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Abstract: The increased valorization of renewable and cost-effective lignocellulosic feedstocks represents a viable, sustainable, and eco-friendly approach toward the production of biopellets as alternative energy sources. The aim of this research work was to investigate and evaluate the feasibility of using various lignocellulosic raw materials, i.e., raru (Cotylelobium melanoxylon), mangrove (Rhizophora spp.), sengon (Paraserianthes falcataria), kemenyan toba (Styrax sumatrana), oil palm (Elaeis guineensis), manau rattan (Calamus manan), and belangke bamboo (Gigantochloa pruriens) for manufacturing biopellets with different particle sizes. The raw materials used were tested for their moisture content, specific gravity, ash, cellulose, and lignin content. In addition, thermal analyses, i.e., calorific values, thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC), were performed. The following properties of the biopellets produced were investigated: moisture content, volatile matter, ash content, fixed carbon, density, and thermal analyses. Based on an analysis of the raw materials, raru had the lowest moisture content (12%) and ash content (1.5%) and the highest specific gravity (1.2). Markedly, palm oil stem had the highest α-cellulose (55%) and lignin (37%) content. In accordance with the SNI 8675:2018 standard requirements, biopellets with optimal properties (moisture content of 1.4%, ash content of 0.79%, density of 1.09 g/m3, calorific value of 4672 cal/g, and TGA residue of 13.9%), were manufactured from raru wood.
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1  Introduction

Despite the fact that energy is required for industrial, commercial, and residential purposes, the use of firewood as a solid fuel source has the potential to accelerate deforestation, which will impact ecological issues such as climate change [1]. In Indonesia, fossil fuels remain the primary source of nonrenewable energy [2,3]. Biomass has the potential to be a sustainable, affordable, renewable, and environmentally friendly alternative energy source [4]. Due to several disadvantages, including its ease of water absorption and release, high moisture content, and low calorific value, biomass must be pre-treated through milling or drying [5].

One of the issues that the energy sector is currently dealing with is the storage of large amounts of biomass fuel [6]. To solve this issue, biomass is converted into solid fuels such as biopellets for easier handling, transportation, and storage [7]. Furthermore, biopellets are a quick and easy way to generate biomass energy [8], which is both efficient and renewable [9]. As plant growth is a result of the photosynthesis process, which requires CO2, biopellets also provide other benefits in the combustion process, which is part of the neutral carbon concept [10].

Producing biopellets is one method of dealing with the waste generated by forestry and agro-industrial operations [11]. The potential of raru wood, toba frankincense, sengon, mangroves, oil palm stems, belangke bamboo and manau rattan biopellets as alternative renewable energy sources were investigated in this work. Mangrove wood has a significant calorific value. Hence, Numbere [12] claimed that it can be utilized as a solid fuel. The calorific value of briquettes made from mangrove wood branches varies depending on the kind of mangrove, from 3778.78−3846.66 cal/g [13]. Due to the ratio of waste wood left over compared to high-value logs harvested from the forest (2.5:1), waste wood is valuable but has not been utilized efficiently [14]. About 40%–60% of wood waste and by-product products are produced by the sawmilling sector [15]. Bamboo and rattan have a variety of applications, including furniture. Debarking, chopping, skinning, and coring, for example, can generate approximately 50% solid waste during the furniture-making process [16]. The oil palm plant’s fruit is its primary source of income. Therefore, its stem is always deemed as waste and burned after being felled [17]. However, the stems of the oil palm plant can also be utilized as solid fuel.

Many agricultural and forestry plants are developed in Indonesia’s tropical forests, producing large amounts of lignocellulosic waste that can be used as a raw material for renewable energy sources via the palettization process [18]. However, before this biopellet can be used, its properties must be evaluated in order to determine its characteristics in terms of lowering the market barriers and creating product flows where necessary. Raw materials with varying particle sizes of wood or non-wood were used in this study. The raw materials chosen were chosen because different biomass sources have different chemical constituents that may be relevant to the quality of the biopellets. When the raw material has higher specific gravity, the quality of the biopellets produced improves [19], and a smaller particle size may increase density [20]. The objective of this research work was to evaluate and identify the best type of biomass that can be used as a substitute for fossil fuels, particularly biopellet and a renewable energy source. It also intends to characterize various lignocellulosic components in biomass as raw materials for biopellet production.

2  Materials and Methods

2.1 Tools and Materials

The materials used in the study were the middle stems of raru wood, toba frankincense, sengon, mangroves, oil palm stems, belangke bamboo, and manau rattan (Table 1). Several types of chemicals from Central Laboratory for Standardization of Forest Management Instruments were used, namely H2SO4, NaOH, acetone, and distilled water. The instruments used in this research were Thermo Gravimetric Analizer (TGA 4000, PerkinElmer, Waltham, MA, USA), Differential Scanning Calorimetry (DSC 4000, PerkinElmer, Waltham, MA, USA), and bomb calorimeter 6400 (Parr Instrument Company, Moline, IL, USA).
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2.2 Methods

2.2.1 Material Preparation

In the process of preparing raw materials, raw materials are purchased and powders are made. The samples were first processed in a disc flaker, and then they were refined once more in a hammer mill. The sample was sieved so that it could pass through a sieve with a mesh size of 40 and 60, each sieve holding a 1 kg sample.

2.2.2 Densification

The method of densifying biomass into tightly packed cylinders allows for the molding of biopellets. The biopellet has a 16 mm diameter and varies in length from 18 to 32 mm. Using a hydraulic pellet press, biomass powder in the sizes of 40 mesh and 60 mesh was formed into biopellets for 5 min at 200°C and 2100 psi pressure. The biopellets’ properties were subsequently evaluated.

2.2.3 Characterization

a) Raw materials

Moisture content (SNI 8675:2018)

The petri dish was heated to 105°C in the oven for 4 h, followed by 30 min in a desiccator. 0.1 g of sample was weighed in an empty petri dish using an analytical balance with a Mettler Toledo brand accuracy of 0.0001 g. The sample-containing petri dish was heated to 105°C in the oven for 24 h, followed by 30 min in a desiccator, before being weighed. Formula (1) is used to calculate the sample’s water content after six iterations as shown below:


Moisture content (%) = B − (C − A)B × 100% 
(1)

where A is the dry weight of the petri dish (g), B is the weight of the sample (g), C is the dry weight of the sample and petri dish (g).

Specific gravity (SNI 8675:2018)

The relationship between a sample’s density and water’s density is known as specific gravity. Formula (2) can be used to determine specific gravity as follows:


Specific gravity = dry weight of samplevolume of sample
(2)

Ash content (SNI 8675:2018)

A porcelain cup with a known weight is filled with a 1 g sample. After that, place in the furnace for 6 h at 600°C. Then it was stable after cooling in a desiccator, and it was weighed. The following formula (3) is used to determine the sample’s ash content:


Ash content (%)=weight of ashweight of the sample after the furnace×100%
(3)

α-cellulose content

This test was carried out based on press releases from the Chemical Rubber Company (CRC) Florida, USA. A 1G3 glass filter that has been used up is dried in an oven for at least 4 h at 105°C. The oven dry weight was measured after it had cooled in a desiccator for 30 min. A vial with a 20 mL opening was filled with a 0.5 g sample of holocellulose. The sample’s water content was also determined at the same time. 6.25 mL of 17% NaOH was added to the sample, which was then agitated with a magnetic stirrer for 15 min before being left alone for 30 min. The mixture was added 8.25 mL of distilled water, was stirred for 5 min with a magnetic stirrer, and then left for 1 h without stirring. It was then put through a 1G3 glass filter, rinsed with 25 mL of 8.3% NaOH, and washed with 100 mL of distilled water to finish. After adding the sample to 10 mL of 10% acetone and letting it sit for 3 min, the vacuum line was then reconnected, and the process was continued until all of the solution was drawn in. The sample is dried in an oven at 105°C for 24 h after being rinsed with distilled water until it is neutral. The dried samples were weighed after 30 min in a desiccator. Using the formula (4), the amount of 
α
-cellulose was determined as follows:


α-cellulose  (%) = (A −B)C × D
(4)

where A is oven dry weight of filter glass 1G3 and cellulose residue (g), B is oven oven-dry weight of filter glass 1G3 (g), C is the weight of holocellulose (g), D is the percentage of holocellulose (%).

Lignin content (NREL LAP-003 dan LAP-004 method)

The first step in determining the amount of acid-insoluble lignin was to dry an empty 1G3 filter glass at 105°C for 4 h, let it cool in a desiccator for 30 min, and then measure the oven dry weight. In a little vial with a broad mouth of about 20 mL, 0.3 g of extractive-free lignin sample was placed. The sample was mixed with a magnetic stirrer for two hours at room temperature after being supplemented with 3 mL of a 72% w/v H2SO4 solution. The sample was put into a 100 mL Duran container, and 84 mL of distilled water was added to give the H2SO4 a final concentration of 4% weight/volume. The sample was placed in a Duran container, autoclaved at 121°C for 1 h, and then filtered through a 1G3 glass filter. To quantify the amount of lignin dissolved in acid, 10 mL of the filtrate was saved. Samples were placed in a 1G3 glass filter, rinsed with at least 50 mL of hot water, and dried for 24 h at 105°C in an oven. Samples were placed in a desiccator for 30 min, after which the dry weight was measured. To determine the amount of lignin ash present, the residue from filter glass 1G3 was moved to a porcelain cup and heated in a furnace at 525°C for six hours. Following the computation in accordance with Eq. (5), the amount of acid-insoluble lignin is determined:


Acid−insoluble lignin content (%)=(A−B)(C−D)E×100%
(5)

where A is dry weight of filter glass 1G3 and residue of lignin (g), B is dry weight of filter glass 1G3 (g), C is dry weight of porcelain cup and ash of lignin (g), D is dry weight of porcelain cup (g), E is dry weight of lignin (g).

A Shimadzu UV-1800 UV-Vis spectrophotometer was used to determine the absorbance of the filtrate’s diluted acid-insoluble lignin concentration at a wavelength of 240 nm. For an automatic zero absorbance UV-Vis spectrometer, 4% w/v H2SO4 solution is used as the blank. The test range for lignin that has been dissolved in acid is between 0.7 and 0.9. Eq. (6) is used to calculate the amount of lignin that has been dissolved in acid.


Acid soluble lignin (%)=A×V×fpε×BKO×l×100%
(6)

where A is the absorbance of the sample, V is volume filtrate (86.73 mL), fp is dilution factor, ε is molar absorbtivity (25 M−1cm−1), BKO is oven dry weight of the sample (g), l is cuvette length (1 cm).

Particle Size Analyzer (PSA)

The HORIBA Laser Scattering Particle Size Distribution Analyzer LA-960 was used to characterize the size of the granular particle distribution.

b) Biopellet

The quality of biopellets created in accordance with SNI (Indonesian National Standards), as shown in Table 2, is assessed using analyses of biopellets made from various kinds of raw materials.
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Moisture content (SNI 8675:2018)

The moisture content of biopellets is the proportion of water to their total dry weight, stated as a percentage. The sample of 2 g is placed in a petri dish with a known weight, and the water capacity is calculated from there. After that, place in the oven for three hours at 103°C to maintain a constant water level. Once stable, it was chilled in a desiccator before being weighed. Using the formula (7), the sample’s water concentration is determined as follows:


Moisture content (%)=BB−BKOBKO×100%
(7)

where BB is the weight before drying in the oven (g), BKO is oven dry weight of sample (g).

Volatile matter content (SNI 8675:2018)

The proportion of weight lost when the biopellet is heated without outside air is known as the volatile matter content, and it is adjusted for the sample’s overall moisture content. A ceramic cup with a known weight and 2 g of the sample were used to determine the volatile matter value. After that, place it in the oven for 10 min at 950°C. Once stable, it was chilled in a desiccator before being weighed. Using the formula (8), the sample’s volatile matter is determined as follows:


Volatile matter content (%)=B−CW×100%
(8)

where B is the sample weight after being dried from the water content test (g), C is the sample weight after heating in the furnace (g), W is the initial sample weight before testing for water content (g).

Ash content (SNI 8675:2018)

One gram of the sample was weighed and put into a porcelain cup with a known weight to calculate the ash content number. After that, place it in the furnace for 6 h at 600°C. After about 30 min of cooling in a desiccator, the product was measured. Using the formula (9), the following is determined to represent the sample’s ash content:


Ash content (%)=weight of ashfurnace dry weight of the sample×100%
(9)

Fixed carbon content (SNI 8675:2018)

The percentage of carbon that is bonded within a substance and excluded from water, volatile matter, and ash components is known as the fixed carbon content. Formula (10) can be used to calculate the number of fixed carbon contents, as shown below:


Fixed carbon content (%)=100−(Water content+Vollatile matter+Ash content)
(10)

Density (SNI 8675:2018)

The findings of a comparison between the weight and volume of the biopellets measured under the same circumstances are used to determine density. Formula (11) is used to determine sample density, as shown below:


Density=BV
(11)

where B is the weight of sample (g), V is the volume of sample (m3).

c) Thermal

Calorific value with ASTM D5865 [21].

A silica cup containing up to 2 g of sample was sealed with nickel wire, and positioned inside of a tube, and the tube’s mouth was shut. Oxygen was pumped into the passage for 30 s. The oxygen bomb calorimeter is equipped with a tube. When the water’s temperature is set, combustion starts. Measurements continue until the ideal temperature is reached. Using the formula (12), the sample’s calorific value is determined as follows:


NK=Δt×Wmbb−B
(12)

where NK is the calorific value of sample (cal g−1), ∆t is the Average temperature difference (°C), W is the calorific value of water (cal/°C), Mbb is the mass of fuel (g), B is heat correction on iron wire (cal g−1).

Thermogravimetric analysis (TGA)

Thermogravimetric Analyzer (TGA 4000) of PerkinElmer was used to heat a standard ceramic crucible containing 4 mg of sample powder from ambient temperature (25°C) to 750°C at a rate of 10°C/min. The test was conducted with nitrogen gas flowing at a rate of 20 mL/min. The findings of an analysis using TGA are used to determine the weight reduction curve for temperature.

Differential Scanning Calorimetry (DSC)

The biopellet samples were subjected to DSC analysis using a Perkin Elmer DSC 4000 with an instantly calculable Tg value. A sample weighing 4 mg was compressed and weighed using an aluminum pan (40 L). The sample was heated at 30°C–100°C at a rate of 10°C/min, held at 100°C for 3 min, then cooled from 100°C to –20°C at a rate of 10°C/min, held at −20°C for 3 min. It was then heated to a temperature of 200°C for one minute while heating at a rate of 10°C/min between 30°C and 200°C. Once more, chilling was done at a temperature range of 200°C to 30°C at a cooling rate of 10°C/min.

2.3 Data Analysis

The experimental design used to analyze the raw materials was a Non-Factorial Complete Randomised Design, while to analyze the biopellets, a 2-factor Factorial Complete Randomised Design (raw material type and particle size) was used.

3  Result and Discussion

3.1 Characterization of Raw Materials

The characteristics of the lignocellulosic raw materials used in this study, both wood and non-wood, were investigated to determine how they influenced the quality of the biopellets produced. The moisture content of the seven raw material samples analyzed ranged from 12%–14% (Fig. 1). Statistical analysis of the moisture content value of the material showed that the raw material type was significantly different (p < 0.05). The moisture content of woody biomass ranged from 12%–13%, with mangrove wood having the highest moisture level, while non-timber biomass moisture content ranged from 13%–14%, with oil palm trunk having the highest moisture content. The moisture content of the sengon, jabon, and acacia wood samples has an average value of 15.3%, according to the research by Karlinasari et al. [22]. The determined moisture content of belangke bamboo was 13.69%, which is nearly equal to the value reported by Daud et al. [23]. The stem’s top, middle, and bottom all affect the average moisture content of the Gigantochloa scortechinii species, which was 13.13%. According to Hisham et al. [24], rattan’s moisture content is influenced by its age; the older the rattan, the more moisture content it has lost. Manau rattan contains 12.53% water. This study found that oil palm trunks had the highest moisture content of 14.2%.
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Figure 1: Moisture content of raw materials used in this work

During the moisture content analysis, the sample was dried, causing the moisture content to be lost and the weight to decrease. The amount of water present can influence the nature of the biomass. Silvério et al. [25] stated that high moisture content levels can increase the risk of microbial degradation. In other cases, moisture content increases humidity, which reduces the physical quality and durability of the fuel by increasing microbial respiration [26]. Because water absorbs heat from the combustion process or heat from the evaporation process, a high moisture content reduces the calorific value of combustion. As a result, the combustion temperature falls, and only partially the volatile elements burn. As a result, heat will be lost throughout the combustion process [27]. The density of biomass can also be impacted by the moisture content [28], where the higher the moisture content, the lower the density.

The specific gravity value is one of the most important factors in determining the purpose of the materials. Its traits are determined by genetics, development, location, and ambient climate [29]. The specific gravity of the seven different types of biomasses ranged from 0.34 to 1.16 (Fig. 2), with the samples of woody and non-timber biomass, specifically sengon wood and oil palm stems, having the lowest values. Statistical analysis of the specific gravity value of the material showed that the raw material type was significantly different (p < 0.05). Sengon wood had a specific gravity of 0.24 [30], a number lower than the specific gravity of 0.57 found in this study. The specific gravity of belangke bamboo was 0.77, which is greater than the estimate provided by Iswanto et al. [31], who stated that the specific gravity varies from 0.58–0.60 depending on the stem region. Sharma et al. [32] tested several types of rattan samples, including Calamus latifolius, Calamus leptospadix, Daemonorops jenkinsiana, and Plectocomia bractealis, and reported that they had an average specific gravity of 0.37, 0.42, 0.33, and 0.28, respectively. Manau rattan had a specific gravity of 0.45. In addition to the type of biomass, the section of the stem in the same sample influences the specific gravity readings.
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Figure 2: Specific gravity of raw materials used in this work

The amount of holocellulose, a component of the cell wall, present in a lignocellulosic material can influence its specific gravity. The amount of cellulose and lignin in wood affects its specific gravity, which affects its mechanical properties [33]. Hidayat et al. [28] stated that the low moisture content affects biomass density, which in turn affects the biomass’s high specific gravity. This may influence the calorific value produced; for instance, oil palm trunks have the lowest specific gravity, which corresponds to their low caloric value.

The ash composition contains a variety of elements, including Cu, Fe, K, MN, Ca, P, K, and Mg [34]. The ash content values of the tested samples ranged from 0.92% to 11.51% (Fig. 3a). Statistical analysis of the ash content value of the material showed that the raw material type was significantly different (p < 0.05). The average ash level of Toba incense produced in the West Pakpak area was 0.7%, while that of North Tapanuli was 1.4%. Therefore the toba incense wood used in this study had a relatively high ash content of 3.13%, which was greater than that of the study by Iswanto et al. [35]. This demonstrates that the location of a plant’s growth influences its ash content, which varies by plant variety.
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Figure 3: (a) Ash content of raw materials used in this work. (b) α-cellulose content of raw materials used in this work. (c) Lignin content of raw materials used in this work

In contrast to this study’s C. manan, which showed an ash content of 2%, research by Ahmed et al. [36] found that two distinct kinds of rattan, C. zollingeri, and C. ornatus, had ash contents of 2.0%–4.6% and 7.7%, respectively. The sample with the highest ash concentration was oil palm, which had an ash level of 11.51%. In contrast, the study by Umar et al. [37] found that the palm ash content was 9.82%, which is a rather high value. The use of an application may be impacted by the high silica content that is anticipated, given the high ash concentration. According to a previous study by García et al. [26], the combustion process results in the production of ash content in the form of inorganic residue, which can lead to a loss in calorific value and inefficient combustion. This is compatible with the oil palm trunk’s high percentage of ash content, which contributes to its low calorific value.

The α-cellulose is created by eliminating impurities like wax, lignin, hemicellulose, and other substances that dissolve during hydrolytic reactions, filtration, and washing processes [38]. The cellulose content of the wood and non-wood samples analyzed in this research ranged from 43%–55%, with the oil palm sample having the highest value at 54.47% and the bamboo belangke sample having the lowest value at 42.79% (Fig. 3b). Cotylelobium melanoxylon from this study produced 25% of α-cellulose. In contrast, Cotylelobium lanceolatum and Vatica pauciflora from previous research by Iswanto et al. [39] have lignin levels that range from 41%–44%, based on the part of the stem.

In this research, the amount of α-cellulose found in Toba frankincense was higher than that found by Iswanto et al. [35]; the amounts found in Toba incense wood from North Tapanuli and West Pakpak are approximately 25.94% and 39.87%, respectively. According to a prior study by Hisham et al. [24], the α-cellulose content of softwood was 45%, and that of hardwood was 42%. The variety of biomass affects the variation in α-cellulose content. The oil palm trunk sample had the highest α-cellulose content in this study, at 54.47%. The study by Lamaming et al. [40] found that the α-cellulose content in palm stems was 50.74%. Ding et al. [41] revealed a 42% proportion of cellulose in Manau rattan. The hydrogen bonds in cellulose have an impact on a sample’s strength [41]. This result was lower than the 52% found in this research.

Cellulose-based materials can be used as raw materials for renewable energy because they are environmentally friendly. According to research by Taokaew et al. [42], cellulose can be produced commercially as a chemical or biofuel. Cellulose has a linear polymer structure, making it stronger; this affects the biopellet properties, which are not easily destroyed. The cellulose structure can also affect the combustion process because it is difficult to degrade at temperatures below 200°C [43]. The primary element carbon, which impacts on burning, is found in lignocellulosic materials’ primary constituents, including lignin, cellulose, and hemicellulose. The carbon element will affect the calorific value produced because cellulose has a smaller carbon content than lignin [44]. In contrast, α-cellulose can alter a substance’s moisture content or hygroscopic characteristics in addition to its calorific value [44].

After cellulose, lignin is the biopolymer most prevalent in lignocellulosic cell walls, with an approximate percentage of 15%–35% [45]. The research used wood samples, raru, mangrove, sengon, and toba frankincense each having a percentage value of 25%–31% (Fig. 3c). Toba frankincense had a lignin content of 28%, which is greater than the estimate of Iswanto et al. [35]. The lignin content of toba frankincense from North Tapanuli and West Pakpak was 10% and 25%, respectively. According to the portion of the stem, Cotylelobium lanceolatum and Vatica pauciflora have lignin levels of 28%–30% and 30%–31%, respectively [39], whereas Cotylelobium melanoxylon had lignin levels of 25% in this study. This percentage varies not only in different types but also in the stem of the same type.

Various amounts of lignin were determined from the different lignocellulosic feedstocks. The lignin content of several bamboo species ranges from 21%–29% [46]. Ding et al. [41] found that the percentage of lignin in manau rattan was 27%; the 31% lignin content of manau rattan is higher than this finding, and the high lignin content will impact the sample’s resistance to biological attack.

The type of biomass, parts of the plant, and the environment in which it develops all impact the amount of lignin present, with wood having a lower percentage of lignin than other types of biomasses [47]. The lignin content of softwood was higher than that of hardwood, at 28% and 20% [24]. The amount of lignin in biomass impacts its thermal characteristics, affecting alternative fuel production [48]. According to previous research by Ghatak et al. [49], lignin can create charcoal to slow down the rate of burning.

The use of high temperatures during the production of biopellets may cause lignin, a component of the biomass, to melt, allowing it to bond to the particles and solidify after conditioning [50], which may have an impact on the density of the biopellets that are produced. According to a prior study by Lubis et al. [51], biomass contains lignin that can be used as a natural adhesive when creating biopellets. This results in biopellets that are not fragile because they have a high density. Lignin, a carbon source obtained from biomass, has a percentage of about 60% [52], which may impact the final product’s calorific value.

A particle has various shapes, sizes, and size distribution properties or features [53]. The raw materials’ particle sizes were determined from samples with the highest and lowest calorific values because these two raw materials adequately indicated of the representative of the biopellets produced. Fig. 4 shows that oil palm stem powder was smaller than raru wood, which was expected to impact the raw material’s properties. The density is influenced by particle size; the greater the density, the smaller the particle size. Ningsih et al. [54] also found that particle size impacts biomass moisture content; the smaller the particle size, the larger the surface area, which impacts high water uptake. The high moisture content of the palm stalks is referenced in this remark. Briquettes made from sawdust and coconut shells measured 40 mesh, which had a greater value than ten mesh, which was 4.76%, and had a higher ash content than ten mesh [55]. Ash content and particle size are related. These findings are consistent with the results obtained in this work for palm stems, which had a higher ash content than raru wood.
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Figure 4: Particle size of raw materials used in this work

The char formation and subsequent combustion of the resulting biopellets can both be impacted by the source material’s particle size. Smaller samples will reportedly create less char, but the chemical content of the raw material can also have an impact [56]. A higher proportion of weight is lost when particles are smaller and the temperature is higher [57]. This claim is supported by the TGA analysis’ third step (Table 3), which demonstrated that raru sawdust loses weight more quickly than palm stalk powder.
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3.2 Characteristics of Biopellets

The moisture content in the 40 mesh and 60 mesh biopellet samples ranged from 1.4% to 7.5% (Fig. 5a). Statistical analysis of the moisture content of biopellets showed that the interaction between the type of raw material and particle size was not significantly different (p > 0.05). The biopellets fabricated in this work fulfill the SNI 8675:2018 standard requirements, i.e., a maximum of 12% water content. The moisture content value of palm oil briquettes, reported by Kpalo et al. [58], was much lower−9.24%. The moisture content of biopellets made from oil palm stem waste ranged from 5.27%–6.75% [59]. According to a study by Mustamu et al. [60], the moisture content of biopellets made from eucalyptus and gondorukem wood is 1.3%–5.8%.
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Figure 5: (a) Water content of biopellets 40 mesh and 60 mesh. (b) Volatile matter content of biopellets 40 and 60 mesh. (c) Ash content of biopellets 40 and 60 mesh. (d) Fixed carbon content of biopellets 40 mesh and 60 mesh

Heat treatment during the biopellet printing procedure caused the biomass’s moisture content to decrease, leading to the biopellets’ loss of moisture content. According to a study by Lubis et al. [51], the densification process that employs heat has an impact on the decrease in moisture content from biomass to biopellets. Compared to the study by Susanti et al. [61], the moisture content reported in the current study is lower. The rapid impact of the low moisture content value on the combustion process, lack of smoke production, reduction of air pollution, and ease of fire lighting are all benefits [60]. Solid fuels’ moisture percentage significantly impacts their stability, effectiveness, and combustion process, among other things. The combustion process is impacted by the high moisture content of biopellets, which is typically a result of storage, the chemical makeup of the raw materials, and the production method for biopellets [62]. This impacts the calorific value generated, as demonstrated by the low calorific value of biopellets made from oil palm stems due to the high-moisture content.

The raw material’s particle size can impact the variation in the proportion of moisture content, where the lower the moisture content of the biopellets, the smaller the particle size. This can be seen in the biopellets produced in this research, which had a lower moisture content value than biopellets with a raw material size of 40 mesh. This is possible because of the relationship between its masses [63]. The smaller cavities that can fill water particles result in a biopellet having a reduced moisture content and, therefore, become denser.

The volatile matter content of biopellets was examined using a high-temperature combustion method. At temperatures between 250°C and 400°C, the volatile matter is released during this process, converting inorganic components into solid parts like charcoal and gaseous products like vapor molecules [63]. The amounts of volatile substance found in the 40 mesh and 60 mesh biopellets were 71%–79% and 75%–82%, respectively (Fig. 5b). Statistical analysis of the volatile matter content of biopellets showed that the interaction between raw material type and particle size was significantly different (p < 0.05). In this study, all samples with a size of 40 mesh fulfilled the SNI 8675:2018 standard requirement for volatile matter, below 80%.

The volatile matter was greater than 80% in the samples of raru and incense biopellets with a mesh size of 60. The value of the volatile matter concentration will rise because smaller samples will be more flammable. These findings, however, contrast with the results reported by Amaya [64], who found that biopellets produced from wood waste had a volatile matter value of 87.8%. The combustion process will be impacted by the high amounts of volatile matter in biopellets, which will result in more smoke [65]. Al Qadry et al. [66] found that wood has a greater percentage of volatile matter than oil palm and therefore biopellets made from wood with a size of 60 mesh have a higher volatile matter content than those made from non-wood materials.

The amounts of volatile matter and fixed carbon in biopellets are negatively correlated. Hersztek et al. [67] found that the ash concentration decreased with increasing volatile matter value. According to the research by Ariski et al. [68], despite having other benefits like simple ignition and combustion, large levels of volatile matter will result in low levels of bound carbon. If the calorific value of the biopellets has a high volatile matter content, the majority of the calorific value will be released as combustion vapor [27].

All samples with sizes 40 mesh and 60 mesh had ash content values of 1.31%−10.75% and 0.79%−9.89%, respectively, with biopellet samples made from palm oil having the greatest ash content (Fig. 5c). Statistical analysis of the ash content of biopellets showed that the interaction between raw material type and particle size was significantly different (p < 0.05). Based on SNI 8675:2018, a few biopellet samples were excluded from excellent quality biopellets because their percentage values were higher than 1.5%. However, raru wood, in both 40 mesh sizes and 60 mesh sizes, was still included. The densification process, which uses heat to vaporize the inorganic mineral content that is considered to be ash, has an impact on the decrease in the amount of ash from biomass into biopellets [51]. Compared to the research by Iskandar et al. [69], biopellets made from rice husk have ash content values ranging from 14%–19%; this research has a lower ash content value. This is affected by variations in the raw ingredients used to make biopellets.

The high percentage of ash content is caused by the presence of non-organic materials in the biopellet samples, which hinders their complete burning. It is important to take the ash content of biopellets into account because it influences the scale that develops as a result of the burning process, either by evaporating into the air or by remaining in the finished product [70]. Biopellets made from raw materials with a size of 60 mesh had a smaller ash content than pellets with a size of 40 mesh. These findings are inversely related to the research by Simanjuntak et al. [71], who found that biopellets from sawdust with coarser particle sizes had higher values than those with finer ones, namely between 0.8%−1.3% and 1.7%−2.6%. High ash content influences the low calorific value of the biopellets produced [72], which is consistent with the findings of the low calorific value of biopellets made from oil palm stems.

Analysis of the fixed carbon value was carried out to determine the burnt solid samples after the removal of volatile matter content [65]. The percentage of fixed carbon in biopellets made from various raw materials and measuring 40 mesh and 60 mesh varies from 13%–21% (Fig. 5d). Statistical analysis of the biopellet-fixed carbon content showed that the interaction between raw material type and particle size was significantly different (p < 0.05). The fixed carbon content in biopellets with a 60-mesh size had a slightly greater value than those with a 40-mesh size, according to particle size. The resulting biopellets were of high quality because some of the biopellet samples fulfilled the minimum standard requirement for the fixed carbon content of 14%. Previous investigation combined rubber fruit shells and ater bamboo (Gigantochloa atter) at a specific concentration to create a fixed carbon level between 14.75%–15.48% [44]. A high fixed carbon level indicates of a higher quality biopellet burning process.

The high heating value generated by the high fixed carbon content can have an impact on the quality of the biopellets [73]. A prior studies reported that biopellets with a high calorific value are impacted by their high content of fixed carbon as a result of the substantial amount of solid material that is burned to create a higher calorific value, which supports this claim [74]. These findings are consistent with the amount of carbon that is tightly bonded in biopellets made from raru wood, which had a high calorific value. However, the fixed carbon value of the biopellets was inversely correlated with the volatile matter; the greater the fixed carbon, the lower the volatile matter [67]. Another study by Zulfian et al. [59] also found a positive correlation between the amount of fixed carbon and the ash content of biopellets, with a greater fixed carbon value corresponding to higher ash content.

The density values of the biopellets made from 40 mesh varied from 0.7–1.1 g/cm3 (Fig. 6). The greatest and lowest values, 1.09 and 0.74 g/cm3 were obtained for the samples fabricated from raru and belangke bamboo, and 60 mesh was almost as dense as 40 mesh. Statistical analysis of the biopellet density showed that the interaction between raw material type and particle size was significantly different (p < 0.05). Based on SNI 8675:2018, biopellets manufactured from raru, mangroves, toba frankincense, oil palm stems, and manau rattan raw materials surpassed the minimum standard requirement for high-quality biopellets, which is above 0.8 g/cm3. Because they have an impact on both the storage process and the combustion mechanism, high-quality pellets should not be broken or crushed readily [62].
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Figure 6: Density of biopellets 40 and 60 mesh

Rattan-based biopellets had a mass between 0.83 and 1.04 g/cm3. These findings are nearly identical to those of Jannah et al. [75], who found that biopellets made from a rattan and sawdust mixture measuring 60 mesh had the highest density value of 1.1 g/cm3. The density of biopellets can vary depending on the particle size; it can be seen that biopellets with a 60-mesh size had a greater value than those with a 40-mesh size. There are several factors that can influence the density of biopellets, including specific gravity and particle size [76]. If the particle size is smaller and it has a higher specific gravity, the density will be higher. The density of the resulting biopellets can also be impacted by the moisture content of the biopellets. The dense nature of biopellets causes the openings to be smaller and less able to hold water molecules [77].

In addition to the raw materials, the manufacturing method for biopellets also affects their density. High temperature and pressure will raise the density value of biopellets during the densification or compaction process [51]. The calorific value of the biopellets and their density value are inversely correlated; the higher the density value, the higher the calorific value. If the density value is lower, the biopellets will be extremely flammable but will lose some of their heating value and become crumbly or easily destroyed [19]. The density of the biopellets that are produced can also be influenced by the biomass’s initial density value; the higher the biomass’ initial density, the higher the density of the biopellets [78].

3.3 Thermal Analysis

3.3.1 Calorific Value

The calorific values for some of the examined material samples ranged from 3578–4393 cal/g (Fig. 7a). Statistical analysis of the calorific value of material showed that the raw material type was significantly different (p < 0.05). The samples with the highest and lowest calorific values were discovered in raru wood and oil palm samples, with oil palm samples having lower calorific values than those produced in the research by Umar et al. [37], who determined that oil palm trunks had a calorific value of 4158 cal/g. Due to the high specific gravity of raru wood, the findings had an impact on the specific gravity and chemical components of the biomass [65]. Selivanovs et al. [79] claimed that the moisture content can impact the calorific value because it can take more than 2.6 MJ/kg of energy to evaporate 1 kg of water from the moisture of biomass.
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Figure 7: (a) Calorific value of raw materials used in this work, (b) Calorific value of biopellets

The moisture and ash content both have an impact on the calorific value [80]. Liliana [81] stated that high moisture content can lower the calorific value due to the challenging nature of ignition and the quantity of smoke generated during combustion, which is corroborated by this. The relationship between calorific value and moisture content is inverse, with greater calorific values corresponding to lower moisture contents. The low water level lowers the biomass’s specific gravity, which lowers its high calorific value. Brayen et al. [72] also claimed that the calorific value is impacted by the biopellets’ low ash level.

The samples of raru wood and oil palm had the greatest and lowest calorific values when the seven biomass samples were analyzed. The two raw materials’ calorific values for biopellets must, therefore, be examined because they adequately reflect the quality of the biopellets that will be made. Only samples with a mesh size of 60 were used for the heat test because those with a mesh size of 40 or less had lower quality, according to several earlier tests. The calorific value of palm oil was 3888 cal/g, while raru wood biopellets exhibited a calorific value of 4672 cal/g (Fig. 7b). In accordance with SNI 8675:2018, biopellets made from raw raru wood measuring 60 mesh fulfilled the standard requirement for calorific value of biopellets, namely those above 4000 cal/g. Smołka-Danielowska et al. [82] stated that several factors, including storage duration, raw material type, and chemical makeup, can influence a material’s calorific value and combustion process. The greater the calorific value of the raw material, the more impact it has on the calorific value of the biopellets. However, the calorific value is inversely proportional to the values of moisture content, ash content, and volatile matter content, which can lower it [60].

According to a prior study, the moisture content and density of biopellets can have an impact on their calorific value. It is possible that biopellets with a size of 60 mesh will have a greater calorific value than biopellets with a size of 40 mesh because 60 mesh biopellets have a lower moisture content value than 40 mesh. The calorific value of biopellets, which is correlated with the amount of fixed carbon and ash content, is said to impact the quality of the biopellets. The higher the calorific value, the better the quality of the biopellets [83]. Oil palm stems had a high lignin content but a low calorific value, even though the lignin content influences the calorific value. According to the research by Wistara et al. [84], the calorific value is affected by a number of other analyses, such as the percentage of ash, even though it has a high lignin concentration. The calorific value decreases as the ash concentration increases. Furthermore, Prasetyo et al. [80] claimed that a high fixed carbon value would influence the high heating value of the produced biopellets.

3.3.2 Thermogravimetric Analysis (TGA)

TGA can be used to examine weight loss in timber brought on by high temperatures. Figs. 8a and 8b depict the structure of the generated raru wood, oil palm stem, and biopellets of raru and palm as they degrade thermally. The samples were examined in light of their greatest and lowest calorific values. The four samples’ degradation process was broken down into three phases (Table 3). The sample degraded in the first step at a temperature range of 28°C–128°C, causing weight loss. The weight loss was 7.09% in the raru wood sample, 7.41% in the oil palm stem sample, 1.59% in the raru biopellet sample, and 3.05% in the oil palm biopellet sample. Weight loss comes from the first stage, which is the loss of moisture content and simple volatile substances [85]. The weight of the sample decreases in the first step due to the loss of free water and water that is chemically and physically bound to the wood [86].
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Figure 8:  (a) TG of raru wood, oil palm stem, biopellet of raru wood and oil palm stem. (b) DTG of raru wood, oil palm stem, biopellet of raru wood and oil palm stem

In the second step, the raru sample lost 70.17% of its weight, compared to the palm sample’s loss of 58.17%, the raru biopellet sample’s loss of 62.54%, and the palm sample’s loss of 55.12%. Guo et al. [87] claim that the samples’ primary decomposition reaction took place between 250°C–450°C and that the highest weight loss rate was attained between 340°C–385°C. At temperatures between 220°C–450°C, cellulose can degrade and cause this [88]. Hemicellulose breakdown takes place between 100°C–250°C [89]. Decomposition of cellulose takes place between 340°C–425°C for cellulose and 180°C–340°C for hemicellulose [90].

The final step took place at a temperature between 384°C–746°C and was caused by the structure of lignin degradation. Wang et al. [91] claimed that the processes of decomposition and condensation of the lignin aromatic rings take place simultaneously at temperatures above 500°C. The structure and molecular makeup of cellulose, hemicellulose, and lignin vary, which affects how they behave thermally. Cellulose has a comparatively high thermal durability because it is made up of long, unbranched glucose polymers with a regular structure. Hemicellulose is readily broken down at low temperatures because of its random, amorphous structure. Lignin has the greatest thermal stability due to its aromatic ring structure [92].

3.3.3 Differential Scanning Calorimetry (DSC)

Thermogravimetric analysis (TGA), differential thermal analysis (DTA), and differential scanning calorimetry (DSC) are three types of thermal analyses that are frequently performed on a substance [93]. The characterization of heterogeneous elements was done through thermal analysis [94]. So that the particle size is more uniform, the material is first sieved before the thermal analysis is performed. The Tg values for the raru samples were lower than those for the oil palm samples, and both values rose once the samples were turned into biopellets (Table 3). The ultimate endothermic transformation of lignin from a solid to a plastic phase yields the Tg temperature [95]. This is due to the fact that oil palms have more lignin than raru, which raises the Tg temperature. The existence of an aromatic ring in the lignin structure makes lignin the chemical component that resists heat the best [91].

The formation of hydrogen bonds between phenolic hydroxyl groups and the number of aromatic rings in lignin is a major factor contributing to the elevated Tg temperature [96]. The value of tg lignin varies based on where the biomass comes from. Lignin can be melted at the proper temperature without breaking its polymer structure, making it a useful adhesive for holding particles together [84]. In order to prevent the weight of the biopellets from decreasing due to lignin degradation, Wistara et al. [97] stated that the densification procedure, in particular, must be carried out below a temperature of 200°C. Tg’s temperature may rise after becoming a biopellet as a result of this procedure.

4  Conclusions

Based on SNI 8675:2018, the results of tests for moisture content, density, and fixed carbon value showed that biopellets made from seven kinds of lignocellulosic raw materials (raru wood, sengon, mangrove, toba frankincense, oil palm stems, manau rattan, and belangke bamboo) were of good quality. The best biopellets were produced by 40 mesh and 60 mesh from raru wood. A significance value of >0.05 in the homogeneity study indicated that the data was homogeneous. In terms of volatile matter, ash content, fixed carbon, and biopellet density, statistical analysis showed that the interaction between raw material type and particle size was significantly different (p < 0.05).
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Table 1: Types of raw materials and their abbreviations

Species Labels
Raru wood KR
Sengon wood KS
Mangrove wood KB
Kemenyan Toba wood KK
Oil palm trunk BS
Manau rattan RM
Belangke bamboo BB
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Table 3: Tg of biomass used for biopellets

Sample Tg (°C)
Raru wood 62.22
Oil palm stem 79.36
Biopellet of raru 100.42

Biopellet of o1l palm 171.23
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Table 2: Analysis of biopellet testing based on SNI 8675:2018

Test analysis

SNI 8675:2018

Water content
Volatile matter
Ash content
Fixed carbon
Density
Calorific value

Max 12%

Max 80%

Max 5%

Min 14%

Min 0.8 g/m’
Min 4000 kal/g
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