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Abstract
The charcoal production when performed in woods with high moisture content negatively impacts the pyrolysis
and causes an increase of greenhouse emissions. The aim of this study was to investigate the effects of moisture on
the production and quality of charcoal for the pig iron industry. The slow pyrolysis of Eucalyptus sp. was carried out
in four different wood moistures, 0, 20, 40 and 60% (dry base). The charcoal and gas yield decreased according to
the increase of wood moisture. On the other hand, the bio-oil yield and charcoal friability increased along with the
moisture content. The proximate analysis, bulk density and higher heating value of the charcoal were not influenced
by the moisture content. The use of wood with moisture content below 20% in the production of charcoal is an
alternative to improve productivity, contributing for the economic sustanainability of this sector.
Keywords: pyrolysis, friability, yield.

1. INTRODUCTION AND OBJECTIVES
Independence from fossil fuels, supported by environmental
agencies and non-governmental organizations, contributes to
emphasize biomass in the energy scenario. Biomass offers a
unique advantage for the environment since it is characterized
as “neutral carbon.” In other words, the carbon emitted
during the use of biomass was taken off the environment
during its development cycle (Saidur el al., 2011).
Raw biomass usually has low energetic density, which
causes it to lose competitiveness with fossil fuels (Sosa et
al., 2015). To reduce this characteristic, the thermochemical
conversion of biomass can be a viable alternative.
Slow pyrolysis of biomass is the process in which heat is
applied to the material, under the inert atmosphere with a
low temperature (300 to 500 °C), resulting in the conversion
of this material into a more efficient fuel. This process
produces charcoal, a solid material rich in carbon and a
volatile portion consisting of non-condensable gasses and
condensable organic vapors (Pereira et al., 2013; Shen et al.,
2010; Ucar & Ozkan, 2008).
1

Brazil is recognized as a major producer and consumer
of charcoal. In this country, the main charcoal production
is for supplying the pig iron and steel manufacturing sectors
(EPE, 2015). Of the total of trees planted in Brazil in 2016,
14% belongs to the charcoal ironmaster industry (IBA,
2017). Eucalyptus is the most commonly used tree genotype
for charcoal production. The climate and soil conditions,
with the vast investment in research of this species,
favored its high quality and productivity (Silva et al., 2018;
Vital et al., 2013; Welfle, 2017).
Several factors may negatively influence pyrolysis in big
furnaces. One of the greatest causes of damage to this production
in Brazil is the moisture content of wood (Zanuncio et al.,
2014). In the environmental aspect, higher moisture content
in the biomass contributes to generate harmful products
to the environment and human health (Canal et al., 2016).
In the beginning of the pyrolysis, characterized by the
evaporation of water, an intense production of soot and toxic
by-products occurs (Yang et al., 2007). If the wood presents
more moisture content than adequate, the tendency is the
release of such noxious components to increase the pyrolysis.
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In the productive perspective, the high moisture content
of the wood causes instability in the average maximum
temperature of pyrolysis, and increases ignition and process
times (Arruda et al., 2011). Furthermore, the carbonization of
wood with such characteristics slows the furnace heating rate.
The moisture evaporation rate depends on the heating rate of
the pyrolysis, if this process is carried out with a low heating
rate, the wood external surface degradation occurs, while
water evaporation is still under way in the internal zones
(Di Blasi et al., 2016). These simultaneous reactions can cause
an increase in the pressure inside the cells, thus causing a
rupture of the parenchyma cells of wood (Zeng et al., 2017).
Therefore, the physical and mechanical properties of the
wood in process are also affected, impairing the charcoal
properties (Missio et al., 2013).
The changes caused in the pyrolysis from the use of
wood with high moisture content directly interfere in the
process control, which makes it difficult to standardize the
production and quality of charcoal. The objective of this
study is to investigate the impacts of wood moisture on the
production and quality of charcoal to the pig iron industry.

2. MATERIALS AND METHODS
2.1. Materials
One clone of Eucalyptus sp. from a clonal test located
in Divinésia (Minas Gerais) was used. The planting was
conducted with 3 × 3 meters spacing, and the trees were
harvested at the age of 7 years. A total of 3 trees, representative
of the population, were used as sample. The selection was
made based on the quadratic diameter of the plantation.
The wood used in this study presented 26.47% of lignin, 3.06%
of extractives and 70.47 of holocelluloses, 23.48 MJ.Kg-1 of
high heating value (HHV), and 0.48 g.cm-3 for bulk density.
Transversal sections were collected of each tree,
corresponding to the base (0%), 25, 50, 75 and 100% of
its height, up to a diameter of 6 centimeters. A composite
sample was formed from the collected discs. To obtain the
samples with different moisture content (0%, 20%, 40% and
60%), they were conditioned in the open air so its fractions
could reach 20%, 40% and 60% moisture (d.b.). A forced air
circulation oven (103 ± 2 °C) was used to obtain 0% moisture
in the samples.

2.2. Pyrolisis procedure
Pyrolysis experiments were carried out in an electric
laboratory oven using approximately 290 g of wood.
Samples were inserted in a metallic cylindrical container
2

made of stainless steel with 0.003 m3 approximately. The initial
temperature was 100 °C, and the final temperature was
450 °C, remaining stable in the last 60 minutes; therefore,
the pyrolysis time was 4.5 h, which corresponds to an average
heating rate of 1.67 °C min-1.
These experimental conditions were defined as reported
by Pereira et al. (2012). According to these authors, the
final carbonization temperatures (close to 450 °C) provides
a desirable balance between the gravimetric yield and the
carbon content fixed in the charcoal, especially when the
destination is for steel.
The liquid products were condensed in a water condenser
trap, collected from flaks and weighed, and the bio-oil yield
was calculated with Equation 1. The charcoal collected in the
reactor was weighed and the charcoal yield was calculated
with Equation 2. The yield of produced gas was measured
by difference of weight percent (Equation 3).
Charcoal yield (%) =

Bio − oil yield (%) =

(

charcoal weight (g )
wood weight (g )

bio − oil weight (g )
wood weight (g )

(1)

(2)

) (

)

Gas yield (%) = 10 − charcoal yield (%) − boi − oil yield (% ) (3)

2.3. Charcoal characterization
A portion of the charcoal produced, for each treatment,
were used to determine density and friability. The remaining
samples were milled manually and sieved. Samples that
fit the sieves with granulometry between 40 and 60 mesh
were selected to determine the content of volatile matter,
fixed carbon, ash, and higher heating value.
Approximately 20 g of charcoal were selected randomly
and weighed. Then, the samples were rotated at 35 rpm for
15 minutes in an electronic friabilator (MA-791). The charcoal
were dedusted and weighed. The percentage of weight loss
was calculated with Equation 4.
Fribility (%) =

initial weight − final weight
initial weight

(4)

The bulk density was determined by the hydrostatic
method, in which the samples were immersed in mercury.
The proximate analysis of charcoal were determined according
to ASTM D3175-89a and ASTM D3174-04 (ASTM, 2009, 2013).
Fixed carbon content was calculated by weight percentage
Floresta e Ambiente 2020; 27(1): e20170999

3-7

Impact of Wood Moisture in Charcoal...

difference. The higher heating value (HHV) was measured
with an adiabatic calorimeter bomb (model IKA300).
Fixed carbon yield (%) was performed to investigate the
efficiency of the process using Equation 5.
Fixed carbon yield (%) =

(

charcoal yield (%) × 100 − volatil matter (%) − charcoal ash (%)

)

100 − woodash (%)

(5)

Energy yield (%) is defined as the portion of energy
contained in the biomass that is recovered in the charcoal
(Equation 6).
Energy yield (%) =

charcoal yield (%) × HHVcharcoal
HHVwood

(6)

Where HHVcharcoal: higher heating values of charcoal
(MJ/kg); HHVwood: higher heating value of biomass (MJ/kg).

2.4. Data analysis
The experiment was carried out according to a
randomized design with 4 treatments (wood moisture)
with three replicates (tree-sample), giving a total of 12
sampling units. Data normality was verified by Lilliefors
test and homogeneity of variance by Hartley, Cochran, and
Bartlett; these assumptions were fulfilled.
The verification of the effect of wood moisture content
on yields and charcoal properties was carried out using the

F-test of ANOVA at a 5% probability. For the properties that
did not present the effect of moisture, a graphic descriptive
analysis was performed showing the mean and standard
deviation of each property.
For the positive results of the moisture content effect
the linear model (Y = β0 + β1X + ε) was adjusted using
R software (R Core Team, 2017). To verify the significance of
the parameters of the adjusted equation, the Student’s t-test
was performed. The criteria used to determine the quality
of fit of the model to the experimental data were residual
standard error and coefficient of determination (R2).

3. RESULTS AND DISCUSSION
The moisture content influences charcoal and bio-oil.
However, the effect of moisture on the gas yield was not
observed. The linear model used in this study presented
precision measurements, confirming the good fit of the
equations, and it is therefore indicated for the comprehension
of the moisture effect in wood pyrolysis (Table 1).
The sign of the parameters in the independent
variables indicates the effect of this variable on the
dependent variable, showing there was a negative effect
of wood moisture content on charcoal. However, for the
bio-oil yield there was a positive effect with the increase
of the moisture content. The charcoal yield decreased
41.6% as the moisture content of the wood increases.
Therefore, bio-oil yield increased 37.6% as moisture content
increases (Figure 1).

Table 1. Adjusted equations, significance of the parameters and measures of precision of the pyrolysis products yields.

Property

Parameters

Estimation of
parameters

p-value

β0

31.47

<0.01*

Charcoal yield
β1

−0.23

<0.01*

β0

50.34

<0.01*

β1

0.32

<0.01*

β0

18.20

<0.01*

β1

−0.09

<0.20

Bio-oil yield

Gas yield

Regression

Residual
standard
error

R2

y = 31.47 − 0.23x

1.36

94.39

y = 50.34 + 0.32x

1.55

96.14

y = 18.20 − 0.09x

0.91

84.99

*Significant of 1% of probability by Student’s t-test.
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Figure 1. Products of pyrolysis at different moisture contents.
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In wood pyrolysis, it is desirable to obtain a high
charcoal yield. This parameter was a result of, among other
factors, a better use of wood in the pyrolysis furnaces and,
consequently, higher energy yield. The higher moisture
content can culminate in greater consumption of wood to
generate thermal energy to remove water from the pyrolysis
system. This high consumption of wood reduces the amount
of wood available to be converted into charcoal by pyrolysis.
This means that the yield on this product is reduced.
The formation and consumption of liquid rates occurred
in steps. The first is characterized by depolymerization of

the wood in the primary tar in the material. In the second
step, the primary tar and volatiles are released. In the last
step, we have secondary reactions between primary tar in
the materials and reactor along the scape.
The increase of moisture content of the wood contributed
to a more efficient dissolution of primary tar that results
in the major production of bio-oil. The physical behavior
of bio-oil was influenced by moisture content of wood.
The bio-oil produced with wood with higher moisture content,
evaluated through qualitative observations, is a liquid with
lower viscosity (Gray et al., 1985).
The increase of moisture content did not influence the gas
yield. The effect of moisture content in gas yield is observed
at elevated temperatures. In lowest temperatures of pyrolysis
occur the weak coupling between moisture evaporation and
material pyrolysis (Di Blasi et al., 2000).
The volatile matter, fixed carbon, ash content, bulk
density and the higher heating value of the charcoal were
statistically equal under different moisture content (Figure 2).
In the process of thermal degradation of woody material,
some of the wood was removed as volatile materials,
resulting from degradation reactions of the hemicelluloses
and a portion of the extractives, concentrating fixed carbon
and ashes in the final product (Koppejan et al., 2012;
Van der Stelt et al., 2011).
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Figure 2. Charcoal properties at 0, 20, 40, and 60% of moisture content.
*Bars indicate standard deviation.
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To the pig iron and steel manufacturing sectors is
desirable that the charcoal has some of its proprieties in a
specified range. Three of the most important proprieties
for these industries are the fixed carbon, ash, and bulk
density. For these proprieties is desirable 70 to 80 (wt.%),
less than 5 (wt.%) and more than 0.22 (g.cm-3), respectively
(Souza et al., 2016). Since the purpose in this study is directly
related to these industries, no differences were expected in
these charcoal properties.
When charcoal is produced to the pig iron industry, according
to Souza et al. (2016), it is desirable that it has some specific
physico-chemical characteristics. Figure 2 shows all treatments
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met these demands. However, a significant reduce in charcoal
yield was the cost to achieve these specific characteristics.
Charcoal friability, energy yield and fixed carbon yield
results are summarized in Table 2 and Figure 3. All the
parameters in the independent variables indicates a statistically
significant effect of the wood moisture in these properties.
As show on Table 2, there is a positive effect of the wood
moisture content on the charcoal friability. Moreover, there
is a negative effect of the moisture content in the energy and
fixed carbon yield. Friability increased 39.6%; on the other
hand, energy yield and fixed carbon yield decreased 41.1%
and 40.2%, respectively (Figure 3).

Table 2. Adjusted equations, significance of the parameters and measures of precision of the charcoal friability, energy yield and fixed
carbon yield.
Property

Parameters

Estimation of
parameters

p-value

β0

6.46

<0.01*

Friability
β1

0.05

<0.01*

β0

51.83

<0.01*

Energy yield
β1

−0.37

<0.01*

β0

21.61

<0.01*

Fixed carbon yield
β1

−0.15

Regression

Residual
standard error

R2

y = 6.46 + 0.05x

0.43

87.56

y = 51.83 − 0.37x

2.17

94.07

y = 21.61 − 0.15x

1.04

92.82

<0.01*

*Significant of 1% of probability by Student’s t-test.

Figure 3. Charcoal friability, energy yield and fixed carbon yield at different moisture contents.
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The high friability of charcoal can limit important
processes, such as transportation, handling, and disposal
in blast furnaces (Zainuddin et al., 2014). In general, a
higher moisture content of the wood can modify physical
properties of the charcoal. The high vapor pressure generated
inside the wood during the drying pyrolysis can cause
internal cracks and breaks along the charcoal, reducing its
mechanical resistance.
The increases in the moisture content of the wood caused
a drop of 41.1% and 40.2% in the energy and fixed carbon
yield, respectively. The decrease in these parameters was a
consequence of the high consumption of wood to remove
water from the pyrolysis system, resulting in a lower charcoal
yield, decreasing, therefore, the energy and fixed carbon yield.
This fact may generate economic losses for the sector,
prejudicing the economic sustainability of the process.
When charcoal is produced to meet the demands of the
pig iron industries it is desirable that it be homogeneous and
have pre-established physico-chemical properties. Therefore,
the charcoal producer seeks, in most cases, to comply with
such requirements established by consumers. However, due to
an absence of available raw material with adequate moisture
content or a high demand from consumers, charcoal production
is carried out with materials with high moisture content.
In this context, the moisture content of the raw material can
influence mainly the yield on products (charcoal, bio-oil,
energy and fixed carbon) and the friability of charcoal.
The energy used in pyrolysis, in its endothermic phase,
comes from the burning of part of the wood, so the higher
energy consumption means a smaller portion of the wood
available to be converted into charcoal. Regarding friability,
during pyrolysis, a greater amount of water vapor produced
can cause the parenchyma cells to rupture, thus increasing
such property.

4. CONCLUSIONS
The increase of wood moisture 0% to 60% (d.b.) decrease
the charcoal yield and increase the bio-oil and gas yield.
On the other hand, proximate analysis, higher heating value
and bulk density of the charcoal was not influenced by the
moisture content.
According to the results it is recommended to use wood
with moisture content below 20% (dry basis). In this range
there is higher charcoal, energy and fixed carbon yield,
and lower friability.
The utilization of wood with low moisture content in the
industrial production of charcoal represents an alternative to
improve productivity, contributing for economic sustainability
of this sector.
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