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The use of fossil fuels can be reduced by using biomass fuels. As one of the 

world's largest producers of cassava, starch-rich cassava-rhizome waste is 

readily available for direct and indirect energy sources. Using a simple 

fermentation method, the binding properties of fermented cassava-rhizome were 

considerably enhanced. The investigation was conducted by comparing the bulk 

density, durability index, production yield, and higher heating value of pellet 

made from Leucaena-wood residue, Leucaena-wood residue mixed with 

fermented and non-fermented cassava rhizome. The biofilm produced by the 

growing microorganisms on the fermentation particles played an important role 

in improving the binder's quality. The biofilm provided stronger adhesive force 

than starch contained in non-fermented cassava rhizome. It was demonstrated by 

the increase in bulk density and durability when fermented cassava rhizome was 

mixed into pellets. In the early stages of incubation, the conversion of starch to 

the microbial biofilm did not significantly affect the higher heating value of the 

cassava rhizome. However, prolonged fermentation caused a decrease in the 

higher heating value. Day 3 of incubation was the optimal fermentation time. 

After day 3, rotting biomass fibers increased, which decreased the durability of 

pellets made from the additives. 
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1 1. INTRODUCTION 

Biomass pellets and other forms of bioenergy are 

growing in popularity and demand as a way to reduce 

the use of fossil fuels [1]–[3]. As one of the world's 

major cassava plant-growing countries, with a 

production of ca. 29.3 million tons/year, a considerable 

volume of cassava-rhizome residue is available for 

direct and indirect biofuel resources [4], [5]. Pelletizing 

small fragments of biomass raw materials into 

cylindrical pellet forms, with or without a binding agent, 

can alleviate the problems caused by bulky structures 

and labour-intensive processing [6], [7]. High-quality 

biomass pellets aid in the prevention of damage during 

storage and transportation. The quality of biomass 

pellets can be assessed through their resistance to 

mechanical collision, compression force, and water 

breakage [8]–[14]. 

The three major plant biomass polymers (cellulose, 

hemicellulose, and lignin) contain a wide range of 

functional groups that can form electro-attractive forces, 

cohesively link inter-particulates together, and 

strengthen biomass pellet matrices. Cellulose, an 

insoluble, long-linear polysaccharide chain of glucose, 
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can interact with hemicellulose and lignin primarily 

through the outer hydroxyl groups (OH) on its glucose 

chains [15]. Hemicellulose, a short-branched 

polysaccharide of pentose and hexose sugars as well as 

those sugars' acidified versions, can establish ionic and 

covalent interactions with divalent cations as well as 

lignin by utilizing the carboxylic groups (COO-) on the 

acidic sugars [15]-[17]. Lignin contains hydroxyl, 

methoxyl (O-CH3), aromatic rings, and phenyl-propane 

units [15], [18]-[19]. Methoxyl groups attached to 

aromatic rings can delocalize and increase electron 

density within the conjugated ring structure. Starch, a 

soluble amorphous polysaccharide of helical and branch 

chains of glucose, can gelatinize with heat and moisture 

and then change to a viscous fluid that strengthens the 

pellet matrix during the pelletizing process, unlike 

cellulose [15], [17], [19]–[20].  

Microorganisms excrete extracellular polymeric 

substances (EPS) to help stick to solid surfaces, 

maximize growth, and provide growth compartments 

and conditions, also known as "microbial biofilms". 

Biofilms are single or multispecies microbial 

communities encased in a slimy matrix formed on solid 

surfaces. They are found in a wide range of natural and 

artificial habitats and are composed of a mixture of 

extracellular polymeric substances, including mainly 

polysaccharides, some proteins, polynucleotides, and 

lipids [21]–[26]. Biofilm structures and chemical 

compositions have been well known and characterized. 

The chemical structures of biofilm polysaccharides from 

gram-negative symbiotic rhizobia were found to be 
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made up of a variety of sugars and acidic sugars [22]. 

Biofilm polysaccharides from gram-positive 

staphylococci were classified based on polarity into two 

groups: the major group (ca. >80%) has more positively 

charged functional groups like N-acetylhexosamines, 

and the minor group (ca. 20%) has more negatively 

charged residues such as phosphate groups, ester-linked 

succinate moieties, and fewer deacetylated residues [23], 

[27]. Biofilm matrices of two species of a yeast-like 

fungi play a role as sticky materials and contain varying 

amounts of amino sugars, carbohydrates, glucose, uronic 

acid, protein, and phosphorus [25]. Alginate, a bacterial 

biofilm polysaccharide, can form strong ionic 

interactions with divalent cations such as Ca2+, Mg2+, 

and Mn2+ before becoming hydrated and transforming 

into a sticky gel [24], [28]-[32].   

Certain biomass pellets may have a weak matrix, 

making them susceptible to mechanical fracture and 

requiring a binding additive [29], [33]-[35]. The primary 

goal of this research is to improve the binding quality of 

cassava rhizome residue, a starch-containing agricultural 

waste that can be used as an inexpensive biomass pellet 

additive. A simple and energy-efficient microbiological 

method was applied because heat sterilization is not 

required to prepare cassava rhizome biomass raw 

materials. The physical change of the cassava rhizome 

during the fermentation process is investigated by means 

of scanning electron microscopy (SEM). Pellet 

properties, including bulk density, durability index, and 

higher heating value, were employed to study the quality 

of cylindrical pellet products. The quality of pellets 

made with the addition of non-fermented and fermented 

cassava rhizomes was compared. Finally, variation in 

the binding property of fermented cassava rhizomes at 

different incubation periods was studied. 

2.  MATERIALS AND METHODS 

2.1 Biomasses 

After goats were fed the leaves and bark of Leucaena 

leucosephala (a rapidly growing leguminous tree with 

the potential to be utilized for biomass fuel or charcoal 

production), the wood residues were recovered from the 

Cha-am District, Phetchaburi Province, Thailand. 

Cassava-rhizome (Cr) residues were obtained from 

Damnoen Saduak District, Ratchaburi Province, 

Thailand. In this study, the Leucaena-wood residue (L) 

was employed to compare the adhesiveness of Cr and 

several fermented Cr additions. According to previous 

work [36], cassava rhizome and Leucaena-wood 

particles were prepared as follows, biomass residues 

were cleaned and sundried. The cleaned biomasses were 

then chopped, pounded, crushed, and sieved to obtain 

small bits (ca. 0.5 mm in size). Moisture contents were 

assayed at 105 oC for 24 h using a hot air oven. 

2.2 Preparation of Fermented Cr (FCR) Additives 

and Microbial Growth 

2.2.1 Microorganisms 

Because significant amounts of soil microorganisms are 

always contaminated with Cr residues (even after 

cleaning). In this study, microorganisms from Cr raw 

materials were used as a natural inoculum to prepare 

fermented Cr particles without isolating a pure culture.  

2.2.2 Fermentation 

To create biofilm-based Cr, ground, non-sterile Cr 

particles were used directly (no heat sterilization) as the 

only substrate to cultivate soil microorganisms using a 

simple microbiological technique. To summarize, Cr 

particles (1.8 kg) were thoroughly moistened with water 

(0.6 kg) and incubated at room temperature for 1, 3, 5, 7, 

and 12 days. Aeration was provided during fermentation 

by turning over the fermenting materials twice daily. 

Three replicates were carried out for each fermentation 

duration. Microbial growths were examined, as well as 

biofilms. The fermented Cr (FCR), which contains 

D1FCr, D3FCr, D5FCr, D7FCr, and D12FCr, was 

compared to the non-fermented one (D0FCr or NFCR) 

as a binding additive. 

2.2.3 Enumeration of common soil bacteria 

and detection of dominant population 

Triplicate fermentation trials were performed. To detect 

bacterial growth, samples were taken daily, and a serial 

dilution spread plate method and nutrient agar plates 

(three replicates for each sample) were employed to 

count bacterial numbers. The results revealed a 

reproducible bacterial growth profile. Bacterial cell 

density was increased. To detect bacterial morphology 

and staining characteristics, Gram's staining technique 

and a light microscope were used. Figure 1 depicts 

various shapes and densities of gram-positive and gram-

negative bacteria found to be dominant in the cultures, 

indicating the presence of multiple types of bacteria. No 

yeast was detected at the beginning of fermentation 

(days 1 and 2). A few yeasts were also found from day 3 

onward. 

Despite the fact that cassava contains cyanogenic 

glycosides, which are toxic to cellular respiration when 

broken down to HCN compounds, many traditional 

fermented cassava-food products have been made [37], 

[38]. This study's reproducible growth confirmed that Cr 

residue does not inhibit microbial growth; however, the 

initial growth phase may be delayed. 
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Fig. 1. A gram-staining microscopic image shows reproducible results of a dense number and various shapes of 

bacteria, including gram-positive endospore-forming rods, free endospores, gram-positive spherical-shaped bacteria, and 

gram-negative rod-shaped bacteria. A few yeast-like fungi stained with gram-positive color were also detected on day-3 

samples (the image was taken from a representative sample collected on day 3 of fermentation). 

 

2.3 Scanning Electron Microscopy (SEM) 

In order to demonstrate the presence of starch and 

biofilms, a high-resolution analytical SEM (TESCAN 

MIRA3) was used to examine the surface textures of Cr 

biomass samples. The samples include non-fermented 

Cr (D0FCr) and fermented Cr (D3FCr, and D12FCr) 

particles. Carbon adhesive tape was used to mount the 

specimen on a metal stub. The stub was gold sputter 

coated and stored in a desiccator. 

2.4 Pelletizing Experiments 

A rotary flat-die pellet mill (KL200B Model, China), 

operating at a speed of 278 rpm, was used to pelletize 

biomass into a cylindrical pellet shape (6.5±0.1 mm in 

diameter). The starting temperature was raised to 

roughly 75oC by pressing rice bran through the die 

channels. A total dry biomass of 6 kg was set aside for 

each procedure. At the end of the process, a die 

temperature of >90oC was detected. Before being tested 

for bulk density, mechanical durability, and other 

parameters, all of the cylindrical pellet products 

obtained were kept at room temperature for one day. 

2.4.1 Preparation of Leucaena pellet (L pellet) 

Leucaena-wood (L-wood) particles (6 kg) were 

humidified with water (1.2 kg). The ingredients were 

kept at room temperature for 2 hours before being 

pelletized into hot die press channels. Three pelletizing 

trials of Leucaena pellet (L-pellet) were repeated.  

2.4.2 Preparation of Leucaena and non-

fermented Cr (L-NFCR) composite pellet 

In order to produce L-NFCR pellet, 4.2 kg of L-wood 

particles were mixed with 1.2 kg of water and 1.8 kg of 

non-fermented Cr (NFCR or D0FCr) particles. The 

additive was estimated to be around 30% of the total 

biomass weight. The ingredients were kept at room 

temperature for 2 hours before being pelletized into hot 

die press channels. The procedure was repeated three 

times. 

2.4.3 Preparation of Leucaena and fermented 

Cr (L-FCR) composite pellet 

To maintain a constant total biomass of 6 kg and a 30% 

additive (relative to the total biomass), L-FCR pellets 

were prepared by mixing 4.2 kg of L-wood particles 

with 0.6 kg of water and 2.4 kg of fermented Cr (FCR) 

particles. The latest ingredient is composed of 1.8 kg of 

Cr and 0.6 kg of water, as mentioned in Section 2.2.2 

Fermentation. The ingredients were kept at room 

temperature for 2 hours before being pelletized into hot 

die-press channels. For each fermentation condition, the 

procedure was repeated three times. 

2.5 Determination of Standard Bulk Density, 

Durability Index and Production Yield 

2.5.1 Bulk density 

The bulk density index (kg/m3) of the cylindrical pellet 
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products was evaluated using the method described in 

ASTM E 873-82 in a standard chamber (305 x 305 x 

305 mm3) [39].  

2.5.2 Durability index 

The pellet products' resistance to mechanical break was 

determined following the PFI standard procedure for 

Durability Testing. Biomass pellet (0.5 kg) in a standard 

chamber (305 x 140 x 305 mm3) was tumbled at 50 rpm 

for 10 min. After the tumbling, the content was sieved 

through a 1/8-inch sieve. The retained pellets on the 

sieve were weighted using an analytical balance. The 

durability index was calculated as a percentage of the 

initial weight.  

2.5.3 Pellet production yield 

The pellet production yield was defined as the ratio of 

the mass of pellets obtained from the pellet mill to the 

mass of raw biomass fed into the pellet mill. 

2.6 Higher Heating Value (HHV) 

The procedure described in ASTM E 711-87 [40] was 

used to determine higher heating values (HHVs). Before 

the analysis, the moisture in the samples was essentially 

removed overnight in an oven at 105oC. Five replicates 

for each pellet sample were conducted. Error bars were 

calculated with a confidence level of 90%. 

 

 

 

 

  

3.  RESULTS AND DISCUSSION 

3.1 SEM Studies 

3.1.1 Starch granule in non-fermented Cr 

SEM images of the ground NFCR (D0FCr) shows 

uneven sizes and shapes (Figure.  2a), a layer rich in 

starch granules (Figure 2c), and a few carry-over 

granules on wood fragments (Figure 2b and Figure 2d).  

3.1.2 Biofilm on fermented Cr 

Microbial biofilms ubiquitously found on damp solid 

surfaces have slimy characteristic [21]-[26]. Figure 3 

shows multi-bacterial biofilms developed on the D3FCr 

particles. Starch granules vanished when compared to 

D0FCr (Figure 2), implying that they were used as 

nutrients for growth and biofilm conversion. Figures 3a 

and 3b depict filamentous bacteria. Figure 3d shows 

coccus-shaped bacteria. In Figure 1, various types of 

bacteria detected as dominants on the day 3 fermented 

particles suggest multi-bacterial species. On day 3, a few 

yeast-like fungi can also be found (Figure 1). As a 

result, mixed types of biofilms were produced, which 

should be referred to as microbial biofilms. The finding 

shows similar slimy features to the previous report on 

yeast biofilm forming on the PVC catheter disks [25]. 

3.1.3 Decaying biomass fiber 

Biofilm was also detected on the D12FCr sample 

(Figure 4). As a result of microbial hydrolytic enzymes, 

a massive increase in rotting biomass fibers was 

detected after long periods of fermentation (Figure 4a).  

The results suggest that fiber strength has decreased. 

 

 
Fig. 2. SEM image of the ground D0FCr particles. (a) Variation in particle sizes and shapes of the Cr residue. (b) 

Starch granules on the surface of a piece of wood particle. (c) Starch rich-hyaline sacs. (d) Dome shaped starch 

granules (the scales are as indicated). 
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Fig. 3. SEM images of the D3FCr particles. (a-b) A biofilm on fermented particles (c-d) Filamentous and short rod-shaped 

bacteria in a thick layer of slimy biofilm (the scales are as indicated). 

 

3.2 Fermented and Non-fermented Cr as a Natural 

Binding Additive 

The addition of a FCR or NFCR to L-pellets increased 

their bulk density (Figure 5). L-pellet had the lowest 

bulk density of 618.4 ± 2.0 kg/m3. Adding NFCR to L-

pellet (D0FCr-L) increased the bulk density by 3.9% 

(642.6 ±2.9 kg/m3). The highest bulk density was 668.9 

± 1.54 kg/m3 when D3FCr was added. When durability 

was compared among the pellets made, the durability of 

the D1FCr-L and D3FCr-L pellets had higher values 

than that of the D0FCr-L pellet (Figure 6). The results 

suggested that the stickiness property of biofilm-based 

FCR is more potent than that of starch-based NFCR. 

The values of bulk density, durability index, and pellet 

production yield samples were listed in Table 1. The 

maximum durability index of 99.56 ±0.1% and pellet 

production yield of 93.0±0.3% were also found when 

D3FCr was used. 

 

 

Fig. 4. SEM images of the D12FCr particles. (a) Decaying particles. (b) Porous structure on a piece of decaying wood. (c-d) 

Bacterial biofilms (the scales are as indicated). 
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According to the above-mentioned findings (Figure 3), 

biofilm was identified adhering to the surface of the 

FCR particles, as opposed to the starch granules found 

associated with the NFCR particles (Figure 2). The 

finding implies the starch granules was utilized for 

growth and biofilm production. For the starch-based 

NFCR, the binding property is likely due to the presence 

of starch granules revealed in this study (Figure 2), 

which aid in pelletizing, lubricating, and strengthening 

the pellet matrix at elevated temperatures. Previous 

research suggests that the mechanism of action is 

primarily based on gelatinized starch polymers formed 

with steam within the matrix during pelletizing, which 

may rely on the polarity of large amounts of OH groups 

(from glucose units and moisture) to form cohesive 

forces and connect the inter-particles with oppositely 

charged atoms, such as the accessible OH groups on the 

outer sugar moieties of cellulose and hemicellulose 

fibers [15], [19]-[20]. 

Extracellular polymeric substances (EPS) in 

biofilm matrices function in nature as hydrated bio-glue 

and biopolymers in nature, attaching producing 

microbes to solid surfaces [21]-[25]. Unlike starch, EPS 

polysaccharides (on FCR particles) contain not only the 

OH groups on sugars but also a variety of hydrophilic 

and negatively charged functional groups capable of 

generating far greater cohesive forces via ionic and 

hydrophilic interactions than the forces generated in 

starch molecules using mostly the dipole moments of the 

OH groups [22]–[25], [30]. A previous XRD study 

reported that Cr biomass contained a high proportion of 

calcium (ca. 20% of inorganic ashes) [36]. Some of the 

calcium element is likely to be divalent cations (Ca2+), 

which may aid in the formation of ionic linkages with 

negatively charged functional groups [24], [30]. In a less 

potent way, the generation of binding forces can be 

aided by other EPS macromolecules, including polar, 

acidic, and basic amino acid side chains from proteins, 

negatively charged phosphodiester moieties from 

nucleotides, and fatty acids from lipids. 

In Figures 5 to 7, the optimal fermentation time is 3 

days, and longer fermentation results in a decrease in 

pellet quality. After day 3, rotting biomass fibers 

increased (Figure 4) and altered biofilm characteristics. 

As a result, the values of bulk density, durability index, 

and pellet production yield of D5FCr-L, D7FCr-L, and 

D12FCr-L decreased correspondingly (Figure 6). The 

results imply that prolonging fermentation for longer 

than 3 days reduces the adhesive property of the FCR. 

This is because microorganisms utilize biomass 

polymers as nutrients for growth and biofilm production. 

Consequently, available substrates decreased, microbes 

entered the stationary growth phase, and the number of 

rotting biomass fibers increased. A similar trend was 

seen when production yield was investigated (Figure 7).  

 

 

Fig. 5. Relationship between bulk density and ferment duration. 

 

3.3 Effect of Fermented and Non-fermented Cr on 

HHV 

HHVs of the Cr additive and pellet samples are listed in 

Table 2. The HHV of Cr was the lowest (17.01 ± 0.25 

MJ/kg), while that of L-pellet was the highest (20.43 ± 

0.32 MJ/kg). Since L-NFCR pellet and L-FCR pellet 

were produced from a mixture of Cr-based additives and 

L-wood, the HHV of these pellets should not be higher 

than that of L-pellet and not lower than that of Cr. HHV 

may be predicted by the following equation, 

 
(1) 

where yCr and yL-wood represented the mass fraction of Cr 

and L-wood in L-NFCR pellet, respectively. The 

prediction result is shown in Figure 8. A mixing ratio of 

100% was L-pellet, while 0% was Cr. A mixing ratio 

above 50% indicated that L-wood content was greater 

than Cr content. The prediction trend indicated a linear 

relationship between HHV and mixing ratio. The HHV 

of D0FCr-L, D1FCr-L, and D3FCr-L pellets agreed well 

with the predicted trend. The experimental HHV for 

D5FCr-L and D7FCr-L pellets was substantially lower 

mix,pellet Cr Cr L wood L woodHHV y HHV y HHV− −= +
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than the predicted trend. These findings indicated that 

converting starch to biofilm had no significant effect on 

Cr HHV. Equation 1 can thus be used to estimate the 

HHV of these pellets (D0FCr-L, D1FCr-L, and D3FCr-

L). When the fermentation period was longer than 3 

days, the release rate of fixed carbon in Cr (into the 

atmosphere as CO2) increased. This explanation can be 

confirmed by the massive increase in rotting biomass 

fibers (Figure 4), which corresponds to the smaller HHV 

values of the D5FCr-L and D7FCr-L pellets. 

 

 

Fig. 6. Relationship between pellet durability index and ferment duration. 

 

 

Fig. 7. Relationship between pellet production yield and ferment duration. 

 
Table 1 Production yields and the physical characteristics of the pellet products.  

Pellet sample Yield, % Bulk density, kg/m3 Durability, % 

L-pellet 85.4(±0.4) 618.4 (± 2.0) 94.6 (±0.5) 

D0FCr-L 90.2(±1.0) 642.6 (±2.9) 98.3 (±0.1) 

D1FCr-L 92.2(±0.1) 653.2 (±2.2) 99.3 (±0.1) 

D3FCr-L 93.0(±0.3) 668.9 (±1.5) 99.5 (±0.1) 

D5FCr-L 90.4(±0.5) 664.2 (±1.5) 98.7 (±0.2) 

D7FCr-L 88.1(±2.2) 660.7 (±2.3) 98.2 (±0.3) 

D12FCr-L 87.7(±1.1) 652.4 (±7.5) 96.4 (±0.7) 

The number in parenthesis indicates standard deviation 
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Table 2 Higher heating values (HHVs) of the Cr additive and pellet samples.  

Pellet sample HV (MJ/kg) 

Cr 17.01±0.25 

L-pellet 20.43±0.32 

D0FCr-L 19.42±0.21 

D1FCr-L 19.39±0.16 

D3FCr-L 19.50±0.26 

D5FCr-L 19.22±0.23 

D7FCr-L 18.79±0.18 

D12FCr-L n.d.a 
a n.d., not determined. 

The numbers in parenthesis indicate the standard deviations 

 

 

Fig. 8. Relationship between HHV and mixing ratio. This ratio displayed the percentage of L-wood content in produced 

pellet. 

 

4.  CONCLUSION 

This study has successfully enhanced the adhesive 

quality of a starch-based Cr, an agricultural residue, 

using an energy-saving microbiological procedure. The 

microbial biofilm had a higher adhesive quality than the 

starch in non-fermented Cr. The conversion of starch to 

biofilm had no significant effect on Cr HHV. Day 3 of 

incubation was shown to be the optimal fermentation 

time. After day 3, rotting biomass fibers increased and 

altered the biofilm, resulting in a decrease in adhesive 

quality and HHV. Finally, a novel fermented Cr derived 

from biofilm is proposed as an improved biomass-

binding additive for the production of durable, high-

quality biomass pellets. The findings of this study will 

help with the exploitation and management of starch-

rich agricultural wastes, particularly cassava harvesting 

residuals. 
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