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A B S T R A C T   

Wood pellets (WP) and chips (WCH) are the most frequently sold products worldwide to produce bioenergy 
under thermochemical processes. The effects of the bulk density of patula pine (Pinus patula) WP (555.97 kg/m3) 
and WCH (151.29 kg/m3), and their gasification conditions were studied on the properties of the produced 
biochars (BCs). The aim of this study was to generate a good-quality gas fuel (producer gas), as well as a BC with 
properties that would enable it to be used as a solid biofuel instead of being considered as a byproduct or waste. 
An atmospheric reverse-downdraft gasifier was used, setting the air flow at 0.12 kg/m2/s for the samples of 
biomasses studied. With regard to the gasification performance, the temperature inside the reactor was found to 
increase by 70 % for WP, obtaining a higher cold gas efficiency (51.6 %) in comparison with the efficiency 
achieved for WCH (36.7 %). Concerning the properties of the BCs, the highest gasification temperature allowed 
to reach a pellet-derived biochar (WP-BC) with a surface area (BET) larger than that one obtained for the chip- 
derived biochar (WCH-BC), with 367.33 m2/g and 233.56 m2/g, respectively. Furthermore, the WP-BC heating 
value was found to be 29.25 MJ/kg, while this parameter for the WCH-BC was 28.36 MJ/kg. It is highlighted the 
low probability of corrosion and ash fusion occurrence within the reactor when using these biofuels (raw and 
BCs). Additionally, regarding the pyrolysis kinetics of the raw biomasses, WCH showed a higher reactivity with 
an activation energy (Eα) of 80.84 kJ/mol in comparison with the Eα value obtained for WP (124.38 kJ/mol).   

1. Introduction 

In 2018, according to the United Nations Organization for Food and 
Agriculture (FAO), Colombia generated 623,000 m3 of wood residue, 
158,000 m3 of chips and wood particles were produced, and a total of 
~7.1 × 106 m3 of fuel-intended wood was accounted for (FAO, 2019). As 
stated by the Agriculture and Rural Development Ministry (Mina
gricultura), the forest sector represents 0.2 % of the country gross do
mestic product (GDP) and has a forest potential of ~24 million ha for 
commercial exploitation (Minagricultura, 2015), which does not 
compete with agriculture nor the cattle industry, and are not inside the 
area reserved for jungle and tropical forests (Pérez and Ramírez, 2019). 
Colombia has forest species with a great dendroenergy potential, as it is 
the case of patula pine (Pinus patula). The annual yield of ~20 
m3/ha-year, the harvest time of ~13 years, and the planted area in the 
country of ~38,500 ha are regarded as some of the patula pine 

silvicultural properties standing out (Pérez et al., 2019). Therefore, 
patula pine can be defined as a reference to be used as a feedstock for 
energy production through thermo-chemical processes such as pyrolysis, 
hydrothermal, combustion, and gasification (Ramos-Carmona et al., 
2018), among them the latter one is regarded as the best thermochem
ical process converting the biomass chemical energy into electrical en
ergy (Montiel-Bohórquez and Pérez, 2019; Saghir et al., 2018). In 
addition to the benefits ascribed to the use of the gasification technique 
(an efficient electrical energy generation), it has environmental advan
tages, since gasification is adapted to the regulations worldwide applied 
in terms of polluting emissions (Arena, 2012). In fact, low temperatures 
in the gasification reactor reduce the particulate matter (PM10 and 
PM2.5), sulphur oxides (SOx) and nitrogen oxides (NOx), in comparison 
with other biomass combustion processes (Ren et al., 2019; Sikarwar 
et al., 2016). Furthermore, gasification minimizes the fusion tendency of 
ashes within the reactor (Castaldi et al., 2017). 
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Gasification is a process in which biomass is degraded through 
chemical and thermal reactions in the presence of a limited amount of 
the oxidizing agent and at medium-high temperatures (higher than 700 
◦C). The main objective of the process is to produce a fuel gas, which is 
mainly composed of carbon monoxide (CO), carbon dioxide (CO2), 
methane (CH4), hydrogen (H2), nitrogen (N2), water vapor, and small 
amounts of heavy hydrocarbons (tars) (Perez et al., 2015). Biochar (BC) 
is obtained as a gasification byproduct (Hernández et al., 2016); a 
carbon-like solid residue resulting from the drying and thermal degra
dation of biomass constituents such as hemicellulose and cellulose. BC 
mass yield under biomass gasification regimes is ~10 % (Qian et al., 
2014). 

Currently, BC is considered a derivative with an added value since it 
is regarded as a cheap and an environmentally sustainable material, 
which can be used in several environmental and technological appli
cations (“International Biochar Initiative,” 2019), including the treat
ment of both organic and inorganic pollutants in water and soil (De Gisi 
et al., 2016; Díez and Pérez, 2019), the collection and storing of 
greenhouse gases (GHG) (Lin et al., 2015), the energy storage as 
supercapacitors (Gupta et al., 2015), and as catalysts in the tar treatment 
present in syngas (Gómez-Barea et al., 2013). Additionally, BC can be 
used in the biodiesel production (Bazargan et al., 2015), as well as a 
solid fuel directly applied in the gasification/combustion processes (Lee 
et al., 2020). This type of reutilization strategies are crucial for the 
contribution to the biomass sustainability as a renewable fuel (Iiyama 
et al., 2017). 

The BC produced from the biomass gasification is a heterogeneous 
material, whose properties are influenced by the gasification technol
ogy, the operation conditions, and the raw material (Qian et al., 2013). 
Unlike the information reported on the pyrolytic BC, already used as a 
precursor of the activated carbon (Brudey et al., 2016), data on BC ob
tained from gasification plants are scarce (Hansen et al., 2015; 
Hernández et al., 2016). Some studies have reported the physicochem
ical characteristics of the gasification BC, which are essential for un
derstanding the relation between the production conditions and the BC 
acquired properties and, subsequently, the identification of the best 
application for this derivative (Qian et al., 2015). 

BC has been established to be used as a solid fuel due to its suitable 
heating value, 26–31 MJ/kg (Iiyama et al., 2017). This value can be 
comparable with coal, whose magnitude ranges between 28 and 32 
MJ/kg (Harvey, 2010). In turn, the BC fixed carbon content has been 
reported to be ~70 % higher with respect to the fixed carbon content in 
the raw biomass (Misginna and Rajabu, 2014). In addition, it is worth 
noting that the BC gasification, in contrast with the biomass gasification, 
has some advantages ascribed, such as a less tar concentration in the 
syngas (Antal and Grønli, 2003) and a higher reactivity due to the BC 
porous structure (Duman et al., 2014). Nevertheless, the BC fuel value 
index (energy density) derived from the gasification is reduced (between 
~55 % and ~85 %) when compared to the raw biomasses. Such as 
reduction can be attributed to the low bulk density of BCs due to the 
hemicellulose and cellulose degradation during the gasification process, 
and because of the ash content (AC) increase (Daniel et al., 2014; Díez 
and Pérez, 2019). Díez and Pérez (2019) found that the properties of the 
BC produced through the gasification of chips from different types of 
wood in a top-lift updraft (TLUD) reactor were affected by the biomass 
characteristics and the gasification temperature. The biomasses with a 
higher fuel value index (FVI) produced BCs with better properties as 
solid fuel, and the lower gasification temperatures allowed to obtain BCs 
with a higher heating value (27.71 MJ/kg) due to their reduced AC. 

One alternative use of BC as a coproduct instead of as a byproduct of 
the gasification might be as a fuel through its recirculation inside the 
reactor. This would allow to have systems with a total energy efficiency 
higher than 90 % (Laird et al., 2009). Additionally, the biomass 
co-combustion with BC has been identified as one solution to reduce CO2 
emissions (Gao and Wu, 2011). In this regard, BCs can be also consid
ered as sustainable biofuels (Clare et al., 2015) with the ability to reduce 

the pollution derived from thermochemical processes, due to their low 
sulfur and heavy metal contents (Balat, 2007). 

In this work, BCs derived from patula pine wood chips (WCH) and 
wood pellets (WP) gasification process are characterized as solid bio
fuels. This fast-growing wood species has been selected because WCH 
and WP could be produced from harvest waste such as stems, sawdust, 
pruning remains, and sawmill waste, whose waste and pretreatment 
costs per ton are 0.0 and ~30− 40 US$, respectively (Osorio et al., 2014). 
The objective of this work is to evaluate the effect of the raw material on 
the properties of the BC derived from the gasification of two types of the 
most common biomasses in the international market (chips and pellets) 
(Pérez and Ramírez, 2019). For this purpose, the effect of the gasifica
tion conditions on the BCs derived from chips (WCH-BC) and pellets 
(WP-BC) by using a reverse-downdraft reactor is assessed through the 
analysis of the physicochemical and energy properties. Furthermore, a 
reactivity analysis of the biomasses and their BCs is carried out under 
devolatilization conditions. With this research, the knowledge on the 
selection of the fuel type (chips or pellets) for the gasification to obtain a 
solid coproduct with added value and suitable properties to be used as a 
fuel in further thermochemical processes is intended to be broadened. It 
is important to note that BC could be potentially used as a soil amend
ment; therefore, the characterization of WCH-BC and WP-BC as 
amendment materials will be analyzed in further studies. 

2. Materials and methods 

2.1. Forest biomass used as a feedstock 

The forestry sector is promoted by different incentives, such as the 
exemption from income tax on the exploitation of new forest crops; the 
Forestry Incentive Certificate; and funding of research programs and 
technological packages for the cultivation of pines and eucalyptus, 
among others species. These incentives seek to make feasible the forestry 
sector in Colombia (Pérez and Ramírez, 2019). 

The wood biomass used was from patula pine (Pinus patula) due to its 
dendroenergy potential in Colombia (Pérez et al., 2019), as stated 
above. The forest biomass was gasified under the two most common 
worldwide forms for energy generation, WCH and WP (Hubbard, 2015; 
Whittaker and Shield, 2016). WCH were obtained from the Bandit 95XP 
equipment with particle sizes between 4 and 20 mm. In turn, WP were 
acquired commercially in a sawmill located in Medellin (Colombia), 
with a diameter and a length of 8 mm and from 10 to15 mm, respec
tively. It is highlighted that this particle size has been reported to be 
suitable for a stable oxidation under gasification processes (Lenis and 
Pérez, 2014; Pérez et al., 2012). The physicochemical properties of the 
two biomass types are presented in section 3.2. 

2.2. Experimental installation 

The gasification process was carried out in a reverse downdraft 
reactor (Fig. 1), which worked at an atmospheric pressure. The experi
mental installation was fitted with a supply line of air to be used as a 
gasifying agent. The air was supplied by a reciprocating compressor (2.6 
kW, 3000 rpm, up to 254 L/min), which was coupled to a volumetric 
container (backwater) to absorb the pressure oscillations in the piston. 
The volumetric container was followed by a manometer and a rotameter 
to regulate the air pressure and to measure the flow, respectively. The 
fresh biomass was lit at the top; therefore, the reaction front went down 
to the bottom part of the reactor (grate). The reaction front was formed 
by the stages of drying, pyrolysis, oxidation and reduction. Concerning 
its geometry, the reactor was cylindrical and had an internal diameter of 
0.16 m and a height of 0.28 m. Additionally, there were 5 type-K ther
mocouples (±1 ◦C) that were longitudinally located in the reactor and 
separated every 0.04 m, so that the temperature along the gasification 
bed was monitored. The 5 thermocouples were inserted 5 mm into the 
reactor, seeking to avoid air channels in the biomass. Therefore, the 
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measured temperature inside the bed was near the reactor-wall. The 
experimental installation had a data control and an acquisition system 
consisting of a National Instruments USB-6001 device, and a program 
developed with LabView®. 

WP and WCH initial mass values for the gasification process were 
~1300 g and ~550 g, respectively. This mass variation was ascribed to 
the higher bulk density of the former biomass with regard to the latter 
one. Gasification air flow was 146 ± 4.35 L/min (0.12 kg/m2/s ± 3.58 ×
10− 3 kg/m2/s), and was fixed for both types of biomass in order to 
evaluate the effect of the fuel type in the produced BCs. The fuel con
sumption rate was registered through a MAG master P weighing scale 
with a capacity of 30 kg (±0.1 g), on which the gasifier was set during 
the experimental test. Finally, the gasification gas composition (syngas) 
was measured by using a Gasboard-3100 Serial (Cubic-Ruiyi Instrument) 
gas analyzer, and it was given in: CO (± 2%vol of FS, by non-dispersive 
infrared - NDIR), CO2 (± 2%vol of FS, by NDIR), CH4 (± 2%vol of FS, by 
NDIR), H2 (± 3%vol of FS, by thermal conductivity detector - TCD), O2 
(± 3%vol of FS, by electrochemical detection - ECD), C3H8 (± 2%vol of 
FS, by NDIR), and N2 (calculated by difference). 

The parameters characterizing the gasification process were the 
process maximum temperature measured near the reactor-wall (Tmax, 
◦C), the fuel/air equivalence ratio (Fr, dimensionless), the biomass 
burning velocity (Vb, mm/min), the biomass consumption rate (ṁ bms, 
kg/h/m2), the composition on a dry base (%vol) and the volumetric flow 
(V̇pg, Nm3/h), as well as the low heating value (LHVpg, kJ/Nm3) of the 
producer gas, the cold gas efficiency (CGE, %), the producer gas yield 
(Ypg, Nm3

pg/kgbms), and the BC mass yield (Ychar, %). Fr (-), LHVpg (kJ/ 
Nm3), and CGE (%) were calculated following the methodology pro
posed by Díez et al. (2018). Tmax (◦C) was obtained through the ther
mocouples located along the reactor. The specific biomass consumption 
rate, ṁ bms (kg/h/m2), was determined by using Eq. (1). 

ṁbms =
mbms

AT
(1)  

where mbms (kg/h) is the biomass consumption rate, which corresponds 
to the slope in the curve between the biomass weight loss registered by 
the MAG master P scale and the time elapsed during the test execution. 
AT (m2) refers to the reactor cross-section (0.0201 m2). In turn, Vb (mm/ 
min) is the ratio between ṁ bms (kg/h/m2) and the biomass bulk density 
(ρ, kg/m3), as expressed in Eq. (2). 

Vb =
ṁbms

ρbms
(2) 

Ypg (Nm3
pg/kgbms) was calculated through Eq. (3), which relates the 

producer gas volumetric flow (V̇pg, Nm3/h) and the biomass consump
tion rate, mbms (kg/h) (Guo et al., 2014). 

Ypg =
V̇pg

mbms
(3)  

where V̇pg (Nm3/h) was obtained from N2 mass balance in the producer 
gas with regard to N2 in the air (Lenis et al., 2016). Finally, Ychar (%) was 
calculated from the relation between the BC final mass reached at the 
end of the test (mf, kg) and the biomass initial mass (mini, kg), as 
described in Eq. (4). 

Ychar =
mf

mini
(4) 

An analysis of variance (ANOVA) was carried out in order to support 
the analytical characterization of the achieved BCs and, subsequently, to 
statistically validate the results obtained. Thereby, the biomass density 
was considered as the experimental factor with two levels (555.97 kg/ 
m3 for WP, and 151.29 kg/m3 for WCH). For this purpose, gasification 
experimental replicates were carried out for each biomass type (WP and 
WCH) to accomplish a completely randomized experimental design. The 
statistical model is presented in Eq. (5), where μ is the global average, τi 
refers to the effect of the i-th treatment, and εij is the error (Montgomery, 
2004). 

Yi = μ + τi + εij (5) 

The reverse downdraft reactor at lab scale simulates the downdraft 
gasifiers configuration. According to the information reported in the 
literature, this technology is able to produce power by internal com
bustion engines, as well as BC (Estrada et al., 2019; Perez et al., 2015). 
On the other hand, the power capacity of this technology is able to range 
from 0.1 to 1.0 MWe, with commercial specific costs between 2000 and 
22,000 US$/kWe, which depends on the power plant capacity and 
supplier (Pérez et al., 2018). It is important to note that the investment 
required to this kind of bioenergy projects based on renewable resources 
is driven by tax incentives proposed by the Colombian Renewable En
ergy Law 1715, such as a) deduction of income tax during the first five 
years of project operation; b) exemption from VAT on national or im
ported equipment, machinery, and services for the project; c) exemption 
from the tax payment of import; and d) accelerated depreciation on 
assets (Congreso de Colombia, 2014). 

2.3. Biochars as solid biofuels 

2.3.1. Chemical characterization 
The proximate analysis of patula pine WP and WCH, and the derived 

BCs (WP-BC and WCH-BC) was determined through a TGA Q50 ther
mogravimetric analyzer under the ASTM D-5142-04 modified standard 
(Medic et al., 2012). The moisture content (MC), the volatile material 
(VM), the fixed carbon (FC) and the AC present in the samples were 
measured. The ultimate analysis (C, H, N, S, and O contents) for WP, 
WCH, WP-BC, and WCH-BC was determined using a Leco Truspec micro 
equipment under the ASTM D-5373-08 standard (ASTM, 2008). CHN 
elemental contents and S content were determined at 1050 ◦C and 1350 
◦C, respectively, in a helium (He) atmosphere. In turn, O concentration 
was estimated by difference (Protásio et al., 2013). 

The functional groups on the surface of the four samples were 
determined through Fourier transform infrared spectrography (FTIR) 
(Qian et al., 2013). An IRAffinity-1 (Shimadzu, Japan) equipment was 
used along with a detector operated in a range of wavenumbers of 4000 
and 400 cm–1. Fang et al. (2014) stated that the main changes in the BC 
chemical structure were aromaticity and dehydration. Aromaticity 
index (A, dimensionless) was calculated through Eq. (6) (Brewer et al., 
2011), where FC (wt%) is the fixed carbon, and VM (wt%) stands for the 
fuel volatile matter content. 

Fig. 1. Experimental setup: 1) reciprocating compressor, 2) filter and flow 
regulator, 3) air rotameter, 4) insulated fixed-bed gasifier, 5) K-type thermo
couples, 6) data acquisition system, 7) computer, 8) gas conditioning, 9) gas 
filter, 10) vacuum pump, 11) gas chromatograph. 
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A =
FC

FC + VM
(6) 

The fibers analyses (lignin, cellulose and hemicellulose) from the raw 
biomasses and BCs were determined through the Van Soest AOAC 962.09 
and 978.10 method (van Soest et al., 1991v), with a FiberCap Foss-2022 
equipment. The lignin separation was carried out through sulfuric acid 
(H2SO4) at 72 %. Afterwards, acid detergent fiber (ADF) was determined 
as the sum of cellulose and lignin fibers. Finally, neutral detergent fiber 
(NDF) was quantified as the sum of the acid detergent fiber and hemi
cellulose (Ramos-Carmona et al., 2018). Samples were analyzed in 
triplicate and the method error was 1.2 %. 

2.3.2. Physical characterization 
The bulk density (ρ, kg/m3) is defined as the ratio between the mass 

and the volume occupied by the material particles. In order to measure 
the referred parameter, a recipient with an internal diameter equal to 
the gasifier bed diameter (16 cm) was used (Lenis and Perez, 2014). The 
WP and WCH bulk density measurements were made just as they were 
entered into the reactor. Meanwhile, for the WP-BC and WCH-BC, bulk 
density measurements were made as they were produced in the gasifi
cation process. 

Particle sphericity (φ, dimensionless) is a parameter which allows to 
identify how similar is the shape of the particles to a sphere. Sphericity 
has been reported to directly affects biomass packing factor into the bed. 
On the other hand, the packing factor increased for biomasses with a 
higher sphericity (Porteiro et al., 2010). This parameter was determined 
through a ratio between the particle volume and its area. Specifically, 
WP sphericity was calculated by approximating the geometry to a cyl
inder of diameter (d, m) and length (L, m), as shown in Eq. (7). For WCH, 
the geometry was approximated to a flat prism with a width (L1, m), 
height (L2, m), and length (L3, m). The calculation for the chip sphericity 
was carried out through Eq. (8) (Díez and Pérez, 2019). 

φ =

d1
3

(
3
2 L
)2

3

L + 1
2 d

(7)  

φ =

(
π
L2

)1
3 (6L1L3)

2
3

(4L3 + 2L1)
(8) 

The surface area, and the pore size and volume of the four materials 
(WP, WCH, WP-BC, and WCH-BC) were determined by using an ASAP 
2020 equipment, through adsorption isotherms with N2. Surface area 
calculation was carried out by using the Brunauer, Emmett and Teller 
(BET) method, which was applied to the adsorption data of N2 in the 
relative pressure interval (P/P0) 0.05− 0.35 to 77 K. Samples were 
degassed at 10 μmHg for 18 h at a temperature of 80 ◦C for the raw 
woods, and 250 ◦C for the BCs. It is worth noting that 250 ◦C is lower 
than the gasification temperature at which BCs were produced. On the 
other hand, the Barrett, Joyner and Halenda (BJH) method was used to 
determine the pore size and volume (Qian et al., 2013). 

The surface morphology of the four samples was observed through a 
JEOL JSM-6490 microscope operating at an accelerating voltage of 20 
kV. Samples were covered by a gold film before being entered to the 
equipment and observations were made at a magnification of ×1000. 

2.3.3. Energy characterization 
The higher heating values (HHV, kJ/kg) of the pine wood biomasses 

(WP and WCH) and the derived BCs were determined through a calo
rimetric pump following the ASTM D2015-85 standard (ASTM, 1996). 
The lower heating value (LHV, kJ/kg) was calculated from HHV and Eq. 
(9) (Díez et al., 2018), where MC (g/g) and H (g/g) are the moisture and 
the hydrogen content, respectively, for each fuel. 

LHV = HHV − 2260∙MC − 20300∙H (9) 

In turn, the FVI (MJ/cm3) is the fuel energy density corrected by the 

ash and moisture contents, which was calculated through Eq. (10) (Díez 
and Pérez, 2019), where LHV (MJ/kg) is the lower heating value of the 
solid fuel, ρ (kg/cm3) is the fuel bulk density, and AC (g/g) and MC (g/g) 
are the ash and moisture contents of the fuel, respectively. 

FVI =
LHV∙ρ
AC∙MC

(10) 

The ash mineral composition of the four samples (WP, WCH, WP-BC, 
and WCH-BC) was measured through an X-ray fluorescence analysis 
(XRF). The equipment used was a Thermo ARL Optim’X WDXRF under 
the ASTM D4326-94 standard (Vamvuka et al., 2009). The procedure for 
the test execution consisted of drying the samples for 24 h at 110 ◦C. 
Then, the samples were stabilized in a desiccator and calcined at 950 ◦C. 
XRF analysis was executed in a He atmosphere at room temperature and 
for 25 min. The amount of oxides in the ashes, such as CaO, MgO, P2O5, 
K2O, MnO, SO3, SiO2, Al2O3, Na2O, BaO, CuO, TiO2, Fe2O3, NiO, and 
SrO, was thus determined. Through the ash composition, the indexes 
related to the properties of deposition and dirtying of the fuels inside the 
reactors under thermochemical processes like gasification/combustion 
were determined (García et al., 2015). 

Fuel tendency to fuse and make encrustations and slag is related to 
ash composition determined by using XRF. This tendency was quantified 
through deposition predictive indexes; among them the alkali index (AI) 
and the base/acid ratio (Rb/a) are highlighted (García et al., 2015). AI 
quantifies how prone a solid fuel to melting or corrosion is. This index 
expresses the alkali oxide amount in the fuel per unit of energy (alkali 
kg/GJ) and it was calculated by using Eq. (11) (Bridgeman et al., 2007). 

AI =
1

HHV
∙AC∙(K2O + Na2O) (11)  

where HHV (GJ/kg) refers to the fuel higher heating value, AC (g/g) is 
the fuel ash content, and K2O (g/g) and Na2O (g/g) are the potassium 
oxide and sodium oxide fractions in the ashes, respectively. As reported 
in the literature, an AI > 0.17 kg alkali/GJ shows a likely melting, while 
an AI ≥ 0.34 kg alkali/GJ leads to a certain melting (Jenkins et al., 
1998). Rb/a is an indicator of the slag or deposition formation tendency, 
and it was calculated through Eq. (12). Each oxide was expressed as 
percentage of ash weight (g/g). Rb/a is one of the most reported indexes 
in the literature (Bridgeman et al., 2007; García et al., 2015; Vamvuka 
et al., 2009). The criterion for establishing deposition existence was 
found to be in the following ranges: Rb/a < 0.5 lower, 0.5 < Rb/a < 1.0 
medium, and Rb/a > 1.0 high probability of ash deposition (García et al., 
2015). 

Rb/a =
Fe2O3 + CaO + MgO + K2O + Na2O

SiO2 + TiO2 + Al2O3
(12)  

2.3.4. Devolatilization reactivity analysis 
The reactivity analyses under devolatilization of the four samples 

were conducted under a thermogravimetric analyzer TGA Q50. The 
samples were dried at 105 ◦C during 24 h before characterization in 
order to avoid interferences with the drying process in the devolatili
zation study. The mass quantity per sample was ~10 mg. Each sample 
was heated from room temperature (~ 25 ◦C) to 900 ◦C, at a heating rate 
of 20 ◦C/min. The devolatilization process was carried out in an inert 
atmosphere (N2) supplying a flow of 120 mL/min. This test allowed to 
assess the thermal stability of the raw biomasses and the derived BCs 
based on a thermogravimetric analysis (TGA). Furthermore, it was 
possible to determine the sample reactivity in order to establish the 
reaction velocities under devolatilization conditions. 

The thermal stability was analyzed through the base temperature 
(Tbase), which corresponds to the temperature at which a derivative in 
the differential thermogravimetric analysis (DTG) equal to 1%/min is 
reached at the devolatilization stage (Zapata et al., 2014). The sample 
with the highest base temperature was considered more thermally sta
ble. In addition, the reactivity, i.e., the reaction velocity under 
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devolatilization conditions was calculated through Eq. (13), where Ra 
(min− 1) corresponds to the reactivity, mo (mg) is the initial mass of the 
thermogravimetric analysis, and DTG max (mg/min) stands for the 
highest value of DTG curve (Ramos-Carmona et al., 2018). 

Ra =
1

mo
∙ DTGmax (13) 

In this section, the calculation model for determining the stages and 
the kinetic parameters characterizing the devolatilization process of the 
raw biomasses, WP and WCH, is described. The objective was to eval
uate which of the two types of biomasses is the most reactive for the 
production of BCs under thermochemical processes. Pyrolysis kinetics 
was used, which is based on the non-isothermal thermogravimetric 
analysis (TG) in an inert atmosphere, and on the non-model methods 
that require the combination of experimental tests at different heating 
rates (Nzioka et al., 2019). Biomass reactivity was determined through 
the calculation of the activation energy (Eα, kJ/mol) and the 
pre-exponential factor (Aα, 1/s). 

Devolatilization tests were carried out in a thermobalance TGA Q50 
at different heating rates (βj), 10, 20, 30 and 40 ◦C/min from 25 ◦C to 
900 ◦C. The N2 volumetric flow supplied in each trial was 120 mL/min, 
and the mass of each devolatilized sample was ~10 mg. This procedure 
was similar to that one proposed by Bonilla et al. (2019). For each raw 
biomass (WP and WCH), conversion variation or pyrolyzed mass frac
tion g(α) was calculated through Eq. (14) as a function of the heating 
rates (Bonilla et al., 2019). 

α =
mi − mt

mi − mf
(14)  

where mi (mg) and mf (mg) are the initial and the ending mass of the 
sample, respectively, and mt (mg) corresponds to the sample mass at an 
instant of time t. 

In the current study, devolatilization kinetics was calculated through 
the model proposed by Santos et al. (2015). For each type of biomass, α 
was depicted as a function of the temperature (see Fig. A1, Appendix A), 
in order to establish the range associated with the highest biomass 
conversion. In this work the biomass conversion interval was 0.2 ≤ αi ≤

0.8. The activation energy (Eα, kJ/mol) and the pre-exponential factor 
(Aα, 1/s) were calculated in the range αi following three methods: 
Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose (KAS) and Fried
man (Heydari et al., 2015; Kple et al., 2016), which are described by Eqs. 
(15)–(17), respectively. Isoconversional lines were built for each 
method for the different conversion grades (αi), refer to Fig. A2, Ap
pendix A. 

ln
(
βj
)
= ln

(
AαEα

Rg(α)

)

− 5.331 − 1.052
Eα

RTαi

(15)  

ln

(
βj

T2
αi

)

= ln
(

AαR
Eαg(α)

)

−
Eα

RTαi

(16)  

ln
(

βj
dα
dT

)

= ln(Aαf (α) ) − Eα

RTαi

(17)  

where Tαi (K) is the conversion temperature to a specific αi, R (J/K-mol) 
corresponds to the gas universal constant (8.314 J/K-mol), and βj (K/ 
min) refers to the heating rate. Functions g(α) and f(α) correspond to the 
most common reaction mechanisms in solid-state reactions (Liu et al., 
2014). According to FWO method, Eα (kJ/mol) was determined through 
Eq. (18) (Slopiecka et al., 2012). 

Eα = −
mfwoRTαi

1.052
(18)  

where mfwo is the graph slope ln(βj) vs. 1000/Tαi (Fig. A2a, Appendix A). 
Concerning the KAS method, Eα (kJ/mol) was calculated by using Eq. 

(19) (Slopiecka et al., 2012). 

Eα = − mkasRTαi (19)  

where mkas is the graph slope ln(βj/T2
αi) vs. 1000/Tαi (Fig. A2b, Ap

pendix A). Finally, according to the Friedman method, Eα (kJ/mol) was 
estimated through Eq. (20) (Heydari et al., 2015). 

Eα = − mFriedRTαi (20)  

where mFried is the graph slope ln(βj⋅dαi/dTαi) vs. 1000/Tαi (Fig. A2c, 
Appendix A). 

The pre-exponential factor (Aα) of the devolatilization reaction of the 
raw woods was determined through Eq. (21), considering the first-order 
kinetics hypothesis. As reported in the literature, the referred hypothesis 
is correct when Eα does not significantly vary with regard to the pyro
lyzed mass fraction (α) (Vyazovkin et al., 2011). Where Tm (K) is the 
temperature corresponding to the highest point of the curve dα/dT vs. T ,
as illustrated in Fig. A3, Appendix A. 

Aα =
βjEα

RT2
m

exp
(

Eα

RTm

)

(21)  

3. Results and discussion 

3.1. Gasification conditions 

The operative parameters of WP and WCH gasification process are 
listed in Table 1, including the maximum temperature of the process 
(Tmax, ◦C), the fuel/air equivalence ratio (Fr, dimensionless), and the 
biomass burning velocity (Vb, mm/min), which affect BC properties 
(Qian et al., 2013). Furthermore, the biomass consumption rate (ṁ bms, 

Table 1 
Gasification conditions of the raw biomasses (WP and WCH) to produce the 
derived biochars WP-BC and WCH-BC.  

Gasification process parameters 
Gasification biochar type 

WP-BC WCH-BC 

Tmax (ºC) 391.07 ± 81.68 229.70 ± 30.77 
Vb (mm/min) 3.73 ± 0.46 16.02 ± 2.17 
Fr (-) 1.52 ± 0.19 1.85 ± 0.25 
ṁbms (kg/h/m2)  125.33 ± 15.48 145.39 ± 19.72 
Producer gas composition, dry basis (%vol.) 
CO 11.66 ± 1.52 10.02 ± 0.94 
CO2 13.30 ± 0.98 13.51 ± 0.85 
CH4 2.71 ± 0.44 2.3 ± 0.47 
H2 4.78 ± 1.47 1.87 ± 0.90 
N2 66.83 ± 2.41 71.16 ± 1.70 
O2 0.61 ± 0.31 1.03 ± 0.57 
C3H8 0.10 ± 0.02 0.11 ± 0.02 
V̇pg (Nm3/h)  7.97 ± 0.28 7.48 ± 0.16 

LHVpg (kJ/Nm3) 3047.90 ± 422.94 2384.58 ± 274.06 
CGE (%) 51.59 ± 5.09 36.67 ± 4.95 
Ypg (Nm3

pg/kgbms) 3.21 ± 0.35 2.60 ± 0.32 
Ychar (wt%) 12.12 ± 1.19 10.82 ± 1.24  

Table 2 
ANOVA summary for the gasification parameters as a function of the biomass 
density (WP and WCH) for the production of WP-BC and WCH-BC.  

Response variable p-value Significance 

Vff 0.0000 Yes 
Frg 0.0000 Yes 
Tmax 0.0000 Yes 
Ychar 0.0016 Yes 
Ygas 0.0000 Yes 
LHVpg 0.0000 Yes 
CGE 0.0000 Yes 
Vbms 0.0005 Yes 
V̇pg  0.0000 Yes  
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kg/h/m2), the dry base composition (%vol) and the volumetric flow 
(V̇pg, Nm3/h), as well as the lower heating value (LHVpg, kJ/Nm3) of the 
producer gas, the cold gas efficiency (CGE, %), the producer gas yield 
(Ypg, Nm3

pg/kgbms), and the biochar yield (Ychar, wt%) are also pre
sented. These parameters support the results obtained from the biomass 
type effect on the generated BC properties. 

ANOVA was used to evaluate the statistical effect of the biomass 
density on the gasification process parameters. In Table 2, a summary of 
the results obtained once ANOVA was conducted for a confidence level 
of 95 % is shown. According to the p-values achieved, it can be observed 
that the entire set of the response variables evaluated are significant 
from a statistical point of view, since the associated p-values are below 
0.05. Therefore, it can be concluded that the biomass density exerts a 
significant effect on the biomass gasification process. 

Considering that the air flow, it was set at a constant value for both 
types of biomass, Tmax in the WP gasification process was ~70 % higher 
than that one reached by using WCH, with values of 391.07 ◦C and 
229.70 ◦C, respectively. The highest temperature for WP was due to the 
higher LHV and bulk density values associated in comparison with the 
values found for WCH. The heat released inside the bed increased with 
the superior heating value (19.03 MJ/kg, Table 3), which in turn 
resulted in the process temperature rise. Moreover, the WP higher 
density produced an increased packing factor (PF = 0.48) inside the 
reactor with respect to the PF obtained by WCH (PF = 0.36) (Lenis and 
Pérez, 2014). As reported in the literature, as the biomass PF increases, 
the radiative heat transfer penetration in the solid phase decreases, 
while the absorption of this heat transfer mechanism increases (Lenis 
et al., 2016; Perez et al., 2015; Shin and Choi, 2000). On the other hand, 
it is important to note that a higher radiation intensity absorption caused 
an increase in the energy concentration in the reaction front, which led 
to a rise in the process temperature reached for WP. Despite the lower 
temperature for WCH, the biomass burning rate (Vb) of WCH was 4.3 
times higher than that one reached by WP. This behavior was due to the 
higher radiative heat transfer penetration in the solid phase of WCH, 
whose mechanism favored the biomass drying and devolatilization 

processes, resulting in a higher reaction velocity in the gasification 
process (González et al., 2018; Perez et al., 2015). Likewise, the biomass 
consumption rate was ~16 % higher for WCH, with values of 145.39 
kg/h/m2 compared to 125.33 kg/h/m2 for WP. The trend found for ṁ 
bms was similar to that one observed for Vb, since both variables are 
correlated (Eq. (2)) (González et al., 2018). Therefore, due to higher 
biomass consumption rates were enhanced by the high radiative heat 
transfer penetration in WCH, Fr increased by ~22 % for WCH with re
gard to the Fr for WP (Lenis et al., 2016; Perez et al., 2015; Shin and 
Choi, 2000). 

In this study, it is highlighted a divergent effect between the fuel/air 
equivalence ratio (Fr) and the gas composition for these two types of 
biomass. Although Fr for WP was 1.52 (slight fuel-rich reaction) and for 
WCH was 1.85 (higher fuel-rich reaction), a high concentration of gaseous 
fuels was found for WP, whose composition was 16 %, 18 % and 155 % 
higher for CO, CH4 and H2, respectively, compared to the gas composition 
obtained when WCH was used. The higher concentration of gaseous fuels 
produced by WP caused an increase of ~28 % in LHVpg, with values of 
3047.90 kJ/Nm3 for WP, and 2384.58 kJ/Nm3 for WCH. This effect can be 
attributed to the higher reaction temperature reached for WP, which 
favored the reduction reactions and, thus, the generation of fuel gaseous 
species (Erlich and Fransson, 2011). On the other hand, the producer gas 
volumetric flow (V̇pg) reached by WP was 7% higher than that one ob
tained for WCH, with values of 7.97 Nm3/h and 7.48 Nm3/h, respectively. 
The increased producer gas yield for WP was ascribed to its higher bulk 
density (559.97 kg/m3, Table 3), which increased the biomass amount per 
unit of reactor volume, favoring the gas production due to the mass 
conservation. Regarding the cold gas efficiency (CGE), the obtained values 
were 51.6 % for WP and 36.7 % for WCH. The difference of ~41 % could 
be due to the higher flow and LHVpg of the producer gas reached for WP, 
as well as to the low biomass consumption rate (16 %) achieved for WP. 
Therefore, the energy supplied by the WP biomass to the gasification 
process was reduced while CGE was increased. 

Finally, the producer gas and the biochar yields were higher for WP. 
Ypg was 23 % higher for WP in comparison with the value found for 
WCH, since WP showed a higher gas volumetric flow (~6%) and a lower 
biomass consumption rate (~16 %). On the other hand, the value cor
responding to Ychar for WP was 12.12 %, while that one for WCH was 
10.82 %. The higher biochar yield for WP was attributed to the biofuel 
higher bulk density (González and Pérez, 2019). Furthermore, the bio
masses with a higher lignin content have been reported to tend to pro
duce a higher biochar yield (Sohi et al., 2010); in this case, the lignin 
content for WP was ~12 % higher than that one for WCH (Table 3). 

3.2. Biochar chemical properties 

3.2.1. Proximate analysis 
The proximate analyses for the raw biomasses and the BCs are shown 

in Table 3. The VM contents for WP and WCH were 84.64 wt% and 83.83 
wt%, respectively. These results show that the gasification of both types 
of biomasses was favored due to their amount of thermally degradable 
compounds (Ceylan and Topçu, 2014; Pérez et al., 2019). In turn, the 
VM content for the BCs show an average reduction by 73 % compared to 
the VM content of the raw biomasses, with values of 20.59 wt% and 
24.36 wt% for WP-BC and WCH-BC, respectively. This depletion can be 
the result of pyrolysis, oxidation, and reduction reactions occurring 
during the gasification process, where the VM content present in the raw 
material was transformed in the producer gas. Comparing both BCs, the 
VM content for WP-BC was 15.5 % lower than that of WCH-BC; which 
can be attributed to the higher temperature reached during WP gasifi
cation in comparison with the temperature achieved when WCH was 
transformed, favoring the thermal degradation of hemicellulose and 
cellulose (Ramos-Carmona et al., 2018), and thus, enabling the pro
duction of a carbonaceous solid primarily formed by lignin (González 
et al., 2018). This composition was related to the average content of the 

Table 3 
Physicochemical and energy properties for the raw biomasses (WP and WCH) 
and the biochars derived from gasification (WP-BC and WCH-BC).  

Property Standard 
Raw wood Biochar 

WP WCH WP-BC WCH-BC 

Proximate analysis dry base (wt%) 
VM ASTM D5142-04 84.64 83.83 20.59 24.36 
FC By difference 14.09 15.85 77.49 72.90 
AC ASTM D5142-04 1.27 0.32 1.92 2.74 
MC (wt%) ASTM D5142-04 7.91 11.12 11.13 11.63 
A (-) Calculated 0.14 0.16 0.79 0.75 
Ultimate analysis dry ash free (wt%) 
C ASTM D5378-08 47.01 47.38 97.94 97.06 
H ASTM D5378-08 5.69 6.08 0.97 0.85 
O By difference 47.28 46.38 0.9 1.66 
N ASTM D5378-08 0.02 0.16 0.19 0.43 
O/C – 0.75 0.73 0.01 0.01 
H/C – 1.45 1.54 0.12 0.11 
Energy properties 
HHV (MJ/kg) ASTM D2015 20.36 18.34 29.25 28.36 
LHV (MJ/kg) Calculated 19.03 16.85 28.80 27.92 
FVI (MJ/cm3) Calculated 10.61 7.12 3.18 0.80 
Fiber content (wt%) 
Lignin – 43.74 39.10 86.00 77.00 
Cellulose – 32.83 35.70 1.69 1.10 
Hemicellulose – 12.73 12.65 1.04 1.51 
Physical properties 
ρ (kg/m3) – 559.97 151.29 236.28 91.05 
φ (-) Calculated 0.87 0.70 0.81 0.61 
BET (m2/g) – 1.16 4.66 367.33 233.56 
PV (cm3/g) – 0.0006 n.d. 0.20 0.13 
Ø (Å) – 1.95 n.d. 2.19 2.19 

n.d.: not detected. 
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fixed carbon (FC), which was ~5 times higher for BCs. For WP-BC, the 
FC was 6% higher than that of WCH-BC due to the higher lignin content 
of the WP, and the higher gasification temperature (Lv et al., 2010). 

On the other hand, the AC values of the raw biomasses were within 
the range for lignocellulosic biomasses (< 2.5 wt%) (Díez and Pérez, 
2017). Such amount of inert material promotes the production of BCs 
with a lower AC, and thus the heating value of the solid byproduct is not 
adversely affected (Ceylan and Topçu, 2014). The WP AC was 1.27 wt% 
with regard to 0.32 wt% for WCH, this difference might be ascribed to 
the slight thermal pretreatment produced during the WP densification 
process (González et al., 2020). In turn, the AC values for WP-BC and 
WCH-BC were 1.92 wt%, and 2.74 wt%, respectively. This relative in
crease in AC for the studied BCs was ascribed to the thermal degradation 
of the biomass constituents (hemicellulose and cellulose) during gasifi
cation (Wang et al., 2014). Therefore, the BCs obtained from patula pine 
(WP and WCH) gasification are suitable to be used as solid biofuels in 
thermochemical processes due to their appropriated AC (< 25 wt%) 
(Lapuerta et al., 2008). 

The difference in MC between WP-BC and WCH-BC was found to be 
lower than 5%. However, with respect to the raw biomasses, MC 
increased by 41 % and 5% for WP-BC and WCH-BC, respectively. Despite 
the MC values for both BCs were < 12 wt%, the increase in MC could be 
attributed to the water vapor coming from the oxidation reactions of the 
gasification process, whose vapor is condensed in the carbonaceous solid 
matrix due to the gasification stages configuration into the reverse 
downdraft reactor (Tinaut et al., 2008). 

3.2.2. Ultimate analysis 
The results from the ultimate analysis on dry ash-free base for the 

four materials are shown in Table 3. It is worth noting that the C content 
in BCs was ~2.1 times higher with regard to the raw biomasses. This can 
be explained by the temperatures associated with the gasification pro
cess, which favor the biomass reaction mechanisms (e.g., drying, devo
latilization, oxidation and reduction) (Jindo et al., 2014). Therefore, the 
average FC of the obtained BCs was ~5 times higher and, as a conse
quence, the C content increased. H and O contents of the generated BCs 
decreased on average by 85 % and 97 %, respectively. This reduction 
can be due to the thermochemical degradation of the hemicellulose and 
the cellulose (James et al., 2016). In turn, the N content was observed to 
increase in the produced BCs, even though the mass fraction of this 
elemental component was lower than 1.0 wt%. 

3.2.3. FTIR - functional groups 
FTIR spectra for the studied materials are represented in Fig. 2. The 

aromaticity index (Eq. (6), Table 3) was ~5.0 times higher for the ob
tained BCs with regard to that one for the raw biomasses, showing that 
BCs are products of the functional groups losses related to OH and CH 
bands. The region between 3700 cm− 1 and 3000 cm− 1 corresponds to the 
stretching of –OH, water molecules, hydroxyl groups (OH), and phenols 
(Qian et al., 2013). The depletion of this peak in BCs can be ascribed to the 
release of MC and VM from the raw wood samples. The highest intensity of 
the –OH band exhibited by WCH-BC compared to that one of WP-BC can 
be attributed to the higher MC in WCH and in the derived WCH-BC 
(Table 3). Peaks between 2980 cm− 1 and 2800 cm− 1 are associated 
with symmetrical stretching in CH2 and CH3 aliphatic compounds, which 
are typical from materials containing hemicellulose and cellulose (Liu 
et al., 2011). The lower intensity found in these peaks for the derived BCs 
was mainly due to the thermal degradation of these constituents (Table 3). 

Peaks between 1800 cm− 1 and 1600 cm− 1 are linked to the stretching of 
C––O rings (attributed to hemicellulose), to the vibrations in the aromatic 
ring of lignin (C––C) (Jindo et al., 2014), and to the bending modes in the 
–OH plane (associated with the presence of water, oxygenated hydrocar
bons and alkyl functional groups) (Díez and Pérez, 2019). These peaks were 
not found in BCs spectra due to drying and pyro-combustion of the raw 
biomasses during the gasification process. These gasification stages, where 
biomass constituents are thermally degraded, might explain the drastic 

reduction of the peaks observed between 1200 cm− 1 and 1000 cm− 1 in the 
generated BCs, which correspond to the C–O–C stretching associated with 
the hemicellulose and cellulose contents (Qian et al., 2013). In BCs, the 
formation of an aromatic structure due to the reduction of the peak at 1520 
cm− 1 associated with the stretching of the C––C ring was observed, as well 
as the vanishing of the peaks between 850 cm− 1 and 650 cm− 1, caused by 
the aromatic deformation of C–H (Díez and Pérez, 2019; Liu et al., 2014). 
Therefore, the BCs studied here are materials that are mainly composed of 
lignin, which is linked to a high energy density due to the ether bindings and 
C–C, resulting in a higher energy in comparison to C–O and C–H bindings 
(Lee et al., 2012). Thereby, BCs reached a heating value of ~58 % higher 
than that one found for the raw biomasses. 

3.2.4. Fiber content 
The results for the lignocellulosic content are listed in Table 3. 

Hemicellulose, cellulose and lignin amounts for WP and WCH were 
similar since the same forest species was used. The fiber contents for the 
raw woods were found to be between the reported intervals for these 
materials (Lv et al., 2010; Ramos-Carmona et al., 2018); besides, a trend 
in which lignin > cellulose > hemicellulose was observed. According to 
the literature, hemicellulose and cellulose are mainly associated with 
the VM content, while lignin mainly favors the BC formation (Lv et al., 
2010). Comparing the obtained BCs with the raw biomasses, average 
reductions by ~90 % and by ~96 % were obtained in the hemicellulose 
and cellulose content, whilst the lignin content increased by ~97 %. 
Thus, the high lignin content of BCs can be attributed to the hemicel
lulose and cellulose degradation during the gasification process, which 
occurs between 200 and 400 ◦C (Sikarwar et al., 2016), favoring CO, H2, 
CO2, H2O and CH4 production in the producer gas (Montoya et al., 
2017). Concerning the lignin content in the generated BCs, it matched 
the results obtained in the FTIR and proximate and ultimate analyses, 
where the BCs studied here were found to be biofuels formed primarily 
by lignin. Therefore, it can be withdrawn that the BC (a rich lignin 
material) promotes the formation of gaseous fuels (H2 and CO) under 
gasification conditions, providing a higher heating value to its producer 
gas (Dunnigan et al., 2018). 

3.3. Physical properties 

3.3.1. Bulk density and sphericity 
The bulk density and the particle sphericity are relevant properties of 

solid fuels to make them suitable and useful in thermochemical pro
cesses. These properties affect the biomass burning velocity and, 
therefore, the fuel consumption rate (Lenis and Pérez, 2014). The raw 
material mass loss (WP and WCH) during the stages of drying, 
pyro-combustion and gasification produce a BC with low bulk density 
compared to the raw biomasses (Daniel et al., 2014). Therefore, the 
reduction in the BC bulk density in comparison with the raw biomasses 

Fig. 2. FTIR spectrum for wood pellets (WP), wood chips (WCH), wood pellets- 
derived biochar (WP-BC) and wood chips-derived biochar (WCH-BC). 
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was by ~58 % and ~40 % for WP-BC and WCH-BC, respectively. 
Sphericity showed a similar trend, which was reduced by ~7% for 
WP-BC and by ~13 % for WCH-BC with regard to those ones observed 
for the raw biomasses. As the temperatures reached in the gasification 
process favored the hemicellulose and cellulose degradation, the density 
of the obtained BCs was reduced due to the lower VM content that led to 
the generation of pores in the structure of the studied BCs; and therefore, 
an increase in the surface area. On the other hand, the sphericity 
reduction caused by the variations in the particle size and geometry after 
the gasification favors the reduction of the PF of BCs in the reactor 
(Ramos-Carmona et al., 2017). Thereby, when BCs are used as fuel for 
thermochemical processes in fixed bed technologies, their low sphericity 
could improve the radiative heat transfer through the solid phase to
wards the drying and devolatilization stages, leading to a possible in
crease in the BC burning velocity (Porteiro et al., 2010). 

3.3.2. BET surface area 
The surface area (BET) for the biomasses and BCs studied in this work 

are presented in Table 3. The difference in the surface area between the 
evaluated BCs and the raw biomasses was ~97 %. The morphologic and 
structural changes on the surface of the obtained BCs are largely affected by 
the high temperatures of the gasification process (700–800 ◦C) (Guerrero 
et al., 2005), which promote the release of VM contained in the biomasses, 
producing a porous structure with a low bulk density (González and Pérez, 
2019). Furthermore, during the gasification process two phenomena are 
presented in the generated BCs: i) the opening of closed pores, and ii) the 
widening of open pores; therefore, the surface area increases due to the rise 
of both the number of pores and their average radius (Hernández et al., 
2016). The highest BET surface area was found for the WP-BC, with a value 
of 367.33 m2/g; this value shows a surface area ~57 % higher than that one 
of WCH-BC (233.56 m2/g). The difference between the BET surface areas of 
the studied BCs was attributed to the higher reaction temperature, which 
increased when WP were gasified (391.07 ◦C) instead of WCH (229.7 ◦C). 
As analyzed in section 3.1, as the reaction temperature increases in the 
gasification process, the thermal degradation of the biomass constituents 

(hemicellulose and cellulose) is favored. This can be ascribed to the breaking 
of aliphatic compounds of alkyl and ester, and to the lignin core exposition 
at high temperatures (Chen and Chen, 2009). It is worth noting that the pore 
structure and the surface area are useful properties to infer access likelihood 
of reactive gases to the BC internal surface and to the active sites in processes 
under thermochemical regimes (Qian et al., 2014). Therefore, BCs may have 
higher gasification reactivity in comparison with other biofuels with less 
porous structures (Lv et al., 2010); nevertheless, regarding reactivity, the 
VM content was also observed to be essential (refer to section 3.5). 

3.3.3. Structural analysis through SEM imaging 
Surface morphology for the raw biomasses and their BCs is repre

sented in SEM images, as illustrated in Fig. 3. In Fig. 3a an agglom
erated surface of WP ascribed to the lignin is observed, which might be 
attributed to its mechanical densification pretreatment (González 
et al., 2020). In contrast, WCH (Fig. 3b) have a fibrous structure, 
typical of lignocellulosic biomasses (Nanda et al., 2013). In Fig. 3c and 
d corresponding to WP-BC and WCH-BC, respectively, a carbonaceous 
structure is illustrated. The carbonaceous structure is ascribed to the 
hemicellulose and cellulose degradation during the gasification pro
cess, remaining a lignin-rich material. A porous amorphous structure 
was observed for WP-BC due to its production process (Fig. 3c), which 
consisted of WP (sawdust densification) gasification at high reaction 
temperatures. For WCH-BC (Fig. 3d), a fibrous structure is still 
observed, exhibiting open pores along the fibers. The results obtained 
for WP-BC, regarding to a high BET surface area and a high pore 
diameter (Table 3) were in agreement with the surface morphology 
observed through SEM imaging. The pore volume of WP-BC was 54 % 
higher than that one for WCH-BC; this result is consistent with the 
higher temperature (~70 % higher) reached during WP gasification. It 
is expected that the change in the microstructure for the derived BCs 
promotes a suitable thermal behavior because the high porosity in 
solid fuels leads to improve the heat and the mass transfer mechanisms 
in gasification and combustion processes (Ramos-Carmona et al., 
2018). 

Fig. 3. SEM imaging with a 1000x zoom for a) WP, b) WCH, c) WP-BC and d) WCH-BC.  
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3.4. Energy properties 

3.4.1. Heating value 
In Table 3, the HHV and LHV results for the studied materials are pre

sented. The LHV of WP was ~13 % higher than that one of WCH, in spite of 
the raw materials come from pine patula wood. However, during the WP 
densification process, there are some variables involved such as the densi
fication pressure and temperature, which affect the densified biomass 
properties (González et al., 2020). It is observed that the WP showed a lower 
MC and H contents, as well as a higher lignin content; these properties 
favored an increase in LHV. In average, BC LHV was ~58 % higher as 
compared to those ones of the raw biomasses. This result can be ascribed to 
the higher lignin content of BCs; since lignin has been reported to have ~30 
% more energy content than those ones for hemicellulose and cellulose 
(Novaes et al., 2010). Additionally, a lower AC in the biomasses favored the 
higher LHV achieved in the generated BCs. The mild difference of 3% be
tween the LHV of BCs can be explained by their higher contents of FC, C and 
lignin, which favored the LHV obtained. The HHV of WP-BC and WCH-BC 
reached values of 29.25 MJ/kg and 28.36 MJ/kg, respectively. Both are 
comparable to coals, whose values range between 25 and 30 MJ/kg 
(Ilyushechkin et al., 2014) and to the pine BC heating value (27.46 MJ/kg) 
obtained by Díez and Pérez (2019). Therefore, the applicability of both BCs 
as biofuels is remarkable for thermochemical processes, where improve
ments in their global efficiency are inferred by using BCs with high energy 
content as a feedstock (Ramos-Carmona et al., 2017). 

3.4.2. Fuel value index 
The highest FVI (Eq. (10)) was found for WP, 10.61 MJ/cm3 

(Table 3), which represented an energy density (~49 %) higher than 
that one of WCH (7.12 MJ/cm3). This result can be mainly ascribed to 
the largest heating value and high bulk density of WP. Nevertheless, the 
reduction in the raw biomass bulk density after the gasification process 
(section 3.3) produced a decrease in the BCs FVI, whose average drop 
was ~78 %. Regarding WCH biomass, WCH-BC FVI was reduced by ~89 
%, which is attributed to the fact that the increase in BC LHV (66 %) does 
not compensate the reduction in the bulk density (~40 %), nor the in
crease in the MC (~5%) nor the AC (8.6 times more AC for WCH-BC). 
Despite the fact that BCs present lower FVI values with regard to the 
raw biomasses, these materials can be considered as suitable solid bio
fuels for thermochemical processes due to the considerably high heating 
value and low AC (Ok et al., 2016). 

3.4.3. Van Krevelen diagram 
Van Krevelen diagram allows to compare solid biofuels as biomass 

and BCs with fossil solid fuels as a function of their C, H and O contents 
(Fig. 4). H/C and O/C atomic ratios are shown in Table 3. WP and WCH 
had values in accordance with the results reported for lignocellulosic 
materials, with a typical H/C ratio of ~1.5 (Lehmann and Joseph, 2009). 

The location of biomasses in the Van Krevelen diagram corresponded to 
the lowest C content and the highest H and O contents (ultimate anal
ysis, Table 3), which explains the low heating value of the raw biomasses 
(Nanda et al., 2013). 

Nevertheless, H/C and O/C ratios of the obtained BCs showed an 
average reduction by ~92 % and ~99 %, respectively, with regard to the 
values found for the raw biomasses. This depletion in BCs can be due to 
the loss of aliphatic compounds CH2 and CH3, and the reduction in 
oxygenated compounds during the gasification process (section 3.2), 
which led to the formation of a carbonaceous material mainly consti
tuted of lignin (González et al., 2018). Thus, WP-BC and WCH-BC 
heating value increased (Pérez et al., 2019), placing them in the re
gion corresponding to the coals (anthracite), whose heating value ranges 
between 26.0 and 35 MJ/kg (Lv et al., 2019). From Table 3, it is high
lighted that BCs derived from WP and WCH were observed to have 
chemical and energy properties similar to those ones of anthracite (Zha 
et al., 2016); though, coal anthracite is little reactive; therefore, a higher 
energy demand is required to initiate reactions in thermochemical 
processes, while BCs have a higher reactivity due to their hemicellulose 
and cellulose contents, as well as their surface area. These characteristics 
highlight the suitable properties of WP-BC and WCH-BC to be used as 
solid biofuels in thermochemical processes. 

3.4.4. Deposition and melting ash 
Ash fusion (slag) and fouling are two phenomena related to the 

equipment deposition and corrosion, which is commonly observed in the 
biomass combustion systems. Deposition occurs in high temperature 
zones, generally in the grates and on the reactor walls. As for the melting 
fouling, it is presented in low temperature zones such as the surfaces 
near the heat exchangers. The occurrence of these phenomena depends 
on the fuel chemical composition, the thermochemical transformation 
technology and the process conditions. Deposition occurs more feasibly 
when there are high concentrations of elements with low fusion points, 
such as alkali, sulfides and chlorides (Na, K, S and Cl), while the pres
ence of calcium or magnesium (Ca and Mg) silicates reduces the prob
ability of ash fusion (García et al., 2015). Herein, the ash composition 
(oxides) of WP, WCH, WP-BC and WCH-BC was compared to the char
coal (CC) obtained from the wood pyrolysis, which is commonly used as 
a fuel in the combustion process (García et al., 2015). 

Fig. 5 presents the chemical composition of the ashes, determined 
through XRF analysis for the raw biomasses, BCs and CC, in absolute 
base and without pondering ignition losses. Compounds identified in the 
ashes are among those ones reported in the literature, where it was 
explained that lignocellulosic biomasses have higher contents of Ca, Si, P 
and K, while the levels of Al, Fe and Ti are generally lower (Teixeira 
et al., 2012). Lignocellulosic biomasses stand out for their high content 

Fig. 5. Ash mineral content of WP, WCH, WP-BC, WCH-BC, and charcoal -CC- 
(García et al., 2015) as a reference. 

Fig. 4. Van Krevelen diagram for WP, WCH, WP-BC and WCH-BC.  
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of Ca (Zhang et al., 2008), as noted in the four materials studied in this 
work and in CC (García et al., 2015), while Na is reported as the element 
with the lowest concentration. Calcium oxide (CaO) content for WP, 
WCH, WP-BC, WCH-BC, and CC, varied between 46.13 % and 55.91 %. 
This result can be due to the inorganic compound vaporization (except 
Ca), because of the high temperatures reached during the gasification 
process (700–800 ◦C) (Maiti et al., 2006). It is worth noting that Ca 
favors the applicability of the four materials as solid biofuels since this 
chemical element reduces the deposition tendency, preventing 
agglomeration and ash adhesion to the reactor walls and the heat ex
changers (Martínez-Ángel et al., 2015). 

The difference between the composition of the raw biomass ashes 
and BCs was not significant. This indicates that the gasification condi
tions analyzed in this work did not have an effect on the mineral content 
of the ashes from patula pine. An increase of the K content was detected 
for WP-BC and WCH-BC, being WP-BC the one with the highest increase 
because WP have a higher residence time in the reactor due to a lower 
burning velocity. K associated with Si may favor the formation of po
tassium silicates, which exhibit lower fusion temperatures. However, the 
percentages found in this work were still below the issue threshold, and 
the potassium silicate effects could be inhibited by the high content of Ca 
(Teixeira et al., 2012). In comparison with CC, the low content of K and 
Si exhibited by WP-BC and WCH-BC is highlighted. Their amount of K 
and Si was about 6 times lower than that one for CC, which may provide 
good properties to the materials characterized here to be used as solid 
fuels. 

AI and Rb/a of the four materials and the reference CC are shown in 
Table 4. Values for AI were well below to the 0.17 kg alkali/GJ limit, for 
WP, WCH, WP-BC, and WCH-BC. Therefore, both raw biomasses and BCs 
would not show risk of corrosion when used as solid fuels. While CC 
reached an AI of 0.36 kg alkali/GJ (high probability of fouling) due to its 
high K and Na contents (Fig. 5). On the other hand, the values for Rb/a 
were > 1.0 indicating a deposition probability for the five materials. 
Nevertheless, Teixeira et. al (2012) reported that temperatures at which 
the ash fusion is started, named as initial deformation temperature, in 
the case of wood and coal pellets was ~1230 ◦C and 1200 ◦C, respec
tively. This indicates that during the WP and WCH gasification process 
carried out here, such as temperatures were not reached, as noted on the 
SEM images (section 3.3) where no ash fusion was observed. 

3.5. Devolatilization reactivity analysis 

3.5.1. TGA and DTG analysis 
Another parameter used to evaluate the solid biofuels behavior was 

the devolatilization kinetics since the thermal degradation of these 
materials involves complex chemical reactions (Lee et al., 2017). As 
shown in Fig. 6a, the raw biomasses (WP and WCH) had a similar profile 
of mass loss because both samples corresponded to patula pine biomass 
and were similar with regard to the proximate analysis (Table 3). WP 
and WCH exhibited several stages in the TG curve. The first stage cor
responded to temperatures between 100 ◦C and 200 ◦C, in which there 
was not a significant change in the mass percentage. According to 
Bonilla et al. (2019) this behavior is due to the formation of chains with 
cellulose molecules on most of the lignin and hemicellulose molecules, 
which do not allow the devolatilization of hemicellulose nor cellulose at 
these temperatures. A second stage took place in the range between 250 
◦C and 400 ◦C where most of the mass loss occurs due to hemicellulose 
(250 ◦C – 330 ◦C) and cellulose (330 ◦C and 400 ◦C) thermal degradation 
(Xie et al., 2013). The third stage corresponded to a slow mass loss above 
400 ◦C due to the degradation of lignin and other compounds with 
stronger chemical bonds (Nyakuma et al., 2015). 

BCs showed a lower mass loss in the TG curves (Fig. 6a) because 
during the gasification process, temperatures close to the reactor wall 
were between 200 ◦C and 480 ◦C, which indicates that the process 
reached higher temperatures than those values inside the reactor. 
Consequently, the thermal degradation of WP and WCH constituents 
was favored as noted in section 3.2. In Table 3, the hemicellulose and 
cellulose content for the evaluated BCs was lower than 1.70 wt%, while 
the average lignin content was ~82 wt%. Therefore, the lower mass loss 
for the BCs was ascribed to the low lignin degradation in the range of 
temperatures between 160 ◦C and 900 ◦C as found by Arteaga-Pérez 
et al. (2015). A higher mass loss was observed for WCH-BC due to the 
presence of ~18 % more VM content and ~6% less FC content when 
compared to WP-BC. Thermal stability of BCs makes them less reactive 
than the raw biomasses. Therefore, a lower consumption of fuel (bio
char) is inferred in thermochemical processes of energy generation due 
to the low reaction velocities (Misginna and Rajabu, 2014). 

DTG curves shown in Fig. 6b confirm that hemicellulose, cellulose and 
lignin structures are different for raw biomasses and BCs. This behavior 
was proven through fiber analysis (section 3.2). In WP and WCH, a 
shoulder was observed at an approximated temperature of 330 ◦C, which 
corresponded to the hemicellulose decomposition (Pérez et al., 2019). 
Additionally, a main peak at 370 ◦C was observed, which can be attributed 
to the cellulose degradation (Chen and Kuo, 2010). According to the re
sults reported in Table 5, WP and WCH biomasses have a higher reactivity 
with regard to their BCs. The base temperature for the raw biomasses was 
found at ~241 ◦C, while the BCs do not show Tbase because maximum 
peaks of the derivative for BCs were < 1 wt%/min, as observed in Fig. 6b. 
A lower base temperature is associated with a lower thermal stability or a 
higher reactivity (Ramos-Carmona et al., 2018). This behavior is directly 

Fig. 6. Thermogravimetric analysis for WP, WCH, WP-BC and WCH-BC.  

Table 4 
Indexes of deposition and melting fouling for WP, WCH, WP-BC, WCH-BC and 
CC.  

Method WP 
(this 
work) 

WCH 
(this 
work) 

WP-BC 
(this 
work) 

WCH-BC 
(this 
work) 

CC 
(García et al., 
2015) 

AI [kg alkali/ 
GJ] 

0.00 0.00 0.05 0.03 0.36 

Rb/a 14.50 16.26 18.87 18.33 3.80  
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related to the VM content. The raw biomasses resulted to have a similar 
VM content (Table 3), which caused a slight variation (~3 ◦C) between 
both Tbase values. Nonetheless, after gasification, the average VM content 
was reduced by ~73 %, significantly reducing reactivity of these carbo
naceous materials, and thereby the defined limit in section 2.3.4 to 
determine Tbase was not reached. 

Another indicator of reactivity under devolatilization regimes is the 
maximum peak in the DTG curve. The raw biomasses were observed to 
reach a maximum peak at 370 ◦C (Fig. 6b), while WCH-BC and WP-BC 
showed maximum values at 630 ◦C and higher than 900 ◦C, respec
tively. Maximum peaks occurring at lower temperatures show a higher 
capacity of biofuels to release VM from their structures, indicating a 
higher reactivity (Zapata et al., 2014). On the other hand, values 
calculated for Ra were ~97 % lower for BCs. This means that WP-BC and 
WCH-BC are biofuels with a low reactivity due to the high content of FC 
and lignin, which is thermally more stable than cellulose (Lv et al., 
2010). Thus, reactivity in BCs was slower, which enabled them to 
require a higher activation energy for VM release, even though their BET 
surface area is higher (Table 3). 

3.5.2. Pyrolysis kinetics of the raw biomasses 
In this section the pyrolysis kinetics of the raw biomasses (WP and 

WCH) is characterized. The aim was to assess and compare the WP and 
WCH reactivity to produce BC under thermochemical processes by 
means of the kinetic constant determination. Gasification kinetics for the 
evaluated BCs will be studied in a future work. The results found by 
Fynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose (KAS), and Fried
man methods for Eα showed variations lower than ~8% among them. 
Resemblance among the results indicates standardization, reliability and 
applicability of the three methods for the kinetic parameters estimation 
(Bonilla et al., 2019). The average Eα determined values for WP from 
FWO, KAS and Friedman models were 125.38 kJ/mol, 125.42 kJ/mol 
and 122.35 kJ/mol, respectively, while those ones for WCH were lower, 
reaching values of 84.81 kJ/mol, 78.30 kJ/mol and 79.41 kJ/mol, 
respectively. In each model, R2 was higher than 0.98, which indicates a 
good fit of the experimental data (Sobek and Werle, 2020). 

Eα did not show meaningful changes regarding α, as noted by the vari
ation lower than 5.5 kJ/mol (see Table 6); consequently, there is a high 
probability for the pyrolysis reaction to occur in one step (Sobek and Werle, 
2020). The results found for Eα of WP and WCH match those ones reported 
in the literature, such as 168.58–179.29 kJ/mol for pine residues (Mishra 
and Mohanty, 2018), and 75–130 kJ/mol for agricultural residues (Aboyade 
et al., 2011; Biagini et al., 2008). Here, Eα for WP was ~54 % higher than 
that one for WCH, with average values of 124.38 kJ/mol and 80.84 kJ/mol, 
respectively. This variation can be attributed to the high lignin content and 
low BET surface area of WP, which give them a higher thermal stability (Lv 
et al., 2010). Nevertheless, the difference between WP and WCH stems from 
their physical nature. As previously noted, WP correspond to densified 
patula pine wood and, for this reason, there were structural changes during 
the densification process (section 3.3), which provide the biofuel with a 
higher density. Consequently, as demonstrated in the gasification process, 
WP had a lower biomass burning rate (Vb) as compared to WCH (section 
3.1). This behavior in the gasification parameters was related to Eα, since it 
has been reported that as Eα increases, the breaking velocity among the 
chemical bonds decreases (because a higher reaction temperature is 
required), which leads to a low reactivity and a low reaction velocity of fuels 
under thermochemical processes (Gai et al., 2013). 

On the other hand, the pre-exponential factor for WP varied between 
1.30 × 108 s− 1 and 2.13 × 108 s− 1, while the range for WCH was Ta
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Table 5 
Base temperature (Tbase) and reactivity for WP, WCH, WP-BC and WCH-BC.  

Parameter WP WCH WP-BC WCH-BC 

Tbase [◦C] 239 242 not detected not detected 
Ra [min− 1] 0.196 0.202 0.004 0.008  
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between 2.27 × 104 s− 1 and 8.64 × 104 s− 1. Variation in the pre- 
exponential factor followed the same trend shown by Eα due to the 
correlation of these variables (Eq. (21)). Pre-exponential factor values 
found in this work are in agreement with the results reported in the 
literature. Slopiecka et al. (2012) noted a pre-exponential factor for 
poplar wood of 3.80 × 106 s− 1 and 3.93 × 106 s− 1 with an Eα value of 
121.97 and 124.40 kJ/mol, respectively. For hazelnut husk, Ceylan and 
Topçu (2014) found a pre-exponential factor between 2.52 × 104 s− 1 

and 1.42 × 108 s− 1 (FWO method), for an Eα of 102.51 kJ/mol and 
136.77 kJ/mol, respectively; for KAS method, the pre-exponential factor 
was 7.5 × 103 s− 1 for an Eα value of 95.01 kJ/mol, and 6.6 × 107 s− 1 for 
an Eα value of 132.55 kJ/mol. 

Thus, Eα resulted to be lower for WCH as compared to WP; thereby, 
WCH were more reactive, which led to the BC production rate increase 
under thermochemical processes. This finding was also confirmed by the 
higher Ra found for WCH (Table 5). Although biochar yield (Ychar, 
Table 1) for WP was ~12 % higher than that one for WCH, WCH burning 
velocity under gasification was 4.3 times faster than that one found for 
WP. The higher burning velocity of WCH favors the increment of WCH- 
BC production rate. Nonetheless, Eα for both raw materials are relatively 
low. This means that WP and WCH require a low energy input to initiate 
the pyrolysis reaction (BC production). Furthermore, the devolatiliza
tion kinetic data also provide useful information to design and develop 
new gasification and/or pyrolysis reactors that use patula pine pellets or 
chips as a feedstock; in addition, data for the thermochemical processes 
optimization where BC is one of the target products were provided (Lv 
et al., 2010; Mishra and Mohanty, 2018). 

4. Conclusions 

The results found in this work indicated that WP (559.97 kg/m3) 
showed better properties, as compared to WCH (151.29 kg/m3), to be 
used as a feedstock in the co-production of producer gas and BC. 

It was found that WP exhibited a better gasification behavior 
reaching a high CGE (51.59 % and 36.67 % for WP and WCH, respec
tively), which was ascribed to the higher bulk density and V̇pg, and to the 
lower ṁ bms obtained for WP. 

The highest gasification temperature reached for WP (391.07 ◦C) 

produced a BC with a BET surface area higher than that one for WCH 
(367.33 m2/g and 233.56 m2/g, respectively), because the pores open
ing and widening. WP-BC HHV was 29.25 MJ/kg, while that one for 
WCH-BC was 28.36 MJ/kg. This difference was due to the higher con
tent of FC, C and lignin in WP-BC. Both BCs had an aromatic structure, 
low AC (< 3.0 wt%) and an AI < 0.05 kg-alkali/GJ, resulting in a low 
corrosion probability. Thus, both BCs could be considered as suitable 
biofuels. 

BCs were observed to be less reactive than the raw biomasses, fa
voring a higher thermal stability (low fuel consumption) in thermo
chemical processes. Concerning the raw biomasses, WCH were 
established to be more reactive with an average Eα of 80.84 kJ/mol (A, 
2.27 × 104 s− 1 - 8.64 × 104 s− 1), with regard to WP that reached an 
average Eα of 124.38 kJ/mol (A, 1.30 × 108 s− 1 - 2.13 × 108 s− 1). This 
behavior was ascribed to the lower bulk density of WCH, which 
increased the WCH-BC production rate under pyrolysis regimes. 
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Appendix A. Complementary figures for the calculation model of devolatilization kinetic parameters 

Fig. A1 shows the conversion variation (α) for the raw biomasses (WP and WCH) as a function of the temperature and heating rates (10, 20, 30, and 
40 ◦C/min). The α calculation was conducted by Eq. (14). In this work, the values of activation energy and pre-exponential coefficient were deter
mined by considering the range 0.2 ≤ αi ≤ 0.8, which corresponded to the range in which the highest devolatilization of biomasses occurred. 

Fig. A2 shows isoconversional lines or regression lines in the αi range, which are required to calculate the activation energy (Eα, kJ/mol) through 
the Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose (KAS), and Friedman methods. The referred methods are based on Eqs. (18)–(20), 
respectively. 

The pre-exponential coefficient calculation (Aα, 1/s) was carried out through Eq. (21). For this purpose, Tm (K) determination was required, which 
is identified as the temperature at which the highest point of the derivative (graph dα/dT vs T) was reached , as shown in Fig. A3. 

Fig. A1. Conversion grade (α) of WP and WCH used for the devolatilization process at different heating rates.  
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Fig. A2. Regression lines at different values of α used for the activation energy (Eα) calculation.  

Fig. A3. dα/dT curves at different heating rates used for the pre-exponential coefficient (Aα) calculation.  
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