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In this study, the effects of biomass type and airflow rate on
the fuel and soil amendment properties of a solid byproduct
(biochar, BC) produced by gasification in a top-lit updraft
reactor are studied. The results indicate that biomass with the
highest fuel value index produces BC with the highest quality
as a solid fuel. The best properties as a soil amendment are
reached by Gua-30-BC as follows: the cation-exchange capac-
ity (CEC) of 18.6 meq/100 g, the water bolding capacity
(WHC) of 438%, and the total oxidizable organic carbon
(TOC) of 14.2%. When the airflow increases from 20 to 40 L/
min, the properties of pine BC as a solid fuel are affected. An
increase in the gasification temperature leads to a diminished
bulk density. Moreover, the ash content increases affecting the
beating wvalue of BC, which decreases from 27.71 to
25.5 MJ/kg. The best properties of BC as a solid fuel are
reached at 20 L/min. The properties of BC as a soil amend-
ment are affected with increased airflow as follows: the CEC
decreases by 22.8%, TOC increases by 232.3%, and WHC
increases by 7.6%. The best properties of BC as a soil amend-
ment are obtained at 40 I/min. © 2018 American Institute of
Chemical Engineers Environ Prog, 38:€13105, 2019

Keywords: biochar, biomass gasification, solid byproduct,
solid fuel, soil amendment

INTRODUCTION

Top-lit updraft (TLUD) gasifiers are used in the develop-
ment of biomass cookstoves due to their relative simple design
and low cost [1-3]. These reactors are also commonly used in
laboratories for studying the downdraft biomass conversion in
the fixed bed reverse mode. Such experimental setup allows
analysis of the thermochemical processes of carbon-based
materials under gasification (fuel-rich conditions) [4] and com-
bustions regimes (fuel-lean conditions) [5] from an empirical
point of view. The main stage of the conversion process is the
pyrocombustion front, which is composed of the drying, pyrol-
ysis, oxidation, and reduction sub-stages, moving from the
reactor’s top to bottom [6]. The biomass gasification process
(fuel-rich conditions) leads to the production of a gaseous fuel
(syngas) as well as biochar (BC) and tars as byproducts [6].
The gas yield depends on the reactor design or configuration.
However, there are other variables (process parameters) that
affect the gas yield such as biomass type, temperature, heating
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rate, pressure, residence time, catalyst, and others [7,8]. For
biomass cookstoves, the main product is the producer gas for
cooking meals [9], while biochar is a carbonaceous matrix
byproduct that can be used for different applications such as
energy or a soil amendment [10]. From the environmental
point of view, biochar produced from biomass TLUD cook-
stoves can be used in the domestic context with the aim to
contribute to sustainability. Therefore, it is important to under-
stand the properties of biochar produced from a TLUD reactor
and potential applications of this byproduct such as serving as
a solid biofuel or a soil amendment [1,11,12].

Biochar can be used as a soil amendment to improve the
soil quality of degraded lands due to anthropogenic and natu-
ral activities [13]. The soil quality parameters are water reten-
tion capability, electric conductivity, pH, and organic carbon.
In addition, soil nutrients required by plants called essential
nutrients, including macronutrients (C, H, O, N, P, K, S, Ca,
and Mg) and micronutrients (B, Mn, Cu, Zn, Fe, Mo, and Mg)
[13], can be supplied by biochar from TLUD cookstoves [10].
The cation-exchange capacity (CEC) is defined as the amount
of exchangeable cations such as Ca**, Mg®*, K*, and NH,4* that
bound to a sample of soil [14].

Biochar produced from the thermochemical processes such
as pyrolysis and gasification has advantages in comparison
with compost because the natural decaying process of biochar
is slower than that of compost [15]. This is a consequence of
the high aromatic C structures of biochar that lead to a carbo-
naceous matrix to be more stable [16]. Therefore, studies that
analyze the effect of biomass as a feedstock and airflow of the
TLUD gasification process on properties of biochar as a solid
fuel and a soil amendment are scant.

In the rural household context, biochar has also been pro-
posed as a solid fuel due to its good properties such as a high
heating value (>25 MJ/kg), a high fixed carbon level (>80 wt
%), and a low moisture content (<5 wt %). Nevertheless, the
heating value diminishes if the ash content of biochar
increases [17,18]. Pacioni et al. [19] produced biochar from
three agro-industry residues in a fixed bed reactor, concluding
that biochar has the potential to generate energy through the
gasification process mainly due to its high calorific value
(>28 MJ/kg). Misinna and Rajabu [20] and Njenga et al. [17]
obtained biochar derived from cookstoves (top lit updraft nat-
ural draft) and evaluated it by feeding back in TLUD cook-
stoves; the authors concluded that biochar as a fuel for
cooking reduces the wood consumption by 40%-50%.
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Different works that studied biochar produced from the
thermochemical process (i.e., pyrolysis and gasification) as soil
amendments are reported in the literature. Vaughn et al. [1]
pyrolysed 13 wood species in a TLUD reactor to produce bio-
chars for potential use in horticulture, highlighting that the
majority of those wood species would be suitable for use in
soil applications. Other works agree with the potential applica-
tion of biochar in acid soils [21,22]. Another important property
of biochar as soil amendment is the water holding capacity
(WHCO) that is favored by the formation of pores in biochar
due to the release of the volatile matter [23,24].

In function of the literature cited, it is possible to find works
that describe properties of biochar when used as a soil amend-
ment. However, there is no consensus on the effect that gasifi-
cation temperature has on CEC, which is one of the most
important properties for a soil amendment [13]. In the litera-
ture, some studies reported that CEC increases with the gasifi-
cation temperature [25], while others stated the contrary effect
on CEC [26,27]. Thereby, the aim of this work is to study the
effects of the feedstock (wood) type and primary airflow on
biochars derived from the TLUD gasification process. The bio-
chars samples have been characterized by proximate, ultimate
and thermogravimetric analyses, bulk density, Fourier trans-
form infrared spectroscopy (FTIR), scanning electron micros-
copy (SEM), surface area (Brebauer-Emmett-Teller [BET]
method), CEC (meq/100 g), WHC, pH, and ash chemical com-
position. The results were focused to define potential applica-
tions for biochar in the rural context of TLUD gasifiers,
because biomass TLUD cookstoves at a domiciliary scale pro-
duce a low amount of biochar that varies between 80 and
100 g per biomass kilogram [13,28].

MATERIALS AND METHODS

Biochar (BC) was produced using a laboratory scale TLUD
reactor. The effect of feedstock on the BC characteristics was
evaluated using four wood species from some representative
Colombian regions. The selection and characterization of these
biomasses are presented in detail by Diez and Pérez [29]. Further-
more, the effect of the airflow rate of gasification on BC proper-
ties was evaluated using Pinus patula. This feedstock was
selected because it has the highest quality as a solid biofuel as
quantified by the fuel value index (FVI, 9.89 Mj/cm5) or energy
density. The three rates of airflow analyzed were 20, 30, and
40 L/min. The primary airflow was supplied by a reciprocating
compressor (2.6 kW at 3000 rpm, and 254 1/min) coupled with a
plenum to absorb piston oscillations. Pressure and flow were reg-
ulated and measured by a manometer and a rotameter,
respectively.

Wood Biomass Samples

The biomass species studied in this work are representative
forest species from Colombia. The wood species are Gua-
zuma umlifolia, Raw-Gua (from northern Colombia); Cordia
alliodora, Raw-Nog (from northern Colombia); FEucalyptus
grandis, Raw-Euc (from central Colombian); and Pinus patula,
Raw-Pat (from southern Colombia). The samples were chipped
under the same conditions (i.e., the engine speed and aperture
of teeth) in a Bandit 95XP chipper; the chip sizes were
between 4 and 20 mm. Samples were dried under the sunlight
for 1 week, and then they were dried for 24 h at 103°C for
characterization tests [29]. Table 1 shows the physical and
chemical characteristics of the raw wood samples.

Experimental Setup

BCs were produced in an experimental facility with a TLUD
gasifier at the laboratory scale (Figure 1) working at atmo-
spheric pressure. The reactor mainly had an internal diameter
of 102 mm, an external diameter of 185 mm, and a bed length
of 400 mm. A description of the experimental setup is pre-
sented in detail in previous works [4,8,30]. The behavior of this
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reactor is similar to that of TLUD cookstoves operating only
with primary air. Fresh biomass was ignited at the top, and the
reaction front consisted of drying, pyrolysis, combustion, and
reduction stages, going down until reaching the grate [2]. This
reaction front is known as an autothermal pyrocombustion
front [6,31]. Gasification parameters such as the biomass con-
sumption rate, the maximum reaction temperature, and BC
production can be obtained under controlled conditions. The
obtained results can be extrapolated to improve the perfor-
mance of gasifiers and TLUD cookstoves [8,28].

In relation to BCs produced, the effect of the feedstock type
on biochar properties was evaluated using a fixed airflow rate
of 30 L/min in the gasification process; the feedstock types
were Raw-Gua, Raw-Nog, Raw-Euc, and Raw-Pat. Conse-
quently, corresponding four BC samples from the raw species
(Gua-30-BC, Nog-30-BC, Euc-30-BC, and Pat-30-BC) were
obtained. During the BC production process, operating param-
eters of TLUD gasification were recorded, such as the flame
front velocity (V) the reaction temperature (7,,,.,,), the fuel-air
equivalence ratio (F,p, and the producer gas composition
(Table 2). These gasification parameters may affect biochar
properties [21,32]. In a similar way, these parameters were also
recorded to analyze how the airflow rate affects properties of
BCs using Raw-Pat species as feedstock. The three airflow
rates were 20, 30, and 40 L/min. The effects of the feedstock
type and airflow on the TLUD gasification process are pre-
sented in detail by Diez et al. [8].

Biochar Characterization

The mass yield of biochar is a term referred to the produc-
tion of mass of biochar per kilogram of biomass, James et al.
[28] estimated the biochar yield using Equation 1:

Table 1. Feedstock characterization (£standard deviation).

Feedstock type

Raw-Gua Raw-Nog Raw-Euc Raw-Pat

Proximate analysis (wt %)"

Volatile matter 80.92 81.75 81.66 84.11
Fixed carbon 17.28 16.72 17.17 15.49
Ash 1.80 1.53 1.17 0.40
Moisture (wt %) 7.99 7.41 10.28 8.55
Ultimate Analysis (wt %)*
C 49.1 49.2 51.0 47.2
©.7 0.2) 0.2 0.6)
H 5.8 5.8 6.1 6.2
0.2) 0.D 0.D 0.D
N n.d. n.d. n.d. 0.3
(0.0D)
O 45.1 45.0 42903 463
0.5 0.1 (0.4)
Energy properties
FVI (MJ/cm®) 1.62 2.72 3.28 9.89
(0.03) (0.05) (0.08) (0.26)
LHV,, (ki/kg) 16,819 18,157 17,795 17,646
D (38 90) (143)
Physical properties
Bulk density 138.26 169.70 221.83  196.42
(kg/m?) 1.70) (2.50) 41D (3.66)
Surface area 2.1286 1.6960 1.7003 1.3489
(m*/g)

Comments: Ultimate analysis (% w/w)

*daf, dry ash free basis.

**Oxygen estimated by difference.

"Proximate analysis on dry basis; n.d.: not detected.
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Figure 1. Picture of the experimental setup: (1) TLUD reactor, (2) Compressed air line, (3) Argon bottle for the chromatograph,
(4) Pressure regulator, (5) Flow sensor, (6) Mixer, (7) and (8) Gas conditioning system, (9) Moisture condenser, (10) and (11) Gas
chromatograph, (12) K-type thermocouples, (13) Data acquisition system, and (14) Computer for storage and display of data.

[Color figure can be viewed at wileyonlinelibrary.com]
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(1)

Ychar, db =

where, mp,, (kg) is the mass of biochar remaining from the
TLUD gasification process, MCp,, (kg) and Ash.,,, (kg) are
the moisture and ash contents of biochar, respectively, #1,¢/
(kg) is the initial weight of wood (fueD), and MCj,. (kg) and
Ashje; (kg) are the moisture and ash contents of wood,
respectively.

Physicochemical and Thermal Characterization

The proximate analysis of the wood samples was per-
formed in a TGA-Q50 instrument according to the modified
ASTM standard D5142-04 [33]. The ultimate analysis was car-
ried out using the CHNSO (LECO) TruSpec Micro according to
the ASTM D5373-08 method. Neither nitrogen (N) nor sulfur
(S) was detected by the CHNSO (LECO) equipment in the
wood samples analyzed in this study. The oxygen concentra-
tion (O) was estimated by difference [34]. Ash was produced
at 600°C during 2 h to analyze its chemical composition, which
was determined using an X-ray fluorescence thermo spectrom-
eter (the Optim’X modeD.

The higher heating value (HHV) of biomass and the BC
samples was measured in a calorimeter bomb (6100 Compen-
sated jacket calorimeter) from Parr Instrument Company using

the standard ASTM E144-14, HHV tests were conducted three
times, and the low heating value (LHV) of the feedstocks and
the BC samples was calculated based on HHV using Equation 2
(35].

LHV g, = HHV g,,—2260 X M, —20300 X H g3, (2)

where, HHV,;, (kJ/kg) is the biomass higher heating value on
the dry basis, M, is the moisture content of the sample (g/g),
and H,, is the hydrogen content (g/g) from the ultimate
analysis.

The FVI quantifies the wood quality as a solid biofuel. Dif-
ferent models for estimating FVI have been proposed in the lit-
erature. Herein, FVI is defined as described by Cardoso et al.
[36] according to Equation 3.

_LHVd}, Xp

FVI =
ACXMC

(3)

where, LHV,;, is the lower heating value on the dry basis
(MJ/kg), p is the biomass bulk density (kg/cm®), and AC
and MC are the ash content (g/g) and moisture content
(g/g) of the sample, respectively. The bulk density was
determined according to the procedure followed by Lenis
et al. [37]. The test was replicated five times for each wood
and BC sample.

Table 2. Gasification parameters for biochar production (£standard deviation).

Gasification parameters to produce wood biochars

Wood type effect Airflow effect
Gua-30-BC Nog-30-BC Euc-30-BC Pat-30-BC Pat-20-BC Pat-30-BC Pat-40-BC

Tz CC) 769.4 (36) 798.4 (45) 816.3 (39) 785.5 (53.3) 724.9 (31.5) 785.5 (53.3) 838.3 (47.1)
Fro (=) 2.68 (0.24) 2.69 (0.15) 2.95(0.2) 2.75 (0.24) 3.13 (0.20) 2.75 (0.24) 2.45 (0.16)
Vyr (mm/min) 14.8 (1.3) 12.1(0.7) 9.5 (0.6) 11 (0.9) 7.9 (0.5) 11.0 (0.9 12.3 (0.8)
Gas composition dry base (vol %)

CcO 11.5 (0.1 11.7 (0.3) 12.9 (0.1) 12.3 (0.0) 12.9 (0.1) 12.3 (0.0) 11.3 (0.0)

CO, 16.5 (0.3) 15.9 (0.2) 15.2 (0.9 15.4 (0.1 15.6 (0.1 15.4 (0.1 15.6 (0.2)

CH4 1.7 (0.0) 1.7 (0.0) 1.6 (0.0) 1.6 (0.0) 1.8 (0.0) 1.6 (0.0) 1.3 (0.0)

H, 7.1 (0.1) 7.3 (0.1 6.0 (0.2) 6.1 (0.0) 5.7 (0.1) 6.1 (0.0) 6.0 (0.0)

N, 63.2 (0.4) 63.4 (0.0) 64.3 (0.7) 64.6 (0.1 64.0 (0.3) 64.6 (0.1 65.8 (0.2)
Low heating value of producer gas (LH Vg MJ/Nms)

LHV,, 2.81 (0.02) 2.87 (0.02) 2.86 (0.05) 2.79 (0.01) 2.89 (0.02) 2.79 (0.01) 2.54 (0.01)
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The FTIR spectroscopy for wood samples was carried out
in a Fourier transform infrared spectrophotometer IRAffinity-1
(Shimadzu). The aim of this test was to identify functional
groups of the biomass samples and their biochars [32,38]. The
two main changes on the chemical surface structure of bio-
chars identified by Fang et al. [39] are the dehydration and aro-
maticity. Thereby, in this work, the aromatic index was
estimated as proposed by Brewer et al. [40] according to
Equation 4:

FC

A=——¢+
FC+VM

(4)

where, 4 is the aromaticity (dimensionless), FC is the fixed car-
bon (wt %), and VM is the volatile matter (wt %).

The thermogravimetric analysis (TGA) was conducted in a
TG50 instrument. This test was carried out under the constant
nitrogen flow (60 mL/min) from 25°C to 600°C at a heating
rate of 10°C/min. Approximately 10 mg of each sample was
used, which is similar to the method used by Poletto [41]. This
test was used to analyze the thermal stability of the biochar
samples with regards to the raw wood samples.

The surface area (BET) of the raw woods and the biochars
were determined by gas adsorption isotherms using N, at
—196°C as adsorptive with a Micrometrics ASAP 2020 equip-
ment. The samples were outgassed to 80 pm Hg during 8 h.
The BET theory was applied to the N, adsorption data in the
interval relative pressure (P/P,) of 0.06-0.3 at 77 K.

The changes in morphology of the cell wall structure of the
woods and the biochars were observed using a scanning elec-
tron microscopy (SEM). Each sample (the wood species and
their biochars) was covered with a gold film and placed in a
JEOL JSM-6490 microscope, operating at an accelerating volt-
age of 30 kV in advance; the magnifications used for the analy-
sis were X500 and x2000.

Biochar Characterization as a Soil Amendment

According to the NTC 5167 standard [42], a material for
amending soils should satisfy the following conditions: total
oxidizable organic carbon higher than 25%, maximum mois-
ture content of approximately 20%, CEC higher than
30 meq/100 g, and heavy metalloid (As <41 ppm, Cd < 39 ppm,
Cr < 1200 ppm, Hg < 17 ppm, Ni < 420 ppm, and Pb < 300
ppm). The CEC and organic carbon were determined accord-
ing to the NTC 5167 standard. The moisture content was deter-
mined from the ultimate analysis according to the method
used by Medic et al. [33], while the mineral composition was
estimated by the X-ray fluorescence (XRF) analysis.

RESULTS AND DISCUSSION

Figure 2 shows the effect of the reaction temperature of the
gasification process on the biochar production as a function of
the feedstock type and airflows. If the reaction temperature
increases, the production of biochar decreases because a high
temperature favors the reaction mechanisms in the gasification
process [43], which leads to the increase in the carbon conver-
sion. In this study, the mass yield of biochar for all biomasses
was between 8% and 11%. These results are similar to those
presented by James et al. [44] who used a TLUD reactor at the
laboratory scale and with the airflow rate of 20 L/min.

Biochar characterization as a solid fuel
Effect of the Feedstock Type

According to the ultimate analysis of biochar as a function
of wood species (Gua-30-BC, Nog-30-BC, Euc-30-BC, and Pat-
30-BO), these byproducts exhibited an increase in carbon con-
tent for up to approximately 81.06 wt % in dry and ash free
basis, whereas the hydrogen and oxygen contents significantly
decreased due to the devolatilization of biomass in the
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Figure 2. Effect of the maximum temperature measured
inside the reactor on the mass yield of biochar as a function of
the feedstock type and the airflow rate.

gasification process [45]. The higher mass concentration of the
carbon content is consistent with the proximate analysis,
where the fixed carbon also increased for the biochar samples;
consequently, LHV of the biochar samples increased with
regards to the raw woods. The ash content of the biochar sam-
ples affects their energy properties. It can be seen from
Table 3 that the biochar samples with a higher ash content
(~10 wt %), Gua-30-BC and Nog-30-BC, had a lower heating
value (~23.3 MJ/kg) and FVI (~0.36 Mj/cmg) than those of Pat-
30-BC and Euc-30-BC (~27.5 and 3.57 MJ/cm® on average). On
the other hand, the highest FVI (4.30 MJ/cm®) of Pat-30-BC is
attributed to its high LHV and its low ash content. However,
when the obtained biochar samples were compared with the
raw wood as a function of FVI, it was found that all studied
biochar samples exhibited a significant reduction of this
parameter. The low FVI value of the biochar samples is due to
the decreasing bulk density and the increasing ash content
(Equation 3). In spite of the biochar samples having a lower
FVI value than that of the feedstocks, LHV of the BCs
increased the potential of this solid byproduct to be used as a
solid fuel [13,46].

Considering that hemicellulose and cellulose were
degraded in the gasification process (oxidative atmosphere)
due to the high process temperature, the moisture content
found in the biochars samples (Table 3) is attributed to the oxi-
dation stage present in the pyrocombustion reaction front
[47,48]. All biochar samples showed relatively low moisture
content (<7.3%) despite the gasification temperatures exceed-
ing the biomass drying temperatures (85°C-105°C). Therefore,
the moisture could be produced by the condensation phenom-
ena on a solid matrix as a product of volatiles and char oxida-
tion reactions [49-51].

The mass loss during the process due to pyrocombustion
reactions led to a diminishing bulk density of the biochars rela-
tive to the raw biomasses [52]. In addition, the release of vola-
tiles led to an increase in the pore size on the surface leading
to an increase in the surface area of the biochars. The pore
structure and the surface area are important for determining
the access of reactant gases to the internal surface area and
active sites in the thermochemical conversion processes [53].
In this work, according to the feedstock type, when the reac-
tion temperature increased from 769.4°C to 816.3°C, the sur-
face area of the BC samples increased between 260.4 and
348.49 m*/g.

Chemical Composition

The Van Krevelen diagram (Figure 3) allows for comparing
raw wood samples with solid fossil fuels [54], and shows the
position of biomass with regards to other fuels in terms of C,
H, and O contents [55]. This position of biomass (solid fuel
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Table 3. Biochar physicochemical characterization.

Wood biochars
Feedstock type effect Airflow effect
Gua-30 Nog-30 Euc-30 Pat-30 Pat-20 Pat-30 Pat-40

Proximate analysis d.b. (wt %)

VM 11.96 13.20 7.23 14.25 16.55 14.25 11.46

FC 78.04 76.10 89.51 84.15 81.22 84.15 86.18

Ash 10.00 10.70 3.26 1.60 2.23 1.60 2.36

Aromatic index (=) 0.867 0.852 0.925 0.855 0.830 0.855 0.883

Moisture (wt %) 7.30 3.30 2.88 3.69 2.86 3.69 4.72
Ultimate analysis d.a.f. (wt %)

C 87.57 83.40 75.72 82.92 81.67 82.92 81.91

H 0.47 0.60 0.87 0.21 1.39 0.21 0.47

(@) 9.94 15.99 23.39 16.83 16.91 16.83 17.59

N 2.02 0.01 0.02 0.04 0.03 0.04 0.03

S n.d. n.d. n.d. n.d. n.d. n.d.
Energy properties

LHV;, MJ/kg) 23.22 23.41 27.49 27.46 27.71 27.46 25.50

FVI (MJ/cm®) 0.20 0.52 2.84 4.30 3.20 4.30 1.36
Physical properties

BET (mz/g) 260.40 298.86 348.49 318.32 258.93 318.32 431.78

Pore volume (cma/g) 0.0668 0.0578 0.0620 0.0488 0.0262 0.0488 0.1022

Bulk density (kg/m”) 64.10 77.80 97.14 92.33 91.62 92.33 58.85

with low heating value) is due to the lower content of C and
higher contents of H and O. However, all biochars produced
show that H:C and O:C ratios significantly decreased by 80%
and 90%, respectively. This is due to the loss of CHz, CH, [56],
and CO, caused by the gasification reactions leading to low H:
C and O:C ratios in the BCs, thus increasing the C content in
these solid byproducts [56].

With regards to the effect of the biomass type, the Van Kreve-
len diagram (Figure 3) shows that Gua-30-BC had the lowest O:C
ratio, which indicates a low oxygen content with respect to the
carbon content. This low ratio may be attributed to the fact that
this raw species achieved the best gas quality in the gasification
process due to its low hardness, low density, and high surface
area, which favor the transfer of mass and energy in the thermo-
chemical process [8]. The producer gas of Gua-30-BC exhibited
the highest content of H, and CO compared with the other bio-
masses evaluated (Table 2). The opposite trend occurred with
Euc-30-BC, which had high O:C and H:C ratios, because the high
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Figure 3. Van Krevelen diagram for raw biomasses and
biochars as a function of the feedstock type and the
airflow rate.

Environmental Progress & Sustainable Energy (Vol.38, No.4) DOI 10.1002/ep

hardness of Raw-Euc hindered the diffusive processes of mass
and energy transfer in the TLUD gasification.

TGA Analysis

Figure 4 shows that the four raw biomass samples have a
similar behavior in terms of mass loss as a function of tempera-
ture. However, in the case of biochars, a large difference in
thermal degradation can be observed (Figure 5). Weight loss
from ambient temperature up to 150°C is associated with the
release of moisture content present in biochar [57,58]. Thus,
Gua-30-BC shows a high loss of mass at approximately 100°C,
which is attributed to moisture losses and is congruent with
the results from the proximate analysis (moisture content, 7.3
wt %). In the region between 200°C and 400°C, significant
changes are not observed in the mass loss trends. Hemicellu-
lose and cellulose decomposed in the gasification process,
while a fraction of the lignin decomposed slightly from 500°C
[59]. The gasification temperatures reached by the woods
favored thermal degradation of the biomass components.
However, in the case of Pat-20-BC, a small peak is observed at
approximately 340°C, which is commonly attributed to the
presence of cellulose [29]. This can be explained by the higher
fuel-air equivalence ratio reached under this airflow rate
(20 L/min); therefore, the gasification temperature is the low-
est, and thus, a small fraction of cellulose could remain in the
solid matrix of biochars.

The thermograms (Figure 5) show that all biochar samples
have a high thermal stability due to the loss of some functional
groups such as CH and OH (volatiles release). The biochar sam-
ples have similar mass loss values between 200°C and 400°C. In
the range 400°C-600°C, all biochar samples continued to lose
mass slightly; this is attributed mainly to the thermal degradation
of the lignin, which decomposes slowly over a wide temperature
range (160-900°C) [60,61]. This thermal stability associated with
the solid byproducts gives biochars less reactive as solid fuels.
Thereby, the fuel consumption using the biochars decreases due
to their low kinetics rates [20].

FTIR Spectroscopy
In the FTIR, the main differences between the biochars and
the raw biomasses are observed to be the dehydration and the
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Figure 4. Thermal degradation of the four feedstock species
(raw materials).

formation of aromatic structures. In Figure 6a, the region
3400-3200 cm™! is associated with the O—H stretching [62],
which is attributed to the moisture content or presence of
hydroxyl or phenol groups [32]. The decrease of this peak is
associated with the removal of moisture (dehydration) and vol-
atile release processes. From the figure, the lowest presence of
this functional group is in Euc-30-BC; this agrees with the
proximate analysis, showing the lowest moisture content for
this biochar (2.88 wt %). On the other hand, Gua-30-BC
exhibits high intensity in this region, which is also consistent
with the proximate analysis, showing the highest moisture con-
tent (7.3 wt %).

The region 2950-2800 cm™* is associated with the aliphatic
groups (CH, and CH3) [63]. All biochars produced under the
gasification regimes considered in this work show a significant
reduction in the peaks between 2950 and 2800 cm™, which
can be attributed to the enhancement of the aromatic structure
of biochars by the thermal degradation of the hemicellulose
and cellulose in the raw material [18]. The aliphatic structures
from biomass might are destroyed by the release of volatiles in
the TLUD gasification process [56]. These results agree with
the ultimate analysis, which shows a decrease in H and O
(Table 3), and the proximate analysis, which shows an
increase in the fixed carbon of the biochars from 17% to 80%
in relation to the raw materials. Moreover, the OH and CH
bands (3400-3200 cm™ and 2950-2800 c¢cm™, respectively)
are related to all constituents (cellulose, hemicellulose, and lig-
nin); it is difficult to associate these changes to a particular
constituent. However, the TLUD gasification process reaches
temperatures higher than 700°C and solid residence times of
10-20 s [13,64]. Thereby, the high mass loss is due to the
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Figure 5. Thermal degradation of the biochar samples:
(a) biochars derived from the different feedstock types,
(b) biochars produced at the three airflow rates for
Patula pine.

thermal decomposition of the hemicellulose and cellulose; this
is in agreement with Figure 2, which shows the reduction of
the H:C and O:C ratios due to devolatilization in the process.

Table 3 indicates that the Euc-30-BC has a higher aromatic-
ity index, FC/(VM + FQ); this agrees with Figure 6a, which
shows that Euc-30-BC has a high loss of functional groups
related to the CH and OH bands. In addition, Gua-30-BC
shows a slight C—H stretching peak of approximately 3000
and 2800 cm™", which indicates a slight presence of the alkyl
groups [32]. This functional group has a correlation with
hydrophobicity; when alkyl (C—H) decreases, the hydropho-
bicity of the solid material increases [39].

The region between 2000 and 1600 cm™ is an area with
overtones and combination of bands; it means that it is not a
reliable region in the FTIR results [65]. However, this region is
commonly analyzed in biochars, especially 1800-1600 cm™,
where the peaks associated with the aromatic C=O ring
stretching and the C=C stretching of aromatic groups in lignin
are present [45]. Nevertheless, it also can be attributed to the
-OH in-plane bending modes, presence of water, and other
common alkyl and oxygenated hydrocarbon functional groups
[46], making it difficult to associate the peaks with functional
groups. However, Figure 6a shows that the aromatic structure
of the biochars is higher than that of the raw biomasses. The
formation of an aromatic structure can be corroborated with
the peak at 1420 cm™ indicating the aromatic C—C ring
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(a) Biochars produced from different firewood
species

—— Raw material

Transmittance

3400 3000 2600 2200 1800 1400 1000 600
Wavenumber (cm!)

(b)  P-Pat biochar produced under three levels
of air flow, 20, 30, and 40 1/min

CH,; CH, c:o;ic:c C-0-C
. C-H
O-H I Raw Pat FHloge 9 /
Pat-20BC

M’WNM

Pat-30B

%‘N’PMW——W‘WMWV\M

3400 3000 2600 2200 1800 1400 1000 600
Wavernumber (cm)

Transmittance

Figure 6. FTIR spectra for raw woods and biochar byproducts
from TLUD biomass gasification as a function of the feedstock
type and airflow.

stretching [47] and peaks within 850780 c¢cm™, associated

with the aromatic C—H deformation [45]. At around
1200-1000 cm™, a peak associated with the C—O—C stretch-
ing in all feedstocks is observed due to the hemicellulose and
cellulose contents [32]. However, this peak significantly
decreases for the biochars because of the thermal degradation
of the wood constituents (hemicellulose and cellulose) in the
gasification process. Therefore, the solid matrix of the biochars
has a higher lignin content, which is more thermally stable and
whose heating value increases. These trends are also shown in
the TGA behavior of the biochars.

SEM Analysis

The SEM images show that the four raw biomasses have dif-
ferent surface structures (Figure 7a, ¢, e, and g); Raw-Gua has a
greater number of pores throughout the region where the image
was recorded. Raw-Nog has a smaller number of pores than
Raw-Gua; however, for both, the pores are closer than in the
case of Raw-Euc and Raw-Pat (see white arrows in Figure 70).
Raw-Euc has a low porous surface, which can be attributed to its
higher hardness, which results in more compact walls [66]. Raw-
Pat has a surface with pores, but the pores are more separated
than in the case of Raw-Gua and Raw-Nog.

Environmental Progress & Sustainable Energy (Vol.38, No.4) DOI 10.1002/ep

Changes are observed on the surface of the biochars in
relation to the raw biomass. In the case of Gua-30-BC and
Nog-30-BC, the amount of pores increases due to the release
of volatile matter in the gasification process. In addition, the
presence of large pores can be observed in all biochars (see
white arrows in Figure 7b, d, f, and h). While it can be seen
that Euc-30-BC has a fibrous surface with few pores (the dot-
ted white arrows indicating the presence of pores smaller than
5 pm), Gua-30-BC and Nog-30-BC have a large number of
pores that are closer to each other.

By contrast, all biochars show the presence of agglomer-
ated material on the surface (see white circles in Figure 7b, d,
f, and h); this can be attributed to the tar recondensation on
the BC surfaces and the inert material [67]. Euc-30-BC has less
agglomerated material because it was produced at a higher
temperature (816.3°C), which prevents the tar recondensation.
Pat-30-BC has a higher presence of agglomerated material than
Gua-30-BC and Nog-30-BC because Pat-30-BC has fewer pores
on the surface, which makes the volatile matter release diffi-
cult, leading to the formation of a highly agglomerated material
on its surface.

Effect of the Airflow Rate on Patula Pine Biochar
Physicochemical Properties

The physicochemical properties as a function of the air-
flow rate for Pat-20-BC, Pat-30-BC, and Pat-40-BC are shown
in the column entitled “Airflow effect” in Table 3. The vola-
tile matter of Pat-BC decreases between 16.55% and 11.46%
as the airflow rate increases from 20 to 40 L/min. A high rate
of airflow leads to a low fuel-air equivalence ratio, which
means that the process slightly tends to combustion and
thus the reaction temperature increases, favoring the release
of the volatile matter (see Table 3). Thereby, the solid
byproduct from the gasification process is a carbonaceous
matrix with a high fixed carbon content, which increases
from 81.22% to 86.18% as the airflow increases. Similarly,
the carbon content increases when the airflow increases;
this was analyzed in the chemical composition in Effect of
the feedstock type section. In addition, a high release of the
volatile matter leads to large size pores and a large surface
area. On the other hand, Pat-40-BC has a high ash content
because the oxidation reactions increases with increasing
airflow. In all samples of Patula pine biochars, the reduction
of moisture content of approximately 4% is evident. This
low moisture content is associated with a higher process
temperature that inhibits the moisture condensation on bio-
char surfaces [39].

In relation to the ultimate analysis, Raw-Pat has a lower car-
bon content (47.2%) than that of the produced biochars
(>80%) in function of airflow (see Table 3). However, no sig-
nificant difference is observed between the three values in
function of airflow because the carbon content differs by only
1.6%; similarly, the oxygen content does not present a signifi-
cant difference between the three BCs. On the other hand, the
H content decreases as airflow increases, as shown in Table 3.
Pat-20-BC has the highest hydrogen content of 1.39% in com-
parison with that of Pat-30-BC (0.21%) and Pat-40-BC (0.47%).
Pat-40-BC and Pat-30-BC were produced at higher gasification
temperatures compared with that of Pat-20-BC. Thus, as tem-
perature increases, the breakdown of hydroxyl (O—H) and
alkyl (C—H) functional groups is favored, which results in the
reduction of the H content [14,18].

The Van Krevelen diagram (Figure 3) shows the reduc-
tion of the O:C and H:C ratios as airflow increases. A higher
amount of air fed to the gasification process leads to the
process to slightly tend to combustion. The increasing reac-
tion temperatures favor the partial oxidation of the biomass
main components (hemicellulose and cellulose), thus
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Figure 7. SEM images of biochar derived from the four feedstocks.

decreasing the content of oxygen and hydrogen in the bio-
chars [28,50].

TGA Analysis

Figure 5b shows the biochars produced using different
airflow rates (20, 30, and 40 L/min). In the thermograms, it
is possible to see differences in the thermal stability of the
biochars (Pat-20-BC, Pat-30-BC, and Pat-40-BC). As the air
flow increases, the thermal degradation of the biochars
decreases due to the fact that the process tends toward
combustion; therefore, the gasification temperature is high,
which increases the fixed carbon content in the biochars
due to the oxidation of the biomass components [68].
Under these conditions of temperature and oxidative
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atmosphere, hemicellulose, cellulose, and a fraction of lig-
nin of the biomass are expected to thermally degrade,
resulting in a biochar rich in lignin, and a carbonaceous
material with a heating value higher than the raw biomass.
However, Pat-20-BC and Pat-30-BC show a slight peak
between 300°C and 400°C. The peak of Pat-20-BC is higher
than the peak of Pat-30-BC (see Figure 5b). These peaks
can be attributed to the presence of a small fraction of cel-
lulose in the two BC samples. In the case of Pat-40-BC,
there is no evidence of a peak between 200°C and 400°C,
due to the fact that the lower F, of gasification leads to a
higher process temperature that favors the oxidation of the
biomass components, mainly hemicellulose and cellulose.
Between 400°C and 600°C, Pat-40-BC shows a thermal
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stability higher than that of Pat-20-BC and Pat-30-BC
because its higher reaction temperature favors its aromatic
structure.

FTIR Analysis

Herein the effect of airflow on the changes in biochar func-
tional groups with regards to the raw Patula pine biomass is
analyzed. In the infrared spectrum (Figure 6b), a reduction in
the peak between 3600 and 3200 cm™" is observed. This peak
is associated with the presence of the OH groups that refer to
the moisture content or the presence of the hydroxyl or phe-
nol group [14]. The peak between 3600 and 3200 cm™" tends
to diminish when the airflow increases. This trend is opposite
to that of the moisture content of BCs, which increases with
the airflow because the process slightly tends to combustion.
Therefore, the temperature increases and the steam produced
by the oxidation reactions increases; condensation of the
steam on the BC surfaces is favored, leading to an increase in
the moisture content of BCs as a function of airflow (Table 3).
Then, the peak between 3600 and 3200 cm™ decreases with
airflow because the phenol groups diminish if the reaction
temperature increases, which favors the thermal degradation
of lignin from which phenols are derived [69].

The peaks in the region between 2900 and 2800 cm™
decrease, which is attributed to the presence of alkyl (C—H
stretching) [63]. In these bands, the spectrum of the biochars
Pat-20-BC and Pat-30-BC presents a slight signal; nevertheless,
Pat-40-BC does not have a signal in these bands. This is due to
the higher reaction temperature (838.3°C) that favors the
breakdown of these functional groups [39]. This result is con-
sistent with the ultimate analysis, where the hydrogen content
decreases from 1.39 to 0.47 wt %.

In Figure 6b, note that the biochars have a more aromatic
structure than the raw biomass since the formation of an aro-
matic structure can be corroborated with the peak at
1420 cm™, indicating the aromatic C—C ring stretching [63,65].
In addition, as airflow increases, the peaks between 1000 and
1200 em™ decrease (associated with the C—O—C stretching of
hemicellulose and cellulose). This behavior is attributed to the

1

(a) Raw Pat

20kV. X500 . 50pm

() Pat-30-BC

high gasification temperature that favors the release of volatiles
associated with the biomass hemicellulose and cellulose [70].

SEM Analysis

In the TLUD gasifier where gases are released from the bot-
tom to the top, the fuel-air equivalence ratio increases when
airflow decreases; then, the reaction temperature decreases.
Therefore, if the fuel-air equivalence ratio increases, the pro-
duction of combustible gases concentration (molar fraction)
and tars increases [71]. The agglomerated material on the bio-
char surface, shown in Figure 8b and c, is attributed to the
recondensation reactions of tars on the biochar surfaces and
some condensed mineral material [67]. The agglomerated or
condensed material is more evident in the Pat-20-BC due to
the high fuel-air equivalence ratio (F,,; = 2.9) reached under
20 L/min. Moreover, Pat-40-BC reached the highest reaction
temperature; thus, recondensation or repolymerization of tars
is inhibited. Therefore, the carbon matrix does not present this
agglomerated material (Figure 8d). According to our results,
the agglomerated material is observed mainly due to the tar
condensation, because the reaction temperature increases at
the highest rate of airflow and leads to the tar thermal
cracking.

Similar results had been reported by Baliga et al. [72], who
studied the structure of biochar from pyrolysis at 550°C, and
found nanotubes on the biochar surfaces attributed to con-
densed volatiles on the hot biochars. Moreover, the agglomer-
ated material on the biochar surface can be attributed to the
formation of melt by the low thermal decomposition rate of
the lignin [73,74].

The more evident condensed tar was observed for the low-
est airflow rate of 20 L/min (SV,;, = 0.042 m/s) due to the high
tar concentration in the gas stream and the lowest reaction
temperature. However, it does not mean that Pat-20-BC is the
most aromatic biochar since the H:C ratio (0.2046) is higher
than that of Pat-30-BC and Pat-40-BC. The aromatic structure
of BC increases when the rate of airflow increases, which can
be corroborated by the proximate analysis; Table 3 shows the
increase of FC/(FC + MV) with the airflow rate. Brewer [40]

(b) Pat-20-BC

xzr,ooo 1ﬂp<,‘ U
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Figure 8. SEM images of biochar produced at three airflow rates (20, 30, and 40 L/min) for Patula pine.
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Table 4. Mineral ash chemical composition of feedstock.

Mineral ash
composition (%) Raw-Gua Raw-Nog Raw-Euc Raw-Pat

Na,O 2.66 0.00 0.62 0.98
MgO 15.80 20.41 7.55 13.80
ALO; 1.20 0.34 5.21 7.46
Si0, 457 1.06 11.21 4.48
P,0s 16.70 3.66 5.25 9.45
SO; 1.84 0.64 0.56 1.86
Cl 0.03 0.08 0.05 0.02
K,O 3.43 0.08 3.36 2.11
CaO 51.21 71.62 53.34 54.51
TiO, 0.00 0.00 0.41 0.00
Cr;03 0.00 0.00 0.34 0.00
MnO 0.18 0.06 1.59 2.59
NiO 0.10 0.25 0.55 0.09
CuO 0.26 0.09 0.07 0.17
SrO 0.43 0.95 0.19 0.22

stated that a high FC/(FC + MV) ratio can be associated with a
high level of aromaticity.

Biochar Properties as a Soil Amendment

Biochar is recognized in the literature as a potential soil
amendment. Its properties such as CEC, WHC, TOC, density,
surface area, electrical conductivity, nutrients, and mineral ash
composition have been highlighted as soil improvers [13,32].
For instance, biochar has major positive effects on crop pro-
ductivity when it is applied to acid soils [75].

At the rural household scale, biochar is an important
reserve of soil nutrients; therefore, its application to soil
amending is suggested because of its high mineral content of
macronutrients (Ca, K, and P), and micronutrients (B, Mn, Cu,
Zn, Fe, Mo, and Mg) [76].

Table 4 shows that Raw-Gua has the highest content of
phosphorous (16.7%) in the ash; this chemical element is an
essential macronutrient for plants [13]. However, Dume et al.

Table 5. Biochar characterization as a soil amending.

[75] state that the phosphorous retention in acid soils requires
the presence of iron and aluminium. Raw-Pat and Raw-Euc
have a high amount of aluminium and iron, which could favor
the retention of phosphorus in the soil. Herein, all studied ash
compositions have a high Ca content, between 50% and 70%.
Raw-Nog has the highest Ca content (70%) but it has the low-
est K content. The plants require a high level of Ca, K, and P
[76]. In conclusion, biochar has an ash content that is higher
than that of raw biomass; therefore, the concentration of
essential minerals for plants increases in biochar byproducts.
This is one of the reasons why biochar is proposed for soil
applications [13,77]. Other important properties of biochar for
soil amendment are discussed below.

Effect of the Feedstock Type

TOC includes fractions of labile and recalcitrant. In biochars
produced at high gasification temperatures (>700°C), the frac-
tion of recalcitrant is expected to be high [13] since a high
amount of the volatile material is released in the process.
Regarding the produced biochars, Gua-30-BC and Nog-30-BC
are the species with the highest carbon content as shown in
the results of the ultimate analysis (Table 3). The raw species
of Raw-Gua and Raw-Nog have a high surface area, which
favors the diffusive processes of mass and heat transfer under
the gasification regimes. This leads to a higher quality of the
producer gas with a higher level of H, (7.1% and 7.3%, respec-
tively). Such behaviour explains the high organic carbon con-
tent of these samples (Gua-30-BC and Nog-30-BC) that is
associated with a low H content as the level of C increased in
the remaining solid (biochars), see Table 3.

Another important property is WHC since crops can uptake
water and nutrients [78]. All studied biochars present WHC
higher than 300%. This property is favored by the pore forma-
tion and the surface area reached during the thermochemical
process [79]. Gua-30-BC reached the highest WHC despite
being the biochar with the smallest surface area (260.4 mz/g).
It has a large average pore volume (0.0668 cm?/g), which
favors WHC. In addition, as seen in the SEM images (Figure 7),
Gua-30-BC and Nog-30-BC have the highest amount of pores.

Biochar samples

Wood type effect

Air flow effect

Gua-30-BC  Nog-30-BC  Euc-30-BC

Pat-30-BC  Pat-20-BC Pat-30-BC  Pat-40-BC

Properties as a soil amending

Organic carbon (%) 142 153
Water holding capacity (%) 438 386
CEC (meq/100 g) 18.6 13.1
pH (10%)** 9.9 109
Electric conductivity* (dS/m) 0.0534 0.0421
Physical properties
BET (m?%/g) 260.40 298.86
Pore volume (cm®/g) 0.0668 0.0578
Heavy metal(oid)s content
As (ppm) n.d. n.d.
Cd (ppm) n.d. n.d.
Cr(ppm) n.d. n.d.
H m n.d. n.d.
Nig(g;)%n)) 95.9 263.22
Pb (ppm) n.d. n.d.

9.33 8.25 3.22 8.25 10.7
303 303 289 303 311
14.5 13.7 17.1 13.7 13.2
10.5 9.59 9.33 9.59 9.59
0.017 0.0092 0.0063 0.0092 0.0124
348.49 318.32 258.93 318.32 431.78
0.0620 0.0488 0.0262 0.0488 0.1022
n.d. n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d. n.d.
180.60 13.89 24.04 13.89 20.48
n.d. n.d. n.d. n.d. n.d.

*Electric conductivity (1:200).
**pH (1:10); n.d.: not detected.
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Thereby, it is possible to state that a high number of pores pro-
motes WHC of biochars.

CEC is one of the biochar properties as a soil amendment
that is highlighted in the literature [14,80,81] and is important
in the processes of nutrition and plant growth [13]. The studied
biochar has a high presence of minerals (Na, Mg, and K) that
favors the increase of CEC [82] since the biochar has an ash
content higher than that of the raw biomass (Tables 1 and 3).
Table 5 shows that Gua-30-BC has the highest CEC; this is
attributed to its high ash content (10 wt %) and its high mineral
contents such as Na (2.66%), K (3.43%), and Mg (15.8%). On
the other hand, although Nog-30-BC has the highest ash con-
tent, it does not have the highest CEC. This is attributed to the
fact that it has less Na™ and K* cations in the ash composition
as shown in Table 4. Pat-30-BC has the lowest CEC due to its
low ash content (1.60%), leading to a low concentration of
minerals.

All biochars produced from gasification presented a pH
level between 9.33 and 10.9. This result indicates that biochar
could be suitable for improving acid soils since the alkaline
nature of biochar exchanges H* with the soil. This exchange
can contribute to increase of the soil pH level [83]. The pH
levels of the biochar samples are in agreement with other
works in the literature [21,75]. Biochar electrical conductivity is
favored by the presence of the salts of sodium, potassium,
magnesium, calcium, and carbonates. Gua-30-BC and Nog-
30-BC have electrical conductivity higher than those of Euc-
30-BC and Pat-30-BC. This is attributed to higher ash contents
of Gua-30-BC and Nog-30-BC, by 10.0% and 10.7%, respec-
tively. Therefore, our results suggest that the biochars can be
used as a soil amendment in acid soils [21,75,83].

Effect of Airflow on Patula Pine Biochar

Total oxidizable organic carbon increases from 3.22% to
10.7% as the airflow rate increases from 20 to 40 L/min, which
favors the release of the volatile matter producing a biochar
with a high TOC due to its high aromaticity [13]. This behavior
improves biochar characteristics as a soil amendment because
the organic carbon from biochars leads to an increased soil
organic carbon content [75]. This result is consistent with the
proximate analysis since the content of the volatile matter
decreased from 16.55% to 11.46%.

Table 5 shows that WHC increases with airflow. WHC
improves due to a higher surface area and volume of pores
favored by the volatile matter released at a higher gasification
temperature [84].

CEC decreases from 17.1 meq/100 g to 13.2 meq/100 g as
the airflow rate increases despite a higher surface area of the
biochars with airflow. This behaviour is due to the fact that the
gasification process temperature increases if the airflow rate
supplied rises, which leads to a reduction of functional groups
such as hydroxyl, carboxyl, and carbonyl [14]. A high presence
of these functional groups favors chemical bonds with cations
such as Na*, K*, and Mg** [26]. At the same time, the reduction
of these functional groups during the gasification process leads
to more stable (aromatic) structures, while Na*, K* and Mg**
cations form unions with the aromatic structure of the biochars
through cation-n interactions leading to a decrease of
CEC [12].

The studied biochars present properties as a soil amend-
ment lower than suggested by technical Colombian standard
(NTC 5761). The standard requires that a soil amendment meet
the following requirements: CEC > 30 meq/100 g, organic car-
bon >25%, moisture content <20%, and the heavy metal con-
tent of As < 41 ppm, Cd < 39 ppm, Cr < 1200 ppm,
Hg < 17 ppm, Ni < 420 ppm, and Pb < 300 pmm. Thus, not all
biochars studied in this work fulfill the requirements for CEC
and organic carbon parameters. These results suggest that the
biochar produced from TLUD gasification could be used as a
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soil amendment, but the biochar requires treatments for
improving its properties; for instance, mixing biochar and com-
post could be an excellent solution for rural sustainability [85].
Herein, the biochar samples characterized as a soil amend-
ment require future research focusing on improving their prop-
erties to fulfill the NTC 5761 standard. Gaskin et al. [27] stated
that post-production treatments for biochars are required to
increase the immediate benefits of biochar on the soil for
applications in agriculture. For example, mixing biochar with a
soil amendment or fertilizer will improve CEC and organic car-
bon content [27].

CONCLUSIONS

The solid byproduct from biomass TLUD gasification, bio-
char, is suitable to be used as a solid fuel or as a soil amend-
ment. In respect of the effect of the biomass type on biochar
properties as a solid fuel, it was found that the biomass with
the highest FVI produced the biochar with the highest FVI.
Quality of this solid fuel increases from 0.2 to 4.3 MJ/cm® due
to a low ash content (1.6 wt %) and a high heating value
(27.46 MJ/kg) of Pat-30-BC. With regards to the effect of air-
flow on the properties of the Patula pine biochars as a solid
fuel, it was found that the volatile matter decreases when the
airflow rate increases, whereas fixed carbon and ash content
tend to increase due to the high reaction temperature. The
promoted thermal degradation of biomass constituents (hemi-
cellulose and cellulose) with a high reaction temperature leads
to a decrease in the bulk density of BCs. Therefore, the con-
vergence of the high ash content and the low bulk density
leads to a decrease in FVI and LHV (from 3.2 to 1.36 Mj/cm3,
and from 27.71 to 25.5 MJ/kg, respectively) as the airflow rate
increases. Thus, the best properties of BC as a solid fuel are
reached at 20 L/min due to the high reactivity, FVI, and LHV.

The presence of macronutrients and micronutrients in bio-
char and properties such as CEC, TOC, and WHC suggest the
suitability of BCs for soil amendment applications. For the
effect of biomass, it was found that the formation of pores in
the produced biochar favors WHC. By contrast, as the reaction
temperature increases, CEC decreases because of the loss of
functional groups such as hydroxyl, carboxyl and carbonyl
due to the thermal degradation of biomass constituents (hemi-
cellulose and cellulose), which confers a high aromaticity
index (stable) and a high surface area (BET) to the biochars.
In relation to the effect of feedstock on soil amendment prop-
erties of the BCs, Gua-30-BC is highlighted as the BC with the
best properties as a soil amendment due to the highest CEC
(18.6 meq/100 g), high WHC (438%), and TOC (14.2%). If the
airflow rate increases, TOC increases from 3.22% to 10.7%,
WHC increases from 289% to 311%, and surface area increases
from 258.93 to 431.78 m?/ g. These properties are important in
a soil amendment. However, CEC decreases (from
17.1 meq/100 g to 13.2 meq/100 g as the airflow rate
increases. Therefore, the best biochar properties as a soil
amendment are obtained at 40 L/min due to the highest sur-
face area, WHC, and TOC. Further studies are required to
improve the properties of BCs as a soil amendment.
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