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Abstract

In this study, biochar samples acquired as by-product by downdraft gasification at 700 °C from Eucalyptus grandis
(BC-EG), Acacia magnium (BC-AM) and Gmelina arborea (BC-GA) were characterized. The morphological
characteristics and physicochemical properties of biochar were studied using nitrogen physisorption by the
Brunauer-Emmet-Teller (BET) method, Scanning Electron Microscopy (SEM), X-ray Energy Dispersive
Spectrometry (EDX) and Fourier Transform Infrared Spectroscopy (FTIR). The surface area (SA) of the materials
was in the 2.0-50.0 m?/g range, with the biochar obtained from BC-EG showing the highest SA (50.0 m%/g), while
the biochar derived from BC-GA showed the lowest SA (2.0 m*/g). In addition, all samples can be classified as
mesoporous materials because their pore sizes were between 2 and 50 nm. This indicates that these materials
can be used in absorption processes; however, the biochar obtained from BC-AM is expected to be the most
suitable for absorption applications. FTIR biochar spectra did not exhibit characteristic peaks for cellulose or
hemicellulose in any sample due to decomposition of these compounds at the gasification temperature. Moreover,
according to SEM/EDX analyzes, all the samples presented well-defined pore structure and contained minerals as
Na, K and Ca, suggesting that the biochar could also be useful for soil amendment applications.

Keywords: Acacia; Biomass charcoal; Eucalyptus; Forestry products; Forestry species; Gmelina; Physicochemical
property.

Resumen

En este estudio se caracterizaron muestras de biocarbones obtenidos como subproducto del proceso de
gasificacion, en lecho fijo a 700 °C, de las especies Eucalyptus grandis (BC-EQG), Acacia magnium (BC-AM) y
Gmelina arborea (BC-GA). Sus caracteristicas morfologicas y propiedades fisicoquimicas se evaluaron usando
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fisisorcion de nitrogeno por el método de Brunauer-Emmet-Teller (BET), espectroscopia de dispersion de energia
de rayos X (EDS) y espectroscopia infrarroja con Transformada de Fourier (FTIR). Los biocarbones analizados
presentaron areas superficiales en el rango de 2.0-50.0 m*/g; el biocarbon originado de la especie BC-EG presento
la mayor area superficial (50.0 m%*/g), mientras que el biocarbén obtenido de BC-GA mostrd la menor (2.0 m?%/g).
Por otro lado, las muestras obtenidas pueden clasificarse como materiales mesoporosos debido a que su tamafio
de poro estuvo entre 2 y 50 nm; esto indica que dichos materiales pueden usarse en procesos de absorcion,
aunque, se espera que el material proveniente de BC-AM sea el mas adecuado para este tipo de aplicaciones. Los
espectros FTIR no mostraron picos caracteristicos de celulosa y hemicelulosa en ninguna de las muestras, lo cual
se atribuye a su descomposicion por las temperaturas alcanzadas en los procesos de gasificacion. Adicionalmente,
de acuerdo a los analisis SEM/EDX todas las muestras analizadas presentan estructuras de poros bien definidas y
contienen minerales como Na, K y Ca, lo cual sugiere que los biocarbones también podrian ser considerados para
remediacion de suelos.

Palabras clave: Acacia,; Biocarbon; Especies forestales; Eucalyptus; Gmelina; Productos forestales; Propiedades
fisicoquimicas.

Resumo

Neste estudo caracterizaram-se amostras de biocarvdes obtidos como subproduto do processo de gasificagdo, em
leito fixo a 700 °C, das espécies Eucalyptus grandis (BC-EG), Acacia magnium (BC-AM) e Gmelina arborea
(BC-GA). Suas caracteristicas morfologicas e propriedades fisico-quimicas avaliaram-se usando fisisor¢éo
de nitrogénio pelo método de Brunauer-Emmet-Teller (BET), espectroscopia de dispersdo de energia de raios
X (EDS) e espectroscopia infravermelha com Transformada de Fourier (FTIR). Os biocarvdes analisados
apresentaram areas superficiais na faixa de 2.0-50.0 m*g; o biocarvao originado da espécie BC-EG apresentou a
maior area superficial (50.0 m*/g), enquanto que o biocarvao obtido de BC-GA mostrou a menor (2.0 m*g). Por
outro lado, as amostras obtidas podem classificar-se como materiais mesoporosos devido a que seu tamanho de
poro esteve entre 2 e 50 nm; isto indica que ditos materiais podem usar-se em processos de absor¢do, ainda que,
espera-se que o material proveniente de BC-AM seja o mais adequado para este tipo de aplicagdes. Os espectros
FTIR ndo mostraram picos caracteristicos de celulose e hemicelulose em nenhuma das amostras, o que se atribui
a sua decomposicao pelas temperaturas alcangadas nos processos de gasificagdo. Adicionalmente, de acordo as
analises SEM/EDX todas as amostras analisadas apresentam estruturas de poros bem definidas e contém minerais
como Na, K e Ca, o qual sugere que os biocarvdes também poderiam ser considerados para remediacao de solos.

Palavras chave: Acdcia; Biocarvao; Espécies florestais; Eucalyptus; Gmelina, Produtos florestais; Propriedades
fisico-quimicas.
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I. INTRODUCTION

Biochar is a low-value by-product obtained by the
thermochemical conversion of biomass into heat,
power, fuels and/or chemicals using an oxygen-limited
environment [1-3]. The most common thermochemical
processes are pyrolysis and gasification [2-4]. Biochar
material canbe used in agriculture, carbon sequestration
and wastewater treatment [2]; this material is also
effective in retaining nutrients and keeping them
available to plants [5], thus by directly applying it into
the soil, the conventional agricultural productivity and
soil fertility may increase [6]. However, the specific
application of biochar depends on its physicochemical
properties, which could change depending on the
process used for obtaining it, i.e., operating conditions
and biomass feedstocks; therefore, the understanding
of chemical and physical properties of the biochar is
crucial to find its most suitable applications [6, 7].

Several characterization tests can be used to know
the properties of biochar: the Brunauer-Emmet-
Teller (BET) nitrogen gas physisorption method
traditionally studies the morphological characteristics
and physical properties of biochar; while Scanning
Electron Microscopy (SEM) and Energy Dispersive
EDX (x-ray spectrometry) are commonly used to
observe the morphology and the surface of the biochar
[7-9]; and Fourier Transform Infrared Spectroscopy
(FTIR) is frequently used to identify and qualitatively
track changes in functional groups in biochar and soil
samples [3].

Some authors have studied the effects of pyrolysis
temperature on biochar properties. Jindo et al. [7]
pyrolyzed rice husk, rice straw, and wood chips of
apple tree and oak tree at temperatures between
400 °C and 800 °C. They found by BET and FTIR
that an increase in process temperatures results in
higher surface area, more development of aromatic
compounds and a decrease in aliphatic groups. Ghani
et al. [10] evaluated the properties of biochar from
waste rubber-wood-sawdust by pyrolysis between 450
°C and 850 °C, founding by BET analysis that the total
surface is lower than 10 m%g for lower temperatures
and around 200 m*g for higher temperatures. Kim
et al. [11] evaluated the properties of biochar from
pitch pine produced by fast pyrolysis at different
temperatures (300-500 °C); they obtained BET
surface areas between 3.0 and 175 m?/g that increased
with the pyrolysis temperature; from the FTIR spectra,
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they found that the O-H stretch peak (3600-3200 cm™")
decreases in the spectra for biochar. Azargohar et al.
[12] produced biochar from pyrolysis of agricultural
waste (wheat straw and flax straw) and forest residues
(sawdust), at temperatures between 400 °C and 550 °C;
they found that increasing the pyrolysis temperatures
resulted in ruptures on the biomass surfaces, caused
by thermal cracking of their parent biomass; by FTIR
analysis, they found that intensity of the peaks 3300-
3400 cm™ (-OH stretching), 2850-2950 cm (-CH
stretching), and 1470 cm™ (deformation vibration from
alkanes) decreased with an increase in the pyrolysis
temperature, which can be due to the improvement
of aromatic structure in biochar. Finally, Shaaban et
al. [13] produced biochar from rubber wood sawdust
at different temperatures and different holding times;
the highest BET surface area (6.0 m?%g) corresponded
to the highest temperature (700 °C) and the highest
holding time (3 h).

Other authors have studied the properties of biochars
obtained by different thermochemical processes, for
instance, Brewer et al. [14] studied the characteristics
of biochar obtained from fast pyrolysis, slow pyrolysis
and gasification (in a bubbling fluidized bed reactor) of
corn stover, switchgrass and wood. The biochar surface
areas were between 3.0 and 62.0 m?/g, and increased
with the reaction residence time (fast pyrolysis <
slow pyrolysis) and the temperature (pyrolysis <
gasification). Luo et al. [15] analyzed the effect of
operation conditions, including heating temperature
(200-700 °C), time (1-8 h), and atmosphere (air flow,
air-limited and N,) on the physicochemical properties
of biochar from pine sawdust, maize straw and
sugarcane bagasse. They observed that the surface
areas of the biochar significantly increased with
temperature; in addition, operation under air condition
or longer heating times (increased carbonization)
tended to increase the micro-pore volumes and thus
the surface areas of the biochar. Qian et al. [16]
analyzed the physicochemical properties of biochar
derived from fluidized-bed gasification of switchgrass
forage sorghum; in this case, biochar surface areas did
not exceed 10 m*g and FTIR observations suggested
that raw material has more aliphatic structure than
gasified char.

In this study, the morphology and physical properties
of biochar obtained as by-product from downdraft
gasification of Fucalyptus grandis, Acacia magnium
and Gmelina arborea are evaluated using BET, SEM,
EDX and FTIR analyses. Such characterizations
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allowed predicting possible uses for these biochars.
The selected forestry species present high silvicultural
potential in Colombia [17], therefore, with this study,
we expect to help promoting studies on thermal
transformation of biomass, considering the potential
in processes improvement when including biorefinery
concepts regarding to low-value byproducts.

II. MATERIALS AND METHODS

A. Wood gasification

Biochar samples were obtained as by-product from
downdraft gasification of Eucalyptus grandis (BC-
EG), Acacia magnium (BC-AM) and Gmelina
arborea (BC-GA). The processes were carried
out at atmospheric pressure, using biomass with
similar shapes and sizes (chips with sizes between
4 and 10 mm). The gasifying agent was air with a
superficial velocity of 0.1 m/s for all experiments.
The complete description of the experimental
process and the physicochemical characterization of
biomass have been described in [17]. The maximum
temperature reached in the gasification processes was
approximately 700 °C. Cold gas efficiencies between
25.8 % and 30.9 % were obtained. The lowest gas
heating value obtained was between 2.5 and 3.0 MJ/
Nm?® with a mainly composition of CO, CO,, CH4, H,
and N,, with average concentrations of 13 %, 16 %, 2
%, 4 %, and 64 vol%, respectively [17].

B. Biochar characterization

1) Surface area: The surface areas and pore size
distribution of all materials were determined by

the BET method from N, isotherms measured at
75.2 K using a Quantachrome Autosorb Automated
instrument. Each experiment used 100 mg of solid
biochar.

2) Scanning Electron Microscopy: The samples
were analyzed by high-resolution scanning electron
microscopy (HRSEM) in a JEOL 7600F electron
microscope with an acceleration of 30 kV and a
theoretical resolution of 1 nm. For this analysis, a solid
sample homogeneously dispersed in pure ethanol was
deposited on a Cu grid, previously covered with a thin
layer of biochar. In addition, the analysis of elements
was carried out by X-ray energy dispersive system
spectroscopy (EDS), using a Si (Li) model INCA,
Oxford.

3) Fourier Transform Infrared (FTIR): Infrared
spectra of the biochar were recorded at room
temperature and 2.0 cm™ resolution on a IRAffiniti-1
Shimadzu spectrometer. Each sample for FTIR
analysis was prepared by grinding and mixing 1 mg
of the biochar with 200 mg of IR-grade KBr, and then
the sample was pressed into a pellet using a hydraulic
press. The FTIR spectrum of the pellet was recorded
over a wavenumber range of 650 cm™! - 4000 cm’'.

II1. RESULTS AND DISCUSSION

A. BET surface area and porosity

The main surface characteristics of biochar are listed
in Table 1. According to the average pore size, all
samples can be classified as mesoporous materials
because their pore sizes are between 2 and 50 nm.

TaBLE 1
SURFACE AREA AND POROSITIES OF THE BIOCHAR SAMPLES.
Sample BET Surface area (m?%g) Average pore diameter (nm) Total pore volume (cm?/g)
BC-AM 50.0 425 0.052
BC-GA 2.0 47.0 0.020
BC-EG 30.0 53 0.040

Biochar derived from Acacia magnium (BC-AM)
had the highest surface area (50.0 m?%g), while the
biochar derived from Gmelina arborea (BC-GA) had
the lowest surface area (2.0 m?*/g) (Table 1). Some
authors have obtained surface areas in the same order
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of magnitude for biochar obtained from gasification
processes. For instance, Qian et al. [16] obtained
biochar with surface areas between 0.7 and 60 m?/g
from switchgrass, sorghum straw and red cedar; and
Brewer et al. [14] obtained biochar with surface
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areas between 24 and 31 m*g from corn stover and
switchgrass. Taking into account that the surface area
of BC-AM is 96.4 % greater than BC-GA, and 38.2
% higher than BC-EQG, it is expected that the BC-AM
presents a greater adsorption capacity, considering
that the adsorption capacity is expected to increase
with the surface area. In future studies, the BC-AM
biochar-sorption capability of selected contaminants,
such as dyes in aqueous systems, will be evaluated.

B. SEM-EDX

Figure 1 shows the SEM micrographs of biochar
obtained by gasification. In general, no sample
revealed a definite shape, being BC-GA the most
amorphous with poorly defined micrographs showing
weak pores. This is consistent with its higher average
pore diameter observed by BET analysis (Table 1).
Table 2 shows the localized carbon and oxygen content
of the samples determined by EDX-SEM analysis.

The SEM-EDX analysis showed that the BC-AM had
the best development of pores (better-defined pores),
with smaller pores than those developed by the other
two biochars; while the BC-EG had larger developed
pores, less defined and less uniform compared with
the pores developed by BC-AM; and the BC-GA had
uneven and weak pores that appear to be larger than
the other samples (Fig. 1 and Table 2). These results
are consistent with the BET results, in which BC-AM
had greater surface area and smaller pore size than the
other samples, while the BC-GA had the lowest surface
area and a larger pore size (Table 1). The sample with
the highest carbon content and the lowest oxygen
content was the BC-GA. This result can be explained
by physical properties of raw material (forest species)
used as feedstock for the gasification process.

According to the literature, Gmelina arborea has the
lowest bulk density among the studied species [17].
This promotes heat transfer during the gasification
process because lower ratios of air/fuel are achieved
(i.e., fewer amount of biomass in the same volume
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of reactor); thus, the process tends to combustion,
increasing both temperature and reaction velocity. The
highest carbonization degree is reflected in an increase
in the carbon composition and a decrease in the oxygen
composition of the biochar. A decrease in oxygen
composition increases the surface hydrophobicity of
the biochar [13].

TABLE 2
PERCENTAGE OF LOCALIZED CARBON, OXYGEN
AND SOME MINERALS CONTENT BY SEM-EDX
ANALYSIS OF THE BIOCHAR (WT %).

Sample C 0o Na K Ca
BC-AM | 81.63 | 18.07 | 0.11 | 0.09 | 0.1
BC-GA | 8836 | 9.12 - 1.33 | 0.89
BC-EG | 87.51 | 10.25 - 0.41 | 054

A higher surface hydrophobicity could become a
desirable attribute of a biochar for processes such as
removing of contaminants from aqueous matrices;
however, high surface areas are also desirable for
such application [3], and according to Table 1, the
BC-GA had the lowest BET surface area among the
studied species. Therefore, considering BC-GA for
sorption applications will probably require additional
biochar activation processes to improve the BET
surface area. On the other side, the presence in the
biochar of minerals as Na, K and Ca (Table 2) is
considered an important characteristic for biochar
applications such as soil amendment, since they are
nutrient elements for plant growth [16, 18]. Among
the tested samples, the highest mineral composition
was found for the BC-GA; this result is consistent with
the composition of C and O, which results from the
increase in gasification temperature, which increases
volatilization of light compounds of raw material and
reaction with the carbon during gasification, reducing
the oxygen content of char and thus increasing the
mineral contents [16]. Therefore, we can conclude
that among the analyzed samples, BC-GA is the most
suitable for soil remedial applications.
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Fi1G. 1. SEM micrograph of biochar samples.

C. FTIR Spectra

Figure 2 shows the FTIR spectra in the 4000-2500 cm™ and the 1800-1000 cm™ range for the three biochars

obtained under similar gasification conditions.
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Fic. 2. FTIR spectra of biochar samples.

The FTIR spectra shows that the frequency range
between 3600 cm™! and 3200 cm! reveal the peaks
corresponding to OH bonds (Fig. 2). The relative small
size of these peaks is attributed to loss of moisture due
to the high temperatures reached in the gasification
process [11]. Clear peaks commonly attributed to
hemicellulose and cellulose (i.e., 3200-3000 cm' for
OH or 3100-3000 cm™ for CH) are absent in all the
biochar samples, which lead us to conclude that the
hemicellulose and cellulose present on the raw material
(wood) degradated at the gasification temperatures
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[19]. This is an expect result because the degradation
of hemicellulose and cellulose generally take place at
temperatures between 200-300 °C and 300-400 °C,
respectively [11]. Peaks between 1400 cm! and 900
cm! are generally attributed to lignin, mainly due to
rings of type C=C [19]; these peaks are slightly more
pronounced than those found for hemicellulose and
cellulose, which can be attributed to the degradation
of lignin at temperatures between 200 °C and 700 °C
[12].
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The peaks observed between 2850-2970 cm™! are
attributed to aliphatic functional groups (CH bonds),
and are poorly pronounced in the analyzed samples,
because the degradation of aliphatic compounds
occurs at high gasification temperatures, leading
to the formation of aromatic compounds [12]. The
peaks observed between 1750 cm™ and 1650 cm™ are
attributed to the acid axial deformation C=0, primarily
aldehydes and ketones formed by dissociation of
cellulose and hemicellulose [12]. In the range of 1600-
1580 cm™, the observed bands are linked with aromatic
C=C and C=0, associated with ketones and quinones
[19]. The FTIR analysis allowed us to conclude that
the gasification process leads to the degradation of
cellulose and hemicellulose, while some aromatics
related with lignin remain in the biochar samples.
According to [3], such characteristics could improve
the biochar application as soil amendment.

From biorefinery concepts and aiming to improve
low-value byproducts in the gasification process, the
silvicultural potential of Colombia could focus on
producing species such as Acacia magnium or Gmelina
arborea to use them in the gasification process (for
syngas or energy production), due to the potential
use of the solid biochar by-product in different
applications, i.e., absorption or soil amendment.

IV. CONCLUSIONS

According to the characterization of biochar obtained
by fixed-bed gasification of Eucalyptus grandis, Acacia
magnium and Gmelina arborea, we can conclude that
such biochar can be suitable for different specific
applications. SEM micrographs revealed the best
development of pores in BC-AM, while BET analysis
showed lower average pore diameter (4.25 nm) and
higher surface area (50.0 m%g) in BC-AM than in
BC-EG or BC-GA; thus, the biochar obtained from
Acacia magnium is expected to be the most suitable
for absorption applications, even when adsorption
capacity could be improved by additional activation
processes. Based on the SEM-EDX analysis, we can
conclude that due to the presence of minerals such
as K, Na and Ca, biochars could be used as a soil
amendment.
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