.87-6.96% by weight, which is within the limit set by the TISI standard.

3.1 Bulk density of RSS charcoal briquettes

Bulk density is commonly measured as the mass-to-volume ratio of briquettes, and it is a crucial metric for
evaluating their combustion properties, ignition behavior, transportation, and storage efficiency. Charcoal
briquettes with a high density are difficult to ignite, whereas those with a density that is not too high will be
simpler to ignite [13]. The bulk density of RSS charcoal briquettes obtained in this study is shown in Table 1. The
results demonstrate that RSS charcoal briquettes made from cassava starch binder exhibited a significantly higher
bulk density (0.653 £0.013-0.706 =0.012 g/cm?) compared to those made from food waste binder (0.609 + 0.017-
0.649 £ 0.010 g/cm?) at the same C: B ratio. This result may be due to cassava starch adhering to charcoal particles
with a greater force than food waste. This causes the charcoal particles to be more compacted and have a greater



mass. In addition, the type of binder may cause the expansion or shrinkage of briquettes, resulting in different
bulk densities [19]. However, when compared to the result for the control briquettes (0.607 + 0.015 g/cm?®), RSS
charcoal briquettes made from food waste binder at C:B ratios of 5:1 and 10:1 (v/v) showed significantly higher
bulk densities, which indicates that food waste can be used as a binder to improve the density of charcoal
briquettes. In the control test, water was used instead of binder, which does not help the adhesion of charcoal
particles, resulting in a low bulk density.

Table 1 Characteristics of RSS charcoal briquettes made with food waste and cassava starch binder at different
ratios compared to control.

Binder C:B Moisture Bulk density Ash Volatile Fixed carbon  Heating value Compressive
ratio (%) (g/cm?) (%) matter (%) (%) (cal/g) strength
(v/v) (N/cm?)

Food waste ~ 2:1 6.67 +0.10¢ 0.609+0.017° 9.48+0.16°  40.13+2.64¢ 43.72+2.86" 5312+205" 20.60+1.85"
5:1 6.35+0.10° 0.649+0.010° 8.47+021¢  32.92+2.83" 5227+2.67* 5,778 +239" 57.62+1.90°
10:1  4.87+0.21* 0.644+£0.014° 832+0.15¢ 2837+£2.41° 5844+2.61¢ 6219+229¢ 5329+291°

Cassava 2:1 6.96 +0.16° 0.653+0.013° 7.09+0.16°  34.54+1.07° 51.41+1.09° 5,703 +134> 147.79 + 8.46°

starch 5:1 6.13+0.14° 0.701 £0.018° 7.26 £0.14*  30.61 +0.84™ 56.00 +0.89°¢ 5,873 + 122> 132.89 +5.52¢
10:1  6.29+0.17° 0.706 £0.012° 7.99+£0.21°  28.09 £2.03° 57.63+2.29% 6,164 +243% 12545+7.15¢

Control 5.78+0.11° 0.607 +£0.015* 7.64 +0.15*  28.62+1.90° 57.97+1.92¢ 5901 £253"¢  1.59+0.08"

Alphabets with the same letter show that there is no significant difference, Alphabets with different letter show that there is significant
difference. Values with the same superscript letter are not significantly different; different superscript letters indicate significant difference.

For the food waste binder test, RSS charcoal briquettes at a C:B ratio of 5:1 (v/v) showed the highest bulk
density (0.649 = 0.010 g/cm?), while the lowest value was found at a C:B ratio of 2: 1 (v/v) (0.609 + 0.017 g/cm?).
The bulk density of RSS charcoal briquettes at a C:B ratio of 10:1 (v/v) (0.644 + 0.014 g/cm?®) was slightly less
than that at a C:B ratio of 5:1 but not significantly different. In the case of cassava starch binder, the bulk density
of RSS charcoal briquettes at a C:B ratio of 2:1 (v/v) was significantly lower than that at C:B ratios of 5:1 and
10:1 (v/v). This result may be due to the different densities of the binder and the charcoal powder itself. Ata C:B
ratio of 2:1 (v/v), the amount of binder was enough to affect the bulk density of the charcoal briquettes. These
results resemble those from Zanella et al.’s study [15]. They developed charcoal briquettes from orange bagasse
using corn starch as a binder at different binder concentrations. The results show that the density decreased
somewhat with increased binder content but was not significantly different.

This result demonstrates that the type and content of the binder affect the bulk density of charcoal briquettes.
In addition, the bulk density of briquettes depends on process variables, such as moisture content, particle size,
and compaction pressure [15,20].

3.2 Ash content of RSS charcoal briquettes

Ash is the non-combustible component that remains after something burns. The ash content of a charcoal
briquette can affect its calorific value; a higher ash content results in a lower calorific value [20]. Therefore, the
ideal charcoal briquette has a low ash content. The ash content of RSS charcoal briquettes made from both binders
at different C: B ratios is illustrated in Table 1. RSS charcoal briquettes made from cassava starch binder had a
significantly lower ash content (7.09 + 0.16%-7.99 £ 0.21%) than those made from food waste binder (8.32 +
0.15%-9.48 £ 0.16%) at all C:B ratios. This result may be due to the fact that food waste is combustible and
contains a higher inorganic content than cassava starch paste, resulting in a higher ash content. This result aligns
with the findings of Ngamlert et al. [21] who examined charcoal briquettes made from eucalyptus bark using five
different kinds of binder, molasses, rice stick, clay, water hyacinth, and cassava starch. The use of cassava starch
as a binder resulted in the lowest ash content compared to the other binders. In addition, when comparing the ash
content of briquettes made from food waste binder to that of the control, the ash content of briquettes made from
food waste binder was significantly higher at all C:B ratios (8.32 + 0.15%-9.48 = 0.16%) than that of the control
(7.64+0.15%). This indicates that food waste has a high ash content, which may affect the ash content of RSS
charcoal briquettes.

The ash content of RSS charcoal briquettes made from cassava starch binder gradually increased with a
decrease in binder content, while the ash content of those made from food waste binder decreased with a decrease
in binder content. The results indicate that the difference in ash content of all briquettes produced was due to the
amount and type of binder added [22,23]. Depending on the ash content of the binder, the ash content of briquettes
may vary.



3.3 Volatile matter content of RSS charcoal briquettes

Volatile matter is a mixture of long- and short-chain hydrocarbons, including combustible and incombustible
gases that are emitted during combustion. These gases influence the combustion behavior of charcoal briquettes.
A charcoal briquette with a high volatile matter content has a high combustion rate and produces more fumes
during the burning process. This means that ideal charcoal briquettes should have a minimal volatile matter
content. The ideal briquette may be difficult to ignite, but it will burn smoothly and emit less smoke. RSS charcoal
briquettes made from food waste binder had a higher volatile matter content (28.37 £ 2.41%-40.13 £ 2.64%) than
those made from cassava starch binder (28.09 + 2.03%-34.54 £ 1.07%) at the same C:B ratio (Table 1). However,
it was only at the C:B ratio of 2:1 (v/v) that the volatile matter values were significantly different. This result
indicates a higher level of volatile matter in food waste than in cassava starch. The volatile matter content of the
briquettes made from both binders had the same trend of the results, that is, the volatile matter content increased
with increasing binder content. The volatile matter of RSS charcoal briquettes made from cassava starch at a C:B
ratio of 2:1 (v/v) was significantly higher than that at C:B ratios of 5:1 and 10:1 (v/v) but the volatile matter
content of briquettes at C:B ratios of 5:1 and 10:1 (v/v) was not significantly different. In the case of food waste
binder, the volatile matter content of RSS charcoal briquettes at a C: B ratio of 2:1 (v/v) was significantly higher
than that at C:B ratios of 5:1 and 10:1 (v/v), respectively. This implies that an increase in binder content can
increase the volatile matter content of charcoal briquettes due to the effect of the volatile matter content in the
binder itself. This result is consistent with the findings of Zanella et al. [15] and Abdulganiyu et al. [24], who
produced charcoal briquettes from orange bagasse and raphia palm seeds using corn starch and cassava starch as
binders, respectively, at various binder concentrations. They discovered that the volatile matter content increased
with the amount of binder in the briquettes.

However, the volatile matter content of charcoal briquettes depends not only on the type and content of the
binder but also on the compaction pressure, charcoal particles, raw material, carbonization conditions and
temperature, and measurement methods [9,11,20].

3.4 Fixed carbon content of RSS charcoal briquettes

Fixed carbon indicates the proportion of carbon available for char combustion after all volatile matter has been
extracted from biomass. This does not equal the total quantity of carbon in the fuel, as a significant amount is also
released as hydrocarbons from volatile matter. Carbons will react with oxygen to produce heat. The proportion of
fixed carbon in charcoal briquettes is a significant factor in determining their calorific value [25]. A high-quality
fuel briquette will have a low volatile matter and ash content and a high fixed carbon content. The fixed carbon
content of RSS charcoal briquettes made from both binders at different C:B ratio is illustrated in Table 1. The
fixed carbon value of RSS charcoal briquettes made from cassava starch binder at a C: B ratio of 2: 1 (v/v) was
significantly lower than that of those at C: B ratios of 5:1 and 10:1 (v/v), but there was no significant difference
between that of those at C:B ratios of 5: 1 and 10:1 (v/v), while the fixed carbon content of RSS charcoal briquettes
made from food waste at a C:B ratio of 2: 1 (v/v) was significantly lower than that of those at C: B ratios of 5: 1
and 10:1 (v/v), respectively. Generally, a high moisture, ash, and volatile matter content leads to a low fixed
carbon content. The moisture, ash, and volatile matter content of RSS charcoal briquettes vary as a result of
varying the binder concentration (C:B ratio). However, the quantity of fixed carbon in the raw material is the
most important factor in the generation of heat during combustion.

3.5 Heating value of RSS charcoal briquettes

The heating value (or calorific value) of a fuel is the standard measurement of its energy content. It is the
quantity of heat released when a unit of fuel is completely burned. High-heating- value charcoal briquettes are
ideal for high-quality fuel. A high heating value corresponds to high heat production, which expedites the heating
process. The heating value of RSS charcoal briquettes made from both binders at different C:B ratios is shown in
Table 1. TISI stipulates that the calorific value should exceed 5,000 cal/g, and all of the RSS charcoal briquettes
in this study met the standard (TPCS). When the heating values of RSS charcoal briquettes made from cassava
starch and food waste binder were compared, only those at a C:B ratio of 2: 1 (v/v) were significantly different,
while the values of the briquettes at C:B ratios of 5:1 and 10:1 (v/v) were not significantly different. The briquettes
made from food waste binder at a C: B ratio of 2: 1 (v/v) (5,312 + 205 cal/g) had a significantly lower heating
value than those made from cassava starch (5,703 + 134 cal/g) and the control (5,901 + 253 cal/g). The result
implies that a certain amount of food waste can reduce the heating value of RSS charcoal briquettes. This result
may be due to the high volatile matter and ash content of the briquettes at this ratio, resulting in a low fixed carbon
content and consequently low heating value.

For the effect of C:B ratio or binder content on the heating value of RSS charcoal briquettes, the results show
that the heating value of briquettes made from both binders increased with decreasing binder content. This result



indicates that a low binder content can improve the heating value of charcoal briquettes. The maximum calorific
value of RSS charcoal briquettes was 6,219 + 229 cal/g when using food waste as binder at C:B ratio of 10:1,
which was significantly different from that at the other C:B ratios. The highest heating value may be due to the
lowest moisture content and low volatile matter at this tested ratio. This is a result of the low volatile matter
content in the food waste. This trend in the results agrees with that in the study of Zanella et al. [15], who found
that the heating value of charcoal briquettes from orange bagasse increased with decreasing binder content due to
the lower calorific value of the binder itself.

3.6 Compressive strength of RSS charcoal briquettes

Rajkumar and Venkatachalam [26] define compressive strength as the utmost crushing load a briquette can
withstand before cracking or breaking. It can be approximated based on the maximum force applied to the
briquette’s face. Briquettes produced with a low compressive strength tend to crumble more quickly during
combustion and break readily during transport. Therefore, a briquette with high compressive strength is the ideal
for good-quality charcoal briquettes. The compressive strength of RSS charcoal briquettes made from both binders
with different C:B ratios is presented in Table 1. The compressive strength of the control briquette was 1.59 +
0.08 N/cm? which is lower than the values obtained for briquettes with binders. This result demonstrates that the
addition of binder to densify briquettes can improve their compressive strength. The binder allows agglomeration
between the charcoal particles and makes the briquette strong. Five possible mechanisms for binding between
particles were reported by Rumpf [27]: attraction forces, interfacial forces and capillary pressure, adhesion and
cohesion forces, solid bridges, and mechanical interlocking. The binding mechanism of the binders in this study
may involve just some mechanisms or all of them.

The compressive strength of RSS charcoal briquettes made from cassava starch binder was higher than that of
those made from food waste binder at all C:B ratios. This result implies that the cassava starch has a stronger
adhesive property. In the phase of paste formation, the application of heat and water to cassava starch disrupts the
granular structure of the starch molecules via separation and sufficiently uncoils their structure so they can catch
onto other particles with their powerful adhesive properties. This result agrees with those of Aransiola et al. [23],
who studied charcoal briquettes made from corncobs with three types of binder, cassava starch, corn starch, and
gelatin. They found that making briquettes from cassava binder could increase the compressive strength more
than using corn starch and gelatin as binders, respectively.

Although RSS charcoal briquettes made from food waste binder had lower compressive strengths than those
made from cassava starch binder, the maximum value (57.62 = 1.90 N/cm?) was still 36 times higher than that of
the control. This result indicates the ability of food waste to be used as a binder for making charcoal briquettes.
Generally, the components of food waste are carbohydrate, protein, fat, and fiber. Although a starch-based food
waste material can be a good binder, and the adhesive properties of protein and starch have long been recognized,
they need to be modified by thermal or chemical modification to obtain adhesives [28]. Maybe in future studies,
if food waste goes through these processes, the compressive strength of briquettes can be increased.

The compressive strength of RSS charcoal briquettes made from cassava starch increased with an increase in
binder quantity. This may be due to the glue-like substance of gelatinised cassava starch, which, in this study,
increased the binding strength between charcoal particles. The compressive strength of RSS charcoal briquettes
made from cassava starch at a C:B ratio of 2:1 (v/v) was significantly higher than that at C:B ratios of 5:1 and
10:1 (v/v), but the results were not significantly different between C:B ratios of 5:1 and 10:1 (v/v). On the other
hand, the compressive strength of RSS charcoal briquettes made from food waste decreased somewhat with
increasing binder content. The RSS charcoal briquettes made from food waste at a C: B ratio of 5: 1 (v/v) had the
maximum compressive strength (57.62 + 1.90 N/cm?) but it was not significantly different from that at a C:B ratio
of 10:1 (v/v) (53.29 £ 2.91 N/cm?). The lowest compressive strength of 20.60 + 1.85 N/cm? was found at a C: B
ratio of 2:1 (v/v), which was significantly different from that at C: B ratios of 5:1 and 10:1 (v/v). The low
compressive strength at a high binder (food waste) content shown in these results may be due to excess food waste
making the adhesion between charcoal particles loose and weak. This result implies that the type and content of
binder can affect the compressive strength of charcoal briquettes.

3.7 Comparison of RSS charcoal briquette characteristics to those in the literature

Table 2 shows the characteristics of the charcoal briquettes developed in this study compared to those made
from different materials by other researchers. Many types of biomass have been used for charcoal briquette
production, such as raphia palm seed, rice stalk, peanut shell, palm kernel shell, cassava rhizome, madan wood,
corn cob, orange bagasse, bagasse, and water hyacinth as well as RSS. This research is to develop charcoal
briquettes from RSS using food waste as an alternative binder material. From our results, the C: B ratio of 10:1
(v/v) is suitable because it has a relatively high heating value and high compressive strength; the optimal C:B ratio
of 10:1 (v/v) was therefore selected and used for comparison with other studies.



Table 2 Comparison of charcoal briquettes made from different raw materials and binders.

Raw Binder Binder Bulk  Moisture  Ash Volatile Fixed Heating Compressive References
material content  density (%) (%) matter carbon value strength
(g/cm®) (%) (%) (cal/g)  (N/cm?)
Rubber seed  Food waste 10:1 0.644 4.87 8.32 28.37 58.44 6,219 53.29 This study
shell v/iv
Cassava starch  (9o4y/y)  0.701 6.13 7.26 30.61 56.00 5873 132.89
Raphia Cassava starch ~ 20% - 12.86 11.85 64.30 10.91 3,056 - [24]
palm seed w/wW
Rice stalk Cassava starch ~ 30% 0.642 25 23 44.8 32.20 3,313 82" [29]
w/w
Rubber seed  Cassava starch 8% (-) - 7.4 3.55 13.14 75.92 7,106 - [8]
shell
- 7.14 6.28 12.34 74.24 7,047 -
Peanut shell
Palm kernel ~ Cassava starch ~ 135:20 - 1.08 0.06 71.8 27.07 4,474" - [14]
shell (W/w)
Cassava Cassava starch ~ 7:3 0.79 7.23a 13.48a 46.39a 32.90a 5,718 111.4" [30]
rhizome (W/w)
Madan Cassava starch ~ 14:1 0.68 7.8 39 20.3 68.0 6,622 - [1]
wood (W/w)
Corn cob Cassava starch ~ 30% 0.986 5.34 - - - - 832" [23]
w/w
Gelatin starch 0.886 7.13 505"
Wood Native and 8% 0.7 <6 5-10 25-30 60-68 6,334 2,450 [22]
modified w/w
starch
Orange Corn starch 10% 0.594 2.563 7.973 63.091 28.936 6,419 140.6" [15]
bagasse w/w
Maize cob Sago flour 6:1 - 7.22 16.21 21.33 32.33 5,570 - [20]
(W/w)
Bagasse Clay:molasses  40:1:1 - 4.1 36.4 27.2 36.4 4,390 - 9]
(W/w)
Water Molasses 70:30 0.84 - - - - 3,967 187.3" [13]
hyacinth (W/w)

“Calculation from the literature data or converted units.
*Charcoal powder.

A very high bulk density of 0.986 g/cm® was observed in charcoal briquettes produced from corn cobs by
Aransiola et al. [23] while a very low density of 0.594 g/cm? was observed for bagasse charcoal briquettes in the
study of Zanella et al. [ 15]. The bulk density of RSS charcoal briquettes made from food waste binder in this
study (0.644 g/cm?) was moderate compared to previous reports. Moisture content, ash content, volatile matter
content, and fixed carbon content from the literature vary from 2.563% to 12.86%, 0.06% to 36.4%, 12.34% to
71.8%, and 10.91% to 75.92%, respectively. The values obtained in this study are within the range of these reports
in the literature.

The heating value varies from type to type of raw materials used in charcoal briquette production. The highest
heating value of 7,106 cal/g was observed for RSS charcoal briquettes produced by Murni and Setyoningrum [8]
using the same type of material as in our study. The lower ash and volatile matter contents and high fixed carbon
content in those studies would lead to higher heating values, since the calorific value of briquettes depends not
only on the type of raw material but also on the source of raw materials, binder type and concentration,
carbonization condition and temperature, charcoal particle size, compaction pressure, and measurement
instrument and method used. The lowest heating value of 3,056 cal/g was observed for raphia palm kernel charcoal
briquettes in the study of Abdulganiyu et al. [24]. This low heating value is a result of a low fixed carbon content
(10.97%). The heating value of RSS charcoal briquettes with food waste binder from this study is close to that of
wood charcoal briquettes reported by Borowski et al. [ 22]. The heating value of charcoal briquettes made from
RSS observed in this study was higher than that of those made from raphia palm seeds, rice straw, palm kernel



shells, maize cob, bagasse, and water hyacinth. This indicates that RSS and food waste binder are efficient
materials for producing high calorific value charcoal briquettes.

The compressive strength from the literature ranges from 82 to 2,450 N/cm?, the value from the work of
Borowski et al. [22] being the highest and quite different from the others. If the value from their work is excluded,
the compressive strength is in a narrower range of 82-832 N/cm?. The compressive strength of RSS charcoal
briquettes with food waste binder in this study, 53.29 N/cm?, had a lower value than those in the literature. As
previously described, the food waste binder could improve the compressive strength of charcoal briquettes when
compared to the control. In addition, food wastes can be modified to increase their binding properties [28].
Therefore, there is a way to improve the compressive strength of RSS charcoal briquettes made from food waste
binder. The difference in compressive strength of each charcoal briquette is caused not only by the type of raw
materials itself but also by the briquette’s shape and size, particle size, compaction pressure, binder type and
concentration, and also the measurement instrument and methods used [15,23,29,30].

Our RSS charcoal briquettes with food waste binder were characterized as having good properties, especially
their heating value which is in the high range compared to other literature and higher than that of the RSS charcoal
briquettes made using cassava starch binder. This shows the possibility of using food waste as a binder to produce
charcoal briquettes, instead of the currently popular cassava starch. This is because starch sources such as cassava
starch are costly and competitive with food resources, while food waste is a completely waste product that is
abundant and readily available. Therefore, the use of food waste is feasible, efficient, and beneficial.

4. Conclusion

RSS and food waste have the feasibility to be used as raw materials and binders for charcoal briquette
production, respectively. RSS charcoal briquettes with food waste binder at a C: B ratio of 10:1 (v/v) are suitable
due to their highest heating value of 6,219 = 229 cal/g and relatively high compressive strength of 53.29 + 2.91
N/cm?. When comparing the characteristics of these suitable briquettes with those of the control, TISI-standard,
and the literature, it was found that the results were satisfactory. These briquettes can be applied for domestic use,
i.e., cooking and heating. Some parameters, especially compressive strength, need to be improved by modifying
food waste with heat or chemicals to increase their adhesive properties. Improving these processes may cause the
charcoal particles to stick together more tightly, increasing the compressive strength of the briquettes. This can be
achieved with further study.

5. Acknowledgements

The authors appreciate the Division of Biotechnology, Food Technology and Nutrition and Mechanical
Engineering, Faculty of Technology, Udon Thani Rajabhat University for supporting this research.

6. References

[1] Kongprasert N, Wangphanich P, Jutilarptavorn A. Charcoal briquettes from madan wood waste as an
alternative energy in Thailand. Procedia Manuf. 2019;30:128-135.

[2]  Sunl, Shen Z, Zhang Y, Zhang Q, Wang F, Wang T, et al. Effects of biomass briquetting and carbonization
on PM2.5 emission from residential burning in Guanzhong Plain, China. Fuel. 2019;244:379-387.

[3] Suttibak S, Loengbudnark W. Production of charcoal briquettes from biomass for community use. IOP Conf
Ser Mater Sc Eng. 2018;297:012001.

[4] Office of Agricultural Economics. Agricultural Statistics of Thailand [Internet]. 2020 [cited 15 Mar 2022].
Available from https://www.oae.go.th/assets/ portals/1/fileups/prcaidata/files/para%20rubber61(1).pdf.

[5] Yusup S, Khan M. Basic properties of crude rubber seed oil and crude palm oil blend as a potential feedstock
for biodiesel production with enhanced cold flow characteristics. Biomass Bioenergy. 2010;34(10):1523-
1526.

[6] Karnjanakom S, Kongparakul S, Chaiya C, Reubroycharoen P, Guan G, Samart C. Biodiesel production
from Hevea brasiliensis oil using SOsH-MCM41 catalyst. J Environ Chem Eng. 2016;4(1):47-55.

[71 Ekebafe LO, Imanah JE, Okieimen FE. Effect of carbonization on the processing characteristics of rubber
seed shell. Arab J Chem. 2012;10(1):174-178.

[8] Murni SW, Setyoningrum TM. The effect of pyrolysis temperature on charcoal briquettes from biomass
waste. In: Mulyaningsih HD, Widjanarko H, Suhascaryo KN, Jayadianti H, Fitri D, ITham A, editors. LPPM
UPN “Veteran” Yogyakarta Conference Series 2020 - Political and Social Science (PSS); 2020 Oct 27-28;
Yogyakarta, Indonesia. Yogyakarta: RSF Press & Research Synergy Foundation; 2020. p. 453-460.

[9] Onchieku JM, Chikamai BN, Rao MS. Optimum parameters for the formulation of charcoal briquettes using
bagasse and clay as binder. Eur J Sustain Dev. 2012;1(3):477-492.



[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]

[18]
[19]
(20]

(21]

[22]

(23]

[24]
[25]
[26]
(27]
(28]
[29]

[30]

Armita T, Haryati S, Mohadi R, Wardhani PK. Influence of temperature and particle size on heating value
of biobriquette from rubber seed. Sci Technol Indones. 2019;4(2):57-59.

Suryaningsih S, Nurhilal O, Yuliah Y, Mulyana C. Combustion quality analysis of briquettes from variety
of agricultural waste as source of alternative fuels. IOP Conf. Ser: Earth Environ Sci. 2017;65(1):012012.
Yank A, Ngadi M, Kok R. Physical properties of rice husk and bran briquettes under low pressure
densification for rural applications. Biomass Bioenergy. 2016;84:22-30.

Carnaje NP, Talagon RB, Peralta JP, Shah K, Paz-Ferreiro J. Development and characterisation of charcoal
briquettes from water hyacinth (Eichhornia crassipes)-molasses blend. PLoS One. 2018;13(11):¢0207135.
Bonsu BO, Takase M, Mantey J. Preparation of charcoal briquette from palm kernel shells: case study in
Ghana. Heliyon. 2020;6(10):¢05266.

Zanella K, Gongalves JL, Taranto OP. Charcoal briquette production using orange bagasse and corn starch.
Chem Eng Trans. 2016;49:313-318.

Bunditsakulchai P, Liu C. Integrated strategies for household food waste reduction in Bangkok.
Sustainability. 2021;13(14):7651.

Wiphataphan P, Piyapanan R, Saengphet T, Suphakota N, Limsuwan K, Wasanadamrongdee S. CU zero
waste, case study: cafeteria waste management at Chulalongkorn University [Internet]. 2021 [cited 16 Oct
2023]. Available from https://ej.eric.chula.ac.th/article/view/284.

Thailand Industrial Standards Institute (TIST). Ministry of Industry. Charcoal Bar [Internet]. 2004 [cited 1
Dec 2022]. Available from https://tcps.tisi.go.th/pub/tcps238_47.pdf.

Obi OF, Pecenka R, Clifford MJ. A review of biomass briquette binders and quality parameters. Energies.
2022;15(7):2426.

Sunardi S, Djuanda D, Mandra MAS. Characteristics of charcoal briquettes from agricultural waste with
compaction pressure and particle size variation as alternative fuel. Int Energy J. 2019;19(3):139-148.
Ngamlert A, Saripan K, Pengngiw P. The optimum binder for the production of charcoal briquettes from
eucalyptus bark [Internet]. 2019 [cited 2 Mar 2023]. Available from http://itechjournal.tru.ac.th/
index.php/tru-i-tech/article/view/78/72.

Borowski G, Stepniewski W, Wojcik-Oliveira K. Effect of starch binder on charcoal briquette properties.
Int Agrophys. 2017;31(4):571-574.

Aransiola EF, Oyewusi TF, Osunbitan JA, Ogunjimi LAO. Effect of binder type, binder concentration and
compacting pressure on some physical properties of carbonized corncob briquette. Energy Rep. 2019;5:909-
918.

Abdulganiyu B, Edeoja AO, Ibrahim JS, Kwaghger KA. Performance evaluation of raphia palm (R.
vinifera) seeds briquettes with cassava starch as binder. J Energy Res Rev. 2022;11(2):36-62.

Thabuot M, Pagketanang T, Panyacharoen K, Mongkuta P, Wongwicha P. Effect of applied pressure and
binder proportion on the fuel properties of holey bio-briquettes. Energy Procedia. 2015;79:890-895.
Rajkumar D, Venkatachalam P. Physical properties of agro residual briquettes produced from cotton,
soybean and pigeon pea stalks. Int ] Power Eng Energy. 2013;4(4):414-417.

Rumpf H. The strength of granules and agglomerates. In: Knepper WA, editor. Agglomeration. 1% ed. New
York: John Wiley and Sons; 1962.

Pan Z, Cathcart A, Wang D. Thermal and chemical treatments to improve adhesive property of rice bran.
Ind Crops Prod. 2005;22(3):233-240.

Rapheal TA, Harrison O, Moki EC, Habeeb A. The effect of binder ratio on the physical and combustion
characteristics of carbonized rice stalk briquettes. Int J Adv Acad Res. 2020;6:221-229.

Sen R, Wiwatpanyaporn S, Annachhatre A. Influence of binders on Physical properties of fuel briquettes
produced from cassava rhizome waste. Int J Environ Waste Manag. 2016;17(2):158-174.



