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Abstract: Particle size is a physical property that sometimes limits the quality of briquettes, so
it is recommended to use different sizes in mixtures for their manufacture. The objective of this
research was to evaluate the effect of different particle sizes of sawdust in mixtures on some physical,
mechanical, and energetic properties of briquettes made from Pinus durangensis sawdust, as well
as set the ranges within the appropriate values found to obtain desired values. Three particle
sizes were established (large, medium, and small), and 10 mixtures were prepared using different
percentages of each particle classification. The particle density, volumetric swelling, compressive
strength, impact resistance index (IRI), and gross calorific value of the briquettes were evaluated.
For the determination of optimal mixtures, the surface response methodology was used under a
three-factor simplex-lattice model. The particle density values were in the range 0.92 to 1.02 g cm 3
and the volumetric swelling was 0.96 to 3.9%. The highest resistance to compression was 37.01 N
mm~!, and the IRI was found in the range of 53 to 107%. The gross calorific values were from 19.35
to 21.63 MJ kg~ L. The selection of different particle sizes for the mixtures increases the quality of the
briquettes.

Keywords: bioenergy; biomass; briquettes; particle size; pine sawdust; surface response methodol-
ogy; contour graphics

1. Introduction

Sawdust and other by-products generated in forest industries are often considered a
problem in work areas and woodlands, since disposal can create wildfires during periods
of intense heat, generating dust in the air, and block areas in production facilities [1,2].
Regarding biomass availability, the genus Pinus in Mexico represents the most important
forest resource, reaching 5.0 million m3 year~! of rolled wood in the last decade [3]. Much
of the waste produced by the forest industry comes from the harvesting of coniferous
forests and pine species [1]. Villela-Sudrez et al. [4] estimated that around 31,000 Mg year’l
of forest residues from the genus Pinus are generated in the region of El Salto, Mexico;
this volume could generate energy of approximately 65.6 GW h year~!. For comparison,
Cruz-Contreras [5] and Najera-Luna et al. [6] calculated that 43.7 & 5% of residual biomass
in the state of Durango comes from a forest industry, of which 7.95% corresponded to
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sawdust from conifers. These aforementioned by-products may appear in the form of
sawdust, bark, or chips, and are considered biomass with ideal potential for thermal energy
production through briquette densification with applications in generators of steam, boilers,
and turbines [7].

Briquettes are solid biofuels made with or without additives from biomass densi-
fication, and with specific properties derived from the proportion of material /additive,
pressure, temperature, and time utilized in their manufacture as well as the typical physic-
ochemical properties of biomass [8]. The production of briquettes promotes the cleanliness
and care of the environment because they are made from waste, and expanded production
promotes local economic development, reducing energy dependence on fossil fuels [9].

The particle size of sawdust from which briquettes are manufactured significantly
affects their physical and mechanical properties as well as combustion characteristics [10].
Additionally, processing parameters such as moisture content of the sawdust, pressing
temperature, and compacting pressure are factors that have a significant impact on briquette
quality and strength. Generally, briquettes with lower moisture content are of lower
quality. However, it has been determined in some studies that excessively low moisture
content degrades the mechanical properties of briquettes [11]. According to Kers et al. [12]
briquettes manufactured at lower pressures (30 to 60 MPa) fall to pieces easily, but at
higher pressures (150 to 250 MPa), are consistent and compact. Additionally, increasing
the compaction temperature causes plasticizing of the particles and activation of natural
binders in the material, increasing the strength of the briquettes [13]. For this reason,
making briquettes with the right proportion of different particle sizes is important, because
briquettes obtained with irregular particle sizes and shapes suffer some disadvantages [14].
Consequently, it is recommended to use sawdust mixtures with different proportions of
particle sizes and evaluate their biomass characteristics in terms of physical, mechanical,
and energy properties to produce briquettes with consistent physical properties (size,
shape, and density) that facilitate the feeding of furnaces and boilers [15].

The response surface methodology (RSM) is one of the methodologies used to thor-
oughly assess the effect of particle size on other physical-mechanical and energetic prop-
erties of solid biofuels. This methodology consists of a set of mathematical and statistical
procedures that analyze the phenomena or experiments in which one or more variables
are influenced by others [16]. Thus, it is known as the response surface to the relationship
between variable response and factor levels in an experiment. The difference between RSM
and a factorial experimental design is that an experimental design aims to locate the “win-
ner” treatment among all those that have been tested. Instead, RSM aims to identify the
conditions that result in optimal values for one or more product quality characteristics [17].

Several works have evaluated the quality of briquettes made from pine sawdust using
this methodology, such as Nifio et al. [18], who studied the influence on the mechanical
properties of briquettes made from mixtures of rice husk and pine sawdust, considering
the temperature, compaction time, and proportion of rice husk in the mixtures. In addition,
Tumuluru et al. [19], in order to investigate the effects of process variables on density and
durability, used response surface models to evaluate the impact of the process conditions
on wheat, oat, barley, and canola straw briquettes and designed experiments at three levels
of compression pressure, die temperature, feedstock moisture content, and hammer mill
screen size. In other research, Krizan et al. [20] studied the interaction of compaction
pressure and pressing temperature on the density of briquettes made of pine and oak
with different particle sizes and moisture content. Lela et al. [21] studied the influence
of compaction pressure, material ratio, and drying temperature on the calorific power of
briquettes made of cardboard sawdust. To identify the best manufacturing process for
Pinus rigida briquette, Liu et al. [22] designed a multi-factor response surface experiment
that considered briquette density, temperature, moisture content, particle diameter, and
pressure.

Other works have also evaluated the different properties of briquettes made from
other types of biomass [9,13,23-26]. Thus, the objectives of this study were to determine
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the effect of different particle sizes of Pinus durangensis sawdust mixtures on several
physical, mechanical, and energetic properties of briquettes as well as establish the ranges
of appropriate values to obtain desired values.

2. Materials and Methods
2.1. Timber Collection, Conditioning, and Determination of Sawdust Granulometric Distribution

Commercial logs of Pinus durangensis were collected in the cutting area of the Pueblo
Nuevo forest community in the municipality of Pueblo Nuevo, Durango, Mexico. The logs
were then transported to the Aserradero y Fabrica de Cajas Quintana sawmill located at
Carretera Durango-Mazatlan km 98, El Salto Pueblo Nuevo, Durango, to produce lumber.
When the logs were processed, 40 kg of sawdust residues were obtained, and the moisture
content was reduced by up to 10% according to Ortiz [27]. The granulometric distribution
of the sawdust was evaluated according to the UNE-EN 17827-2 standard [28]. A total of
300 g of material was passed through an AS 200 Basic vibratory sieve shaker for 10 min,
and the retained fractions of particles in each sieve were collected and their percentages
determined. This procedure was done in triplicate. Particles sawdust percentages and
distribution are shown in Figure 1.
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Figure 1. Particle sawdust distribution and size classification.

2.2. Treatment, Preparation, and Conditioning of Briquettes

The particles were classified according to size as large (>1.68 mm), medium (0.59 to
1.68 mm), or small (<0.59 mm), as shown in Figure 2, and 10 mixtures were prepared using
different percentages of each particle classification (Table 1).

Large Medium Small

Figure 2. Size classes of Pinus durangensis sawdust particles used in mixtures.
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Table 1. Percentage of each sawdust particle size used in each treatment.

Sawdust Size

Treatment with Sample

Large (%) Medium (%) Small (%)
TO 12 71 17
T1 100 0 0
T2 0 100 0
T3 0 0 100
T4 33 33 33
T5 67 33 0
Té 67 0 33
T7 0 67 33
T8 0 33 67
T9 33 67 0
T10 33 0 67

Ten briquettes of each treatment were produced using 40 g of sawdust introduced into
a LIPPEL laboratory briquette producer and pressurized at 20 Mpa for 5 min and 80 °C.
Physical and chemical properties of the briquettes are presented in Table 2.

Table 2. Physical and chemical properties of briquettes from each treatment.

Physical Properties (Size) Proximate Analysis Values
Treatment Diameter Moisture Volatile Fixed
with Sample Weight (g) (mm) Length (mm) Content (%)  Material (%) Ash (%) Carbon (%)
TO 39.79 (0.08) 33.23 (0.08) 46.06 (0.34) 5.12 (0.01) 82.86 (0.01) 0.56 (0.02) 11.46 (0.01)
T1 39.5(0.21) 33.46 (0.11) 48.78 (0.50) 5.78 (0.04) 79.14 (0.40) 1.22 (0.15) 13.87 (0.28)
T2 40.17 (0.78) 33.37 (0.14) 46.48 (0.55) 6.56 (0.11) 81.57 (0.20) 0.73 (0.05) 11.14 (0.07)
T3 39.92 (0.06) 33.05 (0.05) 45.97 (0.36) 5.21 (0.06) 83.40 (0.13) 0.36 (0.02) 11.03 (0.20)
T4 39.67 (0.13) 33.15 (0.08) 46.52 (0.34) 5.69 (0.03) 81.91 (0.36) 0.91 (0.04) 11.48 (0.37)
T5 39.17 (0.09) 33.25 (0.09) 46.93 (0.46) 5.41 (0.07) 81.95 (0.22) 0.73 (0.04) 11.91 (0.27)
T6 39.29 (0.07) 33.23 (0.11) 46.18 (0.31) 6.27 (0.05) 82.97 (0.12) 0.47 (0.04) 10.29 (0.12)
T7 39.76 (0.15) 33.15 (0.05) 47.28 (0.31) 6.62 (0.02) 81.07 (0.04) 1.11 (0.07) 11.20 (0.02)
T8 39.76 (0.10) 33.13 (0.08) 47.21 (0.22) 5.81 (0.01) 83.05 (0.11) 0.55 (0.04) 10.60 (0.16)
T9 39.23 (0.10) 33.28 (0.10) 47.11 (0.42) 6.52 (0.03) 82.01 (0.03) 0.90 (0.03) 10.57 (0.02)
T10 39.33 (0.11) 33.25(0.11) 48.25 (0.41) 6.01 (0.13) 82.51 (0.16) 0.44 (0.01) 11.04 (0.26)

2.3. Determination of Briquette Quality

Particle density was calculated immediately after briquette production and 7 days
later, after reaching hygroscopic balance in a conditioning room at 20 °C and 60% relative
humidity. For the above, the briquettes were weighed and measured (diameter and length)
with a digital caliper; the particle density calculation consisted of dividing the total weight
of the briquette by its volume.

Using particle density data from the briquettes immediately after manufacture and
after conditioning, we calculated the volumetric swelling (%) of the briquettes with
Equation (1) [29]:

EXP = [(Voly — Voly)/ Vol;] x 100 1)

where EXP is the volumetric swelling of briquettes (%), Vol; is the volume of the briquette
immediately after manufacture (cm®), and Vol; is the volume of the briquette 7 days after
manufacture (cm?).

Compression resistance was obtained by applying a load perpendicular to the bri-
quette shaft with an Instron 300 DX universal machine following the procedure established
by Borowski and Hycnar [30] and the standard ASTM D 143-83 [31]. For this test, briquettes
remained in the conditioning room until the time of the test (7 days). Briquettes were
measured for length at 3 points, then placed horizontally on the bottom steel plate of the
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universal machine. A compression load was applied at a constant speed of 0.305 mm min~!,

and this compression force (maximum load point, N) was registered at the time of rupture
of the briquette. Five briquettes from each treatment were tested and the compression
resistance (N mm~!) was obtained with Equation (2):

C=(3XP)/(L1 +L2+L3) (2)

where C is the compression resistance (N mm_l), 3is a constant, F is the force at the fracture
point (N), and L1, Ly, and L3 are the respective lengths of the briquette measured at 3 points.
The impact resistance index (IRI) was calculated using the methodology described in
ASTM D440-86 [32], where each briquette is vertically oriented and dropped twice from a
height of 2 m. The number of pieces in which it fragmented was registered. Finally, the
impact resistance index was calculated as described by Richards [33] with Equation (3):

IRI = (100 x N)/n 3)

where IR] is the impact resistance index, N is the number of drops (2), and # is the number
of fragments after N drops.

Gross calorific value was measured using a LECO AE 600 calorimetric pump in
accordance with the procedure set out in UNE-EN 14918 [34]. This procedure consisted
of burning the sample under high oxygen pressure in a LECO AC 600 calorimetric pump.
The tests were performed in triplicate on anhydrous samples and the calculations were
performed automatically by the calorimeter.

2.4. Statistical Analysis

The normality of the data was established by the Kolmogorov-Smirnov, Lilliefors,
and Shapiro-Wilk tests. Analysis of variance was applied to determine differences among
treatments when data were normally distributed, and Kruskal-Wallis tests were applied for
non-normally distributed data. In cases where significant statistical differences (p < 0.05)
were found, Tukey and Kruskal-Wallis tests were applied. Statistical analyses of variables
were performed with R Studio®.

2.5. Determination of Optimal Mixes

The response surface methodology (RSM) was applied to set the percentage of each
type of particle that optimized the response variable values. The Statgraphics® software
was used to study the effects of the components (type of particle) of the mixture on the
response variables.

A three-factor simplex-lattice model was applied, where q = 3 (particle type) and
m = 3 (percentage of sawdust type), and the values that components can take are xi =0,
1/3,2/3, or 1. The mixtures of three components that are formed with these values are (xg,
X2, X3) = (11 0, 0)/ (0/ 1, 0)/ (0/ 0, 1)/ (2/3; 1/3, 0)/ (2/3, 0, 1/3)1 (0, 2/3, 1/3)/ (1/3/ 2/3, O)/
(1/3,0,2/3);(0,1/3,2/3); and (1/3,1/3,1/3). The graphical representation of this design
is shown in Figure 3. These graphics are a visualization of the three-dimensional shape of
the response surface, from contour lines, which serve as constant values of the response
variable relative to the levels of the factors represented by an equilateral triangle, where
the three vertices correspond to pure mixtures (formed by a single component), the three
sides or edges represent binary mixtures that have only two of the three components, and
the inner points of the triangle represent ternary mixtures in which the three ingredients
are different from zero [17].
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Figure 3. Simplex reticular design (3, 3) (Elaborated from Gutierrez and de la Vara [17]).

3. Results
3.1. Physical Properties

The particle density of the briquettes showed statistically significant differences
(p < 0.05) among treatments (Table 3). The Kruskal-Wallis test (p < 0.05) presented four
statistically homogeneous groups, with T3 (0:0:100) constituting the first; this was different
from all treatments and had the highest particle density (1.02 g cm~3). Values ranged from
09to1.0g/ cm? with TO (12:71:17), which showed no differences with T4 (33:33:33), but also
with neither T2 (0:100:0) nor T6 (67:0:33). T7 (0:67:33), T8 (0:33:67), T6 (67:0:33), T4 (33:33:33),
and T2 (0:100:0) were all in statistical group two. Group three included T9 (33:67:0) and T5
(67:33:00). The treatments with the lowest density and grouped into statistical group four
were T1 (100:0:0) (0.92 g/cm?) and T10 (33:0:67).

Table 3. Means and standard deviations of physical, mechanical, and energy properties of briquettes produced with

different percentages of sawdust particle sizes.

Particle Density Volumetric Swelling Compression Impact Resistance Gross Calorific Value
Treatment (g cm—3) (%) Resistance (N mm~2) Index (%) M] kg—1)
(Mixture)
Mean Std. Mean Std. Mean Std. Mean Std. Mean Std.

TO (12-71-17) 1.00  0.01 b* 1.86 0.78 b 29.06 1.63 be 76.67 2000 ab 19.93 0.26 c
T1 (100-0-0) 0.92 0.01 2.01 1.49 b 18.45 1.05 e 53.33 6.67 c 21.63 0.13 a
T2 (0-100-0) 099  0.02 c 3.75 1.17 a 26.13 361 bed 10000 51.64 a 20.11 0.04 be
T3 (0-0-100) 1.01 0.01 a 3.00 0.45 a 37.09 251 a 99.73 0.37 a 19.48 0.15 d
T4 (33-33-33) 099 001 be 1.63 0.99 bc  28.06 279  bed 9333 13.33 a 19.53 0.09 d
T5 (67-33-0) 0.96 0.01 e 0.96 0.61 c 24.53 2.89 bed  60.00 8.16 bc 20.51 0.32 abc
T6 (67-0-33) 0.98 0.01 cd 1.57 0.86 bc 29.24 1.88 be 76.67 2000 ab 1944 0.22 d
T7 (0-67-33) 097  0.01 d 3.95 1.21 a 23.35 131 cde 106.67 4899 a 19.82 0.04 c
T8 (0-33-67) 0.98 0.01 d 3.45 0.75 a 25.66 2.57 bed  86.67 16.33 a 19.35 0.18 d
T9 (33-67-0) 096  0.01 e 1.77 1.07 bc 2271 3.33 de 9333 56.37 a 20.99 0.13 ab
T10 (33-0-67) 0.94 0.01 f 2.99 1.18 a 23.48 1.06 cde  73.33 13.33 abc  19.54 0.10 d

* Different lowercase letters on a column indicate statistically significant differences among treatments based on the Tukey or Kruskal-Wallis

tests (p < 0.05).

Volumetric swelling of briquettes showed significant statistical differences (p < 0.05)
among treatments (Table 3). The Kruskal-Wallis test (p < 0.05) presented two statistically
homogeneous groups. The first group was formed by treatment T7 (0:67:33) (3.9%) with
the highest volumetric swelling, which registered no statistically significant differences
(p > 0.05) with T2 (0:100:0), T3 (0:0:100), T8 (0:33:67), or T10 (33:0:67). In contrast, treatment
T5 (67:33:0) showed the lowest volumetric swelling (1%), followed by T6 (67:0:33) and T4
(33:33:33), with 1.6%. These were all grouped into statistical group two because there were
no significant statistical differences (p > 0.05) among them.
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3.2. Mechanical Properties

Resistance to compression of briquettes showed statistically significant differences
among treatments (p < 0.05) (Table 3). T3 (0:0:100) registered the highest value (37.01 N
mm 1) and T1 (100:0:0) the lowest (18.5 N mm™!). On the other hand, T2 (0:100:0) had a
value close to T1 (100:0:0). Additionally, significant statistical differences (p < 0.05) were
observed with T3 (0:0:100) (statistical group one) compared to the rest of the treatments
(statistical group two), while T0 (12:71:17) showed no differences with T2 (0:0:100), T4
(33:33:33), T5 (67:33:0), or T8 (0:33:67).

The impact resistance index showed significant statistical differences (p < 0.05) among
treatments (Table 3). T7 (67:33:0) showed the highest value (107), while the lowest was
presented by T1 (100:0:0) (53). However, T7 (0:67:33), with the highest value, was different
from T1 (100:0:0), T5 (67:33:0), and T10 (33:0:67).

3.3. Energy Properties

Gross calorific value of briquettes presented significant statistical differences among
treatments (p < 0.05) (Table 3). The values ranged from 19 to 22 MJ kg’l, with the highest
value registered by T1 (100:0:0), with 100% large-particle briquettes. The first statistical
group was formed by T9 (33:67:0), T5 (67:33:0), T2 (0:0:100), TO (12-71-17), and T7 (0:67:33),
whereas the second statistical group comprised the rest of the treatments, which had higher
percentages of large and medium particles.

3.4. Determination of Optimal Mixes

The following figures show the experimental region for q = 3 components, where the
region is formed by the plane that satisfies the relationship X; + X, + X3 = 1. The response
surface and contour graphs for particle density of briquettes are shown in Figure 4. The
maximum density is reached when the particle size is small, at 100%. However, optimal
values for making briquettes with particle densities higher than 0.98 g cm 2 were also
reached when the percentage of large particles is in the range from 40-60%, medium
particles in the range from 10-40%, and small particles in the range from 10-50%.

Particle density (g cm™)
(@) (b)

0.89814 EEE 1.02303

;i X; = Small

s X;=Medium

g X3 = Large

7]

a

onl
@ Above surface
O Below surface ‘
B(1) A(0) c() 100 4 100
Medium Small

Figure 4. Response surface graph (a) and contour graph (b) of particle density from briquettes
produced with different percentages of sawdust particle sizes.

The response surface and contour graphs for the volumetric swelling of the briquettes
are shown in Figure 5. The lowest volumetric swelling is achieved using mixtures with
a percentage of large particles in a range from 60-70%, medium particles in a range from
30-50%, and fine particles between 0 and 10%.

The response surface and contour graphs for compression resistance of the briquettes
are shown in Figure 6. The maximum compression resistance of briquettes (34 N mm 1) is
reached when the percentage of small particles approaches 100% (Figure 6).



Appl. Sci. 2021, 11, 3805 8 of 14

Volumetric swelling (%)

La
(@ ®) g

/ﬂ/m\ﬁ\ 0634249 W 637005 @ Design poins

Swelling (%)

® Above surface
Below surface

8(1) A(0) cm 100 0 100
Medium Small

Figure 5. Response surface graph (a) and contour graph (b) of volumetric swelling from briquettes
produced with different percentages of sawdust particle sizes.

Compression resistance (N mm™)

Large
() , () vl

17.4395 W 41.5789
@ Design points
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X3=Large

Compression resistance (N)

@ Above surface

0
Below surface cm 100 100
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Figure 6. Response surface graph (a) and contour graph (b) of compression resistance from briquettes
produced at with different percentages of sawdust particle sizes.

The response surface and contour graphs for the impact resistance index of the bri-
quettes are shown in Figure 7. It is relevant that the maximum resistance index is obtained
in mixtures with percentages of large and small particles ranging from 0-5%, and medium
particles from 95-100%.

Impact resistance index

(a

~

(b) Large
100

50 s 200

2 ® Design points

3 X, =Small

£ X, =Medium

o X3 =Large

g

a

g

g

9

£

B(1) A@©) cm

@ Above surface 100 ! 100
O Below surface Medium Small

Figure 7. Response surface graph (a) and contour graph (b) of impact resistance index from briquettes
produced with different percentages of sawdust particle sizes.
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The response surface and contour graphs for gross calorific value of the briquettes are
shown in Figure 8. It is noted that the highest gross calorific value is reached when the
percentage of large particles approaches 100%. However, other mixtures allow reaching
values close to the maximum. In this case, the best mixture is found using the percentage
ranges of 30-35% for large particles, 65-70% for medium particles, and 0-5% for small
particles.

Gross calorific value (M] kg1)

Large
(a) (b) 100
19.1085 1. 21.7916 @ Design points

<

=3

f: X; = Small

G X, =Medium .

% X3=Large

@

8

¢

® Above surface
Below surface ‘ o=
B(1) A(0) c(1)
100 o 100
Medium Small

Figure 8. Response surface graph (a) and contour graph (b) of gross calorific value from briquettes
produced with different percentages of sawdust particle sizes.

4. Discussion
4.1. Particle Density

The particle density of briquettes of all mixtures ranged from 0.92 to 1.01 g cm~3,
meeting the standard EN 17225-3 [35] and earning classification as “acceptable” according
to Camps and Marcos [36]. However, these values were lower than the 1.08 to 1.2 g cm ™3
of pine briquettes reported by de Souza and do Vale [37]. They were also lower than
the 1.2 g cm 3 of briquettes produced with 10% moisture content and at a temperature
of 73 °C reported by Nurek et al. [26]. Briquettes made from 100% small particles (T3
(0:0:100)) were classified into class A1 (>1 g cm~3), and all the rest were placed in class
A2 (>0.9 g cm~3). The values of particle density were consistent with those mentioned
by Antwi-Boasiako and Acheampong [38], who reported that the pressure exerted on
compaction with hydraulic piston machines, such as used in this work, reached densities
lower than 1.00 g cm 3 because of limited pressure.

On the other hand, the highest density was achieved when 100% small particles (T3
(0:0:100)) were used, which is consistent with the findings of Saptoadi [39], Nurek et al. [13],
and Ndindeng et al. [40], who mentioned that the smaller the particle size, the lower the
porosity and consequently the greater the density. In the same line, except for T6 (67:0:33),
high percentages of small and medium particles, such as in mixtures TO (12:71:17) (control),
T2 (0:100:0), T4 (33:33:33), T8 (0:33:67), and T7 (0:67:33), produce briquettes with particle
densities higher than 0.97 g cm 3. According to Kers et al. [12], small particle size yields
better physical properties for briquettes, and Bello and Onilude [41] have stated that a
sufficient amount of small particles is necessary for embedding into the larger particles to
produce desirable characteristics for briquettes. The observed effect can be attributed to
the fact that the high pressure caused by external force causes an increase in the area of
contact between the particles, making the molecular forces high enough and increasing
the adhesion force between the particles [42]. A contrary effect was seen with a high
percentage of large particles, as in T1 (100:0:0), or large particles plus medium particles,
as in mixtures T5 (67:33:00), T9 (33:67:00), and T10 (33:0:67), where low particle density
values (<0.96 g cm %) were produced. As was shown by the response surface and contour
graphs (Figure 4), briquettes with a density higher than 1 g cm~3 are produced when
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small particles in the mix are 100%; however to obtain higher values than 0.98 g cm 3, the
optimal mixture is achieved when the percentage of large particles is in the range 40-60%,
medium particles are in the range 10-40%, and small particles are in the range 10-50%.

4.2. Volumetric Swelling

The volumetric swelling of briquettes from all mixtures was found to be below the
range of 15 to 20% recommended by Maradiaga et al. [29]. Despite the relatively high
humidity to which the briquettes were subjected in the conditioned room, briquettes with
lower percentages of volumetric swelling than reported by Ramirez-Ramirez et al. [43]
were found, and also maintained a firm consistency. Swelling values lower than 3% were
observed with high proportions of large particles mixed with any or smaller proportions
of medium and small particles, such as in the T10 (33:0:67), T1 (100:0:0), TO (12:71:17), T9
(33:67:0), T4 (33:33:0), T6 (67:0:33), and T5 (67:33:0) mixtures. This was similar to the result
reported by Mendoza-Martinez et al. [44] when large particles added to any mixture of
coffee-pine wood residues yielded a consistent decrease in volumetric swelling. Volumetric
swelling higher than 3% was observed in mixtures T3, (0:0:100), T8 (0:33:67), T2 (0:100:0),
and T7 (0:67:33) when the percentage of large particles was 0%. Similar behaviors were
reported by Saptoadi [39], who showed that briquettes with the least expansion were made
with smaller particles. According to the response surface and contour graphs (Figure 5),
the lowest volumetric swelling (>1%) was found when the percentage of small particle
sizes approached 0-10%, large particles were from 60 to 70% and medium particles were
from 30% to 50%.

4.3. Compression Resistance

Compression resistance values ranged from 18.45 to 37.85 N mm ™!, similar to the

range 17.09-41.85 N mm ™! reported by Mitchual et al. [24] when briquettes were produced
from mixtures of Ceiba pentandra sawdust and oil palm mesocarp fibers. On the other hand,
values were above those reported by Huko et al. [23] in briquettes made from mango seed
shells and cashew shells. This is probably because they used bigger particle sizes (3 to
11 mm), although, as the present research confirms, the smaller particle size, the higher
the compression resistance values. Plistil et al. [45] noted that improving the strength of
briquettes during pressing is based on the presumption that high density produced during
the pressing allows efficient compaction.

All treatments showed higher compression resistance values than treatment T1 (100%
large particles). The same relationship between large proportions of small particle fractions
and compression resistance was presented by Nurek et al. [13] when 100% of the particles
used were smaller than 1 mm. These authors also found high compaction values when
the two smallest fractions (f1 < 1 mm and {2 from 1 to 4 mm) were used in proportions of
75% to 25%, respectively. Mitchual et al. [46] reported a relationship between compression
values and the proportion of large particles different from that observed here, assuming
that compression resistance increased with larger particle sizes. They attributed this
to the production of briquettes at low temperature, such that the formation of a solid
bridge resulting from natural bonding of the chemical materials may be minimal or absent.
Therefore, the main factors that contributed to the bond formed during this densification
could have been the mechanical interlocking of biomass fibers and the adhesive force
between the particles.

Compression resistance is one of the most important properties in the evaluation of
the quality of briquettes, as it indicates the stacking capacity and impact caused by friction
during transport, which can cause abrasion and crumbling [47]. According to the response
surface and contour graphs (Figure 6), the highest compression resistance values (34 N
mm~!) were found when the percentage of small particle sizes approached 100%, and large
and small particles ranged from 0 to 5%. However, high resistance compression values
(>30 N mm ') also were found when the percentage of small particles ranged from 30 to
40%, medium particles 5 to 30%, and large particles 40 to 60%.
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4.4. Impact Resistance Index (IRI)

The IRI values of the briquettes higher than 100% were found in treatments T7 (0:67:33)
and T2 (0:100:0), where no large sawdust particles were used; values higher than 90% were
found in treatments T3 (0:0:100), T4 (33:33:33), and T9 (33:67:0). Values for the treatments T8
(0:33:67), T0(12:71:17) (control), and T6 (67:0:33) were higher than 76.5%, which, according
to Melin [48], is the minimum requirement established by the Wood Pellet Association of
Canada. The hardness results were based on briquettes produced by mechanical piston
presses and screw presses, and hard enough to be transported in trucks over considerable
distances without degrading [38].

The impact resistance of the briquettes showed an inverse relationship to the size
of the particles, as the briquettes with smaller particles have a larger surface area, which
increases shock absorption at the drop and improves bonding, similarly to the behavior
presented by Huko et al. [23] and Nurek et al. [13]. The main factors that contribute
to the formation of a stronger bond between particles during densification may be the
mechanical interlocking and the adhesive force between biomass particles. However, it
is often difficult to provide an acceptable result with this index because the ratio of test
results and reality has not been thoroughly studied [38]. According to the response surface
and contour graphs (Figure 7), the highest impact resistance values (>100%) were obtained
with mixtures containing percentages of medium particles approaching 100% and large
and small particles approaching 0%, while decreasing the percentages of medium particles
from 100 to 70% and increasing the percentages of both large (0-5%) and small (0-30%)
particles reduced the impact resistance values by up to 90%.

4.5. Gross Calorific Value

The calorific power values of all treatments were similar to those reported by Sette
et al. [47] for Eucalyptus wood (19.5 MJ kg~!) and higher than those reported by Dias-
Artigas et al. [9] (17.5 M] kgfl), but lower than those reported by Carrillo-Parra et al. [49]
(17.35-19,774 MJ kg ') from briquettes made with fresh and weathered pine sawdust.

The values of calorific power for all treatments were higher than 15.5 MJ kg ! estab-
lished in EN 17225-3 [35], and all briquettes were classified as class Al. The large particle
size was suited for the production of briquettes with high calorific power values, as was
shown in treatment T1 (100:0:0). Mixtures with large and medium particle size percentages,
such as T9 (33:67:0) and T5 (67:33:0), presented calorific power values higher than those
obtained with mixtures containing higher proportions of small particles, as in T3 (0:0:100),
T6 (67:0:33), and T8 (0:33:67). Zakari et al. [50] obtained similar results by studying the
effects of particle size and the addition of binder on calorific values in briquettes, showing
that small particles (1.75 mm and 2.00 mm) had the lowest calorific values, while the larger
size of 3.35 mm had high calorific values.

Similar calorific power values in briquettes made with palm kernel shell were reported
by Oke et al. [51]; when they increased the particle size, the calorific value increased. This
may be because there is more space and consequently more air between larger particles,
which makes the combustion process more efficient, producing higher calorific power.

According to the response surface and contour graphs (Figure 8), the highest gross
calorific values (>21 MJ Kg~!) are yielded when the percentage of large particle sizes is
from 95 to 100%, and medium and small particles are from 0 to 5%. The same gross calorific
values (>21 M]J Kg’l) are obtained when the percentage of large particles is from 30 to
35% and the percentages of medium and small particles are from 65 to 70% and 0 to 5%,
respectively.

5. Conclusions

Mixtures of Pinus durangensis sawdust residues with different particle sizes affected
particle density, volumetric swelling, compressive and impact resistance, and the calorific
value of the briquettes.
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The values of particle density and compressive strength increased with the addition of
small particle sizes to the mixtures, contrary to the IRI and volumetric swelling values, in
which no trend was observed. On the other hand, the gross calorific values were acceptable
for classification as quality biofuels. Employing the response surface methodology, the
optimal ratios for large, medium, and small particle sizes used in briquette mixtures were
found to be 0:0:100 for particle density, 65:35:0 for volumetric swelling, 0:0:100 for impact
resistance, 0:100:0 for compression resistance, and 100:0:0 for gross calorific value.

Although the control treatment had acceptable values and its use is recommended
for the manufacture of briquettes, it is important to mention that the particle size will be
affected by different types of sawmill equipment and by the characteristics of the biomass.
Therefore, investigations using different types of residual biomass obtained from different
sawmill machinery are recommended.
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