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Abstract

This study aimed to assess the physical, chemical, and combustion properties of pellets
made from corncob and rice husk residues sourced in Sucre, Colombia, and to evaluate the
performance of different blending ratios. Before pelletization, the residues were ground
and processed using a small-scale flat die pellet mill equipped with a 6 mm die. Physical
properties were evaluated according to ISO standards for particle density, bulk density,
and impact resistance assessment. Proximate and ultimate analyses, as well as heating
values, were determined and compared against the ISO 17225-6:2021 classification for
herbaceous biomass. The 70:30 corncob-to-rice husk blend (CC70:RH30) showed good
quality, with 7.23% ash, 9.18% moisture, and an LHV of 15.19 MJ/kg, meeting the criteria
for Class B pellets. Combustion performance was assessed using a custom-designed macro-
TGA, revealing that co-pelletized blends exhibited improved ignition temperatures and
comprehensive combustion indices compared to the individual feedstocks. Additionally,
calorific values were proportional to the blending ratios. In summary, controlling the blending
ratio of corncob and rice husk residues during pellet production allows modulation of both
the total ash content and the lower heating value of the resulting solid biofuels, making them
more suitable for thermochemical conversion routes such as combustion and/or gasification.

Keywords: agro-industrial biomass; characterization; pellet quality; solid biofuel; residual
biomass blends

1. Introduction
Currently, global energy security still relies heavily on fossil fuels, despite their fi-

nite reserves, substantial ecological impacts, and direct contribution to climate change [1].
Hence, diversifying the energy mix has become a critical priority [2], and the valorization
of agro-industrial residues is one of the main ways to achieve this goal because of their
high availability [3]. Additionally, the large-scale accumulation of these residues produces
significant environmental pollution through uncontrolled decomposition, greenhouse gas
emissions, and potential soil and water contamination [4,5]. Applying the circular economy
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framework contributes to transforming it from an environmental liability into a valuable re-
source, promoting closed-loop material flows, minimizing waste, and maximizing resource
efficiency [6]. Integrating these concepts into biomass valorization strategies not only
addresses environmental concerns but also strengthens the transition towards low-carbon,
sustainable energy systems.

Lignocellulosic biomass represents one of the most widespread and oldest utilized
sources of bioenergy worldwide [7,8]. However, their direct use as feedstock in ther-
mochemical processes is often limited by their low energy density, unstable combustion
characteristics, and challenges associated with storage and transport [9]. Pelletization is
one of the most effective methods for converting lignocellulosic biomass into efficient solid
biofuels, improving their transport and conservation characteristics [10]. Pellets have a
significantly higher bulk density, which facilitates long-distance transport and prolonged
storage [11,12]. Moreover, converting lignocellulosic biomass into biofuel pellets represents
a viable strategy for reducing regional waste generation [3,13,14]. However, to ensure
sustainable production, these pellets must meet quality standards [15]. These are not
always achieved for a single residue or biomass. Sarker et al. [16] pointed out that co-
pelletization of two or more biomasses can improve the thermophysical properties of fuel
pellets. Co-pelletization contributes to expanding the exploitation of raw materials for pel-
let production, thereby reducing production costs and, consequently, their market price [17].
Previous studies indicate that co-pelletization between different lignocellulosic residual
biomasses could contribute to the development of pellets with improved characteristics for
bioenergy generation [18,19].

In this regard, Brand et al. [20] studied the co-pelletization of rice straw (RS), rice
husk (RH), and pine shavings (PV), producing pellets using blends of 75% VP and 25%
RS, 75% VP and 25% RH, as well as control treatments with 100% VP and 100% RS.
They investigated the physical, mechanical, proximate, and energetic properties. Iglesias
Canabal et al. [21] explored the elemental composition of pellets produced from blends
of debarked Pinus radiata and Eucalyptus nitens wood in three different ratios: 100% pine,
90% pine and 10% eucalyptus, and 60% pine and 40% eucalyptus [17]. da Silva et al. [22]
evaluated how the physical and chemical composition of different lignocellulosic biomasses
influences pellet properties in Brazil, using both pure biomasses and binary blends in
specific proportions. The study included elephant grass (Pennisetum purpureum), sugarcane
bagasse, and eucalyptus sawdust. Seven types of pellets were formulated: three from pure
biomasses (100% elephant grass, 100% bagasse, and 100% eucalyptus sawdust) and four
from binary blends in 50:50 and 75:25 ratios between elephant grass and the other two
biomasses. Vitoussia et al. [23] produced three pellet formulations, combining palm nut
shells (PNS), palm mesocarp fibers (PNF), and coffee husks (CH). The three pelletized
treatments consisted of ternary blends with the following ratios: 30% PNS + 60% PNF + 10%
CH (30/60/10), 60% PNS + 30% PNF + 10% CH (60/30/10), and 45% PNS + 45% PNF + 10%
CH (45/45/10), which were characterized through ultimate, proximate, and energy analyses.

Hossain et al. [24] reported on the quality assessment of pellets obtained from blends
of three herbaceous energy crops: miscanthus (MS), corn stover (CS), and switchgrass
(Panicum virgatum, SW). Five formulations were produced: 100% miscanthus pellets,
75% MS–25% CS, 50% MS–50% CS, 75% MS–25% SW, and 50% MS–50% SW, aiming to
characterize the effect of co-pelletization on the physical, mechanical, chemical, and energy
properties of the solid biofuel. Ríos-Badrán et al. [25] characterized three types of pellets:
100% RH, 75% RH + 25% wheat straw, and 50% RH + 50% wheat straw. These formulations
were evaluated under two initial moisture levels (21% and 23%). Zawiślak et al. [26]
developed six pellet formulations using chamomile residues, birch sawdust, and pea and
soybean residues, and evaluated their physicochemical and mechanical properties. Kamga
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et al. [27] assessed the physical and energy properties of pellets produced with Movingui
sawdust (Distemonanthus benthamianus), maize spathes, and coconut shells (Coco nucifera),
as well as their blends. In particular, five treatments were formulated: two consisting of
individual biomasses (100% maize spathes and 100% Movingui sawdust) and three ternary
blends: 60% coconut shells + 30% maize spathes + 10% Movingui sawdust; 60% Movingui
sawdust + 30% coconut shells + 10% maize spathes; and an equivalent blend of all three
lignocellulosic biomasses studied, which showed promising energy performance with
higher heating values ranging from 22.76 to 23.75 MJ/kg.

Kumar et al. [28] studied the physical, mechanical, and energy properties of pellets
made from 100% pearl millet cob and binary blends with corncobs or eucalyptus sawdust.
The pellets made from binary blends were formulated in the following proportions: 50%
pearl millet–50% eucalyptus sawdust, 75% pearl millet–25% eucalyptus sawdust, 50% pearl
millet–50% corncobs, and 75% pearl millet–25% corncobs. The physical and energy prop-
erties of pellets produced from blends of pine sawdust and hazelnut shells in 70/30 and
90/10 ratios (w/w) were reported by Solís et al. [29], reporting the evolution of their thermal
decomposition under N2 and O2 atmospheres. Nie et al. [30] assessed the thermal degrada-
tion of lignocellulosic biomass through macro-TGA for peanut shells and wood sawdust
100:0, 70:30, 50:50, 30:70, 0:100 blends. Yılmaz et al. [15] developed pellets consisting of
100% grass (GRS), 100% palm pruning residues (PPR), and a blend designated as AGR,
which comprised 50% olive pruning and 50% vine pruning, and assessed their ultimate
and proximate composition as well as density in the context of pellet quality evaluation.
Brand and Jacinto [31] investigated the energy potential of lignocellulosic residues from
apple tree pruning pelletized, both individually and in blends with wood residues (Pinus
sp.). The treatments included: 100% apple pruning, 75% apple pruning/25% pine, 50%
apple pruning/50% pine, 25% apple pruning/75% pine, and 100% pine. He et al. [32]
reported on the effect of co-pelletization using corn stalks combined with walnut shells
on the physical properties and mechanical behavior of the resulting solid biofuels. Binary
blends were formulated in ratios of 90:10, 80:20, and 70:30, using walnut shells as the minor
component. Compared to pellets produced from individual biomasses, those made from
blends exhibited improved compaction capacity and required less energy for compression.
Nyashina et al. [33] investigated the effect of co-pelletization on the physical, mechanical
quality, and combustion behavior of pellets made of straw, pine sawdust, and sunflower
husks. A binary blend of 70% sawdust and 30% straw was formulated, along with two
ternary blends composed of 68.75% sawdust/28.75% straw/2.5% sunflower husk and
67.5% sawdust/27.5% straw/5% sunflower husk. Rajput et al. [34] evaluated binary blends of
groundnut shells, sawdust, and leaf litter wastes, with blends prepared in proportions ranging
from 20% to 60% by mass, depending on the lignocellulosic additive used.

Co-pelletization of lignocellulosic biomasses stands out as a technological alternative
for developing solid biofuels with high potential for bioenergy applications. However, to
the best of our knowledge, there is no report in the literature about the co-pelletization of
RH and corncob. Particularly, Colombia is the third largest rice producer in Latin America
and the Caribbean [35]. Likewise, corn is a staple crop widely cultivated [36]. Specifi-
cally, in the departments of Sucre, Bolívar, Cesar, Magdalena, La Guajira, Atlántico, and
Córdoba [37], rice and corn production in 2022 reached about 560,300 and 608,000 tons,
respectively [38,39], generating an estimated 112,060 tons of RH and 164,160 tons of corncob
as by-products [15,40]. Thus, there is significant energy potential from residual biomass
in this region. Moreover, it is well known that RH exhibits higher ash content [25] than
corncob [41]. Therefore, the co-pelletization of these residues could help modulate the
resulting ash content by controlling the blending ratio, thereby contributing to the produc-
tion of solid biofuels with higher commercial quality while promoting more sustainable
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waste management practices. Consequently, this study aims to evaluate the physicochemi-
cal properties and combustion performance of pellets formulated from RH and corncob
residues sourced from the department of Sucre, Colombia, at varying blending ratios.

2. Results
2.1. Physical Properties of Pellets

The studied pellets are shown in Figure 1; their diameter was 6 mm without significant
dispersion. However, the other properties have a significant difference according to the
biomass blend, as shown in Figure 2a. For bulk density, there are differences according to the
formulations. RH100 and CC100 showed statistically significant differences in bulk density
(p < 0.05), indicating that RH100 achieved greater compaction efficiency. Furthermore,
the CC30:RH70 formulation has the highest bulk density among all treatments, followed
by the CC50:RH50, suggesting that increasing the proportion of RH in the blend resulted
in denser pellets. CC100 has the lowest bulk density among all treatments, highlighting
the limited compaction characteristics of this biomass. Figure 2b also depicts that pellet
densities according to formulation remained between 1000 and 1150 kg/m3. Density is a
key parameter, as it directly affects both the energy density and the mechanical stability
of pellets. The particle density of pellets of corncob blends showed values close to those
reported for the individual residues. However, concerning pellet density, no statistically
significant differences were observed among RH and its corncob blends, whereas CC100
differed significantly from all other treatments (p < 0.05).

 

Figure 1. Corncob and RH pellets using a 6 mm flat die: (a) CC100; (b) CC70:RH30; (c) CC50:RH50;
(d) CC30:RH70; (e) RH100.

Additionally, Figure 2c showed length results with significant variation according
to the pellet formulations. The CC100 and CC70:RH30 treatments yielded pellets with
the highest median lengths, indicating that pellets produced with corncob or a higher
proportion of corncob tend to be longer. In contrast, treatments with higher RH content,
such as CC30:RH70 and RH100, exhibited slightly shorter median lengths and greater
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dispersion. Despite these differences, lengths remain within a relatively narrow range
(approximately 26–32 mm), which is acceptable for commercial pellets.

Figure 2. Physical properties of corncob and RH pellets as a function of blending ratios: (a) Bulk
density, (b) Pellet Density, and (c) Length.

2.2. Ultimate Analysis

Figure 3a showed that pellets produced with 100% corncob (CC100) have the high-
est carbon content, at 44.02 wt.%. In contrast, RH100 pellets show a lower C content
(38.75 wt.%) and H content (5.00 wt.%). In this way, carbon content exhibited a decreasing
trend as the RH proportion increased. A similar behavior was observed for hydrogen in
Figure 3b, which declined from 5.58 wt.% in CC100 to 5.00 wt.% in RH100. Nitrogen content
was relatively low (<0.8 wt.%) but had a gradual decrease with increasing RH content,
from 0.78 wt.% in CC100 to 0.70 wt.% in RH100. In contrast, oxygen content increased
progressively with the proportion of RH, rising from 49.2 wt.% for CC100 to 54.7 wt.% for
RH100. These compositional changes were consistent across the intermediate blending
ratios of CC70:RH30, CC50:RH50, and CC30:RH70.

Figure 3. Comparative ultimate analysis of pellets produced from corncob and RH blends: (a) Carbon,
(b) Hydrogen, (c) Oxygen, and (d) Nitrogen.
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2.3. Proximate Analysis

Figure 4 showed that the CC100 pellets have significantly lower ash content (AC)
values compared to the RH100 pellets (p < 0.05). Ash content is a critical parameter for
fuel quality because high levels can decrease combustion efficiency and promote fouling in
combustion systems [42]. The values range from around 3% for CC100 to about 13% for
RH100, with intermediate blends showing gradual increases consistent with the proportion
of RH. Regarding moisture content (MC), RH100 had the lowest with 8.2%, statistically
different from CC100. In general, the MC of all pellets was below 10%, which is favorable
for storage stability and combustion performance. CC70:RH30 and CC100 had the highest
moisture from 9.2% to 9.8% (see Figure 4). Volatile matter (VM) content decreased slightly
as the RH proportion increased, ranging from about 77% in CC100 to about 71% in RH100,
which could influence ignition and burnout behavior. Fixed carbon (FC) values were
relatively constant across treatments, between 10% and 11%, indicating that blending did
not substantially affect this parameter.

Figure 4. Proximate analysis of pellets under different blending ratios: (a) Ash content (AC),
(b) Moisture content (MC), (c) Volatile matter (VM), and (d) Fixed carbon (FC).

2.4. Heating Values

Figure 5 presents the heating values of the lignocellulosic pellets evaluated. CC100
exhibited the highest higher heating value (HHV) at 17.05 MJ/kg (p < 0.05), followed
by CC70:RH30, CC50:RH50, and CC30:RH70, while RH100 recorded the lowest HHV at
14.89 MJ/kg. A similar decreasing trend was observed for lower heating value (LHV),
ranging from 15.90 MJ/kg for CC100 to 13.80 MJ/kg for RH100. The intermediate blends
showed gradual reductions in both HHV and LHV, exhibiting general additive behavior.
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Figure 5. Mean and lower heating values of pellets from different blending ratios: (a) Higher heating
value (HHV) and (b) Lower heating value (LHV).

2.5. Chemical Composition

The chemical composition of the pellets varied significantly with the blending ratio
of corncob and RH (Figure 6). Average cellulose content ranged from 39.2% for CC100
to 43.8% for RH100, showing a slight but consistent increase with higher RH proportions.
Hemicellulose content displayed a marked decreasing trend, from an average of 38.23% in
CC100 to 16.74% in RH100 (p <0.05). Average lignin content increased progressively with
RH incorporation, from 11.01% in CC100 to 20.34% in RH100. Extractives content remained
relatively stable across treatments, with values between 6.54% and 7.73%.

Figure 6. Cellulose, hemicellulose, lignin, and extractives content of lignocellulosic pellets from
different blending ratios: (a) Cellulose, (b) Hemicellulose, (c) Lignin, and (d) Extractives.

2.6. Impact Resistance

The impact resistance (IR) of the pellets for corncob and RH blending ratios is shown
in Figure 7, evidencing high values between 98.7% to 99.5%, with excellent mechanical
integrity under impact resistance. For all treatments, impact resistance remained above 97%,
indicating high mechanical performance for handling and transport. Hence, the differences
between treatments are marginal and within an acceptable range for commercial-grade pellets.



Recycling 2025, 10, 173 8 of 21

Figure 7. Impact resistance of the lignocellulosic pellets by treatment.

2.7. Macro-TG Analysis

Macro-TGA was used to assess the combustion behavior of the pellets under study.
Figure 8a presents the derivative thermogravimetric (DTG) curves, which illustrate the rate
of mass loss during thermal decomposition, while Figure 8b depicts the percentage of mass
loss as a function of temperature.

Figure 8. Derivative thermogravimetric (DTG) and thermogravimetric (TG) profiles of corncob–RH
pellets under different blending ratios: (a) DTG (%/min) and (b) TG (%).

The ignition temperature (Ti), peak temperature (Tp), burnout temperature (Tb),
flammability index (FI), and comprehensive combustion index (CCI) for the pellets pro-
duced from different RH and corncob blending ratios are shown in Table 1. The DTG curves
show differences in peak temperature (Tp) among treatments, from 459 ◦C for CC100 to
515 ◦C for RH100. Ignition temperature (Ti) varied from 308 ◦C for CC70:RH30 to 377 ◦C
for CC50:RH50. Burnout temperature (Tb) ranged between 557 ◦C for CC30:RH70 and
614 ◦C for CC50:RH50. The flammability index (FI) showed the highest value for RH100
(3.48 × 10−6 %·min·K−2) and the lowest for CC100 (2.65 × 10−6 %·min·K−2). Similarly, the
comprehensive combustion index (CCI) was highest for RH100 (3.14 × 10−9 %2·min−2·K−3)
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and lowest for CC100 (1.83 × 10−9 %2·min−2·K−3). Intermediate blends exhibited gradual
changes in all combustion parameters between the two pure biomass types.

Table 1. Combustion characteristics of pellets under different ratios.

Parameter/Treatment CC100 CC70:RH30 CC50:RH30 CC30:RH70 RH100

Ti(
◦C) 343 308 377 376 345

Tp(◦C) 459 487 512 500 515
Tb(

◦C) 586 576 614 557 601
FI(%·min·K−2)·10−6 2.65 3.16 3.13 2.98 3.48
CCI(%2·min−2·K−3)·10−9 1.83 2.68 2.55 2.48 3.14

Ti : ignition temperature; Tp: peak temperature; FI : flammability index; BI: burnout index; CCI: comprehensive
combustion index.

2.8. Pellet Quality Analysis

The quality parameters of the pellets, assessed according to ISO 17225-6 [43], are summa-
rized in Table 2. Pellet diameter was almost uniform (6.00 ± 0.02 mm), fulfilling the standard
range of 6–10 mm. Pellet length from 28.6 ± 1.2 mm for CC50:RH50 to 29.2 ± 1.3 mm for
CC100, meeting the standard limits of 3.15–40.00 mm. AC increased progressively with
higher RH proportions, from 3.2 ± 0.9 wt.% for CC100 to 13.6 ± 0.2 wt.% for RH100.
Moisture was below the 12% threshold for all blends, ranging from 9.6 ± 0.1% for CC100 to
8.1 ± 0.1% for RH100. LHV decreased gradually with the RH share, from 15.9 ± 0.1 MJ/kg
for CC100 to 13.8 ± <0.1 MJ/kg for RH100, although some blends exceeded the minimum
requirement of 14.5 MJ/kg except CC30:RH70 and RH100. Bulk density values exceeded
the 600 kg/m3 standard for all treatments, with CC30:RH70 showing the highest value at
620 ± 6.8 kg/m3 and CC100 the lowest at 601 ± 3.8 kg/m3. Sulfur was not detected in any
treatment, remaining below the 0.2% threshold. Nitrogen content was low in all blends,
below 0.8%, with no statistically significant differences among treatments.

Table 2. Pellet quality parameters according to ISO 17225-6 standard.

Treatment ISO 17225-6 CC100 CC70:RH30 CC50:RH50 CC30:RH70 RH100

D (mm) 6–10 6.00 ± 0.02 6.00 ± 0.02 6.00 ± 0.02 6.00 ± 0.02 6.00 ± 0.02
L (mm) 3.15–40.00 29.2 ± 1.3 29.1 ± 1.2 28.6 ± 1.2 28.1 ± 1.3 28.1 ± 1.2

AC (wt.% db.) ≤6 3.2 ± 0.9 7.2 ± 0.1 7.8 ± 0.1 10.8 ± 0.2 13.6 ± 0.2
MC (wt.%) ≤12 9.6 ± 0.1 9.1 ± 0.1 8.2 ± 0.1 8.4 ± 0.1 8.1 ± 0.1

LHV (MJ/kg) ≥14.5 15.9 ± <0.1 15.2 ± <0.1 14.7 ± <0.1 14.4 ± <0.1 13.8 ± <0.1
Bulk Density (kg/m3) ≥600 601 ± 3.8 608 ± 2.1 616 ± 2.3 620 ± 6.8 614 ± 5.2

S (wt.% db.) ≤0.2 n.d. n.d. n.d. n.d. n.d.
N (wt.% db.) ≤1.5 0.78 ± <0.03 0.75 ± <0.03 0.74 ± <0.03 0.73 ± <0.03 0.70 ± <0.03

n.d: non-detected.

3. Discussion
3.1. Analytical Perspectives on Physical Properties

The evaluation of pellet length and diameter is crucial for pelletized biomass fuels, as
they must meet the requirements of most industrial users, with diameters ranging from 6
to 8 mm [44]. Likewise, bulk density is a critical attribute that directly affects the efficiency
of pellet transport, handling, and storage [45]. Although the average particle densities
of all treatments ranged from 1000 to 1150 kg/m3, significant differences were observed
in bulk density (p < 0.05). The bulk density for CC100 was similar to that reported by
Miranda et al. [46]. Increasing the proportion of RH resulted in the highest average bulk
density, observed for CC30:RH70. A higher bulk density is desirable for pellet storage,
handling, and transport, as it optimizes volumetric energy density and reduces logistic
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costs [11]. Similar to 1100 kg/m3 for RH pellets made at 150 MPa, reported by C. Chen
et al. [47]. Likewise, Wongsiriamnuay & Tippayawong [37] reported particle density values
for corncob pellets of 1026 kg/m3, which are close to the average density values for corncob
pellets reported in this study (1067 kg/m3). All treatments, however, showed particle
densities above 1000 kg/m3, consistent with good fuel quality [10]. These results evidence
that co-pelletization improves the physical properties of the pellets, particularly bulk
density, by combining the structural and binding characteristics of both lignocellulosic
residues. These findings are in accordance with previous studies reporting that blending
lignocellulosic feedstocks can enhance pellet packing efficiency [24].

3.2. Insights from Ultimate Analysis

The elemental composition of pellet fuels has significant implications for their perfor-
mance in thermochemical processes. The balance of carbon (C), hydrogen (H), and oxygen
(O) is critical for combustion quality and energy efficiency [41]. In particular, CC100 showed
13.59% higher average carbon content and 11.63% higher average hydrogen content than
RH100. Similar findings have been reported for RH and corncob regarding their carbon and
hydrogen contents [47,48]. Based on preliminary experiments, it was confirmed that the
addition of 2% cassava starch did not significantly influence the C contents of the pelletized
treatments. Sykorova et al. [49] similarly found that adding 2% starch or flour to meadow
hay pellets did not alter the carbon content relative to the control. Yet, it did result in a
measurable improvement in pellet hardness. Notably, increasing the RH proportion results
in reduced C and H contents and a corresponding increase in O content, suggesting that
the co-pelletization of corncob and RH can effectively modulate elemental composition,
which may influence combustion performance. Nitrogen levels remain low and consistent
for all treatments (0.70–0.78 wt.%), below 0.8% considered by Solís et al. [29] to be suit-
able for use in small-scale combustion plants, as NOx emissions would be significantly
low. These trends pointed to the need to optimize blending ratios to maximize energy
yield while controlling undesirable emissions. The absence of sulfur in the treatments is
particularly beneficial for thermochemical processes because of the reduction in corrosion
risk. The intermediate RH proportions pellets, as CC70:RH30 or CC50:RH50, may result in
a balance between fuel quality and resource utilization, combining the favorable energy
characteristics of corncob with the availability and low cost of RH.

3.3. Evaluation of Proximate Analysis

Proximate analysis of biomass evaluates moisture, volatile matter, ash, and fixed
carbon to quantify its net energy content [50]. Moisture is a critical parameter in determining
biomass pellet quality because it influences combustion efficiency [51]. Usually, all fuel has
a moisture content below 10%, suggesting the suitability of these densified solid biofuels
for use in thermochemical processes. As expected, pellets with a higher proportion of RH
show high ash content due to the high ash fraction of RH [25]. Specifically, the RH100 ash
content is 10.34% higher than that of CC100. This increase in ash is a critical factor that can
lead to operational issues such as slagging and fouling during combustion or gasification.
However, Cao et al. [52] highlighted that the use of biomass blends can help reduce the
total ash content, thereby preventing ash agglomeration; likewise, Awais et al. [53] reported
that the combustion processes of biomass blends are more efficient, with lower ash contents
and reduced tar yields when these are subjected to co-gasification. In this context, the
production of solid biofuels through the co-pelletization of corncob and RH emerges as a
viable strategy for valorizing residual lignocellulosic biomass blends with dissimilar ash
contents. This approach enables modulation of the general ash content in the resulting
solid biofuels by adjusting the biomass blending ratio [28]. Hence, according to AC content,
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CC100 is more suitable for applications where low ash generation is required. Pellets
produced from RH and corncob blends exhibited intermediate AC values, ranging between
7% and 12%. Intermediate blending ratios of CC70:RH30 and CC50:RH50 may result in
a balance between low ash content and the availability and low cost of RH. The volatile
material content influences the ease of ignition and combustion rate of biomass [54]. CC100
exhibited the highest average volatile matter content at 75%, which may contribute to
rapid combustion. Pahla et al. [55] documented similar results. Notably, CC50:RH50 has
an intermediate VM level (approximately 72%), which, combined with its low moisture
content and AC < 8%, could offer a balance between combustion efficiency and controlled
burn rate compared to RH100. The variations in VM suggest distinct thermal properties
across treatments, likely due to differences in feedstock composition. Fixed carbon refers to
the carbon in biomass that remains as solid residue after combustion [56]. All treatments
show comparable FC values, with a range from 11% to 13%, and no statistically significant
differences among them. Similar results have been reported in previous studies for RH
pellets [25].

3.4. Implications of Heating Values

The higher heating value (HHV) is critical for the energy content of fuels [57]. Corn-
cob pellets (CC100) showed a mean HHV 14.97% higher than that of RH100. Similar
values were reported by Miranda et al. [46] for corncob and by Islam et al. [58] for RH.
This significant difference highlights the superior energy content of corncob compared
to RH. Volli et al. [59] highlighted a high HHV for RH, associated with a cellulose con-
tent of 54.3% and a carbon content of 47.2%. However, the ash was notably low at 1.2%.
The variations in pellet calorific value are a consequence of the biomass ash content; the
high level in the RH decreases its calorific value compared to the low ash content in
corncob. Additionally, the carbon in corncob was significantly higher than that in RH,
which also explains the higher calorific value. Blended treatments displayed intermediate
energy values, with HHVs ranging from 15.51 to 16.38 MJ/kg and LHVs from 14.37 to
15.19 MJ/kg. The gradual decrease in heating values with increasing RH content suggests
that the lignocellulosic composition of each biomass influences the energy properties of the
pellets. In summary, blends with high shares of corncob result in higher heating values,
improving the thermochemical conversion efficiency. However, the reduction in HHV and
LHV for intermediate corncob shares such as CC70:RH30 suggests that partial substitution
with RH could be viable without significantly affecting fuel quality, particularly when
considering energy content, feedstock availability, and waste valorization.

3.5. Relevance of Chemical Composition

Cellulose constitutes the primary fraction of most fuel-grade biomass. Consequently,
lignocellulosic materials with elevated cellulose levels generally exhibit higher combustion
efficiency, reducing energy recovery during thermal conversion [41]. Although RH100 has
a higher cellulose content compared to CC100, it also has a higher ash content, limiting its
energy valorization potential. Hemicellulose content varies widely, from 38.23% in CC100
to 16.74% in RH100, close to what is reported by Cai et al. [60] and Agar et al. [61], while
Draszewski et al. [62] showed similar results for RH. Lignin content, critical for structural
integrity, is at the highest level in 20.34% for RH100 and 11.01% for CC100 according to prior
results [41,63]. The elevated lignin content in treatments with higher RH proportions may
enhance pellet consistency and resistance to degradation, thereby improving storage and
handling properties [28]. Therefore, these results are consistent with the highest average
bulk density value observed at CC30:RH70. However, biomass with a high lignin content
has lower combustion efficiency [41]. Hence, blending biomass with markedly different
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lignin contents can be an effective strategy to adjust the overall lignin fraction in pelletized
solid biofuels, thereby improving combustion performance. Combining corncob with RH
balances the proportions of cellulose, hemicellulose, and lignin, enhancing pellet properties
for bioenergy applications. Similar extractive contents for corncob and RH were reported
by Awosusi et al. [64] and Quintero-Naucil et al. [65], respectively. In the present study,
intermediate values were observed for pellets produced from blends of these biomasses,
with no statistically significant differences detected (p > 0.05).

3.6. Impact Resistance Analysis

Pellet impact resistance (IR) is assessed to consider the loading and unloading opera-
tions involved in the logistics of solid biofuels [66]. The consistently high IR values across
all blends confirm that co-pelletization of RH and corncob offers an alternative approach
to produce solid biofuels with sufficient mechanical properties for handling, transport,
and storage. Similar results have been reported for other agricultural residues [16,28]. The
performance of intermediate blends, particularly CC50:RH50 and CC30:RH70, suggests
that incorporating RH at moderate levels does not substantially affect the physical integrity,
likely due to the combined effect of the capacity of corncob and the inherent lignin content
of RH, both of which contribute to structural integrity. The high resistance over 97% across
all treatments indicates that these pellets can successfully support storage, transport, and
feeding into thermochemical conversion systems.

3.7. Thermochemical Behavior from Macro-TG Insights

The thermal degradation patterns observed in the TG and DTG profiles are characteris-
tic of lignocellulosic biomass, with a primary devolatilization stage driven by hemicellulose
and cellulose decomposition, followed by slower lignin degradation. The onset of mass
loss appears between 280 and 320 ◦C, with variations among different biomass blends.
CC100 shows a sharper decline compared to RH100, indicating a higher volatile content
in CC. Similar findings were reported by G. Guo et al. [67]. The lower ignition temper-
ature observed for CC70:RH30 suggests enhanced reactivity at the onset of combustion,
potentially due to synergistic interactions between the two feedstocks that facilitate volatile
release. In contrast, the higher ignition temperatures of CC50:RH50 and CC30:RH70 may
reflect increased thermal stability linked to higher lignin content. The elevated peak and
burnout temperatures in RH-rich samples such as RH100 and CC50:RH50 indicate slower
char oxidation, likely due to the higher silica and ash content of RH. This is consistent
with the higher burnout temperatures observed in these treatments. The FI and CCI trends
indicate that RH100 exhibited controlled combustion with a greater tendency to retain
residual ash, suggesting that the mineral composition of RH may catalyze specific combus-
tion reactions; however, its use could lead to slagging and agglomeration in combustion
reactors. However, its lower heating value compared to CC100 (as shown in previous
results) means that, while ignition and burnout may be rapid, the total energy yield per
unit mass is lower. CC100, conversely, showed the lowest FI and CCI, reflecting slower
ignition but potentially more stable combustion with a higher energy density. From a
practical standpoint, intermediate blends, particularly CC70:RH30, appear to balance low
ignition temperatures with moderate burnout rates and acceptable energy content. This
balance could be advantageous for thermochemical conversion systems requiring rapid
start-up without excessive loss of fuel reactivity or calorific performance.

3.8. Integrated Assessment of Pellet Quality Parameters

ISO 17225-6:2021 specifies that herbaceous biomass pellets classified as Class A and B
must have lengths between 3.15–40.0 mm [46]. Accordingly, all pellets evaluated in this
study met this quality standard. The diameter remains consistent across all treatments,
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6 mm in each case. This uniformity implies that the flat die in the pelletizing equipment
determines the diameter. The diameter across treatments is crucial for the mechanical
consistency of the solid biofuel, as it enables predictable combustion behavior. For that
reason, most industrial users of fuel pellets utilize biofuels with diameters between 6 and
8 mm [44]. Likewise, the international standard for herbaceous biomass pellets sets a
nitrogen content limit of 1.5% to qualify for grade A. Therefore, all pellets evaluated in this
study meet this requirement [43].

According to international standards for non-woody pellets, herbaceous biomass
fuels are classified as grade A with an ash content lower than 6% and grade B with
a maximum ash content of 10% [43]. Based on this, CC100 achieved Grade A quality,
although its bulk density is at the threshold, which could compromise actual compliance
with this parameter, while the rest of the treatments met Grade B standards. Although
CC30:RH70 treatment showed an average ash content of 10.8%, its quality was close
to the maximum limit for grade B (≤10%). Hence, CC70:RH30 meets all the quality
parameters required to be classified as Class B pellets, confirming that co-pelletization is
effective for producing commercially viable pellets. According to the international standard
for herbaceous biomass pellet blends, grade A pellets must exhibit an LHV of at least
14.5 MJ/kg [43]. All treatments met grade A quality for moisture content according to
the international standard for pellets from herbaceous biomass or biomass blends [43],
with all pellets exhibiting moisture content below 12%. The findings of this study confirm
that blending biomass in various proportions improves pellet quality. Specifically, class
B pellets were achieved with CC70:RH30 according to ash content, bulk density, LHV,
moisture content, and additive concentration, with a 2% mass fraction of cassava starch,
which is below the international standard limit of 5%. Furthermore, particle density values
for the evaluated treatments showed no statistically significant differences, indicating
that pelletization of RH and corncob blends produced pellets with high particle density
(>1000 kg/m3). Therefore, pellets made from RH and corncob blends show great potential
as solid biofuels with quality characteristics suitable for commercial applications.

4. Materials and Methods
4.1. Material Preparation

Pellets were produced using blends of RH and corncob residues, along with two
control treatments consisting of 100% of each biomass individually. Both RH and corncob
residues were generated in the department of Sucre, Colombia. Specifically, the RH was
obtained from small mills located in the municipality of Majagual, while the corncob came
from agricultural farms in the municipality of Colosó (Figure 9).

 

Figure 9. Raw biomass feedstocks: (a) corncobs and (b) RHs.
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After collecting, each lignocellulosic residue was ground and sieved to achieve a
particle size of less than 4 mm for characterization and processing into pellets.

4.2. Pelletization Process

The RH and corncob were pelletized individually using a small-scale pelletizing ma-
chine (PELET YD 300, Henan, China) equipped with a flat die perforated with 6 mm
diameter holes (see Figure 10), located at the Puerta Roja campus in the University of Sucre
in Colombia. Additionally, based on the blending ratios reported in the specialized litera-
ture for co-pelletization of binary lignocellulosic biomass blends [20], the co-pelletization of
both residues was performed in varying ratios: 50:50, 30:70, and 70:30, as shown in Table 3.

 

Figure 10. (a) ground material prior to pelletization and (b) biomass pelletizer.

Table 3. Proportions of corncob (CC) and rice husk (RH) in the experimental treatments.

Treatment CC: Corncob (%) RH: Rice Husk (%)

CC100 100 0

RH100 0 100

CC70:RH30 70 30

CC50:RH50 50 50

CC30:RH70 30 70

For all treatments, 2% cassava starch was added to each blend before pelletization to
improve pellet firmness and compaction. The ground material was dried to 20% w/w of
humidity before pelletization (Figure 10a). Based on preliminary trials, it was determined
that a moisture content of 20% w/w for the biomasses, combined with a stabilization period
of 15 h before pelletization, resulted in efficient pellet production for corncob and RH studied.

Finally, the resulting pellets were subjected to solar drying under atmospheric condi-
tions using natural convection for 15 min [33]. Afterward, the pellets were stored in airtight
plastic bags for subsequent analysis. The technical specifications of the pelletizing machine
are presented in Table 4.
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Table 4. Technical and operational specifications of the pellet machine.

Specification Measurement Unit Parameters

Electric motor rated power kW 7.50
Electric motor supply voltage V 380

Motor rotational speed rpm 1753
Rotational speed of the shaft with rollers rpm 320

Number of rollers - 2
Diameter of the press rollers mm 100

Width of the press rollers mm 50
Dimensions of the grooves on the rollers

(width × depth) mm 6 × 4

Spacing of the grooves on the press rollers mm 4
Type of die - Flat

Die diameter mm 200
Thickness of the die mm 27

Diameter of the holes in the die mm 6
Dimensions of the pellet machine (length ×

width × height) cm 125 × 45 × 80

Total mass of pelletizer kg 210
Number of holes in the die - 234

Capacity of the pellet machine kg/h 250

4.3. Pellet Dimensions

Diameter and length measurements were carried out with an analog caliper with an
accuracy of 0.02 mm [27]. In this way, 90 pellets were selected for each treatment, and the
average of the values obtained was determined.

4.4. Specific and Bulk Density

The specific density of the pellets was determined from prior measurements of their
diameter and length [26], along with the mass of randomly chosen samples. The mean
of 90 measurements was calculated for each pellet formulation, with samples randomly
selected. The calculation was carried out using Equation (1).

ρs =
4·106·m
π·d2·l (1)

where,
ρs: the specific density of the pellets, (kg/m3),
m: the mass of a randomly chosen pellet sample (g),
d: the average diameter of the pellets in the selected sample (mm), and
l: the total length of the pellets in the selected sample (mm).
The bulk density of the pellets was calculated by measuring their mass and volume

following the BS EN ISO 17828:2015 standard. The procedure involved filling a 5 L mea-
surement container with the pellets, leveling the surface using a straight edge to remove
any excess material, and then weighing the contents to compute the bulk density [68]. Bulk
density was determined in triplicate for each pellet formulation [69].

4.5. Chemical Composition

The chemical composition of the biomass, in terms of cellulose, hemicellulose, and
lignin content, was determined using a fiber analyzer (Behrotest, CF6, Düsseldorf, Ger-
many) to quantify the fibrous fractions [70]. The analysis was performed in triplicate [71].
For each determination, ground pellet samples were prepared according to the respective
treatment. Extractives content was determined following the procedure outlined in NREL
TP-510–42619.
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4.6. Moisture Content

The moisture content (MC) of the samples was determined using a gravimetric method,
following the guidelines outlined in ISO 18134-3:2015 standard [72]. A sample weighing
1 g was dried in an oven set at 105 ◦C, and after 24 h, its mass was assumed to be stabilized.
The loss in mass during drying was used to calculate the moisture content. Five replicate
measurements were performed for each sample.

4.7. Ash Content

To determine pellet ash content (AC), the procedure follows the method outlined in the
ISO 18122:2015 standard [73]. The process involves completely combusting the sample in a
furnace set at 550 ◦C until white ash is produced. A furnace (JPINGLOBAL, PCDIG7927,
Mexico City, Mexico) was used, and porcelain crucibles containing the samples were heated
until the ash formed. The mean and standard deviation were calculated based on five
replicates for each treatment.

4.8. Volatile Material

The measurement of the volatile content (VM) was performed by heating the biomass
at 900 ◦C for 7 min, following the guidelines outlined in the defined standard [74]. A
furnace (Carbolite Gero, VMF, Hope, Derbyshire, UK) was used, and the samples, placed in
chromium-nickel crucibles, were heated until devolatilization occurred. The volatile matter
percentage is determined by subtracting the mass loss caused by moisture evaporation
from the total mass loss of the sample. This allows for the calculation of the volatile material
rate on a dry basis. Each measurement was replicated five times.

4.9. Fixed Carbon

The fixed carbon (FC) content was indirectly measured using Equation (2):

FC = 100% − (MC + AC + VM) (2)

4.10. Ultimate Analysis

The contents of C, H, O, N, and S were measured by using a micro elemental analyzer
(Velp Scientifica, EMA 502, Usmate Velate, Monza and Brianza, Italy). The sample quantities
were measured using a microbalance (AND, BM-20, Tokyo, Japan). All results were
expressed on a dry basis, and analytical procedures were replicated three times [11].

4.11. Higher Heating Value

The higher heating value (HHV) was experimentally determined by combusting pellet
samples in a bomb calorimeter (IKA C6000) [75], with each treatment replicated three times.
The lower heating value (LHV) was determined following the equation described by Alves
et al. [76].

4.12. Impact Resistance

The impact resistance was determined by dropping a 20 g sample of pellets four
consecutive times from a height of 2 m onto a concrete floor [28]. The scattered particles
were gathered and passed through a 2 mm screen. Twelve replicates per formulation were
tested to determine the mean impact resistance [16]. The impact resistance was calculated
as the percentage ratio of the mass of biomass pellets retained on the sieve to the initial
mass of pellets subjected to the drop test.
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4.13. Macro-TGA Analysis

A macro-scale thermogravimetric analysis (macro-TGA) system, housed at Universi-
dad del Valle, Colombia, was utilized to assess the combustion under controlled conditions.
This system can determine the combustion performance and thermal degradation char-
acteristics of pellets. The experimental setup comprised a vertical tube furnace with a
65 mm quartz reaction chamber. A high-precision electronic balance, interfaced with a
data acquisition system, continuously monitored the real-time mass loss of the sample as a
function of temperature. Approximately 1 g of pellets from each biomass treatment was
loaded into an alumina crucible, which was subsequently positioned on a refractory brick
support and elevated into the furnace’s reaction zone. The furnace temperature profile
was programmed to increase at a controlled heating rate of 10 ◦C/min, reaching a final
setpoint of 800 ◦C under air atmosphere. A blank run was performed using an empty-tared
crucible, and the baseline drift was subtracted from all experimental measurements to
ensure data accuracy and eliminate systematic deviations. Macro-TGA provides valuable
insights into the combustion behavior of pellets, allowing the determination of key pa-
rameters such as ignition temperature (Ti), burnout temperature (Tb), the temperature at
which maximum mass loss occurs (Tp), maximum mass loss rate (DTGmax), and mean
mass loss rate (DTGmean). Additionally, indices such as the flammability index (FI) and the
comprehensive combustion index (CCI) can be calculated to provide a deeper evaluation of
the combustion performance for the samples [30] from the Equations (3) and (4):

FI =
DTGmax

TiTp
(3)

CCI =
DTGmaxDTGmean

T2
i Tp

(4)

4.14. Pellet Quality Assessment

The quality assessment of pellets produced from RH, corncob, and their blends was
conducted based on the value ranges specified for commercial-grade non-woody biomass
according to ISO 17225-6:2021 [43].

4.15. Statistical Analysis

A completely randomized single-factor categorical design was implemented with five
treatments (five pellet formulations) and varying numbers of replicates, as the laboratory
methods used for property determination follow specific protocols [22]. Before the analysis
of variance (ANOVA), the Kolmogorov–Smirnov test (non-parametric, 5% significance level)
was applied to verify the normality of residuals, the Breusch-Pagan test (5% significance
level) was used to assess the homogeneity of variance, and the Runs test (5% significance
level) was employed to confirm the independence of residuals, utilizing the software
RStudio version 4.3.2, when ANOVA detected significant differences among treatments,
means were compared using Tukey (HSD) test at a 5% significance level.

5. Conclusions
In this study, pellets were produced from RH, corncob, and their binary blends,

utilizing residues sourced from the department of Sucre, Colombia. The carbon and hydro-
gen contents proved fundamental to the energy value of the biomass pellets, while high
ash content had a markedly negative effect on fuel quality by reducing energy density.
Understanding these relationships is essential for optimizing pellet formulations for ther-
mochemical applications. The inclusion of corncob in blends with RH enabled effective
modulation of ash content, resulting in class B pellets for the CC70:RH30 treatment. This
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highlights the advantage of co-pelletizing agro-industrial residues with contrasting intrinsic
characteristics, such as ash content. However, CC70:RH30 exhibited a lower average bulk
density compared with CC30:RH70 and RH100, indicating that the physical durability of
pellets is also influenced by the proportion of lignin-rich RH. Compared with single-residue
pellets (CC100 and RH100), CC70:RH30 showed a lower ignition temperature and inter-
mediate burnout behavior, while maintaining favorable flammability and comprehensive
combustion indices. In terms of combustion indices, RH100 displayed the highest ignition
resistance but also the lowest overall combustion reactivity, whereas CC100 was charac-
terized by rapid ignition. The intermediate blends (particularly CC70:RH30) balanced
these opposing characteristics, achieving a suitable trade-off between ignition, burnout,
and ash modulation. These results confirm that co-pelletization of RH and corncob can
effectively optimize combustion behavior and enhance thermal conversion performance
while mitigating the limitations associated with using each residue independently. Overall,
producing pellets from agro-industrial blends emerges as a viable strategy for generating
solid biofuels of commercial quality, particularly in regions with high levels of agricultural
waste generation. The integration of biomass sources ensures greater reliability for continu-
ous solid biofuel supply chains, which is critical for scaling up and provides confidence to
potential investors. Future studies should further refine sustainable pelletization strategies
by considering the availability of residues, chemical composition, and intrinsic biomass
properties specific to each geographical area. Additionally, incorporating assessments of
mechanical durability, pretreatment energy balance, and ash fusibility would provide a
more comprehensive evaluation of the suitability of blended agro-industrial residue pellets
for large-scale thermochemical applications.
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