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Abstract: In this study, the physical properties of briquettes produced from two different biomass
feedstocks (sawdust and date palm trunk) and different plastic wastes, without using any external
binding agent, were investigated. The biomass feedstocks were blended with different ratios of two
waste from electrical and electronic equipment (WEEE) plastics (halogen-free wire and printed circuit
boards (PCBs)) and automotive shredder residues (ASR). The briquettes production is studied at
different waste proportions (10–30%), pressures (22–67 MPa) and temperatures (room–130 ◦C).
Physical properties as density and durability rating were measured, usually increasing with
temperature. Palm trunk gave better results than sawdust in most cases, due to its moisture content
and the extremely fine particles that are easily obtained.

Keywords: waste from electrical and electronic equipment (WEEE); automotive shredder residues
(ASR); briquette; physical properties; biomass blend

1. Introduction

The industrial revolution was the starting point for the gradual energy demand increase
throughout the world for transport, industrial and domestic activities. The ever-growing development
of these activities has resulted in many environmental problems. Climate change is one of the most
significant phenomena related with the increasing energy demand [1,2]. The use of biomass as an
energy source instead of fossil fuels is one of the alternatives to mitigate the global warming as it is a
carbon neutral fuel [3].

Biomass is produced in many different sources such as sustainable forest harvesting and residue,
agricultural residues like wheat straw and energy crops, and animal, municipal and industrial waste [4].
Two interesting biomass feedstocks from different sources are sawdust and date palm trunk. Sawdust
is the main residue produced during sawing processes in the furniture industry, whereas date palm
trunk is a typical residue from sustainable forest harvesting. Currently, these two residues do not
have much use due to their low burning efficiency and they are usually disposed of by burning in
open fires, which contributes to air pollution and greenhouse gases [5] or in landfills, which causes
environmental pollution.

One alternative to these practices could be to compact these materials into products with higher
density such as briquettes, thus converting them into high-quality biofuel products. Briquetting
biomass is a densification process which is able to produce a compact material with higher energy per
unit volume [6,7]. Additionally, the densification improves the handling and reduces the transportation
costs, producing a uniform, clean and stable fuel [8,9]. The use of briquettes as fuel in power plants to
obtain heat or electricity reduces particle emissions per unit of material combusted and allows uniform
feeding of industrial equipment [10].
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Fuels containing only high-quality biomass such as stemwood are generally considered to have
low environmental impact but they can be very expensive. Moreover, high-quality wood conversion
into bio-based chemicals and advanced materials such as fibers or nano-materials is considered by the
forestry and bioenergy sector to be a better use of this biomass than energy production [11–13].

Another problem associated to the development of our society is the high increase in the
production of wastes. Two of the wastes that present a larger increase are waste from electrical
and electronic equipment (WEEE), and the residues from vehicles, due to more frequent car changes
in people lives, which involves an increase of the electrical and electronic wastes and the end-of-life
vehicles (ELV) generated annually.

The use of low quality and cheap materials such as ELV or WEEE in a fuel blendstock can reduce
its price considerably, while also being a way for waste disposal. That is the reason why waste
materials are becoming attractive resources for use in fuel production. However, modelling attempts
have suggested that the use of these materials may reduce the combustion efficiency and lead to an
increase in the toxic air pollutants, which should be still investigated.

The WEEE Directive [14] promotes the reuse, recycling, and recovery, in this order, of these wastes,
collecting of electrical and electronic wastes as a separate waste stream. Among these wastes, electric
wires and printed circuit boards are considered as a source of useful metals (copper, aluminum, iron,
gold, silver and palladium), and plastics. The high price of the metals present in these products has
encouraged the development of recycling technologies to recover them, being mechanical/physical
separations of WEEE the more prevalent technique due to its ease of operation [15] and the resulting low
environmental pollution. After removing the metals, the waste obtained is composed of a mixture of up
to fifteen different polymers including acrylonitrile-butadiene-styrene (ABS), high-impact polystyrene
(HIPS), polypropylene (PP), polystyrene (PS), styrene-acrylonitrile (SAN), polyesters, polyurethane
(PU), polyamide (PA), blends of polycarbonate (PC)/ABS and blends of HIPS/poly(p-phenylene
oxide) (PPO) [16]. Unfortunately, currently landfilling is the main method of treating WEEE plastic.
This cannot be considered a harmless method due to the subsequent leakage of toxic compounds into
soil, polluting the groundwater [17]. Considering the high heating value of these materials, which is in
the range of 18–46 MJ/kg [18–20], energy recovery is an attractive option for this plastic fraction [21].

The EU-28 generated 6.45 million tons of end-of-life vehicles (ELVs) in 2013, being 85.3% of this
waste recycled or reused [22]. ELVs are treated in authorized treatment facilities, where they undergo
three processes: depollution, dismantling and shredding [23]. The residual fraction of ELVs, named
automotive shredder residue (ASR), which represents 20–25% of ELV mass, is a heterogeneous material
composed by a complex mixture of plastics (19–35%), rubber (20%), textiles (10–40%), wood (2–5%),
metals (8%), oils (5%) and other unidentifiable materials (10%) [24]. ASR used to be mostly sent to
landfill [25], however in order to achieve the limits proposed in the European ELV Directive [26],
energy recovery might be a suitable option for ASR due to its high calorific value [27].

On the other hand, bearing in mind the properties of WEEE plastic fraction and ASR,
and the fast-growing energy demand, the addition of these wastes to biomass briquettes is also
an interesting option. Although the briquetting process is a technology mainly employed to compact
biomass [7,8,10,28–30], briquettes made of refuse-derived fuel (RDF) [31], textiles [32] or mixtures of
plastic wastes [33,34] have been also produced. The combination of biomass and high heating value
wastes offers two important benefits: on the one hand, the maximization of the use of the energy
sources and, on the other, a potential solution for plastic waste disposal [6,35–37]. Avelar et al. [32]
studied the formation of briquettes by mixing biosludge and cotton textile industry residues, finding
that the best mixing proportion of the two residues for obtaining good and stable briquettes was
25% sludge. In the literature, economic studies of the production of briquettes comparing straw and
sawdust can also be found [38].

In the present work, two different biomass feedstocks (sawdust and date palm trunk), two WEEE
plastics (halogen-free wire and print circuit board (PCB)) and ASR have been employed to make
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briquettes by varying the waste proportion, pressure and temperature of the process. Additionally,
the durability and density of the briquettes obtained has been evaluated.

2. Materials and Methods

In the present study, the sawdust was obtained after grinding commercial pellets supplied by
Estasa as it is indicated in previous research [39]. The date palm trunk was obtained from a local date
palm orchard located in Alicante (Spain).

The halogen-free wire was composed of two parts: the cover (or jacket) made of mixture of
polyethylene, a thermoplastic elastomer and aluminum trihydroxide (PE-TPE-ATH), and the insulation,
where the material employed is a silicone rubber [40]. The supplier of this material was General Cable,
Co. (Highland Heights, KE, USA). The FR-4 printed circuit board, from CISA Circuitos Impresos S.A.
(Madrid, Spain), is a fiber-glass-based epoxy resin PCB [39]. Finally, the ASR was collected from a
CEMEX group cement factory located in Alicante (Spain) and has a heterogeneous appearance due
to its diverse components. Prior to the characterization, ASR was crushed with a laboratory blender
using immersion in liquid-nitrogen in order to homogenize it. The ultimate and elemental analysis
can be found in previous work [41,42]. All the materials employed in the present research (Figure 1)
were crushed at 2 mm sieve in a SM 200 cutting mill (Retsch, Haan, Germany) maintaining the same
conditions for the milling process without considering the nature of the material. Therefore, the sizes
of the two biomass feedstocks were not the the same, and they had different average sizes, as will be
discussed later.

Figure 1. Crushed materials used in this study.

Characterization of the sawdust, wire plastics and PCBs can be found in previous studies [39]
and the ASR data were also previously published [42], whereas the palm trunk material has not been
studied until now. Ultimate analysis of this biomass was carried out in a Flash 1112 Series elemental
microanalyzer (Thermo Finnigan, Waltham, MA, USA) and the moisture content was determined
with the weight loss after 12 h at 105 ◦C. The ash content was calculated from the inorganic matter
that remains after combustion under controlled conditions at 550 ◦C according to CEN-TS 14775:
2009 (AENOR, Madrid, Spain). For the determination of the net calorific value (NCV) an AC-350
calorimetric bomb (LECO Instruments, Saint Joseph, MI, USA) was employed.

Table 1 summarizes the data from the characterization of the different materials used in this
study. The large ash fraction of PCB should result from the fiber glass used in the manufacture of
FR4-based circuit boards. The plastics (cover and insulation) from the wire also present a high ash
content, related also to the nature of the polymers and fillers used in their manufacture; the cover
plastic is a thermoplastic polyolefin (PE-TPE-ATH) and that of insulation is a silicone rubber [39].
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Table 1. Results of ultimate analysis, moisture, ash content and net calorific value (NCV) of the
material used.

Title Sawdust Palm
Trunk PCB Cover

(Wire)
Insulation

(Wire) ASR

Moisture/mass% 6.46 10.17 n.d. n.d. n.d. 2.00

Ash/mass% 1.13 4.48 56.67 44.07 78.48 5.45

Elemental
analysis
(mass%)

C 51.56 40.93 25.61 29.81 15.29 56.61
H 6.53 5.17 2.22 7.13 3.74 7.22
N n.d. 0.56 0.91 n.d. n.d. 3.73
S n.d. n.d. n.d. n.d. n.d. 0.01

O and ash (by difference) 41.92 53.33 71.26 63.06 80.97 32.42
NCV/MJ kg−1 18.90 21.00 11.08 13.15 10.40 18.75

2.1. Sample Preparation

In order to study the effect of waste content on the compaction of the briquettes, different mixtures
were made employing between 70% and 90% by weight of sawdust or palm trunk and the rest of
the three wastes used. A total of sixteen different mixtures with a total mass of around 100 g were
prepared. The compositions of the different samples made are listed in Table 2, where S refers to
sawdust, PT to palm trunk and W is for halogen-free wire. As is can be seen, for the mixture of PT and
PCB only the weight ratio 70:30 was analyzed as it was not considered necessary the study of the other
mixtures (see discussion later). Table 2 also shows the values of the net calorific value of the briquettes
formed, in MJ kg−1, which will be later compared to usual fuels. Despite the fact that moisture has an
important effect in the densification and durability of the final briquettes [43,44], this parameter has
not been modified in order to not increase the briquetting process costs, so the moisture values of the
used materials are those shown in Table 1.

Table 2. Composition of the different mixtures employed in the compacting study. Measured NCV
(MJ kg−1) for the different briquettes conformed.

Mixture % Biomass % Waste NCV (MJ kg−1)

S90-W10 90% Sawdust 10% Wire 18.2
S80-W20 80% Sawdust 20% Wire 17.5
S70-W30 70% Sawdust 30% Wire 16.8

S90-ASR10 90% Sawdust 10% ASR 189
S80-ASR20 80% Sawdust 20% ASR 18.9
S70-ASR30 70% Sawdust 30% ASR 18.9
S90-PCB10 90% Sawdust 10% PCB 18.1
S80-PCB20 80% Sawdust 20% PCB 18.9
S70-PCB30 70% Sawdust 30% PCB 16.6
PT90-W10 90% Palm trunk 10% Wire 20.1
PT80-W20 80% Palm trunk 20% Wire 19.2
PT70-W30 70% Palm trunk 30% Wire 18.2

PT90-ASR10 90% Palm trunk 10% ASR 20.8
PT80-ASR20 80% Palm trunk 20% ASR 20.6
PT70-ASR30 70% Palm trunk 30% ASR 20.3
PT70-PCB30 70% Palm trunk 30% PCB 18.0

2.2. Briquetting Process

The briquetting process was performed by using a laboratory−scale briquette machine consisting
of a 50 mm diameter cylinder, a mobile base and mobile piston which is introduced at the top of
the cylinder. A hydraulic system pushes the piston towards the base of the cylinder to compact the
material with the desired pressure. The thickness of the briquettes obtained obviously depends on the
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amount of material used in the test, but is usually between 40 and 60 mm. The briquetting system is
located inside of an electrical furnace with temperature control which allows one to work at different
temperatures. The sample temperature is continuously controlled by two thermocouples that go
through of the cylinder and are in direct contact with the material.

The procedure followed to perform the briquettes is slightly different depending on the temperature
selected. For experiments with a temperature higher than the room-temperature, the system should
initially be heated at the desired temperature with the mobile piston inside of the cylinder. After
preheating during 5 min. the piston is removed from the cylinder and the material is fed manually at
the top of cylinder. Then, the piston is again introduced in the cylinder to compact the material, where
it is maintained during 5 min. for preheating. Afterwards, the pressure is increased progressively to
achieve the desired value which was maintained for 2 s. Finally, the mobile base is removed and the
briquette is pushed by the piston up to going out from the cylinder. When the briquettes are produced
at room-temperature, the procedure is similar without the preheating steps. Initially, the compaction of
all samples shown in Table 2 was performed at room-temperature employing three different pressures:
22, 44 and 67 MPa, and only the mixtures which could not compact were also studied at 120 ◦C and
130 ◦C as compacting temperatures.

2.3. Physical Properties of the Briquettes

The density and durability of the briquettes were analyzed in order to evaluate their quality. Since
the briquettes obtained presented a cylindrical form, the density determination was made following a
stereometric method as described by Rabier et al. [45]. The briquette dimensions, diameter and height,
were measured using a caliper with a precision to 0.01 mm, whereas the weight was measured with a
precise mechanical balance (±0.01 g).

The durability of the briquettes has been evaluated analyzing the abrasion resistance by adapting
the EN 15210–2:2010 standard method [46] for the determination of mechanical durability of solid
biofuels. In this sense, each briquette was placed individually in a porcelain jar in each test and the jar
was rotated at 50 rpm for 5 min. The weights of the briquettes before and after the abrasion test were
measured and the weight loss was considered as an index of the fragility [31].

No combustion experiments were carried out on the manufactured briquettes, so parameters such
as heat produced and/or the ash content of the different materials were not determined; note that ash
might be a hindrance to subsequent usage of the briquettes produced if the chlorine or metal content is
high. Also, a study on the formation of pollutants using these briquettes would be interesting, as the
emissions could be influenced using these briquettes.

A measure of the NCV of the briquettes formed can be seen in Table 2. The NCV is not very much
changed by the presence of the wastes as they have similar values of NCV as the biomass feedstocks
tested (Table 1). In this sense, the NCV of the briquettes are in the range 16.6–20.8 kJ kg−1, depending
on the proportion of the wastes. NCV of subbituminous coal is reported to be ca. 13.4 kJ kg−1, and that
of anthracite is ca. 23 kJ kg−1. Other biomass feedstocks present higher values of NCV, as is the case of
coffee grounds (27 kJ kg−1), but also lower values of NCV can be found, for instance pruning firewood
(12 kJ kg−1) or cereals peels (12.8 kJ kg−1).

3. Results

In this section, results of density and durability of the briquettes produced from the two different
biomass feedstocks are presented and discussed.

3.1. Compaction of Palm Trunk and Wastes

The process of date palm trunk briquetting with the three different wastes was performed at
room-temperature and with 22, 44 and 67 MPa compacting pressures. Figure 2 shows the density of
the briquettes obtained for the samples indicated in Table 2.
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At room-temperature, the waste containing briquettes with date palm trunk as main component
showed very good compacting behavior. One could obtain acceptable briquettes, with densities higher
than 580 kg/m3, using the three different pressures selected for the study.

As it was expected, in all samples the increase of the pressure involved a higher density of the
final briquettes. Analyzing separately each waste, the increase of wire plastics waste content does
not seem to have an important influence on the final briquette quality, as the densities of the three
mixtures of this waste are in the same range. The sample with 30% of wire plastics presented the
highest density variation with the pressure, increasing 36% the value from 22 to 67 MPa. At 22 MPa
and 44 MPa, the best mixture is that composed by 80% of date palm trunk and 20% of wire, whereas at
67 MPa, the mixture with the lowest waste content compacts better than the rest.

Figure 2. Density of the briquettes obtained from different mixtures of date palm trunk with wire,
automotive shredder residues (ASR) and print circuit board (PCB) wastes at various pressures
(room-temperature).

The effect of the ASR content in the quality of final briquettes is more important than in the case
of wire plastics. A density decrease around 16%, 25% and 26% has been obtained at 22, 44 and 67 MPa,
respectively, when the ASR content in the sample was increased from 10% to 30%. In this way, for all
pressures employed, the best briquettes are those produced with only 10% of ASR.

Finally, PCB showed an extraordinary compacting behavior considering that briquettes with
30% of this waste produced presented at 22 and 44 MPa pressure the highest densities of all samples
analyzed. Meanwhile, the briquette obtained at 67 MPa is slightly less dense than that corresponding
to the PT90-ASR10 mixture.

In conclusion, to maximize the waste content in the briquettes, a high percentage, up to 30% of
waste can be easily compacted if the waste used is wire plastics or PCB, producing a dense product
whereas in the case of ASR this percentage should not be over 10%.

As has been indicated previously, all briquettes obtained from the palm trunk at room-temperature
presented really good properties, which was confirmed with the abrasion tests. The corresponding
data is shown in Figure 3, where the durability is presented.

The durability was calculated as the ratio between the briquette mass after and before the test.
A durability of 99% means that only 1% of the briquette mass was lost during the abrasion test.
All briquettes obtained with the date palm trunk presented abrasion resistances higher than 97% being
that obtained with 30% of ASR at 22 MPa the most fragile briquette.
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Figure 3. Durability of the briquettes obtained from the date palm trunk biomass (at room-temperature).

3.2. Compaction of Sawdust and Wastes

In general, sawdust presented a worse compacting behavior than date palm trunk, as only eight
briquettes were obtained working at room-temperature, as it can be seen in Figure 4A. In this sense,
a pressure of 22 MPa was not enough to produce briquettes from sawdust and wastes. In the same
way, the mixtures of sawdust and ASR did not compact not only at 22 MPa but also at 44 and 67 MPa,
as in the case of the sample S70-W30 (30% of wire plastics). For the rest of the briquettes, a density
decrease was observed when increasing the waste content, so that at 44 MPa neither the S80-W20
nor the S70-PCB30 samples compacted. The briquettes with 10% and 20% of wire plastics and PCB
produced at 67 MPa presented similar density values.

From these results, it can be said that a maximum content of 20% of wire plastics and PCB can
be employed to produce briquettes with sawdust at room-temperature, but a compacting pressure
of 67 MPa is needed. Since the results from the briquetting process of sawdust with wastes at
room-temperature and mainly at low pressures were not satisfactory, it was considered to perform this
study at higher temperature such as 120 ◦C and 130 ◦C.

Rather than making briquettes from all mixtures analyzed at room-temperature, only the samples
that presented compacting problems were subjected to higher temperature briquetting process. In this
way, mixtures with a high waste content have been studied.

First of all, it is important to clarify that the sample S70-PCB30 could not be studied, because at
120–130 ◦C PCB decomposes, as reported by Conesa and Soler [39], and the high pressure could favors
the degradation of this material during the briquetting process.

The results of these new tests at high temperature are shown in Figure 4B where the mixtures
with ASR generates briquettes less compact than mixtures with wire plastics, as in the case of the
date palm trunk. At both temperatures and in both samples, the increase of pressure produces an
increase in the final briquette densities; however, this increase is less pronounced than that observed
at room-temperature.
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Figure 4. Densities of the briquettes obtained from the sawdust samples at (A) room-temperature and
(B) at 120 and 130 ◦C.

Comparing the briquettes of the mixture S70-W30 with that obtained at room-temperature from
the sample S90-W10 at 67 MPa, it can be seen that despite working at less pressure and with more
waste content, the briquettes produced at 120 ◦C and 130 ◦C present densities around 1.2–1.4 times
higher. This phenomena can be explained bearing in mind that the sawdust contains around 25–35%
of lignin [47] that can act as binder [7], the higher the adhesive capacity being achieved at higher
temperatures, as postulated by Faizal et al. [6]. The effect of the temperature is slightly different in
both samples, and whereas for S70-W30 there is no significant difference in the density determined for
either 22 MPa or 44 MPa compaction, in the case of the mixture S70-ASR30 the selection of the lowest
temperature involves a density reduction of 7% both at 22 MPa and 44 MPa. Despite the differences
mentioned, really similar briquettes have been obtained with both sample mixtures, so to decide
the best operating conditions it is necessary to analyze the durability of all briquettes obtained with
sawdust. The results of the durability tests are presented in Figure 5A,B.

Figure 5. Durability of the briquettes perfumed with sawdust and wire, ASR and PCB at
(A) room-temperature and (B) at 120 ◦C and 130 ◦C.

The briquettes corresponding to the mixtures S90-PCB10 and S80-PCB20 at 44 MPa were destroyed
during the abrasion resistance test (Figure 5A), despite the high density that both presented (Figure 4A).
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This means that pressure is not enough to make acceptable briquettes at room-temperature, as is
confirmed observing the low durability of the briquette produced at this pressure from the sample
S90-W10. The briquettes obtained at 67 MPa were more resistant; however, this durability decreased
considerably with the increase of the waste content in the way that only the briquettes with the lowest
proportion of wire and PCB presented an acceptable durability, but lower than those produced with
date palm trunk.

For the sample S70-W30 (Figure 5B), it is confirmed that the briquettes produced at both
temperatures and both pressures were similar, so considering the briquetting process costs the best
conditions are 120 ◦C and 22 MPa. Similar conclusion is reached from the analysis of the mixture
S70-ASR30, since the material produced at 120 ◦C and 22 MPa presented a very acceptable value of
resistance, close to 99%.

3.3. Comparison of Biomass Feedstocks

After analyzing the results, it should be noted the big difference in the compacting behavior
of date palm trunk and sawdust at room-temperature. One of the possible reasons for that is the
differences in the particle size. For that purpose, a Coulter LS-230 laser light−scattering apparatus
(Beckmann Coulter, Miami, FL, USA) was used. The average particle size determined was 0.1466 mm
for date palm trunk and of 2 mm for sawdust. These results confirmed that small particle sizes favor the
densification of the material as this type of particles have greater surface area during the compaction,
as already said in different studies [48,49]. Other reason, as mentioned, is the different lignin content
of these two biomass feedstocks.

Base samples (i.e., with no wastes) were not produced in the present study, but in a previous paper
the formation of briquettes from sawdust and furniture wastes was studied [50], where a compaction
pressure of 88 MPa was used. Durability of the briquettes with no wastes was 99%, whereas the density
reached a value of 835 kg/m3, that is similar to those found in the present study.

4. Conclusions

Two different biomass feedstocks (sawdust and date palm trunk) have been blended with different
ratios of two WEEE plastics (halogen-free wire and PCBs) and ASR.

A very good density and durability was obtained in almost all cases by using palm trunks and
room-temperature, with percentages of wastes ranging from 10% to 30%. ASR was the residue that
presented a greater difficulty to form briquettes and it was more difficult and energetically costly to
form them. For the formation of briquettes using sawdust, a higher temperature and/or pressure is
generally needed. Happily, the quality of the briquettes obtained with sawdust is also very acceptable.

Date palm trunk based briquettes are more stable and easier to form, requiring less pressure and
temperature. In this way, it will be possible to contribute to the management of the waste considered,
due to high quality briquettes obtained at room-temperature and at low pressure. All briquettes
obtained with the date palm trunk presented abrasion resistances higher than 97% being that obtained
with 30% of ASR at 22 MPa the most fragile briquette. In general, briquettes produced at 120 and
130 ◦C present densities around 1.2–1.4 times higher than those obtained at room-temperature, but it is
not possible to use PCBs waste at these temperature because it begins to decompose.
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