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Abstract

Solid wastes from furniture industries require proper disposal and may have potential to be used as input in other production chains. The aim of the
current study is to assess the use of medium density fiberboard (MDF) to produce bio-oil and carbon black with low emission of toxic elements. A full
factorial design was used to assess 27 bio-oil preparation procedures based on the acid digestion of MDF shavings. The influence of three
concentrated acid types (HNO;, H,SO; and HCI) at three different temperatures (25, 75 and 150°C) and digestion times (30, 60 and 90min) was
assessed. The contents of Al, Ba, Cd, Cr, Cu, Ni and Pb samples were determined through ICP OES. The Al and Ba contents oscillated between 442.2
+235.9 mg kg and 17.9 + 8.6 mg kg, respectively. The Cd, Cr, Ni and Pb contents were below the detection limit set by the technique. The tests
showed that the studied material has the potential to be used as bio-oil and carbon black with low emission of metallic elements; thus, it was
considered a potential alternative source of biomass-generated energy and, in parallel, it provides the furniture sector with an additional waste
management option.

Keywords: Biomass. MDF. Solid Waste.

Resumo

Os residuos solidos oriundos das indistrias moveleiras demandam correta destinagcdo e podem apresentar potencial para ser empregado como
insumo em outras cadeias produtivas. O presente estudo tem por objetivo avaliar o emprego do residuo de Fibra de Média Densidade (MDF), para
produgdo de bio-dleo e negro de fumo com baixa emissdo de elementos toxicos. Empregou-se um planejamento fatorial completo para avaliar 27
procedimentos de preparo do bio-dleo através da digestdao acida da maravalha de MDF. Foram avaliados a influéncia de trés tipos de dcidos
concentrados (HNO;3, H.SO,, HCI), em trés temperaturas distintas (25, 75 e 150°C), em trés tempos de digestdo (30, 60 e 90min). Determinou-se os
teores de Al, Ba, Cd, Cr, Cu, Ni e Pb das amostras por ICP-OES. Os teores de Al e Ba oscilaram em 442,2 + 235,9 mg kg'1 e 17,9 £ 8,6 mg kg'l,
respectivamente. Os teores de Cd, Cr, Ni e Pb ficaram abaixo do limite de detec¢do da técnica. A partir dos ensaios verificou-se que o material
estudado apresentou potencial para ser empregado como bio-6leo e negro de fumo, sendo considerado uma potencial fonte alternativa de energia
por biomassa e, paralelamente, permitir ao setor moveleiro mais uma possibilidade de gestdo dos residuos.

Palavras-chave: Biomassa. MDF. Residuos Solidos.
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1 Introduction

The concern with environmental pollution issue has considerably increased, mainly due to the so-called

“ecological crisis”. Society’s capacity to harm the environment has increased due to population growth and to constant
technological development. On the other hand, there is the hope and belief that science and technology can make
relevant contributions to a sustainable development (MOHAN et. al, 2006; MOTA, 2014; BERWANGER et al., 2015; PATEL;
KUMAR, 2016; DHANAVATH et al., 2017).

The search for alternative chemical products and energy generation means grows every year due to concern
with the possible depletion of fossil reserves, as well as to environmental concerns (TORRI, 2013). Renewable energy
sources such as biomass play a key role in the energy, environmental and socio-economic scenario (DHANAVATH et al.,
2017). Furthermore, the waste produced by furniture industries is often discarded in the environment or used as fuel in
boilers and the like. Accordingly, 10 to 15% of the reconstituted wood panels become waste in the form of wood
shavings or cutouts. The so-called particle board and medium density fiber (MDF), which are largely generated in this
type of enterprise, stand out among the main residue groups (ABREU et al., 2009; FERREIRA, 2013; DHANAVATH et al.,
2017).

According to Vaz Junior (2011), chemical products made out of co-products and residues have the greatest
potential to add value to biomass production chains due to the strategic participation of the chemical industry in the
input and product supply to several economy sectors such as the petrochemical, pharmaceutical and the construction
sectors, among others (VAZ JUNIOR, 2011; BERWANGER et al., 2015; DHANAVATH et al., 2017).

Thus, the present study is justified by the concern with developing and implementing methods able to assure
sustainability in one of the stages comprising the furniture production chain (MOHAN et. al, 2006). Moreover, the present
research assesses a procedure for the treatment of industrial solid MDF wastes and, concurrently, seeks to add value by
converting waste into constituents of industrial interest. The aim of the current study was to assess the acid digestion
process used in the degradation of synthetic resins, paraffin and additives found in MDF waste in order to produce bio-

oil and carbon black.

2 Theoretical background

The current section presents some important subjects concerning the study, as well as the main concepts and

points for the development of the herein presented research.
Biomass

The use of biomass as the main global energy source diminished as fossil fuels emerged. Nowadays, this
scenario is changing, since biomass is one of the energy-production sources showing the greatest growth potential every
year (TORR], 2013; ZHANG et al., 2013; PATEL; KUMAR, 2016).

Biomass is defined as any material essentially composed of carbon, hydrogen and oxygen able to be converted
into energy (KLASS, 1988; HUBER et al., 2006). Biomass can be found in woody and non-woody plants, such as timber
and its wastes, as well as in organic wastes such as agricultural, urban and industrial residues. In addition, biomass is
also found in biofluids such as vegetable oils (e.g., castor beans and soybean) (CORTEZ et al., 2008; PATEL; KUMAR,
2016; KAN et al., 2016).
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The international and the domestic markets often see biomass as one of the main alternatives to diversify the
energy matrix and, consequently, to reduce the world’s dependence on fossil fuels. Biomass can be defined as any
renewable resource derived from organic matter of animal, vegetable or micro-organism origin able to be converted into
energy (TORRI, 2013; KAN et al., 2016).

Forest wastes play a key role in biomass availability in some countries, since they are generated in substantial
amounts during harvesting and industrial procedures. This energy source has found a place in the market due to the
technological development, as well as to the low costs representing its efficient use (CORTEZ et al., 2008; KAN et al.,
2016). There are different biomass-use alternatives such as woodchip waste reuse to make small objects and
adornments, as well as chemical or physical treatments applied to generate new inputs, such as carbon black, furfural
and hydroxymethylfurfural, to be applied in the energy sector or even in the chemical production chain (ABREU et al.,
2009). It is obvious that the use of biomass plays a key role in the obtainment of renewable chemical inputs; thus, it is
necessary setting chemical routes and methods able to make its reuse feasible. In addition, the resulting diversification
of products will certainly have positive impacts on the chemical industry and on the energy sector, fact that may

generate great benefits to society (VAZ JUNIOR, 2011; KOUCHAKI-PENCHAH et al., 2016).

Medium Density Fiberboard (MDF) Wastes

Medium Density Fiberboard (MDF) is a reconstituted wood panel composed of wood fibers subjected to
agglutination and compaction processes based on the joint action of pressure and heat inside presses. The wood fibers
undergo a synthetic resin application process to fixate the material (JUVENAL; MATTOS, 2002; KOUCHAKI-PENCHAH
etal., 2016).

The MDF is consistent and presents some mechanical features that approximate it to solid wood. It also
presents physical resistance parameters superior to those of agglomerated wood-based panels, as well as good
dimensional stability and excellent machining capacity. The panels are made of planted-forest wood belonging to
genera Pinus and Eucalyptus (JUVENAL MATTOS, 2002; KOUCHAKI-PENCHAH et al., 2016). According to Maffessoni
and Meneguzzi (2012), the furniture industries consume massive MDF amounts; 17.12% of this total corresponds to
waste generated during the production processes. This MDF waste may be found in the form of wood powder, sawdust,
wood shavings and woodchips (MAFFESSONI; MENEGUZZI, 2012; PIEKARSKI et al., 2017).

The wood powder derives from the cutting and sanding processes applied to the piece of wood; it must be
smaller than 0.5 mm. The sawdust is a waste measuring between 0.5 mm and 2.5 mm that derives from the cutting and
machining processes applied to pieces of wood. The wood shaving measures more than 2.5 mm and derives from
machining, drilling and grinding (cleaning of the workpiece faces) processes. The woodchip measures at most 50 x 20

mm (CASAGRANDE JUNIOR et al., 2004; PIEKARSKI et al., 2017).
Bio-oil

Bio-oil is an organic, renewable fuel obtained through biomass thermal conversion. It has been gaining great
prominence since it is a highly-oxygenated liquid material ease to be transported, stored and converted into materials of
high added-value (MOHAN et. al, 2006; COLARES, 2011; TORRI, 2013; KAN et al., 2016). The bio-oil is a dark-brown
microemulsion composed of highly-oxygenated hydrocarbons and water. Its elemental composition is very close to that

of biomass and is formed by the rapid and simultaneous depolymerization and fragmentation of its main components
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(cellulose, lignin and hemicellulose) through thermal processes (MOHAN et. al, 2006; CZERNIK; BRIDGWATER, 2004;
BRIDGWATER, 2012; TORRI, 2013; MOTA, 2014; PATEL and KUMAR, 2016, DHANAVATH et al., 2017).

According to Torri (2013), the quality of the bio-oil is influenced by process conditions and biomass type.
Thus, it is necessary conducting a complete and detailed bio-oil characterization in order to assess its real potentialities.
Many compounds such as phenols, ketones, carboxylic acids, hydrocarbons, sugars, among others, are formed during
depolymerization and fragmentation processes (TORRIL 2013; ZHANG et al., 2013). Thus, this composition allows bio-oils
to present great potential for many applications; however, their application is a great challenge due to their peculiar
physicochemical properties (BRIDGWATER, 2012). Therefore, among the possibilities of use, the fossil fuel replacement

by bio-oil has been the main motivation for studies in this field.
Carbon black

Carbon black is practically the impure carbon element that, in the form of quasi-spherical particles, is produced
by the incomplete combustion or thermal decomposition of liquid or gaseous hydrocarbons. It presents black color and
is often a very fine powder. Carbon black is one of the 50 most manufactured chemicals in the world; 90% of all carbon
black is used in rubber applications, 9% of it is used as pigment, and the remaining 1% is used as ingredient in hundreds
of different applications (RODA, 2011; ZHANG et al., 2013; KAN et al., 2016). According to the company Global Material
Supply Management (GMSM, 2016), the combination between particle size and aggregate shape or particle structure
gives peculiar features to each carbon black type, which are known for its international nomenclature, namely: N-115,

N-339, N-550, N-762, among others.

3 Methodology

Characterizing the crude MDF

Thermal analyses applied to the crude MDF were initially performed through Differential Scanning
Calorimetry (DSC) in order to set the calorific value of the sample before they underwent the herein proposed
treatments. The DSC curves were generated in a heat-flow type differential scanning calorimetric module DSC 910 (TA
Instruments) coupled to a TA2000 thermal analyzer (TA Instruments).

In addition to the calorific value setting, a multi-elemental analysis was performed to characterize toxic
elements such as Al, Ba, Cd, Cr, Cu, Ni and Pb, which could be found at the time to prepare the bio-oil and the carbon
black or which could sprinkle during the burning process. An inductively coupled plasma optical emission spectrometer
(ICP-OES - Optima DV 4300 model, Perkin Elmer) was used to observe the plasma in the axial and radial configuration
modes in order to assure a more sensitive observation of each element. The ICP-OES analysis conditions are described
in Table 1. The herein adopted optimizations were conducted according to Gomes et al. (2016). For digestion of those
samples were used procedures opening samples of environmental origin by acid digestion as proposed by Bianchi and

coworkers (2012) and Salazar et al (2011).
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Table 1 — ICP-OES instrumental parameters for the quantitative analysis of toxic metals in MDF samples

Immediate analysis

The immediate MDF shaving composition (fresh sample) was assessed through the content (in mass
percentage) of some components found in the MDF structure, according to specific standards, namely: E§71-82 (ASTM,

2006), E1755-01 (ASTM, 2007) and E987-82 (ASTM, 2006).
Determining the moisture content

An adaptation of the E871-82 standard (ASTM, 2006) was used to determine the moisture content.

Firstly, three Petri dishes were dried in a DeLeo oven for 30 min (Figure 1a), heated at 103 + 1°C, and placed
in a desiccator for approximately 1 hour, until reaching room temperature. Next, their masses were weighed in a scale
(Bel Equipamentos), as shown in Figure 1b. The masses were recorded as m..

One (1) g of biomass sample was added to each Petri dish of the triplicate. Thus, the dish mass added with the
biomass was recorded as m,. After this procedure was concluded, the dishes containing the samples were placed in an
oven at 103 + 1°C, for 16 hours. Next, the samples were left to cool in a desiccator at room temperature for 1 hour.
Subsequently, the resulting mass was weighed and recorded as my. The samples returned to the oven for another hour.
Then, they were removed from the oven, placed in a desiccator and weighed 1 hour later (this procedure was repeated
until the mass change was lower than 0.2%). The moisture content was determined through (1), in %:

MC = [(mo — mp)/(my — m)] - 100 (1)
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Wherein:

m, = Petri dish mass(g),
m; = Final mass of the Petri dish containing the sample (g), and

m, = Initial mass of the Petri dish containing the sample (g).

Determining the ash content

An adaptation of the E1755-01 standard (ASTM, 2007) was used to determine the ash content.

Porcelain crucibles (50 mL) were heated in a muffle furnace (Figure 1c) at 500°C for approximately 3 hours.
Next, they were cooled to room temperature in a desiccator and then weighed; their masses were recorded as m,,.. Each
crucible of the duplicate was added with 1 g of MDF shavings. The crucibles containing the biomass samples were
weighed and their masses were recorded as my.. Subsequently, the crucibles were placed in a muffle at 500°C, under
5°C/min speed (for the ramp and threshold program). Subsequently, they were cooled in a desiccator for 1 hour and

weighed; their masses were recorded as m,g,s. The ash content (AsC) was determined according to (2), in%:

AsC = [(Maghes — Meont)/(Mpe — Meong)] - 100 2)

Wherein:
Maghes = ash mass in the sample (g),
Mo = dry crucible mass (g), and

my, = mass of the crucible containing the biomass (g).

3.2.3 Determining the content of volatile materials

This procedure was conducted according to an adaptation of the E872-82 standard (ASTM, 2006).

Two 50-mL porcelain crucibles (with lid) were herein used to simulate an inert atmosphere. They were
weighed and their respective masses were registered as m.. Next, they were added with 1 g of biomass and the masses
of the crucibles (with lid) containing the sample were recorded as my. Subsequently, the crucibles were placed in a
muffle with N1100 controller (Figure 1c), at 500°C, under 5°C/min speed (ramp temperature for ramps and thresholds’
programming). The containers were weighed after being cooled to room temperature for 1 hour in a desiccator, and the

final mass was recorded as my¢. The volatile material content (VMC) was calculated in %, according to (3):

VMC = [(mg — mg)/(mo —m,)] - 100 3)

Wherein:
m, = mass of the porcelain crucible (with lid) (g),
m; = final mass of the porcelain crucible (with lid) containing the sample (g), and

m, = initial mass of the porcelain crucible (with lid) containing the sample (g).
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3.2.4 Determining the fixed carbon

The difference between the total sample (100%), on a dry basis, and the ash and volatile material contents was

calculated in order to find the fixed carbon content in %, using (4):
CC =100 - AsC - VMC 4)

wherein:

CC = fixed carbon content (%),

AsC = ash content (%), and

VMC = volatile material content (%).

Full Factorial Planning and Pretreatment

The aim of the current stage was to assess the carbon black or bio-oil obtainment conditions according to
different temperature profiles, digestion times and acid types. The Doehlert planning was used to optimize these
conditions. According to Table 2, it was necessary conducting 27 (3%) different experiments using all possible factor
level combinations; this planning is called full factorial (3%). The effects of three concentrated acid types such as nitric
acid - HNO; (-1), sulfuric acid - H,SO,, and hydrochloric acid - HCI (+1) were analyzed at three different temperatures
- 25°C (-1), 75°C (0) and 150°C (0) -, in three digestion times - 30 min (-1), 60 min (0) and 90 min (+1).

Table 2 — Planning matrix

Factors (-1) (0) (+1)

(A) Temperature 25°C 75 °C 150 °C
(B) Acid type Nitric Sulfuric Hydrochloric
(C) Digestion time 30 min 60 min 90 min

An acid digestion procedure was performed to pretreat the MDF sample; 1 g of MDF shavings was weighed in
a beaker and transferred to a 14-mm test tube.

Four (4) mL of concentrated acid was pipetted in a hood and added to the tube containing the sample. The tube
was closed and stirred in circular motion; it was held by the lid and opened from time to time in order to release the
pressure until the mixture became visually homogeneous. The tube heating was carefully performed in order to avoid
sample projection and possible contamination.

Then, the tubes were placed in the digestion block, also inside the hood. The acid digestion was carried out in a
PoliControl Thermo Digest COD digestion block with digital temperature and time control. The digestions were done
according to previous planning (Table 2). At the end of the digestion process, the tubes were removed from the block
and left to cool.

Finally, the resulting material was transferred to the 15-mL falcon tubes, which were labeled according to the
number of the experimental condition in order to assure traceability; the central condition was done in triplicate. It is
worth highlighting that the sample pretreatment stage is the most rigorous among all the analytical operations, since

more mistakes are made and more time and money are spent at this stage. Thus, all the herein used acids, solid reagents
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and solutions were of analytical grade. The water used in the multi-elemental featuring was deionized through a Milli-Q

system.

4 Results and discussion

Table 3 shows the multi-elemental featuring of three MDF samples conducted through ICP-OES. It is possible
seeing the strong presence of aluminum and barium in the MDF samples. These contents may have interfered in the
DSC analyses, since the MDF did not fully burn. In addition, the MDF samples used in these experiments were very
heterogeneous. The results of the other elements were lower than the detection limit (DL), which is the lowest
measurable mass or concentration.

Metals can be found almost everywhere in the environment; however, some of them are essential for the
ecosystems in general. Nevertheless, these metals associated with airborne particles contribute to the contamination of

aquatic and terrestrial ecosystems, depending on their amount in the environment.

Table 3 — Results (mg/kg) of Al, Ba, Cd, Cr, Cu, Ni and Pb in MDF samples analyzed through ICP-OES.

mg/kg Al Ba Cd Cr Cu Ni Pb
MDF 1 326.82 +2.54 22.39+0.77

MDF 2 256.11 £6.31 6.88+0.01 <0.005 <0.029 <0.008 <0.02 <0.009
MDF 3 743.93 + 14.04 24.55+0.78

The thermograms obtained through DSC (Figures 1 a, b, ¢), which used crude MDF as sample, showed that the
DSC curves presented peaks, mostly exothermic (upward), due to oxidation and decomposition, fact that confirmed that
the MDF sample was an energy-supply source.

The other processes resulting from deviations from the baseline correspond to chemical processes, as shown in
the graphs. Processes such as dehydration (from 0 to 250°C), reductions and certain decomposition reactions from
250°C on, have produced endothermic peaks. Fixed solid contents, which are the inorganic matters formed by salts in
the elements derived from the samples, were found at temperatures above 900°C.

Table 4 shows the results of the immediate analysis conducted in the biomass samples. It was possible seeing
approximately 7% moisture content (MC) in the samples; therefore, the heat production per mass unit was higher. The
ash content (AsC) not exceeding 18.5% originated from elements already present in the MDF sample. The volatile
material content (VMC) presented relatively high value (> 65%), and it showed that the biomass burned easily. Finally,
it was also possible seeing that the biomass was not carbon-rich (CC), since it did not exceed 16.5% of the composition

of all materials. It happened because of the time the sample was stored for, which made it lose its natural properties.
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Figure 1 — a) First crude MDF thermogram 1; b) Second crude MDF thermogram; ¢) Third crude MDF thermogram

Table 4 — Results (%) of the immediate analysis conducted in the fresh sample

MC (%)

AsC (%)

VMC (%)

CC (%)

7.18+£0.08

18.44 £2.89

65.10+2.13

16.46
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The sample heating (whether it was performed in the digestion block or not) during the digestion process led to
its decomposition, which was followed by color change or by the formation of acid gases or vapors. Figures 2 and 3

depict the results of the 27 wet-digestion experiments conducted in the current study.

.m IR AR apmd ameE Sl

Figure 2 — Results from 1 to 9 (acid digestion at 25 °C), and results from 10 to 18 (acid digestion at 75 °C) concerning the samples subjected to

nitric, sulfuric and hydrochloric acids, respectively, in the three herein defined digestion times.

Figure 3 — Results from 19 to 27 (acid digestion at 150 °C) of the samples subjected to nitric, sulfuric and hydrochloric acids, respectively, in

the three herein defined digestion times

The best condition for bio-oil formation was at temperature 25 to 75°C using sulfuric acid, because of the
appearance and formation of carbon black and/or furfural under the other conditions. However, the digestion conducted
at 25°C did not lead to full biomass decomposition; therefore, the ideal condition for bio-oil formation was at
temperature 75°C in sulfuric acid medium.

The experiments 20 and 21 (digestions in nitric acid medium, from 60 min on) and the experiments 26 and 27
(digestion in hydrochloric acid medium, from 60 min on) led to carbon black formation. It was possible seeing furfural
formation in the digestion conducted in hydrochloric acid medium.

The carbon black, in turn, is one of the most common particulate material types. It is a disadvantage because

carbon black forms the so-called aerosols when it is dispersed in the air. Thus, this particulate material directly affects
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the environment, as well as the species living in it. The main carbon black disadvantage, according to the current study,
lies on the fact that it negatively affects thermal stability, which is a property showing resistance to temperature
changes.

The biomass-generated furfural shows low yield and cannot be used for high-end purposes. In energy terms,
the furfural can inhibit biomass ethanol formation, i.e., it is not possible simultaneously producing ethanol and another

fuel from a single sample.

5 Conclusions

In light of the foregoing, it is possible concluding that the acid digestion process is a good biomass converter in
the production of bio-oil, energy and high added-value chemical products. It is also possible concluding that the
differential scanning calorimetry (DSC) generates curves presenting endothermic or exothermic peaks, thus
characterizing the physical and chemical phenomena. Some information could be obtained from the curves and from
data generated from them: the MDF-shaving biomass is a strong candidate to be used in the production of energy
derivatives. However, it is necessary conducting a multi-elemental analysis to better understand the chemical elements
in the sample structure, since they can interfere in the immediate analysis, as well as in the amount of generated heat,
besides their possible toxicity when they get in contact with the air. In addition to the analyses, it is worth investigating
the fresh sample’s features (moisture, ash, volatile material and fixed carbon contents) through the conversion
technology. The properties of the herein studied biomass are suitable for energy generation, since they showed low
humidity, low ash content, and high volatile material content; however, they showed low fixed carbon content. It is
essential replacing non-renewable industrial raw materials by renewable raw materials able to cause less environmental
impact in order to allow contemporary society to become sustainable in the mid- and long-terms. The results enabled
concluding that the bio-oil generated in the current study can be used as an alternative energy source to replace fossil
sources. In addition, the carbon black formed in some experiments can be used as fertilizer and/or pigment, and as
reinforcer in automobile tires. Furthermore, the furfural formed in the other experiments can be used as solvent or as

starting material to prepare other organic solvents.
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