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Abstract 
Lignocellulosic wastes from Amazonian crops are promising for the production of biochar. However, there are scientific 
gaps concerning the thermodegradation mechanisms of widely diverse biomass. This research explored the relationships 
between the chemical compounds and the pyrolysis behavior of the açai seed, cocoa pod husk, coconut husk, palm empty 
fruit bunch, and maize cob by thermogravimetric analysis. The cocoa pod husk and palm empty fruit bunch showed the low-
est temperatures of initial degradation (≤ 230 °C) because of the highest proportions of total extractives (≥ 17% dry basis) 
and ashes (≥ 5.7% dry basis) combined with the lowest contents of holocellulose (≤ 56% dry basis). Biomasses with higher 
extractives contents showed pronounced mass losses at temperatures ≤ 300 °C. The maize cob, with more holocellulose (68% 
dry basis), revealed a high maximum rate of thermal degradation of 7.9%  min−1 and mass loss between 200 and 400 °C of 
65.6% wet basis. The high level of acetone-soluble extractives raised the temperature necessary for the initial thermal deg-
radation of açai seed. The coconut husk, açai seed, and cocoa pod husk were the most suitable wastes for the production of 
biochar based on the average mass yields (≥ 41% wet basis) at the pyrolysis final temperature of 400 °C.
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Introduction

In the last decades, scientists and governments have pursued 
to solve many current drawbacks, such as (i) dependence 
on fossil sources (Chang et al. 2019), (ii) climate change 
caused by the greenhouse gas emissions (Wienchol et al. 
2020), (iii) expanding requirements of the circular bioec-
onomy based on sustainable consumption patterns (Mak 
et al. 2020), and (iv) management and recycling of solid 
wastes from several production chains (Xu et al. 2017; Iqbal 
et al. 2020; Trabelsi et al. 2020). Lignocellulosic wastes 
are, therefore, valuable to overcoming challenges faced by 
modern society (Silva-Martínez et al. 2020) by fulfilling 
the sustainable development proposed by United Nations 
Agenda 2030. However, the economic, environmental, and 
social benefits of high-added value biofuels and bio-products 
are not enough for their proper valorization (Silva-Martínez 
et al. 2020). These raw-materials have characteristics that 
hinder their use outside the production sites, including low 
density, wide physical–chemical heterogeneity, seasonality 
in production, and the strong dependence on climatic condi-
tions (Scatolino et al. 2018a; Fermanelli et al. 2020; Santana 
et al. 2020). Therefore, conversion processes are required to 

enable optimized uses of residual lignocellulosic biomass. 
Many researchers, public managers, and entrepreneurs have 
considered pyrolysis for the proper environmental manage-
ment of wastes from industrial and agroforestry production 
chains, offering good options for bioeconomy products (Par-
ascanu et al. 2019).

Slow pyrolysis (also known as carbonization) is a com-
plex process that thermochemically degrades lignocellulosic 
biomass into solid (biochar), liquid (bio-oil), and gas frac-
tions through a continuous oxygen-free heat supply (Kluska 
et al. 2019, 2020; Foong et al. 2020). Foong et al. (2020) 
reported that, among the thermochemical techniques of bio-
mass conversion, pyrolysis is the most attractive because 
it reduces pollutant emissions and environmental impacts 
through the reactions that occur under oxygen-free condi-
tions. Besides, the byproducts are recovered. Beyond bio-
fuels, pyrolysis provides chemical compounds of industrial 
interests, agronomic supplies (e.g., soil conditioner), active 
carbons, active cosmetics, and components of electrochemi-
cal cells and supercapacitor electrodes (Su et al. 2019; Zhou 
et al. 2019; Kluska et al. 2020).

In Brazil, pyrolysis is widespread, mainly to sup-
ply bioreactors for blast furnaces and domestic fuels. 
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The country stands out as the first producer of biochar 
in the world (≈ 6.4 million t per year), mostly derived 
from the wood supplied by planted and managed native 
forests (FAO 2020). However, biochar production from 
native woods, especially from Amazonia, is reducing 
due to environmental protection laws of forest resources 
(Kluska et al. 2020). Therefore, lignocellulosic wastes 
from local production chains submitted to pyrolysis aim-
ing at decreasing pressures on native forests have been 
widely covered in the literature (Sato et al. 2019, 2020; 
Fermanelli et al. 2020). Examples of biomass success-
fully improved by pyrolysis are rice husk (Yuan et al. 
2019), leather-tannery waste (Kluska et al. 2019; Guan 
et al. 2019), corncobs (Kluska et al. 2020), waste wood 
(Andrade et  al. 2017; Efika et  al. 2018; Varma et  al. 
2019), cotton waste (Kanca 2020), corn stalks (Shen et al. 
2015), castor husk, coffee pulp, and pinus sawdust (Par-
ascanu et al. 2019).

Nonetheless, the complex relationships between 
pyrolysis and chemical composition of widely variable 
biomass sources, especially those from the agroforestry 
crops of Amazonia, deserve expanding information. 
For instance, in Pará, a federal state of the Amazonian 
territory, açai (Euterpe oleracea Mart.), cocoa (Theo-
broma cacao L.), coconut (Cocos nucifera L.), palm oil 
(Elaeis guineensis Jacq.), and maize cob (Zea mays L.) 
are among the ten most important crops occupying more 
than 40% of the cultivated areas and exceeding 2.7 mil-
lion t of wastes per year (IBGE 2020).

This research explores the pyrolysis of lignocellulosic 
wastes sourced from Amazonian crops using thermo-
gravimetric analysis (TGA). The goals were to develop 
prediction tools of the conversion yield from raw bio-
mass to biochar based on the process temperature and 
to understand the influence of the chemical compounds 
on the thermochemical behaviors of the biomasses. This 
work will contribute with information on the relationship 
between the unique characteristics of biomass and its 
components (e. g. extractives, holocellulose, lignin, and 
ash) and the pyrolysis behavior, expanding the knowl-
edge about the future raw materials for biochar produc-
tion in Brazilian Amazonia. As an innovative approach, 
the extractives of different chemical natures and carbon, 
hydrogen, and oxygen ratios were fully considered. This 
paper offers new information about the critical attributes 
of the açai seed, cocoa pod husk, coconut husk, palm 
empty fruit bunch, and maize cob, aiming to maximize 
the biochar production. It should be mentioned that 
all the experiments were carried out at the Multi-User 
Biomaterials Laboratory of the Federal University of 
Lavras—UFLA, Department of Forest Science, Lavras—
Minas Gerais—Brazil, between July 2017 and February 
2018.

Materials and methods

Collection of the lignocellulosic wastes

The following crops were selected from the ten most rep-
resentative among the agroforestry production chains in 
the state of Pará, located in the Brazilian Amazonia: açai 
(Euterpe oleracea Mart.), cocoa (Theobroma cacao L.), 
coconut (Cocos nucifera L.), palm oil (Elaeis guineensis 
Jacq.), and maize cob (Zea mays L.). The wastes derived 
from the processing of these crops are açai seed (AS), 
cocoa pod husk (CPH), coconut husk (CH), palm empty 
fruit bunch (PEFB), and maize cob (MC), respectively 
(Fig. 1).

The açai seed (AS) and the cocoa pod husk (CPH) 
originated through extracting the fruit pulp and remov-
ing the seeds. The coconut husk (CH) remained after 
consuming the internal water and the edible pulp. Local 
agroindustries supplied AS, CPH, and CH. The palm 
empty fruit bunch (PEFB), the waste from the oil palm 
crop (Elaeis guineensis Jacq.), originated from the 
extraction of the fruits used to produce vegetal oil in 
local agroindustries. Maize cob (MC) was obtained after 
the removal of grains and provided by a local farmer. 
After collecting, the biomasses were stored in a ware-
house for drying for approximately two months, pro-
tected from weather conditions.

Chemical composition of the lignocellulosic wastes

Both the structural and non-structural chemical analysis 
(extractives, cellulose, holocellulose, hemicelluloses, 
lignin, and ash), and ultimate composition (CHNS-O) 
for determination of H/C and O/C ratios were carried out 
(Table 1). The samples of lignocellulosic wastes were 
dried in a warehouse, ground and classified in overlap-
ping sieves of 40 mesh (0.420 mm), 60 mesh (0.250 mm), 
and 200 mesh (0.074 mm). The fraction retained between 
the sieves of 40 and 60 mesh was used for the chemi-
cal analysis. The ultimate composition was performed 
with the fraction retained between the sieves of 60 mesh 
(0.250 mm) and 200 mesh (0.074 mm). The biomasses 
were dried in a forced-air circulation oven (103 ± 2 °C) 
before the tests.

The acetone-soluble extractives and hot-water extrac-
tives were quantified according to T 280 pm-99 (TAPPI 
1999a) and T 207 cm-99 (TAPPI 1999b), respectively. 
The total extractives were obtained by the sum of the 
acetone-soluble and water-soluble extractives. The quan-
tifications of the insoluble lignin and soluble lignin were 
based on Gomide and Demuner (1986) and Goldschimid 
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Fig. 1  Lignocellulosic wastes from Amazonian crops: açai seed (a), cocoa pod husk (b), coconut husk (c), palm empty fruit bunch (d), and 
maize cob (e)

Table 1  Chemical composition 
of the lignocellulosic wastes

The numbers in parenthesis are the associated standard deviations. Source: Costa et al. (2020)
AS açaí seed, CPH cocoa pod husk, CH coconut husk, PEFB palm empty fruit bunch, MC maize cob

Chemical characterization (%, dry basis) Lignocellulosic wastes

AS CPH CH PEFB MC

Soluble extractives in acetone 7.1(±0.1) 2.1(±0.2) 2.64(±0.1) 6.5 (±0.4) 2.4 (±0.1)

Soluble extractives in hot-water 3.6(±0.1) 18.0 (±0.3) 7.93(±0.2) 10.8 (±0.9) 5.4 (±0.2)

Total extractives 10.7(±2) 20.1(±0.2) 10.57(±0.3) 17.3 (±1.2) 7.8 (±0.2)

Holocellulose 65.3(±0.1) 41.9(±0.9) 53.87(±0.6) 56.6(±0.3) 68.8 (±1.1)

Cellulose 32.8(±0.8) 32.0(±2.8) 27.91(±0.8) 32.7 (±0.9) 29.7 (±0.2)

Hemicelluloses 32.5(±0.8) 9.9(±2.8) 25.96(±0.8) 23.9(±0.9) 39.1(±0.2)

Total lignin 22.6(±0.9) 29.5(±0.9) 31.59(±0. 5) 20.4 (±0.2) 21.1 (±0.3)

Ash 1.4(±0.0) 8.6(±0.2) 3.97(±0.2) 5.7(±0.2) 2.2 (±0.1)

H/C ratio 1.44(±0.01) 1.42(±0.01) 1.42(±0.01) 1.62(±0.02) 1.56(±0.00)

O/C ratio 0.67(±0.01) 0.67(±0.01) 0.69(±0.02) 0.56(±0.01) 0.76(±0.01)
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(1971), respectively. The total lignin was obtained by the 
summing of the insoluble and soluble types. The Brown-
ing procedure (1963) was followed to obtain holocel-
lulose content. The cellulose content was determined by 
Kennedy et al. (1987), while the hemicelluloses content 
was obtained by the difference between the contents of 
holocellulose and cellulose. Ash content was quantified 
by the standard D1762-84 (ASTM 2007). Finally, the 
ultimate composition (CHNS-O) for determination of 
H/C and O/C ratios of the biomasses was quantified in 
triplicate in an Elementar analyzer Vario Micro Cube 
(Langenselbold–Germany). All analytical chemical anal-
yses were carried out in triplicates. The individual effects 
of the biomass type on the chemical properties are not 
within the scope of this paper. A more detailed discus-
sion about it was provided in Costa et al. (2020).

Thermal analysis and pyrolysis parameters

The wastes were ground in a Willey knife mill, and the 
fractions that passed through 200 mesh (0.074 mm) were 
used for the thermogravimetric analysis (TGA). The assay 
was carried out with an automatic thermal analyzer DTG-
60H, developed by SHIMADZU (Kyoto, Japan), with 
5.5 mg samples and three repetitions per waste. The analy-
ses were performed under an  N2 atmosphere with a flow 
of 50 mL  min−1, range from room temperature (20–35 °C) 
to 600 °C, and heating at 10 °C  min−1. The first derivative 
of the TGA curve allowed identifying the mass-loss rate 
per minute and other characteristics of the pyrolysis [(dm/

dt)max and Tmax]. The peak observed in the DTG curve indi-
cated the temperature of maximum degradation (Tmax) and 
the top rate of thermal degradation [(dm/dt)max]. According 
to Scatolino et al. (2018b), the temperature of initial deg-
radation (Tonset) was obtained by the mutual and crossing 
projections of the segment before (horizontal) and after 
(vertical) the deflection point of the TG curves (Fig. 2). 
The residual mass was obtained in the endpoint of the TGA 
curve (at 600 °C).

Moreover, the mass losses in fixed temperatures inter-
vals (until 100 °C, 100–200 °C, 300–400 °C, 400–500 °C, 
and 500–600 °C) were obtained based on the initial mass. 
The analysis of mass loss in fixed temperature ranges aims 
a better understanding of the pyrolysis process of lignocel-
lulosic wastes and the relation between the chemical com-
positions of these biomasses with the thermal degradation 
process. It indicates the most suitable temperature for the 
production of biochar for each biomass. This methodology 
was used by Dias Júnior et al. (2019), studying the ther-
mal decomposition of woods from the Brazilian semi-arid 
region.

Statistical analysis

The data analyzed for each lignocellulosic waste were as 
follows: (i) the mass losses within the above-mentioned 
temperature ranges, (ii) the residual mass at the end of 
the TGA curve, (iii) the temperature of initial degrada-
tion (Tonset), (iv) the temperature of maximum degradation 
(Tmax), and (v) the maximum rate of thermal degradation 

Fig. 2  Determination of the temperature of initial degradation (Tonset), temperature of maximum degradation, top rate of thermal degradation 
[(dm/dt)max], and residual mass of the pyrolysis of lignocellulosic wastes
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[(dm/dt)max]. The data were submitted to the following 
tests: homogeneity of variances (Bartlett’s test, at 5% of 
significance level); normality (Shapiro–Wilk’s test, at 5% 
of significance level); and the Durbin–Watson’s test (5% of 
significance level) for autocorrelation of disturbances. For 
all parameters evaluated in the TGA and DTG curves, the 
basic assumptions required for the use of parametric statis-
tics (F test) were checked. Posteriorly, data were submitted 
to ANOVA, considering a completely randomized design 
with three repetitions. For the multiple comparisons of the 
averages, the Scott–Knott’s test was used at a significance 
level of 5%. The statistical analyzes were performed using 
the software R version 3.4.3 (R Core Team 2019). Analysis 
of variance consists of decomposing the total variance into 
parts attributed to known and independent causes (con-
trolled factors—treatments) and a residual part unknown 
and randomly generated (uncontrolled factors—error). The 
F test aims to compare the estimates of variances (Banzatto 
and Kronka 2006). In this research, the application of F 
test is appropriate, considering a completely randomized 
design (CRD), since the basic assumptions for the valida-
tion of ANOVA were obtained. Moreover, this statistical 
technique was previously planned from the sampling the 
biomasses.

Results and discussion

Thermal behavior of the lignocellulosic wastes

The TGA curves display the mass loss profiles (TGA 
curve) during the pyrolysis of the agroforestry wastes from 
the Amazonian production chains (Fig. 3). The first deriva-
tive of the TGA curve allowed identifying the mass-loss 
rate per minute and pyrolysis stages (Fig. 4). Pyrolysis of 
lignocellulosic biomass in an inert atmosphere divides into 
three stages (multistep): first drying, then intense devola-
tilization, and finally, continuous slight devolatilization of 
structural carbohydrates remaining and lignin, and non-
structural extractives (Tahir et al. 2019; Alves et al. 2019; 
Sher et al. 2020). Besides, each chemical component is 
resistant to thermal degradation in specific temperature 
ranges that influence the TGA pattern (Laougé and Mer-
dun 2020; Kaczor et al. 2020). Thus, the pyrolysis of the 
lignocellulosic wastes with variable chemical composition 
shows unique characteristics.

The first stage, starting from room temperature to ≈ 
200 °C, is the evaporation phase of the intercellular and 
intracellular moisture (Laougé and Merdun 2020), besides 
some extractives of low resistance to thermal degradation 
(Tahir et al. 2019). Despite the similar patterns of mass 
loss, there were some considerable level differences among 
the wastes in the thermochemical behavior, for example, 
at the beginning of the process. The DTG curves showed 

Fig. 3  Typical TGA curves of the lignocellulosic wastes (a), sharp mass loss between 200 and 400 °C (b), influence of holocellulose/total lignin 
ratio on mass loss between 200 and 400 °C (c) and, effect of holocellulose/total lignin ratio on residual mass obtained in TGA curve (d)
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slight peaks below 100 °C, mainly because of water vapor 
release (Fig. 4 and Table 2). The CH and MC showed the 
highest mass losses up to 100 °C and the sharpest peaks 
in the DTG curve. The AS, CPH, and PEFB had similar 
behaviors, with lower peaks in the DTG curve in this first 
phase of the pyrolysis. These results possibly relate to the 
O/C ratios (see Table 1) and these biomasses’ affinity for 
moisture adsorption. The PEFB, AS, and CPH had the 
lowest O/C ratios, ranging from 0.56 to 0.67. Low O/C 
ratios indicate less polarity, fewer oxygen-based functional 
groups, and less hydrophilic surfaces (Cui et al. 2016; Yang 
et al. 2016). This finding suggests that PEFB, AS, and 
CPH have fewer polar-groups, derived mainly from car-
bohydrates, meaning little affinity to the water molecules 
by the lower proportion of O available for intermolecular 
H-bonds.

In the main stage of thermal degradation  (2sd), between 
≈ 200–400 °C (Figs. 3 and 4), the mass decreases sig-
nificantly, explained by the degradation of holocellulose, 
which corresponds to ≈ 42% (CPH) to 69% (MC) of the 
studied biomasses. The hemicelluloses decompose in an 
approximate temperature range of 220–315 °C, while the 
cellulose degrades from 315 to 400 °C (Yang et al. 2007). 
Thus, the combined thermal degradation of structural 

carbohydrates causes the synergetic release of gase-
ous products at this temperature range, and a sharp peak 
appears in the DTG curve (Tahir et al. 2019). The biomass 
is a mixture of several components; thus, the TGA curve 
displays the sum of the decompositions of each substance 
(Kaczor et al. 2020). Therefore, despite the more signifi-
cant influence of holocellulose in the main pyrolysis stage, 
the jointed thermal decomposition of the extractives and 
lignin needs full consideration.

In temperatures above 400 °C, the slowly mass decrease 
reflects the lignin pyrolysis, the most thermally resist-
ant component of biomass (Hu et al. 2016). This mac-
romolecule has a wide range of thermal decomposition 
(160–900  °C); however, its mass loss at temperatures 
below 400 °C is negligible (Gani and Naruse 2007; Yang 
et al. 2007). Lignin demands high temperatures to decom-
pose because of its benzene ring structure, which is hard 
to disrupt (Poletto 2017). In this stage, the slight mass loss 
results from the decomposition of carbonaceous materials 
retained in char residues (Hu et al. 2016).

Fig. 4  Typical DTG curves of the lignocellulosic wastes (a), peak displayed in the DTG curve (b), and relationship between the maximum rate 
of thermal degradation and holocellulose content (d)
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Temperature of initial degradation

The selected biomasses vary in quality and quantity of 
cellulose, hemicelluloses, lignin, and extractives (see 
Table 1), explaining the different temperatures from 230 to 
258 °C to begin thermal degradation (Table 2 and Fig. 5). 
Hemicelluloses, cellulose, and lignin are the primary com-
ponents of the biomass and widely vary in their molecu-
lar structures, presenting unique pyrolysis characteristics 
(Tahir et al. 2019).

In this research, PEFB and CPH exhibited the lowest 
Tonset of 230 and 231 °C, respectively (Table 2). The high 
levels of total extractives (17–20% db), especially the 
hot water-soluble ones (10–18% db for PEFB and CPH), 
are the possible reason. AS and MC stood out for their 
increased resistance to begin the main phase of thermal 
decomposition, with Tonset of 254 and 258 °C, respectively. 
These biomasses were characterized by lower amounts of 
total extractives (7–10% db). It is essential to highlight 
that the CH presented total extractives content similar 
to AS (10% db), but more water-soluble extractives (7% 
db). Therefore, the Tonset of the CH was 238 °C (Figs. 5a, 
b), that is, lower than that observed for AS (254 °C). The 
extractives of AS are mostly soluble in acetone and cor-
respond to substances like fatty acids, resin acids, sterols, 
waxes, and non-volatile hydrocarbons (TAPPI 1999a). 
Generally, acetone-soluble extractives decompose at higher 
temperatures (250–550 °C) and increase biomass resist-
ance to thermal degradation (Mészáros et al. 2007; Pro-
tásio et al. 2019, 2020), justifying the Tonset found for AS. 
The hot water-soluble extractives comprise a portion of the 
extraneous components of lignocellulosic biomass, such 
as inorganic compounds, starches, tannins, gums, sugars, 
and coloring matter (TAPPI 1999b). The results demon-
strate that hot-water soluble extractives are less resistant 
to thermal degradation than hemicellulose and cellulose 
polymers.

Extractives are heterogeneous compounds with function 
not structural in the plant cell wall, being the type and 
quantity widely variable among the lignocellulosic wastes 
(Wang et al. 2017). Despite the lower proportion of extrac-
tives than structural holocellulose and lignin, they certainly 
influence on the thermochemical behavior of biomasses 
and advance in the onset of the main pyrolysis stage. Moya 
et al. (2017) reported that extractives positively impact the 
degradation and devolatilization rate of woody biomass. 
Also, the authors confirmed that high levels of extractives 
decrease the temperature of the initial degradation of the 
biomass. Similarly, Poletto (2016) claimed the extrac-
tives present low molecular mass compared to cellulose; 
hence, higher contents of these chemical compounds in the 
biomass accelerate the degradation process. The authors 
reported that the extractives promoted an increase in the Ta
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Fig. 5  Temperature of initial degradation (Tonset) and their relations with: total extractives content (a), soluble extractives in hot water (b), holo-
cellulose content (c), hemicelluloses and ash contents (d), mass loss between 10 and 200 °C (e), and mass loss between 300 and 400 °C (f)
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rate of thermal degradation at lower temperatures, reducing 
the wood thermal stability. Thus, AS and MC, with lower 
extractive contents, require more energy to start the main 
phase of the pyrolysis process.

In addition to the effect of extractives on Tonset, the pro-
portions of holocellulose (Fig. 5c), hemicelluloses, and ash 
(Fig. 5d) directly influenced the onset of thermal degra-
dation. AS and MC, with higher holocellulose/extractives 
ratio, higher levels of hemicelluloses, and lower amounts 
of ash, had higher Tonset, displacing the curve of thermal 
degradation to higher temperatures. Moya et al. (2017), 
as the holocellulose and hemicelluloses contents increase, 
higher temperatures are required to start the degradation. 
The cellulose and hemicellulose polymers have superior 
thermal stability than the low-molecular-mass extractives 
(Mészáros et al. 2007; Hu et al. 2016; Moya et al. 2017). 
Thus, CPH, PEFB, and CH, with holocellulose/extractives 
ratio between 2.1 and 5.1 (Fig. 5c) and hemicelluloses 
content between 9 and 26% db (Fig. 5d), showed onset of 
thermal degradation at temperatures below 238 °C. These 
biomasses stood out by their intenser mass loss between 
100 and 200 °C (Fig. 5e), mainly because of the volatiliza-
tion of extractives with a low resistance to thermal degra-
dation. Oppositely, AS and MC contain holocellulose/total 
extractives ratio between 6.1 and 8.8, besides 32 and 39% 
db of hemicelluloses, requiring initial thermal degradation 
temperatures above 254 °C. It is essential to highlight the 
clear negative relationship between the ash amounts and 
the Tonset (Fig. 5d). The biomasses CH, PEFB, and CPH 
presented high ash content, and consequently, the lowest 
temperatures of initial thermal degradation. A possible 
explanation is that some ash-forming elements can cata-
lyze reactions during pyrolysis and anticipate the onset of 
the wastes, shifting the TGA and DTG curves to lower 
temperatures. High ash proportions are highly damaging 
to industrial systems that convert lignocellulosic waste to 
energy (Alves et al. 2019). Nonetheless, some elements, 
like K, Ca, Na, Mg, and Fe, have catalytic activity and 
increase depolymerization and devolatilization rates dur-
ing the pyrolysis (Klinghoffer et al. 2015; Tahir et al. 2019; 
Zaini et al. 2019). Moya et al. (2017) demonstrated that 
elements contained in ash, e.g., K, S, Cu, and Mn, cor-
related to some parameters from TGA or devolatilization 
curves.

Maximum thermal degradation

In the DTG curve, it is difficult to clearly distinguish the 
hemicelluloses and cellulose devolatilization (see Fig. 4), 
even for AS and MC, with hemicelluloses content of 32 
and 39% db, respectively. The heterogeneous nature of the 
biomass composed of hemicelluloses, cellulose, and lignin 

strongly linked and intertwined in the cell wall, causes 
overlapping thermodegradation. Hemicelluloses consist 
of several polysaccharides with varied compositions and 
properties. Their pyrolysis behavior strongly reflects the 
characteristics of the primary “building blocks,” the mon-
osaccharides (Wang et al. 2017). The DTG curves (see 
Fig. 4) provide the temperature of maximum mass loss, 
which ranged from 295 to 315 °C for AS and MC, respec-
tively. Lignocellulosic wastes with higher cellulose con-
tents showed anticipation of the prominent peak of thermal 
decomposition. The AS, CPH, and PEFB with cellulose 
contents above 32% db showed the lowest temperatures of 
maximum mass loss (295–301 °C). On the other hand, CH 
and MC, with average cellulose content of 28%, showed 
the peak of thermal degradation between 312 and 315 °C.

It is essential to evaluate the Tmax and Tonset simulta-
neously (see topic 3.2) to understand the thermochemi-
cal behavior and the thermal stability of the biomasses. 
The differences between Tonset and Tmax ranked as follows: 
AS < MC < PEFB < CPH < CH. After starting the thermal 
degradation, the AS quickly reached the maximum peak 
of mass loss compared to the CH, CPH, and PEFB. This 
behavior can be explained by the content of extractives, 
structural carbohydrates, and ash biomass. The AS con-
tained more acetone-soluble extractives than hot water-sol-
uble extractives, besides exceptional levels of cellulose and 
hemicelluloses. As previously reported, acetone-soluble 
extractives increased resistance to initial thermal degra-
dation for AS. However, more structural carbohydrates, 
especially hemicelluloses (32% db), decreased the tem-
perature of the maximum peak of thermal degradation of 
this biomass. Chen et al. (2019) observed that the volatiles 
released from hemicelluloses increased the decomposition 
of cellulose volatiles, while the latter inhibited the decom-
position of lignin volatiles below 500 °C. In this research, 
AS and MC biomasses with higher contents of holocel-
lulose and lower contents of hot-water soluble extractives 
showed the smallest differences between Tmax and Tonset, 
meaning substantial mass loss after the initial thermal deg-
radation. PEFB, CPH, and CH wastes, containing more 
hot-water soluble extractives (7–18% db) and less holocel-
lulose (41–56% db), showed the most significant differ-
ences between Tmax and Tonset. Besides, PEFB, CPH, and 
CH showed high ash contents, which may have limited the 
mass and heat transfer between organic particles and inhib-
ited the biomass devolatilization reactions (Müsellim et al. 
2018). For these reasons, longer duration from the begin-
ning of thermal degradation to the main peak of mass loss 
in the DTG curve occurred for these biomasses. Extractives 
have a wide range of thermal degradation (150–550 °C) 
(Mészáros et al. 2007), which, combined with the low lev-
els of structural carbohydrates and high proportions of ash, 
may have contributed to increasing the temperature and the 
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Fig. 6  Maximum rate of thermal degradation [(dm/dt)max] and their 
relations with: holocellulose/total lignin ratio (a), holocellulose/total 
extractives ratio and temperature of maximum degradation (b), hemi-

celluloses content (c), mass loss between 300–400 °C (d), mass loss 
between 400 and 500 °C (e), and residual mass (f)
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time required to reach the maximum thermal degradation 
for PEFB, CPH, and CH.

The MC, with the highest contents of holocellulose and 
hemicelluloses and the lowest lignin content, showed the 
highest peak in the DTG curve (see Fig. 4). This result 
means more mass loss and gases released from the deg-
radation of structural carbohydrates in the main stage of 
pyrolysis among the biomasses. Also, the MC stood out 
with a higher holocellulose/total extractives ratio and, con-
sequently, a relatively lower level of extractives (Fig. 6). 
Holocellulose and hemicelluloses directly influenced the 
maximum rate of thermal degradation, besides the holo-
cellulose/lignin and holocellulose/total extractives ratios. 
It appears that lower levels of lignin and extractives and 
higher contents of structural carbohydrates cause intenser 
devolatilization rates of biomass, which was confirmed in 
Gani and Naruse (2007).

For this reason, the CPH and CH, with the lowest rela-
tion holocellulose/lignin ratio and holocellulose/total 
extractives, also showed the lowest dm/dtmax (4.6–5.3% 
 min−1) and the most extended main stage of thermal degra-
dation. Therefore, the relative proportions of holocellulose, 
lignin, and extractives can be used to identify the suitabil-
ity of biomass for biochar production (Sher et al. 2020). No 
clear relation between temperature and maximum mass loss 
rate was observed, possibly due to the influence of extrac-
tives and the proportion of carbohydrates on the pyrolysis 
parameters. Such findings reinforce the hypothesis stating 
the wide range of thermal degradation of the extractives 
and their relevance to the pyrolysis behavior of the wastes.

AS provided the smallest difference between the Tonset 
and the Tmax (see Table 2, Fig. 4, and Fig. 5). Still, the peak 
size of the DTG curve represented by dm/dtmax was statisti-
cally below the ones found for PEFB and MC (Fig. 6). The 
content of structural carbohydrates and some extractives, 
such as the acetone-soluble ones, strongly affect the peak 
size and, consequently, the intensity of mass loss in the 
main pyrolysis stage. Holocellulose of AS was 65%, while 
PEFB presented 56%. However, the maximum peak of 
thermal degradation for AS was lower than PEFB’s peak, 
probably because the former has more components with 
superior thermal resistance and wider amplitude of thermal 
degradation, such as acetone-soluble extractives (7%) and 
total lignin (22%). Therefore, the simultaneous analysis 
of the chemical composition of the residual biomass is 
fundamental for a better understanding of the variations 
displayed in TGA and DTG curves.

Mass losses according to temperature ranges

The mass losses at specific temperature ranges of the 
TGA curve allow exploring the differences in the pyroly-
sis parameters and predicting the potential of the waste 

biomasses for biochar production. In this research, CH, 
CPH, and PEFB biomasses had the highest mass losses 
between 100 and 200 °C (Table 2), directly influencing the 
decrease in Tonset (see Topic 3.2). These biomasses showed 
a proportionally higher content of extractives, mostly solu-
ble in hot-water, proving that these chemical components 
facilitate the starting of the thermal degradation reactions. 
As higher is the extractives/lignin ratio, the greater is the 
mass loss in temperatures below 300 °C (Figs. 7a, b). PEFB 
showed the most significant mass losses between 100 and 
200 °C and between 200 and 300 °C caused by the higher 
content of extractives, mainly those soluble in hot water.

As previously reported, hot-water soluble extractives are 
typically molecules of low molecular mass and thermal 
resistance, promoting the anticipation of pyrolysis reac-
tions and biomass volatilization below 300 °C. Mészáros 
et  al. (2007) observed that the thermal degradation of 
extractives during pyrolysis occurs withing two tempera-
ture ranges: (i) between 150 and 250 °C when they have 
low molecular mass (e. g., hot-water soluble types), and 
(ii) between 250 and 550 °C when they have high molecu-
lar mass (e.g., acetone-soluble types). These degradation 
mechanisms directly impact the biochar production since 
the volatilization of extractives at low temperatures can 
increase the heating rate of the pyrolysis reactors caused 
by the rapid energy supply. Consequently, extractives vola-
tilization under low temperatures hinders the control of the 
production process and increases the amount of gaseous 
and liquid byproducts. Ultimately, the yield of biochar will 
decrease, especially if the pyrolysis is carried out above 
350 °C. Such consequences occurred for PEFB.

The AS started the thermal degradation at the highest 
temperatures among the biomasses and, consequently, lost 
more mass later, between 300 and 400 °C than CPH and 
PEFB (Fig. 7c, d). Interestingly, the accumulated mass 
loss between 200 and 400 °C was similar to CPH and CH 
wastes, which had lower Tonset (see Table 2). It is impor-
tant to emphasize that AS presented the smallest difference 
between Tmax and Tonset. Thus, there is no relation between 
the anticipation of the temperature of maximum mass 
loss and the biochar yield in the pyrolysis. The volatiles 
interact through the primary and secondary reactions of 
the pyrolysis cellulose, hemicelluloses, and lignin, affect-
ing the yield distribution of the biochar and gases Chen 
et al. (2019). Additionally, Poletto (2016) and Alves et al. 
(2019) reported that the pyrolysis of lignocellulosic bio-
mass involves many competitive and consecutive reactions 
due to their chemical complexity. Müsellim et al. (2018) 
observed that the thermal decomposition of the chemical 
components of biomass proceeded simultaneously.

Ranging from 300 to 400 °C, the MC stood out with 
the most significant mass loss (38.5% wt) explained by the 
lowest contents of total extractives and hot-water-soluble 
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Fig. 7  Relationship between the chemical composition and the mass 
losses observed in the TGA curves, where: (a) total extractives con-
tent x mass loss between 100 and 200  °C, (b) total extractives/total 
lignin ratio x mass loss between 200 and 300 °C, and influence of the 

total extractives content (c), hot-water soluble extractives (d), holo-
cellulose/total extractives ratio (e), and hemicelluloses content (f) in 
the mass loss between 300 and 400 °C
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extractives, besides relatively more holocellulose and 
hemicelluloses (Fig. 7e, f). This research proved the rela-
tionship between the amounts of structural carbohydrates 
in the biomass with the sharpest mass losses between 300 
and 400 °C, associated with high peaks in the DTG curves 
(see Fig. 6d). The CPH and PEFB had mass losses below 
24.5% wt in this same temperature range related to the high 
contents of extractives, contributing to the thermal decom-
position at temperatures < 300 °C. The AS and CH showed 
mass loss statistically equal between 300 and 400 °C, even 
with a wide variation in the contents of lignin (21–31% db) 
and holocellulose (53–65% db). Therefore, more acetone-
soluble extractives in AS (7% db) could explain the mass 
loss similarity, according to Mészáros et al. (2007) and 
Protásio et al. (2019). The CH, AS, and CPH provided the 
highest average yield of biochar at the final temperature of 
400 °C (≥ 41% wt). Therefore, biomasses with more than 
21% db of lignin and holocellulose below 65% db, such as 
AS, achieve better performances for biochar production. 
Still, the content of soluble extractives in acetone must be 
above 7% db. These results demonstrate the benefits of the 
acetone-soluble extractives in increasing the temperature 
required to start the pyrolysis reactions, the thermal stabil-
ity of biomass, and biochar yield.

Within the temperature range of 400–500 °C, AS, CH, 
and CPH presented the highest mass losses (6.3–7.3% wt), 
as shown in Table 2. On the other hand, MC and PEFB 
gave the lowest mass losses (4.9–5.6% wt) within the same 
temperature range, despite the intense mass loss between 
300 and 400 °C, which justifies the lower volatilization at 
higher temperatures. Between 500 and 600 °C, no differ-
ences in the thermochemical behavior of the biomasses 
were detected. Therefore, pyrolysis temperatures below 
400 °C maximize the production of biochar and minimize 
the release of gases from the thermal degradation of the 
biomass. Poletto (2017) reported that, between 180 and 
500 °C, the primary lignin degradation process occurs. 
Thus, pyrolysis at temperatures below 400 °C will provide 
a higher yield in biochar due to less thermal degradation 
of this macromolecule. However, depending on the qual-
ity required for biochar, pyrolysis at higher temperatures 
is recommended. Sato et al. (2019) reported that below 
400 °C, pyrolysis yielded more, but the biochar presented 
an extremely hydrophobic character, a negative character-
istic for its application as a soil conditioner. On the other 
hand, for using biochar as a renewable fuel, less affinity to 
water is positive since the moisture decreases heating value 
and increases energy losses in thermochemical conversion 
systems (Toscano et al. 2016).

The CPH, CH, and AS showed a remarkable poten-
tial for biochar production, aiming different uses, such 
as renewable energy and agronomic applications. They 
resulted in high residual mass at 600 °C and, consequently, 

a biochar yield above 30% wt. Ahmad et  al. (2017a) 
observed from the TGA curve a biochar yield of 31.5% wt 
for Urochloa mutica at 600 °C, similar to AS, CPH, and 
CH. The authors stated that this parameter is relevant for 
valorizing lignocellulosic wastes for pyrolysis. The supe-
rior biochar yields of CH and CPH can be explained by 
their low holocellulose/total lignin ratio, between 1.4 and 
1.7. The AS showed an increased biochar yield conferred 
by more acetone-soluble extractives in acetone (7% db) that 
overcame the holocellulose/total lignin ratio of 2.9.

Furthermore, the lowest maximum rate of thermal deg-
radations of AS, CPH, and CH corroborate the increase in 
residual mass observed in the TGA curve at 600 °C (see 
Fig. 6f). Therefore, the sharper peaks of mass loss in the 
main pyrolysis stage are related to lower biochar yields. 
The results found in this study show that the highest lev-
els of lignin and acetone-soluble extractives, associated 
with lower proportions of structural carbohydrates, tend to 
maximize the production of biochar. Thus, they are criti-
cal characteristics for the classification of lignocellulosic 
wastes for this purpose.

Depending on the application of the biochar, qualitative 
chemical attributes can be relevant. Despite the highest 
residual mass at 600 °C, the biochars produced from CH 
and CPH tend to have a higher ash level than AS biochar. 
They showed ash content three to six times higher than AS 
(see Table 1). During the pyrolysis, there is a volatiliza-
tion of organic components and concentration of inorganic 
compounds. Therefore, starting wastes containing more 
ash tend to provide biochars with higher concentrations 
of mineral oxides. Thus, the biochars produced from CH 
and CPH could be used in agronomic applications, such as 
soil conditioners. According to Sato et al. (2019), apply-
ing biochars with high ash content can increase the pH 
and improve the capacity of cations exchange in tropical 
soils, reducing the leaching (common in Amazon soils) 
and greater availability of nutrients for the plants. On the 
other hand, the biochar produced from the AS had ther-
mal behavior and low ash content that are interesting for 
energy generation. Ashes decrease the heating value and 
negatively affect the management and maintenance of the 
thermochemical conversion equipment, such as boilers 
(Toscano et al. 2016).

Finally, the promising results reported in this study 
allow researchers and entrepreneurs of the Amazonian pro-
duction chains to make better decisions aiming the proper 
waste management and achieve specified goals according 
to the Sustainable Development Agenda of the United 
Nations, such as the urgent need to combat the climate 
change, responsible production and supplying of renew-
able, accessible and reliable energy. Based on the chemical 
characterization and thermochemical behavior of lignocel-
lulosic biomass, pyrolysis can be planned appropriately. 
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This study presents new insights that allow, for example, 
defining in advance the suitable temperature of the reac-
tor and thus minimizing the gas release due to thermal 
degradation. The valorization of lignocellulosic wastes 
through biochar production may supply several demands 
of the Amazonian region, including renewable fuels for 
residential and industrial uses, and soil conditioners.

Prospects

The knowledge on the relationship between the chemical 
components and the pyrolysis should be extended for other 
plant species grown from the Amazonian region. There 
is an effect of edaphoclimatic conditions on the intrinsic 
characteristics of plant materials, for example, altitude gra-
dient, temperature, precipitation, and nutrients availability 
in the soil (Musule et al. 2018). Environmental variables 
alter the chemical composition of the cell wall, the thermal 
stability, and the biomass mechanisms of devolatilization 
during the pyrolysis. Additionally, the levels of acetone-
soluble and hot-water-soluble extractives, lignin, and hemi-
celluloses certainly influence the thermochemical behavior 
of the lignocellulosic wastes. However, biomass can show 
qualitative variations regarding extractives (Mészáros et al. 
2007; Moya et al. 2017; Mishra and Mohanty 2018), lignin 
(Poletto 2017; Protásio et al. 2019, 2020), and hemicellu-
loses (Martinez et al. 2019). The differences in composi-
tion and content of the main chemical components of plant 
biomass alter their rates of thermal degradation during the 
pyrolysis and, consequently, the yields and quality of the 
biochar.

Further researches are recommended to evaluate kinet-
ics, thermodynamics parameters, and reaction mechanism, 
as reported in the literature for different lignocellulosic 
biomasses: grass, pearl millet, cattail, pea waste, barley 
straw, miscanthus, waste wood, and wheat straw (Ahmad 
et al. 2017a, b; Müsellim et al. 2018; Sher et al. 2020; 
Laougé and Merdun 2020). Also, researches should focus 
on how different extractives, lignin, and hemicelluloses 
affect the Amazonian biomass pyrolysis associated with the 
quality of biochar. The quality of the final product should 
be tested for bioenergy; besides to other potential uses, 
such as a soil conditioner (Su et al. 2019; Sato et al. 2019, 
2020; Xi et al. 2020), active carbon, electrochemical cells, 
and supercapacitor electrodes (Zhou et al. 2019; Fermanelli 
et al. 2020; Kluska et al. 2020).

Conclusion

The pyrolysis behaviors of lignocellulosic wastes from the 
Amazonian agroforestry production chain were presented. 
The biomasses PEFB and CPH, with more hot-water 

soluble extractives, lost more mass below 300  °C and 
anticipated the onset of devolatilization reactions. The 
intense thermal degradation of extractives below 300 °C, 
as occurred for PEFB, can decrease the yield of biochar 
and hinder the control of the pyrolysis process. On the 
other hand, AS and MC, with higher holocellulose/extrac-
tives ratio, higher levels of hemicelluloses, and smaller 
amounts of ash, showed more resistance to the starting of 
thermal degradation.

The results indicate that lower levels of lignin and 
extractives and higher levels of structural carbohydrates 
are related to higher devolatilization rates of biomass. This 
research proved that the high content of extractives with 
low contents of structural carbohydrates and a high propor-
tion of ash could collaborate to increase the temperature 
and the time required to achieve the maximum thermal 
degradation of the lignocellulosic wastes. Besides, there is 
no relation between the anticipation of the maximum tem-
perature of mass loss and the biochar yield. The AS, CPH, 
and CH have remarkable bioenergy potential since they 
yielded more biochar at 400 °C. Thus, this is the maximum 
suitable temperature for the biomass pyrolysis, but it may 
change according to the quality of the biochar required.
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