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Valorization of Briquettes Fuel Using Pinus spp. Sawdust
from Five Regions of Mexico

Maria Alejandra Ramirez-Ramirez,? Artemio Carrillo-Parra,® Faustino Ruiz-Aquino,°
Luis Fernando Pintor-Ibarra,* Nicolas Gonzalez-Ortega,* Rocio Orihuela-Equihua,® Noel
Carrillo-Avila,® Concepcién Lujan-Alvarez,® and José Guadalupe Rutiaga-Quifiones #*

This research characterized briquettes made with Pinus spp. sawdust
without the use of additives. For this purpose, 19 samples of sawdust from
different wood industries located in five states of the Mexican Republic
were used. The densification process was carried out in a vertical
hydraulic piston laboratory briquette machine. The briquettes were made
with 40 g of sawdust, at 50 °C, 20 kPa and pressing for 5 min. The results
obtained varied as follows: moisture content (4.1% to 7.2%), density
(813.9 to 1,014.4 kg/m®), volumetric expansion (7.4% to 37.3%),
compressive strength (4.9 to 40.8 N/mm), impact resistance index (46.7%
to 200%), ash (0.1% to 1.1%), volatile matter (82.9% to 90.7%), fixed
carbon (8.9% to 16.4%), and calorific value (20.5 to 22.8 MJ/kg). The
density of the briquettes was within the "acceptable” classification (800 to
1,200 kg/m?3). It was observed that, the higher the density, the lower the
volumetric expansion, the higher the compressive strength, and the higher
the impact resistance index. According to the ash content, the briquettes
could achieve international quality. Due to high volatile matter values,
rapid combustion of the briquettes with little generation of toxic smoke
would be expected. Fixed carbon and calorific value results were
acceptable.
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INTRODUCTION

The high dependence on fossil fuels in the world is well known, and the reserves
of these non-renewable energy sources (crude oil, natural gas, and coal) are limited (Brozek
et al. 2012). In recent years, renewable energies have proliferated as inexhaustible and
environmentally friendly sources of energy, and their use is aimed at mitigating, among
others, the environmental problems caused by the use of fossil fuels (Gonzélez-Velasco
2009). Renewable energies include hydraulic energy, tidal energy, energy from waves,
wind energy, geothermal energy, solar energy, and biomass (Gonzélez-Velasco 2009;
Velazquez-Marti 2018). Biomass is non-fossilized organic matter from two main sources:
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energy crops and residues or remains from human activities (Velazquez-Marti 2018). This
residual lignocellulosic biomass can be transformed into solid biofuels (pellets or
briquettes) (Veldzquez-Marti 2018).

Biomass densification concentrates its chemical energy by converting it into solid
biofuel. Industrial briquetting processes began in the mid-19" century (Carrillo-Parra et al.
2016). Briquettes have a variable shape; they are usually cylindrical or block, with or
without a hole, which depends on the briquetting machine (Camps and Marcos 2008). They
are substitutes for coal or firewood, and they can be used in the domestic or industrial sector
for generation of heat or energy production, in boilers, ovens, stoves, chimneys, or gasifiers
(Grover and Mishra 1996; Chen et al. 2009; Fonseca-Cuenca and Tierra-Tingo 2011).

Various investigations have evaluated the properties of briquettes made with
different biomass residues: wheat straw and sawdust (Wamukonya and Jenkins 1995),
woody materials (Li and Liu 2000), maize cob and coal (Wilaipon 2008), tree and shrub
species (Kumar et al. 2011), wood residues (Paula et al. 2011), mixtures of different
materials (mango leaves, acacia leaves, sawdust) and as an adhesive cow dung (Birwatkar
et al. 2014), wood residues mainly from sawdust (Sanchez et al. 2014), tropical hardwood
timber species (Mitchual et al. 2014), pine sawdust, recycled activated carbon and cassava
starch (Ordorfiez 2015), sawdust, bark, and wood-bark from Pinus montezumae, P.
leiophylla, and P. pseudostrobus (Pérez-Pérez et al. 2016), different lignocellulosic
biomass (Souza and Vale 2016), and fresh sawdust and weathered sawdust from Pinus
pseudostrobus (Carrillo-Parra et al. 2018). Recently, briquettes have been made with
sawdust and pine shavings using starch as an additive (Morales-Maximo et al. 2020).
Brunerova et al. (2020) used larch sawdust, spruce shaving, and spent coffee grounds, in
different proportions to make briquettes. Demirel et al. (2020) made briquettes using
ground sunflowers stalks and hazelnut husks.

When briquettes are manufactured and commercialized, the amount of waste is
reduced and also the volume transported; combustion is cleaner and more efficient (Chen
et al. 2009; Gallipoliti et al. 2012). Biomass combustion has the potential to be CO2 neutral
(Liu et al. 2014). With the biomass densification process, the energy value per unit volume
of solid biofuel is increased (Karunanithy et al. 2012). Biomass energy is considered to
have the greatest potential for renewable energy in the near future (Haobin et al. 2018). By
using biomass or lignocellulosic waste as densified biofuels, it can bring benefits such as
energy security, rural growth, and environmental protection (Carrillo-Parra et al. 2016).

The primary mechanical processing of wood generates a large volume of biomass
(sawdust, bark, shavings, chips, and slabs) with a high degree of waste in Mexico (Zavala
and Cortés 2000). These lignocellulosic wastes are usually improperly disposed of in the
open air and are a source of contamination, although they can sometimes have local uses
(Correa-Méndez et al. 2014). One possibility for the use of these lignocellulosic residues
could be the production of densified biofuels, such as pellets and briquettes. Recent
research carried out with pine sawdust has characterized the particle size, proximate
analysis, ultimate analysis, and microanalysis of its ash (Rutiaga-Quifiones et al. 2020), in
addition to results on its basic chemical composition (ash, extractives, holocellulose, and
lignin) (Chéavez-Rosales et al. 2021); these studies conclude that pine sawdust has the
potential to make densified biofuels. No information was available on the characteristics
and properties of the briquettes made at the laboratory level with sawdust from Mexican
woods. Thus, the aim of this study was to produce briquettes at the laboratory level with
pine sawdust collected in different forest industries and evaluate its physical, and energy
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properties. These properties are the main ones to consider as a preamble for a possible
industrial scaling.

EXPERIMENTAL

Origin of Raw Materials and Briquettes Production

The collection of the lignocellulosic waste samples was carried out in different
wood industries and forest ejidos (communal lands) in five states of the Mexican republic:
Chihuahua (EI largo, Agua azul, Grupo Gazo, and Multimaderas), Michoacan (Madereria
Zamora, Maderas Preciosas Don Jesus, and Lazaro Céardenas), Durango (Grupo Sezarik,
Maderas y Tarimas Alba, Vencedores, La Cafiita, and Pueblo Nuevo), Oaxaca (Unidad
Comunal Forestal, Agropecuaria y de Servicios, Productora Comunal de Muebles Ixtlan,
and Aserradero Mapsi), and Nuevo Ledn (Maderas Los Pérez), and are the product of
primary wood transformation of pine trees. Sawdust is the product of the primary
transformation process of wood. It was collected without bark, and the original wood was
not chemically treated. Because the wood is transported from the forest to the sawmill in a
mixture of species, it was not possible to make a separation by pine species.

The moisture content of the sawdust ranged from 7.5% to 8.7% before the
briquetting process. A vertical hydraulic piston laboratory briquetting machine (Lippel,
Agrolandia, Brazil) was used to make the densified materials. The sawdust samples were
used as they were collected in the forest industries, without separating by particle size. This
was because their granulometric analysis had been carried out already, and it was found
that the particle size distribution of this sawdust is suitable for the production of densified
biofuels (Rutiaga-Quifiones et al. 2020). The briquetting conditions were temperature of
50 °C, pressure of 20 MPa, and pressing time of 5 min. No adhesive was used in the
briquetting process. A total of 10 briquettes with a mass of 40 g were made for each type
of biomass, and their average dimensions were 30 mm in diameter and 40 mm in length.
The briquettes were conditioned at 20 °C and 50% relative humidity for seven days before
determining their properties.

Physical Properties

The moisture content of the briquettes was determined by the UNE-EN 14774-1
(2010) standard. The density of each briquette was calculated by dividing the mass by its
volume. The volumetric expansion of the briquettes was obtained from measuring the
length and diameter of the briquette with an electronic vernier (Steren HER-411, Steren,
Mexico City, Mexico). The measurement was carried out at two different times:
immediately after the briquetting process and 7 days after conditioning in a climatic
chamber with 50% relative humidity and 20 °C. The volumetric expansion was calculated
using the following equation (Oliveira et al. 2017),

VE =[(V2-V1)/V1] x 100 Q)

where EV is volumetric expansion (%), V1 is volume of the briquette immediately after
compaction (cm?3), and V2 is volume of the briquette after the conditioning time (cm?3).

Mechanical Properties
The compressive strength in the briquettes was determined in a universal testing
machine (Instron 300Dx, Instron, Norwood, Ma, USA), with a load capacity of 300 kN.
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The cross-head speed was 0.305 mm/min (Mitchual et al. 2013). The briquette was placed
horizontally in the compression tester, and the load was applied at a constant speed until
the briquette failed by cracking. The impact resistance of the briquettes was determined by
adapting the ASTM D 440-68 (2007) standard, and the impact resistance index was
calculated according to the methodology proposed by Richards (1990).

Proximate Analysis and Energy Production

The ash content was obtained according to the UNE-EN 14775 (2010) standard,
and the volatile matter according to the ASTM E872-82 (2013) standard. Fixed carbon
was calculated by difference, subtracting the ash content, and the volatile content from 100.
The calorific value of the briquettes was determined according to the UNE-EN 14918
(2011) standard, using a semi-automatic calorimeter (LECO AC600, MI, USA). The
energetic density was obtained by multiplying the average density by the average calorific
value for each briquette.

Statistical Analysis

The tests of the briquettes were carried out in triplicate. In order to compare the
results obtained, an analysis of variance was applied at 95% statistical confidence, and the
mean values were compared by means of the multiple-range test with the least significant
difference (LSD) method (Gutiérrez-Pulido and de la VVara-Salazar 2004). The results were
analyzed using the Statgraphics Centurion program (Statgraphics Technologies, Inc., The
Plains, VA, USA).

RESULTS AND DISCUSSION

Physical Properties

Significant statistical differences were found in the moisture content of the
briquettes (p = 0.0000) (Table 1, Fig. 1). The values obtained range from 4.1% (Sample 7)
to 7.2% (Sample 18) (Table 1).
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Fig. 1. Graphs of means for the moisture content of briquettes
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These moisture content values obtained here are low compared to the results of
Gallipoliti et al. (2012), who in briquettes made with white pine sawdust remains plus a
cassava starch binder report 12.3% moisture content. For their part, Sdnchez et al. (2014)
made briquettes from wood waste, mainly sawdust and reported 10% moisture content. In
briquettes made with Pinus pseudostrobus sawdust, the moisture content ranged from 9.1%
to 9.8% (Carrillo-Parra et al. 2018). The results are below the recommended value for
briquettes (<10%, M10; <15%, M15) according to the UNE-EN 14961-1 (2011) standard.

The density of the briquettes presents statistically significant differences (p =
0.0000) (Table 1, Fig. 2), and the results varied from 813.9 kg/m? (Sample 15) to 1,014.4
kg/m? (Sample 9) (Table 1).
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Fig. 2. Graphs of means for the density of briquettes
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Fig. 3. Graphs of means for volumetric expansion of briquettes

The values found here are close to those reported for briquettes manufactured with
wood waste (850 to 903 kg/m?) (Paula et al. 2011), (692.4 to 806.3 kg/m®) (Brozek et al.
2012), with Pinus pseudostrobus sawdust (<900 kg/m®) (Carrillo-Parra et al. 2018), but
they are lower than the results reported for pine briquettes (1,088 to 1,202 kg/m?) (Souza
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and Vale 2016). However, even when the conditions of the briquetting process were
modest, the quality of the briquettes was "acceptable”, because they were in the range (800
to 1,200 kg/mq) that corresponds to this classification indicated by Camps and Marcos
(2008).

The volumetric expansion of the briquettes presents statistically significant
differences (p = 0.0000) (Table 1, Fig. 2), with varied results, ranging from 7.4% (Sample
6) to 37.3% (Sample 15) (Table 1). These values are high compared to the reported 2.2%
in sawdust briquettes and 2.9% in Pinus spp. ground sawdust briquettes (Oliveira et al.
2017), and could be explained due to the relatively low pressure and temperature used in
the briquetting process. Previous studies suggest a volumetric expansion of 15% to 20%
for a good briquette (Gongalves et al. 2009). Bamgboye and Bolufawi (2009) mention that
the increase in volume with fixed mass results in a reduction in density, a fact that was also
observed here.

Mechanical Properties

The compressive strength of the briquettes ranged from 4.9 N/mm (Sample 3) to
40.8 N/mm (Sample 12) with statistically significant differences (p = 0.0000) (Table 1, Fig.
4). These values are lower than those obtained in fresh pine sawdust briquettes and in
weathered pine sawdust briquettes (Carrillo-Parra et al. 2018), and in general are below the
range (26.8 to 81.2 N/mm) reported for briquettes made with different wood waste (Brozek
et al. 2012). These relatively low results could be explained by the modest conditions
applied in the briquetting process. However, it was observed that at a higher density, the
breaking force tends to be greater.

5wl % % E
I f ]
S b | | E
A H}” :
S

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Briquettes Origin

Fig. 4. Graphs of means for compressive strength of briquettes

Statistical significant differences were found in the impact resistance index of the
briquettes (p = 0.0000) (Table 1, Fig. 5). The results ranged from 46.7% (Sample 8) to
200% (Sample 11), and are within the range (25% to 200%) reported in briquettes of
different woody materials (Li and Liu 2000). As in the case of the compressive strength, it
was observed that the higher the density, the greater the impact resistance. High impact
resistance, and high compressive strength would be necessary to avoid damage when
handling the briquettes.
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Table 1 summarizes the results of the physical and mechanical properties of the

briquettes made with pine sawdust according to its origin.

Table 1. Physical and Mechanical Properties of Pinus spp. Sawdust Briquettes

o Moisture Density Volumef[ric Compressive Impact
Sample Origin Content (kg/m?) Expansion Strength Resistance
(%) (%) (N/mm) Index (%)
1 4.65a 931.99 f 9.76 b 20.18 ¢ 133.33 e
2 Chihuahua 4.05a 889.03 c 23.68d 1455 b 67.00 b
3 5.90 b 845.12 a 25.69 e 493 a 61.33b
4 4.60 a 843.47 a 2147¢c 14.13 b 72.33b
5 4.80 a 846.64 a 3176 f 14.92 b 67.00 b
6 5.50 b 996.89 b 7.35b 32.93f 100.00 d
7 Michoacén 4.10a 873.00 b 30.29 f 5.14 a 67.00 b
8 5.80 b 822.27 a 23.86 d 14.62 b 46.67 a
9 455a | 1014.35h 13.56 h 32.73f 100.00 d
10 6.70 c 902.34c 20.83 ¢ 20.37 ¢ 166.67 f
11 6.50 c 974.75¢g 1798 ¢ 23.18d 200.00 f
12 Durango 6.45c 906.36 d 23.34d 40.79 g 89.00 c
13 4.60 a 920.37 e 30.75 f 24.71 e 89.00 c
14 6.90 d 906.43d 31.23f 12.80 b 100.00 d
15 6.05b 813.88 a 37.28¢ 10.66 b 67.00 b
16 6.75d 869.64 b 21.35¢c 18.95¢ 100.00 d
17 Oaxaca 6.85d 868.87 b 24.82d 14.48 b 66.67 b
18 7.20e 822.98 a 36.63 g 14.06 b 78.00 b
19 Nuevo | 7.10e | 91195 | 27.51f 20.25 ¢ 100.00 d

Different letters in column indicate significant statistical difference (p < 0.05).

Proximate Analysis and Energy Production

The ash content in the briquettes ranged from 0.1% (Sample 13) to 1.1% (Sample
15) with statistically significant differences (p = 0.0000) (Table 2, Fig. 6). These results
are in agreement with the typical range (0.1% to 1.0%) reported for the timber biomass of
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Pinus spp. by the UNE-EN 14961-1 (2011) standard, and they are also comparable with
recent studies on various pine species (Bernabé-Santiago et al. 2013; Correa-Méndez et al.
2014; Pintor-Ibarra et al. 2017; Rutiaga -Quifiones et al. 2020). It is known that the
concentration of inorganic substances in lignocellulosic biomass is an important factor for
a solid biofuel (Obernberger and Thek 2010), and that it determines the amount of waste
generated in the combustion process (Velazquez-Marti 2018). Due to the results obtained,
briquettes with an ash content lower than 0.50% can achieve international quality
(ONORM 7135 2000).

)
g";H”u’m”u .

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Briquettes Origin

Fig. 6. Graphs of means for ash of briquettes

The amount of volatile matter in the briquettes ranged from 82.9% (Sample 18) to
90.7% (Sample 7) with statistically significant differences (p = 0.0000) (Table 2, Fig. 6).
In general, these results coincide with the data previously reported for these biomass
samples (Rutiaga-Quifiones et al. 2020).
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Fig. 7. Graphs of means for volatile matter of briquettes

Values reported for fresh pine sawdust briquettes range from 78.5% to 79.8%, while
when using weathered pine sawdust, the values found varied from 77.8% to 81.0%
(Carrillo-Parra et al. 2018), these values are close to the lowest result found here. The range
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reported for biomass goes from 47.8% to 86.3% (Vassilev et al. 2010). The results are
relatively high, and a rapid combustion of the briquettes would be expected, as high values
of volatile matter produce rapid combustion of the material (Strehlow 1984), and when the
material presents low values of volatile matter, smoke and toxic gases are produced (Van
Loo and Koppejan 2008), so low environmental contamination would be expected when
submitting these briquettes to a combustion process, minimizing the impact on ecosystems
and even on human health (Querol 2008).

For the case of the fixed carbon content of the briquettes, the results presented
statistically significant differences (p = 0.0000) (Table 2, Fig. 6) with values from 8.9%
(Sample 7) to 16.4% (Sample 12). These results are generally close to the values previously
reported for these sawdust samples (Rutiaga-Quifiones et al. 2020), and are located within
the reported range (0.5% to 37.9%) for biomass (Vassilev et al. 2010). Carrillo-Parra et al.
(2018) report values of 10.9% to 14.1% in fresh pine sawdust briquettes and values of
11.0% to 12.6% in briquettes made with weathered pine sawdust.
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Fig. 8. Graphs of means for fixed carbon of briquettes
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Fig. 9. Graphs of means for higher heating value of briquettes

The calorific value of the briquettes varied from 20.5 MJ/kg (Sample 2) to 22.8
MJ/kg (Sample 12) with statistically significant differences (p = 0.0000) (Table 2, Fig. 6).
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These values determined here experimentally are higher than the results obtained for these
same sawdust samples, using mathematical models based on the ultimate analysis (18.8 to
19.5 MJ/kg), in the proximate analysis (18.8 to 20.7 MJ/kg), ash content (19.2 to 19.9
MJ/kg) (Rutiaga-Quifiones et al. 2020), and chemical composition (20.1 to 21.0 MJ/kg)
(Chéavez-Rosales et al. 2021). The present results were also higher than the typical values
for coniferous woods (18.5 to 19.8 MJ/kg) according to the UNE-EN 14961-1 (2011)
standard, and are a consequence of the raw material used, mainly the amount of lignin
20.5% to 25.8% (Chavez-Rosales et al. 2021).

Table 2 summarizes the results of the proximate analysis and energy properties of
the briquettes made with pine sawdust according to origin. The calculated energy density
ranged from 16.9 GJ/m® (Sample 15) to 21.1 GJ/m® (Sample 9). Lower values were
reported by Peng et al. (2015a), for white commercial wood pellet (12.0 GJ/m®), brown
commercial wood pellets (12.9 GJ/m®), and pine woodchips (11.8 GJ/m®). The energy
density strongly depends on the feedstock quality and the densification condition (Peng et
al. 2015b).

Table 2. Proximate Analysis and Energy Production of Pinus Spp. Sawdust
Briquettes

Volatile Fixed ngh_er Energy

Sample Origin Ash Matter Carbon Heating Density

(%) (%) (%) Value (GIIm?)

(MJ/kg)
1 0.26 b 88.75 ¢ 10.99 b 20.97b 19.5
2 Chihuahua 0.37b 89.10d 10.54 a 20.53 a 18.3
3 0.59d 87.05¢ 12.37 ¢ 20.65 a 17.5
4 0.52c 89.95d 9.53 a 20.59 a 17.4
5 0.26 b 85.50 b 14.24 e 20.64 a 17.5
6 0.21b 86.45 b 13.34d 20.89 b 20.8
7 Michoacén 041c 90.70d 8.89 a 20.78 a 18.1
8 0.27b 85.90 b 13.84d 20.66 d 17.0
9 0.26 b 87.85¢ 11.89¢c 20.83 a 21.1
10 0.21b 87.25¢ 1254 ¢ 21.73 e 19.6
11 0.53¢c 84.55 a 14.92 e 21.38d 20.8
12 Durango 0.48c 83.10 a 16.43 f 22.84 f 20.7
13 0.10a 87.75 ¢ 12.15¢ 21.05¢ 19.4
14 0.21b 85.20 b 1459 e 21.23¢ 19.2
15 1.07f 85.75 b 13.19d 20.79 a 16.9
16 0.27b 87.45¢c 12.29 ¢ 21.32¢c 18.5
17 Oaxaca 0.75e 87.35¢ 11.90 c 20.76 a 18.0
18 0.92e 82.95 a 16.14 f 2122 ¢ 17.5
19 uevo | o038b | 86.45b 13.18 d 21.25¢ 19.4
Different letters in column indicate significant statistical difference (p < 0.05).

CONCLUSIONS

1. Significant statistical differences (p <0.05) were found in the results of the physical and
energy evaluation of the briquettes that had been prepared using sawdust obtained from
difference sources in Mexico.
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2. The density of the briquettes was within the "acceptable™ classification (800 kg/m? to
1,200 kg/m?3).

3. The volumetric expansion was high, but the higher density was associated with a lower
volumetric expansion.

4. The compressive strength and the impact resistance index were relatively low. Higher
density increased these mechanical properties.

5. According to the ash content, the briquettes could achieve international quality.
6. Fixed carbon and calorific value results were acceptable.

7. In summary, the physical, mechanical, and energetic evaluation of the briquettes made
at the laboratory level, with Pinus spp. sawdust, indicates that this lignocellulosic
material is ideal for its densification at a possible industrial level, and its use represents
a great potential to address the problems associated with the accumulation of waste in
forestry industries whose storage represents environmental risks.
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