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Abstract
The production of charcoal for its many uses requires a careful selection of biomass and pyrolysis conditions, especially 
temperature, to ensure suitable quality. To do so, physical, chemical, and mechanical energy must be considered. This study 
aimed to analyze the yields and properties of charcoal produced at different pyrolysis temperatures. Eucalyptus saligna wood 
was pyrolyzed in a reactor with final temperatures of 450, 550, 650, 750, 850 and 950 °C. The yields of charcoal, pyroligne-
ous liquid and non-condensable gases were determined. Mass loss was determined for each temperature. Charcoal analysis 
included the determination of the apparent density, proximate analysis, heating value, mechanical strength, X-ray images 
for the internal visualization of its structure and hygroscopicity test. Relevant charcoal properties for the steel industry and 
barbecue, such as density, mechanical strength, heating value and hygroscopicity, show variable trends from pyrolysis at 
650 °C. The results show that pyrolysis temperature had a great impact on the properties of charcoal. The apparent density 
of charcoal rose from 500 °C and had no relation to the breaking strength. When the pyrolysis temperature was raised, an 
increase in both apparent and true densities, internal fissures and cracks and fixed carbon content of charcoal was observed.

1 Introduction

Recently, many studies and innovations about the conversion 
of wood into carbonaceous materials such as charcoal were 
conducted. Its extensive use reaches industrial sectors such 

as the cement industry, pharmaceutical industry, cooking 
(barbecue), soil additives to optimize fertilization, among 
others (Brito 1990; Bergeron et al. 2013; Dias Júnior et al. 
2015a). The expansion of the use of charcoal is based on the 
reduction in greenhouse gases (GHG), in addition to being a 
renewable resource with low production cost and low levels 
of ash, sulfur and polycyclic aromatic hydrocarbons (PAH) 
(Wei et al. 2017; Dias Júnior et al. 2018; Dufourny et al. 
2019). An extremely strong sector in the use of charcoal 
is the Brazilian iron and steel industry. Vast plantations of 
eucalyptus forests in Brazil make the country the largest 
producer and consumer of charcoal in the world, with almost 
85% of its 6 million of t  year− 1 intended for the use in the 
iron and steel industry (Brasil 2017).

Pyrolysis occurs when biomass is heated in the absence 
of oxygen, at temperatures above 300 °C, and it can be influ-
enced by factors such as: residence time of the products in 
the reaction zones, final temperature, pressure and heating 
rate (Brito 1990; Demirbas 2004; Dias Júnior et al. 2016; 
Wang et al. 2017). The main purpose of charring is the pro-
duction of charcoal, whose yield can reach up to 40% by 
mass, of the original wood. Along with the charcoal, vola-
tile condensable materials, such as soluble and insoluble 
tar, organic acids, ketones, water, alcohols and hydrocar-
bons, are also produced. The mixture of compounds forms 
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a major byproduct, entitled pyroligneous liquid, which con-
tains chemicals, such as acetic acid, methanol and acetone 
(Machado et al. 2014; Sheldon 2014). The gas phase, which 
can be used as a source of additional energy in the pro-
cess, has yields from 5 to 20% by mass, depending on the 
pyrolysis temperature. The main gases produced are carbon 
dioxide, carbon monoxide, methane, hydrogen and hydro-
carbons of up to four carbons (Machado et al. 2014; Ranzi 
et al. 2008).

A common problem in the use of charcoal is its high vari-
ability of properties which depend on the woody raw materi-
als and pyrolysis methods as well as the use. The quality of 
charcoal depends basically on the original wood and on the 
operating conditions of the pyrolysis (Mohan et al. 2006; 
Trugilho et al. 2001). The pyrolysis type (conventional or 
flash) can determine the final characteristics of charcoal, 
such as density, mechanical resistance, humidity, fixed car-
bon content, ash content and volatile materials (Oliveira 
et al. 2010; Dias Júnior et al. 2016; Bridgwater 2012). Final 
temperature is one of the variables which directly affect the 
set of reactions, resulting in products with different physi-
cal and chemical characteristics (Trugilho and Silva 2001; 
Demirbas 2004).

Charcoal must be produced with the specific chemical and 
physical properties required for its use. This article focused 
on the two main applications in Brazil: use in the iron and 
steel industry and for cooking food (barbecue). In the first 
case, the charcoal is employed in a variety of ways, partially 
replacing the coke with maximum load in the blast furnace, 
powdered materials (charcoal, oil, gas) or the charcoal in the 
sintering process of the ore (Dufourny et al. 2019; Gries-
sacher et al. 2012). In the barbecue application, charcoal 
is used for heat generation, resulting usually in the direct 
contact with the food through the combustion gases. Thus, 
larger particles, easy ignition, high density, low levels of 
volatile compounds and heating value are variables required 
by consumers (Dias Júnior et al. 2015b; Dias Júnior 2018). 
In comparison with the coke, the main disadvantage of the 
use of charcoal in these processes is its low density, low 
mechanical resistance and high capacity to absorb moisture 
and become less energetic (Rousset et al. 2011; Somerville 
and Jahanshahi 2015; Assis et al. 2016). Low density is not 
desirable because it reduces the amount of fixed carbon, 
decreasing its reduction ability and increasing the costs of 
transport and storage due to the greater volume (Dufourny 
et al. 2019; Somerville and Jahanshahi 2015). High mechan-
ical resistance is necessary to ensure the stability of the load 
in blast furnace without hindering the passage of air current 
by load compaction (Somerville and Jahanshahi 2015; Rous-
set et al. 2011).

Most practical applications of charcoal require pyrolysis 
temperatures between 300 and 600 °C, especially for the 
iron and steel and barbecue industries. Higher temperatures, 

besides reducing the gravimetric yield, promote an intense 
molecular modification of the charcoal, increasing its carbon 
structure, porosity, density elevation, which approximates 
it to materials such as graphite. The increase in porosity 
due to the elevation of pyrolysis temperature increases its 
reactivity, which is advantageous for industries of ferroalloy, 
barbecue and adsorbents (Dias Júnior et al. 2016; Longbot-
tom et al. 2016; Surup et al. 2019a). On the other hand, there 
may be a reduction in the efficiency of conversion of wood 
into charcoal, which is the basis of the economic viability of 
enterprises. To support the numerous charcoal applications, 
especially those that require increments in the charring tem-
perature, this study aimed to investigate how the pyrolysis 
temperature affects the quality of the charcoal as an agent 
in the iron and steel industry and in food cooking (barbe-
cue). This research provides new insights into the impact of 
charcoal production on metallurgical processes and barbecue 
uses with practical information for the sectors involved in 
these two production systems.

2  Material and methods

Wood samples with dimensions of 20 × 30 × 50 mm 
(radial × tangential × longitudinal) were obtained from an 
experimental plantation of Eucalyptus saligna, collected 
at the age of 10 years in the city of Anhembi, São Paulo 
State, Brazil. The wood had the following average values 
based on the standards referenced: basic density = 0570 
g  cm− 3 (ABNT 2003); extractive content = 5.79%, lignin 
content = 25.80% and holocellulose content = 68.41% (by 
difference, based on extractive-free wood) (TAPPI 1974; 
TAPPI 1975); ash content = 0.15% (ASTM 1977) and poros-
ity = 68.22% (ABNT 1985).

2.1  Pyrolysis experiment to produce charcoal

Wood samples previously dried in an oven at 103 ± 2 °C 
were subjected to pyrolysis in a metallic cylinder reactor 
inside a muffle furnace. Pyrolysis was conducted at final 
temperatures of 450, 550, 650, 750, 850 and 950 °C without 
nitrogen flow. The amount of wood used in each repetition 
was 200 g ± 10 g, pyrolyzed at a heating rate of 0.30 °C 
 min− 1, remaining for sixty minutes after the final tempera-
ture was reached (fixed level). The low heating rate used 
followed the study conducted by Brito (1992), consider-
ing that high heating rates could damage the wood samples 
structurally, which would prevent them from being used for 
subsequent analyses. In this survey, this rate is considered 
low when compared with a masonry or retort furnace used 
for charcoal production. With a Liebig condenser tube con-
nected to the pyrolysis reactor, condensable gases were cap-
tured to form pyroligneous liquid or non-condensable gases 
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were burned at the tip of the pipe (Fig. 1). The pyroligneous 
liquid collected was stored in a conical flask and its mass 
was determined on an analytical balance. Mass balances 
were determined with the gravimetric yields of charcoal, 
pyroligneous liquid and non-condensable gases, in relation 
to the dry wood.

The gravimetric yields of charcoal, pyroligneous liquid 
and non-condensable gases, in relation to the dry timber, 
were determined by applying Eqs. 1, 2 and 3, respectively

where CY = charcoal yield (%); Mc = mass of charcoal 
(g); Mw = mass of dried wood (g); PY = pyroligneous 
liquid yield (%); Mpl = mass of pyroligneous liquid (g); 
NCY = non-condensable gases yield (%).

2.2  Evaluation of charcoal

The apparent density of charcoal was determined using the 
hydrostatic method, according to the descriptions of NBR 

(1)CY =

(

Mc

Mw

)

× 100

(2)PY =

(

Mpl

Mw

)

× 100

(3)NCY = 100 − (CY + PY)

11941 (ABNT 2003). Based on the initial mass of wood and 
charcoal, mass loss was calculated for each pyrolysis tem-
perature. True density was determined in accordance with 
NBR 9165 (ABNT 1985). The porosity was obtained from 
data of apparent and true densities, with the aid of Eq. 4

where P = porosity (%); AD = apparent density of charcoal 
(g  cm− 3); TD = true density (g  cm− 3).

Proximate analysis was conducted according to the stand-
ard D 1762-64 (ASTM 1977) to determine the levels of vola-
tile materials, ash and fixed carbon. The higher heating value 
of charcoal was determined with an Ika C2000 calorimetric 
bomb following instructions from NBR 8633 (ABNT 1984) 
and the lower heating value was determined by subtracting 
the water due to the presence of hydrogen, as shown in Eq. 5

where LHV = lower heating value (MJ  kg− 1); HHV = higher 
heating value (MJ  kg− 1); H = hydrogen content (%).

To determine the mechanical resistance (kgf), the samples 
were placed in the climate chamber with a temperature of 20 
°C and 60% relative humidity (RH), until reaching constant 
mass. A universal testing machine EMIC DL 30000, with a 

(4)P =

(

1 −
AD

TD

)

× 100

(5)LHV = HHV −

(

600
9H

100

)

Fig. 1  System used for pyrolysis of wood
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500 kg load cell was used. The speed of load application was 
0.05 mm  min− 1, and the trial was continued until the char-
coal material ruptured. The load was applied to the radial 
plane of the samples.

2.3  Acquisition of X‑ray images

Charcoal samples were inserted in the irradiation camera 
of a Faxitron X-ray, MX20-DC12, using an exposure time 
of 1.2 s, 26 kV and 57.2 cm from the source. The images 
were saved at 96 dpi resolution (Faxitron 2013). The occur-
rence of internal fissures in the charcoal was determined at 
the pyrolysis temperature. Figure 2 shows the details of the 
acquisition of images.

2.4  Hygroscopic charcoal absorption

Water adsorption was determined through an adaptation of 
standards ASTM E104-02 (ASTM 2012), ASTM D4933-99 
(ASTM 2010) and the study conducted by Dias Júnior et al. 
(2016). Samples of charcoal were initially dried in a con-
trolled oven at 103 ± 2 °C. After the masses were measured, 
the samples were fully immersed in distilled water, where 
the masses were measured daily for moisture determination. 
The trial was terminated when the variation between differ-
ent weighing procedures was ≤ 0.05%.

2.5  Data analysis

A completely randomized design with six treatments was 
used (charring temperature) and ten repetitions (except for 
the charring performed in triplicate). Data were submitted 
to the Kolmogorov–Smirnov test for normality verification. 
The homogeneity of variances was verified by the Levene 
test. Once these assumptions were confirmed, Pearson cor-
relations and regression analysis F test were conducted. The 
t-test was applied later to evaluate the correlation coefficients 

of R². When necessary, the models were adjusted to improve 
the values of the standard error and the coefficient of deter-
mination. All tests were carried out with 95% confidence 
interval.

3  Results and discussion

Figure 3 and Table 1 show the results of the yields of pyroly-
sis products.

Predictive models are very important in kinetic studies on 
wood pyrolysis. The charcoal yield decreased as the pyroly-
sis temperature increased, with the most noted temperature 
being 450 °C and the lowest charcoal yields for pyrolysis 
being 850 and 950 °C, but the yield at 950 °C increased 
slightly compared with that at 850 °C. Pyroligneous liquid 
yield had the opposite behavior to that of charcoal, with 
increasing yields up to pyrolysis temperature of 850 °C 
(39.93%), and decrease in the pyrolysis at 950 °C (38.12%). 
This is associated with the fact that high temperature vapor-
izes some potentially condensable gases, leaving no time for 
the transformation into pyroligneous liquid, or secondary 
reactions of pyroligneous fraction at high temperature, pro-
ducing non-condensable gas and secondary charcoal (Assis 
et al. 2016; Morf et al. 2002; Surup et al. 2019b). As the 
yield of non-condensable gases was calculated by difference, 
the highest values were observed for the pyrolysis at final 
temperatures of 650 °C, 750 °C and 850 °C.

In general, the pyrolysis temperature significantly influ-
enced the charcoal yield, which may be estimated by the 
correlations shown in Table 1. Many studies have been con-
ducted to explain the impact of pyrolysis parameters on char-
coal yield. The increase in the final temperature of pyrolysis 
and wood conditioning time at final pyrolysis temperature 
reduces the charcoal yield and increases the fixed carbon 
content (Assis et al. 2016; Dufourny et al. 2019; Weber and 
Quicker 2018). The results in Fig. 4 show that the apparent 
density of charcoal initially decreased with increasing tem-
perature up to 550 °C, but then increased as the pyrolysis 
temperature rose (Fig. 4a).

Trugilho and Silva (2001) claimed that the mass loss 
caused by the release of volatile materials between the 
temperatures 300 °C and 500 °C is much larger than the 
reduction in the volumetric dimensions of charcoal, which 
explains the decrease in apparent density. However, after 
600 °C, the mass loss is lower than the contraction due to 
the volatilization of  H2, which has low molecular mass. In 
addition, to break the H–H bonds, large amounts of energy 
are required, which contributes to the sharp decrease in mass 
loss at high pyrolysis temperatures (Trugilho and Silva 2001; 
Telmo and Lousada 2011).

Increasing pyrolysis temperature causes mass loss and 
increase in the porosity of charcoal through the release of Fig. 2  Details of the acquisition of X-ray images
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volatiles (Fig. 4), mainly at the decomposition temperatures 
greater than 500 °C, but also at higher temperatures, a con-
traction of charcoal occurs due to restructuring of the car-
bon matrix, as shown by Kwon et al. (2009), reducing the 
volume of charcoal (Pastor-Villegas et al. 2007; Somerville 
and Jahanshahi 2015). The relationship between these phe-
nomena results in decreased apparent density of charcoal 
with an increase in temperature from 500 to 800 °C. These 
results agree with those found by Blankenhorn et al. (1978), 
who reported an increase of 0.408 to 489 g  cm− 3 in the 
apparent density of Prunus serotina Ehrh charcoal with an 
increase in pyrolysis temperature from 500 to 800 °C. The 
density of charcoal and therefore porosity depend mainly on 
the biomass apparent density and decrease as the pyrolysis 
temperature rises. However, some authors have reported a 
slight increase in this property above 500–600 °C (Oliveira 
et al. 1982; Somerville and Jahanshahi 2015).

Despite the increase in the apparent density, the charcoal 
can exhibit internal fissures and cracks caused by high char-
ring temperature. This can be demonstrated by looking at 
the X-ray images presented in Fig. 5, which show charcoal 

obtained at the final pyrolysis temperatures of 450 (A), 550 
(B), 650 (C), 750 (D), (E) 850 and 950 °C (F).

Wood pyrolysis temperature can impact the physical form 
of charcoal by promoting external fissures and cracks, which 
result in decreased mechanical resistance and increased 
charcoal friability. Figure 6 shows the effect of pyrolysis 
temperature on the charcoal produced at two different pyrol-
ysis temperatures (450 and 950 °C).

The internal charcoal areas with cracks and fissures 
(Fig. 5) may compromise the mechanical resistance and 
increase susceptibility to the generation of fines during 
handling. Thus, one should pay attention to the pyrolysis 
temperature and consider the use of the charcoal. In par-
ticular, charcoal used in the blast furnace in the iron and 
steel industry requires high strength. Low-density charcoal 
limits the fixed carbon available for carbothermic reactions, 
reducing productivity and increasing the specific energy 
consumption. In addition, the lower density increases the 
problems with transport, handling and storage (Somerville 
and Jahanshahi 2015). True density (Fig. 4b) and porosity 
(Fig. 4c) showed behavior similar to that of the apparent 

Where: CY = charcoal yield; PY = pyroligneous liquid yield; NCY = non-condensable gases yield. 
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Fig. 3  Pyrolysis yields

Table 1  Predictive models of the charring yield

x = is temperature
a Significant at 95% confidence interval

Dependent variable (Y) Independent variable (X) Best fitted model R²

Charcoal yield (CY) Pyrolysis temperature (°C) CY = 6E − 05x² − 0.102x + 76.61 0.98a

Pyroligneous liquid yield (PY) PY = − 4E − 05x² + 0.0623x + 15.71 0.91a

Non-condensable gases yield (NCY) NCY = 0.0131x + 16.64 0.90a
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density. Both decreased until the pyrolysis temperature was 
550 °C, then increased and decreased again in pyrolysis at 
950 °C. The true density represents the degree of transfor-
mation of the wood into charcoal, so the higher its value, 
the more crystalline the charcoal. However, it is possible 
that in pyrolysis at 950 °C, the material has gone through 
a graphitization process, decreasing the true density value. 
The measured porosity showed the highest value for char-
coal obtained in pyrolysis at 750 °C and the lowest value for 
charcoal at 950 °C (Fig. 4c).

Carbon with graphitized structures is not porous and has 
relatively high densities, while the non-graphitized carbona-
ceous materials have low density due to high microporosity  
(Biswas et al. 2011; Ion et al. 2006). The increase in true 
density with increasing temperature from 450 to 950 °C is 
caused by the conversion of low-density disordered carbon 

into a high-density turbostratic carbon (monolithic glassy 
carbon), which approximates it to the graphite structure, 
which has a true density of 2.25 g  cm− 3 (Ma et al. 2017). 
The non-graphitability of the charcoal is related to its 
porous structure, with the nanostructure of pyrolysis char-
coal at 2500 °C similar to that of natural graphite, while the 
charcoal produced at lower temperatures shows a structure 
that resembles that of the glassy carbon (Hata et al. 1998; 
Ishimaru et al. 2001; Harris 2005; Surup et al. 2019b). 
Pyrolysis under high temperatures may produce metallurgi-
cal coke-like charcoal. Although arguments in favor of this 
charcoal highlight the high temperature of pyrolysis, most 
investigations study the charcoal produced at temperatures 
< 1000 °C. This shows that the severe increase in pyrolysis 
temperature could increase the graphitization of charcoal, 
leading to the development of a structure that is more similar 
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to coke and with low reactivity, in addition to lower conver-
sion efficiency in relation to the initial wood. In metallurgi-
cal processes, the decrease in reactivity to a certain extent is 
interesting, because if the reactivity is too high, it can lead to 
a fast consumption without completing the reduction process 
(Griessacher et al. 2012; Dufourny et al. 2019).

Probably, the cracks and fissures (Fig. 5) compromised 
the porosity of the charcoal; in addition, its structure is very 
similar to that of the graphene material, which, although car-
bonaceous, is less porous than charcoal (Harris 2005; Surup 
et al. 2019a). In the iron and steel and barbecue industries, 
for example, these variables are relevant for the permeability 
of hot air in the blast furnace and food grill equipment. The 
higher the apparent density, the higher the energy density 

of charcoal. In this case, the energy density corresponds to 
the product the apparent density of charcoal by the higher 
heating value. Linked to porosity, these factors contribute to 
the hot air conduction and energy transfer between pieces 
of charcoal so they can promote a more efficient combus-
tion, favoring the energy supplied in the blast furnace and 
in the efficiency of the food grill (Dias Júnior et al. 2015a; 
Surup et al. 2019a). The porosity has a significant impor-
tance in other applications such as adsorbent material, for 
which higher values enable the use in filters, incorporation 
into soil (biochar), water decontamination, among others. 
Figure 7 shows the values of the proximate composition.

Volatile materials content of charcoal decreased as the 
pyrolysis temperature increased, reaching values close to 3% 
when the pyrolysis temperature reached 950 °C. For pyrol-
ysis at 450 °C, the average volatile materials content was 
29.8%. This variation, within the extremes of the tempera-
tures studied (450 and 950 °C), is approximately 90%. These 
results are due to the great release of volatile gases at higher 
temperatures (Demirbas 2004; Wang et al. 2017). Conse-
quently, the fixed carbon content has also been increasing 
due to rising temperatures. Although it has desirable char-
acteristics for various situations (high density and fixed car-
bon content and low content of volatile materials), other 
properties of charcoal should also be considered. According 
to Dias Júnior et al. (2015b), there are some situations in 
which the presence of flames is desired, while others require 
a homogeneous burn in the solid state. Thus, the recom-
mendation for the first case is fuel with a higher volatile 

Fig. 5  X-ray images of the 
charcoal highlighting the inter-
nal fissures resulting from the 
charring temperature

)B()A(

(C)       (D)

)F()E(

Fig. 6  Charcoal produced at 450 °C (left) and 950 °C (right)
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content and high levels of fixed carbon for the second case 
(Dias Júnior et al. 2015b; Dias Júnior 2018).

In the metallurgical use, charcoal plays the role of thermal 
reducer and, in addition to the heat, it also provides carbon 
(or CO gas). For this use, a higher fixed carbon content is 
preferred. In the barbecue application, for example, the for-
mation of embers depends on the fixed carbon, as well as 
the emission of volatiles with possible toxic compounds, 
such as polycyclic aromatic hydrocarbons (PAHs), which 
are dependent on the volatile materials content (Zhao et al. 
2015; Dias Júnior et al. 2018). Thus, for both situations, the 
fixed carbon is the desired variable in charcoal. Ash content 
ranged from 0.10% (450 and 650 °C) to 0.14% (850 °C), 
which is considered very low compared to most other car-
bon sources such as coal. This characteristic is usually very 
variable, being attributed to various factors (Trugilho et al. 
2005). The ashes derive from the mineral fraction of the 
charcoal. In the case of Eucalyptus wood, the ash content 
is usually less than 1%. Despite this low content, ash has a 
strong influence on the pyrolysis process and should be con-
sidered when evaluating the properties of charcoal produced 
for steel industry or barbecue.

Figure 8 shows the relationship between the pyrolysis 
temperature and the energy stored in charcoal represented 
by the heating value.

The heating values remained with small change for 
the charcoal produced between 450 and 650 °C. Values 
decreased significantly at pyrolysis temperatures greater 
than 650 °C. Although the fixed carbon content significantly 
increased with the rise in pyrolysis temperature, the heat 
energy did not show the same trend. Higher heating value 
is an intrinsic property of the wood species and pyrolysis 
variables have little influence on the final values of the 

amplitude of this variable. In addition, the increased tem-
perature reduced the charcoal yield. For most applications, 
the heating value per unit mass is the most important qual-
ity parameter. In many types of biomass, the heating value 
increases as the fixed carbon content increases. However, it 
is possible that some properties such as extractives type and 
hydrogen volatilization contribute to the decrease of this 
variable. Some extractives remain in the pyrolyzed biomass 
until a certain temperature. Similarly, hydrogen tends to 
volatilize more intensely at temperatures around 700 °C. 
Many authors call this stage the hydrogen phase. These facts 
may justify the decrease in the heating value from 650 °C 
(Trugilho et al. 2001; Telmo and Lousada 2011; Silva and 
Ataíde 2019).

In most of the applications mentioned in this study, the 
charcoal is subjected to impacts and abrasion, during han-
dling. This is a particular issue in the iron and steel industry, 
where the friability of charcoal in the blast furnace is prob-
lematic. Thus, the mechanical resistance must be increased 
so the generation of fines is decreased. The fines reduce 
the permeability of the blast furnace burden to reagent gas, 
affecting the efficiency of the blast furnace. A solid fuel with 
high compressive strength is essential in fixed processes: 
compaction has a negative effect on the reduction reactions, 
limiting the permeability of the field, which, in turn, causes 
problems for the process control and increases the pressure 
drop (Noumi et al. 2016; Dufourny et al. 2019). Figure 9 
shows charcoal breaking strength plotted against the final 
pyrolysis temperature.

The strongest charcoal, mechanically speaking, was 
obtained at 750 °C (1012 kgf). Despite not showing relation 
to the apparent density in the statistical tests, charcoal had 
the highest true density value at this temperature (Fig. 3b). 

Fig. 7  Proximate composition 
of the charcoal produced. VMC 
volatile materials content, FCC 
fixed carbon content, AC ash 
content
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In addition to representing the degree of transformation in 
carbonaceous structure, the true density is related to the 
formation of wood in perfect polyhedral particles, like dia-
monds (Jenkins et al. 1972). The most likely conclusion for 
this is that the charcoal with a better structural arrangement 
of carbons and fewer fissures and cracks caused by tempera-
tures above 750 °C had greater strength (Fig. 5). However, 
the material becomes part of a new crystal structure different 
from that of charcoal and similar to that of graphene above 
950 °C. This increases the breaking strength observed in 
Fig. 9. This increase in the mechanical resistance of charcoal 
can be attributed to the combined effects of condensation of 

vapors and alignment of crystallites, which produce a more 
resistant carbon structure, and to the increasing amount of 
fiber per unit area due to charcoal shrinkage and alteration 
in porosity (Assis et al. 2016).

There are few articles in the literature about the impact 
of the pyrolysis temperature on the mechanical properties 
of charcoal. There are few standard references which can be 
referred to Assis et al. (2016) and Weber and Quicker (2018). 
The mechanical stability of the charcoal is generally high 
when the apparent density of wood and charcoal increases 
(Antal et al. 2000; Assis et al. 2016; Ding et al. 2011), 
but this was not observed in this study for high pyrolysis 

Fig. 8  Relationship between 
pyrolysis temperature and heat 
energy of charcoal

Where: HHV = high heating value; LHV = lower heating value. 
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Fig. 9  Breaking strength of the 
charcoal produced at different 
temperatures
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temperatures (850 °C). According to most authors, the 
compressive strength, given by the breaking strength of the 
charcoal, decreases as the pyrolysis temperature increases, 
and begins to increase again at temperatures above 500–600 
°C (Oliveira et al. 1982; Assis et al. 2016). The literature 
reports that the higher the original density of the wood, the 
lower the compressive strength of the charcoal (Dufourny 
et al. 2019). This difference can be partly explained by the 
appearance of large cracks and voids in the charcoal from 
eucalyptus during pyrolysis, while the shape of the char-
coal, whose density was originally lower, remained regular, 
without major defects (Figs. 5, 6). The release of volatiles 
from high density wood increases the gas pressure inside 
the particle, which breaks the internal macrotexture of the 
particle, thus increasing its fragility (Dufourny et al. 2019).

Another intrinsic and limiting characteristic for the char-
coal is its hygroscopicity. This variable increases the affinity 
of charcoal for water, which is undesirable for power genera-
tion in the iron or steel industry or in barbecue applications, 
because it decreases its heating value. Figure 10 shows the 
result of the hygroscopicity trial.

The charcoal with the greatest moisture absorption was 
the charcoal with higher average porosity (Fig. 3b), produced 
under the final pyrolysis temperature of 750 °C. On the other 
hand, the lowest moisture absorption was observed in char-
coals obtained from pyrolysis at 450 and 550 °C, with poros-
ity lower than that observed by charcoals obtained at 650, 
750 and 850 °C (Fig. 4b). One reason for the results obtained 
is that, after 750 °C, despite the theoretical elevation of the 
true density and porosity, there is an internal reorganization 
of carbonaceous structures caused by fissures and cracks 
of charcoal that does not allow for a smooth functioning of 
the porous layer and the occurrence of obstructions due to 
internal breakdowns. In uses for this purpose (adsorption or 

absorption), most of the time, the disruption of the charcoal 
is done in small grain sizes (powder), and this result would 
not be considerable, since the moisture absorption trial was 
conducted in solid samples and with the intact dimensions.

4  Conclusion

Relevant charcoal properties for the steel industry and barbe-
cue, such as density, mechanical strength, heating value and 
hygroscopicity, show variable trends from pyrolysis at 650 
°C. The apparent density of charcoal rose from 500 °C and 
had no relation to the breaking strength. When the pyrolysis 
temperature was raised, an increase in both apparent and 
true densities, internal fissures and cracks and fixed carbon 
content of charcoal was observed. The high pyrolysis tem-
peratures enable the physical changes of charcoal, approxi-
mating it to the glassy and graphitized structures. Fissures 
and cracks in the charcoal affected its porosity, mechanical 
resistance and hygroscopicity. Fissures and cracks impor-
tant to the physical and mechanical properties of charcoal 
were only seen with the help of X-ray. The apparent density 
of charcoal alone is not a good indicator for assessing the 
mechanical resistance. The pyrolysis temperature must be 
controlled for charcoal use in the iron and steel industry or 
in the barbecuing of foods.

Acknowledgments We would like to thank the Coordination for the 
Improvement of Higher Education Personnel (CAPES), the Forestry 
Science and Research Institute (IPEF) and the National Council for 
Scientific and Technological Development (CNPq/142075/2016-7), 
research-funding agencies in Brazil, for granting the scholarships.

Fig. 10  Absorption curve of the 
charcoal moisture in relation to 
the pyrolysis temperature
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