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Abstract Recently, biochar was introduced as a bioad-
sorbent material to remove various contaminants in efflu-
ents, such as pigments, dyes, heavy metals, naphthalene,
I-naphthol, atrazine, phosphorus and some macro- and
micronutrients. Therefore, biochar of biomass residue
pellet obtained for slow pyrolysis was evaluated as an al-
ternative process for the potential utilization as chemical
contaminant remover with low cost. Thus, the main ob-
jective of this work was to produce biochar from pine
residue pellet for subsequent use of the same as a potential
adsorbent for effluent treatment. In order to perform the
characterization, samples of biochar from pine pellet were
produced using several heating rates (5-30 °C min™ "),
residence temperatures (200, 280 and 570 °C) and resi-
dence times (1 h and half an hour). The process adopted
led to a rapid degradation of the raw material (pine pellet)
associated with an intense generation of volatile com-
pounds, conditions that led to a reduction in density and
establishment of porous structure. Biochars had basic
character (pH 8.47), predominance of aromatic structures,
low moisture content (0.9-1.8 %), low ash content
(1.25-1.80 %) and high thermal stability. Low humidity
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favors the adsorption and an improvement in the conser-
vation during transport and storage.
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Introduction

Chemical contaminant removal in the environment has been a
major technological challenge, because oftentimes, conven-
tional treatment technologies are not able to do it efficiently.
For this reason, the search for low-cost, effective technologies
of contaminant removal has grown considerably.

Among the various types of wastewater treatment, the
adsorptive separation process results in high geometric
selectivity or form, as well as energy or electrostatic se-
lectivity [1]. In this sense, biochar, a porous carbon ad-
sorbent material with the potential to retain contaminants,
plays a crucial role in risk management and disposal of
pollutants [2-6].

In addition to having high carbon content, biochar has
large surface area due to its porosity as a result of the
burning process. Due to biochar not be a standard product,
its chemical, physical and physicochemical characteristics
depend on the firing process and its consequences (type
pyrolysis temperature, retention time, addition of oxygen),
besides the type and particle size of the biomass.

The firing conditions influence the degree of aromatic
compounds and the adsorption characteristics of biochar. The
higher the temperature, the retention time and the presence of
air, the greater the level of aromatics in biochar [7].

Recently, biochar was introduced as a bioadsorbent
material for removing several contaminants in effluents,
such as pigments [8, 9], dyes [10], heavy metals [11-16],
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naphthalene, 1-naphthol [5], atrazine [14], phosphorus [17]
and some macro- and micronutrients.

Importantly, agroforestry waste resources are of low
cost and available as a source of biomass energy and bio-
char precursor material. Thus, the main objective of this
work was to produce biochar from pine pellet for subse-
quent use as a potential adsorbent for effluent treatment.

Materials and methods

The biomass used in the study constituted of residues from
Araucaria angustifolia (pine pellets) and was obtained from
the BrBiomassa Company, Maringa, Parana State, Brazil.
The development process of biochars made in this work
consisted of subjecting the sample to a slow pyrolysis (since
it presents the highest yield in solids) in a muffle furnace
under inert atmosphere and atmospheric pressure, following
several temperature settings (200, 280 and 570 °C) and
residence times (1 h and a half an hour), in addition to
varying the heating rate (5-30 °C min™").

Nitrogen adsorption technique, the point zero of charge
(PZC), infrared spectroscopy (FTIR), scanning electron mi-
croscopy (SEM, FEG), nuclear magnetic resonance (NMR),
X-ray spectroscopy, adsorbent density analysis and thermal
analysis were used for physicochemical characterization.

Thermal stability evaluation

The thermal stability evaluation of the biochar and pellet
samples was performed by thermal gravimetric analysis, in
an apparatus SDT-2960 from TA Instruments. Samples
around 35 mg were disposed in alumina pan, under the
atmosphere of nitrogen and air (gas flow of 50 mL min™")
at a heating rate of 10-30 °C min~', from ambient tem-
perature (£25 °C) to 850 °C.

Adsorption—desorption isotherm of nitrogen—
determination of specific surface area

Adsorption—desorption of nitrogen measures was per-
formed using a Micromeritics equipment, model ASAP
2000, with the ASAP 2010 software, version 5.01, at liquid
nitrogen temperature (77 K). The textural parameters were
determined from the obtained isotherms.

From the nitrogen adsorption and isotherm of desorption
curves, specific surface area (BET method) and the pore
size distribution (BJH) were obtained, respectively [19].

Determination of the point of zero charge (PZC)

The point of zero charge (PZC) or isoelectric point is de-
fined as the pH at which the surface of the adsorbent has a
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neutral charge. The methodology used to determine them is
called “method of 11 points” [20, 21]. The procedure
consists of making a mixture of 50 mg of adsorbents in
50 mL of aqueous in 11 different conditions of initial pH
(2,3,4,5,6,7,8,9, 10, 11, 12), adjusted with NaOH or
HCI solutions of 0.1 mol L™!, and measuring the equilib-
rium pH after 24 h. From the plot of final pH versus initial
pH, the PCZ, which corresponds to the range in which the
final pH remains constant irrespective of the initial pH, can
be obtained.

Scanning electron microscopy (SEM)

The morphology of biochars was evaluated by SEM, with
micrographs generated by topographic contrast through an
electron microscope (SEM, Topcon, Model SM300). Only
for pellets, coating with a thin layer of gold, conductive
material, was necessary to generate the images.

EDS analyses were performed on a FEG SEM equip-
ment (JEOL, model 7500F) coupled with EDS (energy
analyzer of X-rays scattered).

Particle density

The bulk density is the mass of sample per volume occu-
pied by the particle (solid and internal pore volume). The
particle density of the biochar was determined by deter-
mining the mass of the sample in a calculated volume using
a caliper (ASTM D 792) [22].

Porosity

The porosity of coal was obtained from the data of particle
density and true density, by Eq. 1 [23]:

P(%) = 100 — (DA x 100)/DV (1)

where P (%) is the porosity, DA is the particle density, and
DV is the true density.

X-ray diffraction patterns

The mineralogical characterization of biochars was con-
ducted by X-ray diffraction. Samples were performed in
angle 20 from 2 to 60°, with CuKa radiation and graphite
monochromator, at 35 kV and 20 mA, with diffraction
apparatus X-ray SIEMENS DS5000 model, DIFFRAC
PLUS XRD Commander.

Infrared spectroscopy-FTIR
The absorption spectroscopy in the infrared region is made

to determine the frequency of vibrations of the functional
groups present in the coal. The samples of biochars were
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dried in an oven for a period of 12 h at 100 °C. Subse-
quently, they were powdered and mixed with KBr at a ratio
of 5 % biochar. The spectrum of reading (Nicolet Ter-
moScientific iS5 spectrophotometer) varied in the range of
4000-400 cm ™.

Nuclear magnetic resonance (NMR)

The effects of the temperature and residence time in the
chemical structure of the biochar were observed by NMR
3C VACP-MAS solid technique, using an Advance III
400 MHz WB (Briike) spectrometer.

Moisture and ash

Moisture and ash content were determined by gravimetric
technique, according to ASTM D-3173, ASTM D-3174,
ASTM D-1762 [24-26]. The samples were heated at
105 °C until constant mass. After that, the same sample
was used for the determination of ash content, raising the
temperature to 775 °C maintaining for 1 h.

Results and discussion
Gravimetric yield of biochar

The temperature is presented as the key process variable.
Several experiments were performed in order to identify
the influence of final pyrolysis temperature, for a given
plant species on the yields of charcoal, liquid and gas. Data
show that the behavior of the coal, when the pyrolysis
temperature increases, is losing its volatile compound.
Although the charcoal yield decreases with increasing
temperature, there is a significant improvement in fixed
carbon content, this indication of quality input [27].

Another notable impairment is observed when yields are
compared in coal and liquids in different heating. Several
studies show that it is possible to significantly increase the
recovery of liquid products by increasing the heating rate
[28-30]. To the low heating rate, the temperature reaches a
particular value, where a higher rate of thermal decomposi-
tion of biomass components occurs, there is a reduced speed
and output the newly formed components of the system. To
remain in the system under high temperature, the newly
formed components suffer further decomposition reactions
(secondary reactions), mainly being converted into com-
pounds of lower molecular mass (in most gases, such as CO,,
CO and H,0) and biochar [31, 32].

According to Tables 1 and 2, there was a lower yield of
biochar in high temperatures of residence and high heating
rates, corroborating the results found in the literature
[13, 18]. Thus, the reactions of secondary thermal

Table 1 Gravimetric yield of biochar as a function of heating rate for
a pyrolysis temperature of 570 °C

B/°C min~" Yield/%
30 19.8
25 20.0
20 20.3
15 21.1
10 21.4
5 224

Table 2 Gravimetric yield of biochar as a function of temperature
and residence time for a heating rate of 10 °C min~"

tr/min T/°C Yield/%
30 200 274
60 200 26.2
30 280 24.2
60 280 23.9
30 570 214
60 570 214

decomposition contribute to increase the yield of biochar
with the decrease in heating rate (Table 1). However, in this
work, it is not possible to observe an increase in yield with
increasing residence time. This phenomenon can be ex-
plained by the fact that the system used in the pyrolysis is
not closed, allowing the removal of volatile as they were
being produced.

Cellulose, hemicellulose and lignin are major con-
stituents of the biomass taken into account in the studies of
pyrolysis as a means of biomass energy utilization. Despite
the importance of this three components in the process, the
difficulty of implementation and the inaccuracy of quan-
tification methods, along with the complexities of thermal
reaction, is not common the quantification of lignin, cel-
lulose and hemicellulose in the evaluated biomass [31]. For
this reason, in this study, the content of cellulose, hemi-
cellulose and lignin was not quantified in the pellet used in
the study of pine. The lack of this information does not
result in major problems in interpreting the results since the
thermal decomposition of these components tends to occur
in characteristic temperatures, independent of biomass
studied.

Hemicellulose is the least stable of the three components
of the biomass, and its thermal decomposition takes place
in the range of 150-350 °C and a maximum rate of about
270 °C. Cellulose has a chemical composition similar to
the hemicellulose, but due to its crystalline arrangement, it
is more resistant to thermal decomposition, which occurs in
the range of 275-400 °C, with maximum around 350 °C.
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The lignin thermal decomposition occurs at 250-500 °C,
but without any temperature range in which the decom-
position rate is more intense [33].

With this information, it can be inferred that the income
which occurred on heating at 280 °C (yield above 25 %) is
close to the average lignin content (25.18 %) plus a bit of
holocellulose (72 %) found in samples of Pinus oocarpa
[35], while the yield of coal pyrolysis at 570 °C (yield
below 25 %) is close to the same lignin content found by
the author, but already in a reduced percentage. This
comparison is consistent with the knowledge that the lignin
component whose content is at best correlates with the
biomass yield of biochar, while cellulose and hemicellulose
are mainly responsible for the production of bio-oil and
non-condensable gases [34].

Thermal gravimetric analysis

The thermal decomposition resistance of the samples was
also tested, and all samples exhibited high thermal stability
compared with the pellet in nature, especially biochars
produced at 570 °C of temperature residence (Figs. 1 and
2) and low heating rate (Fig. 3).

In the initial stage of heating of the samples was noted
an event, commonly associated with loss of water or
volatiles present in the samples. Patterns of decomposition
of biochars were not similar to the pellet. Because biochar
had undergone a previous heat treatment thermal analysis,
it has a lower mass loss in the first event of thermal de-
composition (Figs. 1, 2), a characteristic of the hemicel-
lulose decomposition. It was observed that, under nitrogen
atmosphere, the biochars only had a small decomposition
above temperatures which were produced.

The mass loss in the first event of decomposition, under
an atmosphere of air, calculated on the mass of the sample

without the moisture content, was 71 % for the pellet.
Although this value included the mass loss from the de-
composition of other wood components, it is similar to the
sum of hemicellulose and cellulose in pine [35]. For bio-
chars, this mass loss varied from 35 to 44 %, suggesting
that this reduction in mass loss is linked to the loss of
hemicellulose from the preliminary heat treatment of bio-
char production.

The second thermal event appears at 470 °C in the pellet
and at 475, 580 and 630 °C in the biochar 200, 280 and
570 °C, respectively, and resulted in reduction of 13, 45,
55, and 41 % of dry weight, respectively. The highest
temperature to biochar is due to the partial transformation
undergone by cellulose with thermal pretreatment, in-
creasing its temperature resistance [36]. The highest mass
loss of these biochars associated with this second event
must have occurred because of its enrichment in cellulose,
caused by the previous decomposition of hemicellulose.

The third event of mass loss reinforces this hypothesis,
with identical pattern of thermal decomposition among
biochars, which culminated in the loss of additional mass
of 13, 4 and 11 % for biochar 200, 280 and 570 °C, re-
spectively, with heating up to 850 °C.

The thermogravimetric analysis shows that the decom-
position mechanism of biochar could suggest the time of
decompositions; furthermore, this analysis shows which
atmosphere is more reactive and accelerates the decom-
position process. It is important because the biochar will be
submersed in effluent for long time when it is used as an
adsorbent.

Nitrogen adsorption—desorption isotherm

The structural properties of the adsorbents are based on two
important characteristics: pore size and surface area. A
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Fig. 3 TG curves under air atmosphere and heating rate at
30 °C min~' for samples of biochar produced at 570°C of tem-
perature residence, different heating rates and 1 h of residence time

method for determining surface area is described by Bru-
nauer—Enmett-Teller model (BET); it is determined by
measuring the adsorption isotherm of nitrogen gas mole-
cules. However, the coal surface area as measured by ni-
trogen gas adsorption is used as a primary indicator of the
activity level based on the principle that a larger surface
area will have a large number of sites available for ad-
sorption. The molecules of the employee (nitrogen) gas are
very small, so that measure of surface area may be erro-
neous to consider the adsorption capacity of a carbon for
larger molecules. These types of compounds may have
limited adsorption considering the pore size [37].

The main parameters obtained were the surface area and
pore diameter. The average pore size increased with in-
creasing residence temperature. The biochar produced at
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200 °C is a micropore material (16.9 A), whereas the
biochar produced at 570 °C is a macropore material
(751.0 A). The average pore size increased with increasing
residence temperature. The same behavior was observed
for the surface area, which increased with increasing resi-
dence temperature. The biochar produced at 200 °C ex-
hibits a very small area, 0.5349 m? gfl, whereas the
biochar produced at 570 °C exhibits an area of
46.4163 m? g~ ' Tt is important to note that the biochar did
not undergo the activation process, so this surface area is
within the parameters of the literature.

Figure 4 shows the adsorption and desorption isotherms
of nitrogen to biochars produced at different residence
temperatures and half an hour residence time. The biochars
produced with 1 h of residence time showed the same
behavior of adsorption—desorption isotherm of biochars
produced at half an hour residence time.

The shape of the adsorption—desorption isotherm of ni-
trogen provides preliminary qualitative information on the
adsorption mechanism and the porous structure of the ad-
sorbent material. It was observed that in biochars produced
at 200 °C and 280 °C, there was a large volume adsorbed
at relative pressures above 0.9, indicating adsorption to the
outer surface of the adsorbent.

In isothermal adsorption—desorption biochar produced at
570 °C, a large change in the pore formation was observed
at the relative pressure below 0.2; in other words, there was
an intense formation of micropores. Note that there is not
any other adsorption, indicating the absence of mesopores,
and above the relative pressure of 0.9, there is a gap be-
tween the adsorption and desorption. This hysteresis is of
H4 type, often associated with narrow pores, as cracks,
indicative of microporosity.
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Fig. 4 Adsorption/desorption isotherm of nitrogen to pellet and biochars produced at half an hour residence time

Scanning electron microscopy (SEM)

The technique of SEM has been used to observe the phy-
sical morphology of the surface of activated carbon, al-
lowing visualization of the characteristics of the material.

Figures 5 and 6 show SEM images of biochars and
pellet. In biochars produced at 200 and 280 °C, appearance
of a rough surface and the rupture of the pellets into scales
were observed. Upon heating at 570 °C, the mass loss due
to cellulose and hemicellulose thermal decomposition had
already been almost completed, and as a result of these
reactions, biochar structure showed high shear and much
larger pores, as compared to the other biochars. These
pores are formed by removing volatile in the structure of
the biomass subjected to higher retention times and above
400 °C [38]. Increasing the heating rate resulted in more
intense disruption of the structure of biochar.

The analysis by EDS detects the existence of the ele-
ments present in a given portion (elemental qualification).
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The determination was carried out in different regions of
the sample. The most important elements found were car-
bon and oxygen evidently in addition to calcium and
potassium.

Particle density

The particle density is one of the parameters used to ex-
plain the resistance of a given carbonized material, in ad-
dition to the degradation of wood components and
morphological structure thereof. It is a property that de-
pends on the nature of the raw material (precursor material)
and also on the manufacturing process of biochar.

The particle density values are shown in Table 3. The
biochars prepared in this work show great variation in
particle density for temperature residence. It was hoped to
increase the particle density with an increase in tem-
perature of residence due to loss of volatile compounds
from wood and mainly as a concomitant increase in
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Fig. 5 Images of scanning electron microscopy of pellet and biochars produced at different residence temperatures (200, 280 and 570 °C),

1

different residence times (1 h and half an hour) at 10 °C min™ " of heating rate

structural organization of biochar in relation to the pellet.
However, it was observed that the particle density de-
creased to 280 °C residence temperature. The reason for
this phenomenon may be linked to the large formation of
small pores in the structure of biochar at this temperature.
As for biochar at 570 °C, there is formation of large pores
and cracks, with great loss of the initial compounds in
pyrolyzed sample, which provides a higher particle density.

It was not possible to clearly distinguish a pattern of
behavior with the increase in residence time.

Porosity

The porosity of the samples is given in Table 4.

There has been a lower porosity in the biochar produced
at 570 °C and an increase in the biochar produced at
280 °C. By linking these data with SEM, it is suggested
that biochar produced at 280 °C has many small pores in its
internal frame, while biochar produced at 570 °C has some
large pores and several cracks in its external frame.

X-ray diffraction patterns

The structures had the characteristic peaks of cellulose
(18.0, 25.7, and 40.1°), and the diffraction of the first two
peaks in pellets is more evident (Fig. 7). Pellets heated up
to 280 °C present dehydration and some degradation of
hemicellulose, so the cellulose diffraction apparently be-
comes stronger.
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Fig. 6 Images of scanning electron microscopy of biochar produced at 570 °C, 1 h of residence time and different heating rates

Table 3 Particle density of biochars and pellet

-3

tr/min T/°C Particle density/g cm
Pellet 1.3640

30 200 0.5830

60 200 0.5774

30 280 0.4971

60 280 0.4839

30 570 0.8900

60 570 0.8951

Table 4 Porosity of the pellet and biochar

Sample Porosity/%

Pellet 11.2

Biochar 570 41.7

Biochar 280 68.5

Biochar 200 62.4

Upon heating to 570 °C, peak cellulose disappeared, and
the structure had low crystallinity. However, it is noticed
that new diffraction peaks were formed around 9 and 26.4°.
The peak at 26.4° is attributed to the turbostratic
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arrangement that aromatic compounds shall assume [38].
Also, a subtle peak is observed in the region 51°, which,
according Keiluweit et al. [39], is also a characteristic peak
of turbostratic arrangement.

Infrared spectroscopy (FTIR)

The identification of functional groups on the surface of
coal is important to determine the mechanisms responsible
for the binding of contaminants in the structure of these
materials. Methods for the detection of functional groups
found on the surface of coal include titrimetric techniques
and infrared spectroscopy [40, 41]. The infrared spectra of
the pellet and biochars are shown in Fig. 7.

The FTIR spectra for pellet, as shown in Fig. 8, present
several bands in the regions of 1000-1750 and
3000-3600 cm~!. O-H bonds, which may come from
phenol group, carboxyl group, alcohol group, and even
water. O—H groups participating in hydrogen bonding are
adsorbed in the region of 3200-3550 cm~! [42]. The re-
gion of 1000-1750 cm™" presents a wide range of func-
tional groups; an exact assignment of the peaks in this
region of the spectrum is difficult.

In biochars produced up to 280 °C, there is a reduction
in absorption in the region around 3200 cm™", which is due
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Fig. 7 X-ray diffraction of the
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Fig. 8 Infrared spectra of the pellet and biochars

to both the loss of adsorbed water in the pellet structure and
the thermal decomposition of carboxylic groups and groups
C—-H attached to the aromatic structures [43]. These bands,
in addition to the band around 2915 cm™!, assigned to
groups of aliphatic chains C-H, practically disappear in the
biochar produced at 570 °C; however, there is a new band
around 3420 cm™', assigned to water that the biochar is
able to adsorb with increasing pore.

There was also a reduction in absorption in the region
1000-1750 cm™" for biochars, but all treatment groups
survived until 280 °C, to a greater or lesser degree. Upon
heating to 570 °C, most of these bands disappeared, bands
before found at 1620-1735 cm™' began to be observed
between 1600 and 1700 cm™' as a result of structural
changes, or steric. As might be expected, the group C = C
of aromatic compounds (1475-1600 cm_l) still resisted
heating at 570 °C, along with the band around 1240 cm™'
(C-0).

Thus, the biochar showed characteristics of a structure
consisting of polynuclear aromatic hydrocarbons with
characteristic absorptions in regions of low frequencies
compatible to that proposed by Van Krevelen model [44].

Determination of the zero point of charge (ZPC)

The biochar can display acidic or basic character associated
with oxidation on its surface. This character is dependent
on the conditions of manufacture of biochar and the tem-
perature at which oxidation takes place. An acid biochar
adsorbs appreciable amounts of bases, having little affinity
for acids, while basic biochar exhibits the opposite
behavior.

In this study, the value of ZPC found for all adsorbent
was 8.47, the value at which biochar acts as a buffer
(Fig. 9).
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Nuclear magnetic resonance (NMR)

The 'C NMR VACP-MAS solid technique was used to
study the effects of the final pyrolysis temperature and
residence time on the chemical structure of materials,
comparing the biochar samples (Fig. 10).

The '*C NMR spectra showed that biochars produced at
200 and 280 °C are very similar, maintaining the dom-
inance of aromatic structures. However, it is possible to
observe a narrowed region that refers to aromatic struc-
tures, indicating a decrease in range of different aromatic

14

12 r
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Fig. 9 Determination of the zero point of charge of the biochar

structures in biochars produced at 200 and 280 °C. An
intense peak is observed around 130 ppm, corresponding to
carbon atoms in aromatic structures with sp, coordination,
which is consistent with the turbostratic structure observed
by X-ray diffraction. Other small peaks, related to carbonyl
(210-145 ppm) and alkyl groups (0-90 ppm) relative to
the lignin, since this is the strongest component of the
pellet, which degradation is slower [45].

Moisture and ash

The moisture content, expressed as the percentage relative
to the original mass, affects adsorptive capacity of biochar.
For the adsorption of organic molecules, the efficiency
decreases as the moisture content increases, because certain
pores that would be available for adsorption are filled with
water molecules.

Another important feature is the presence of minerals in
the coal, which influence the measurement of the electrical
conductivity of the same. Adsorbents with high mineral
content have a high electrical conductivity. High electrical
conductivity can restrict the application of coal, generating
specific problems with unwanted catalysis of certain reac-
tions and loss of adsorption efficiency, since the minerals
can compete with the substance to be adsorbed [46].

The humidity of biochar is due to the hygroscopicity of
biochars, i.e., the absorption of water from the atmosphere.
By comparing the residence times, an increase in moisture

Fig. 10 '>C NMR VACP-MAS —200°C0.5h
solid spectra for biochars ——200°C 1h
produced at 200 and 280 °C
L e A A 'l " A A AL A J L r L . L re L " L " ]
250 200 150 100 50 250 200 150 100 50
——280°C 0.5h ——280°C 1h
250 200 150 100 50 0 250 200 150 100 50 0
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Table 5 Moisture and ash of biochars

Sample Moisture/% Ash/%
Biochar 570 1 h 1.80 1.80
Biochar 570 0.5 h 1.24 1.71
Biochar 280 1 h 1.76 1.54
Biochar 280 0.5 h 0.94 1.55
Biochar 200 1 h 1.62 1.27
Biochar 200 0.5 h 0.93 1.25

of biochars was observed with increasing residence time
(Table 5).

This result may be associated with an increased pore
size of the biochar, mainly in that produced at 570 °C, and
as a result of additional loss of mass suffered in relation to
other biochars. The highest moisture in pellet is associated
with the hydrophilic character of cellulose and hemicellu-
lose, which had already suffered some degradation in
thermal biochars produced at 200 °C. However, it is im-
portant to emphasize that the equilibrium moisture content
is too low, about 0.9 to 1.8 %. It should be noted that
commercial activated carbons are present in its technical
specification, indicating a maximum moisture content of
10 % [47]. Values below 10 % moisture content were also
obtained by other researchers in their studies, such as Garg
et al. [48] with sawdust activated carbon (3.08 %).

Furthermore, tests were conducted to demonstrate the
moisture resistance of biochars and it can be observed that
they remained unchanged when immersed in water for
several hours, which shows its hydrophobic character.

Low ash content was observed (Table 5), showing
compliance to various commercial coals, usually <10 %
[47, 48]. Moisture observed is the water that biochar ad-
sorbed from the air. The biochar produced at 570 °C for
1 h has higher pores, justifying a higher adsorption and
consequently more moisture contents.

It is observed that both results were consistent with the
thermal gravimetric method, which showed low moisture
content and ash.

Conclusions

The slow pyrolysis of pine pellet is effective as an alter-
native thermal process for the utilization of biomass resi-
dues. The process adopted led to a rapid degradation of the
raw material (pine pellet) associated with an intense gen-
eration of volatile compounds, conditions that led to a re-
duction in density and establishment of porous structure.
Biochars have basic character (pH 8.47), predominance of
aromatic structures, low moisture content (0.9—-1.8 %), low

ash content (1.25-1.80 %) and high thermal stability. Low
humidity favors the adsorption and an improvement in the
conservation during transport and storage.
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