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ABSTRACT /\

The drive to move away from fossil fuels and related products has, ificant attention to biomass and
biomass-related products in recent times. This study reports the effect ofthrée forest biomass sources namely
acacia auriculiformis, terminalia randii, and delonix regi tion fuels in a retort heated, low-
temperature and top-lit updraft gasifier on biochars produc
cob. The combustion fuels were characterized usi ogravimetric/Differential thermogravimetric
analysis. Their TGA data were fitted to 16 kinetic mo i Coats-Redfern method. Characterization of
the products was performed using Scanning Elect i
Fourier Transform Infra-Red Spectroscopy. Re!
Different kinetic models predicted decomposition¥hechanisms of combustion fuels for the regions considered.
Negative correlation was found between bi r yieJds and increasing carbonization temperatures with yields
ranging from 64.6-37.8 % and 28.4-2. or husk and cob, respectively. Results indicate similar effects
of combustion fuels on functiopal grolips ed in biochar samples.
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1. INTRODUCTION
The ever-growing global population and increased
anthropogenic activities have created a pressing need
to meet global energy demand and ensure global food
security (Panwar et al., 2019). Over the years, fossil
fuels (natural gas, coal, and crude oil) have continued
to be the dominant source of energy supply in the
world. However, finding solutions to the challenges
posed by the increasing energy demand, diminishing
fossil fuel reserves, and the search for sustainable and
environmentally friendly alternatives have been the
primary focus of research in recent years. The
dependence on fossil fuels as a major source of energy
has had detrimental effects on the climate due to
greenhouse gas emissions, causing global warming
(Santos & Alencar, 2019; Sarkar et al., 2014; Zecca &
Chiari, 2010)
. In addition, in order to meet the global demand for
food, growing activities in the agricultural sector
demand making efforts to mitigate the environmental
impacts of improper disposal of agricultural wastes on
the environment (Panwar et al., 2019). Luckily, the
utilization of biomass such as forest and agricultural
wastes for biofuel(s) production has not only
introduced a promising alternative to the use of fossj
fuels, but also concurrently provided a means ©
reducing the environmental impacts of the i
disposal of these wastes on the envi
Biofuel  production  through  thermoc
technologies such as pyrolysis, gasi
carbonization, etc. has proven efficient f ng
numerous benefits in biomass. Among t fits of
subjecting biomass to thermochemi% ses is the
production of biochar, a carbgh=c rated solid
product. There have been n @ research works
reported and ongoing o char”production from
various biomass sourc@ima y due to its
numerous ecologic t al., 2013; Kajina &
ousset, 2018; Leeq et al., 2010)

, economic ( go-oporto et al., 2019; Liu et al.,
2019; Zhou et al., 2016)
andenvironmental (Adeniyi et al., 2022)

benefi though raw materials for biochar
product n are more or less free, commercialization of
ion is, in fact, capital-intensive. Therefore,
increased efforts have been made to develop local
technologies for biochar production, especially in
developing countries and specifically Nigeria. This is
particularly important as the country faces challenges

with inconsistent power supply and escalating costs.
Recently, several studies have already addressed the
issue of biomass carbonization for biochar production
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with a retort heating system, which involves the
utilization of biomass (waste forest biomass sources)
as combustion fuels. Adeniyi et al. (2019b) reported
the production of biochar from elephant grass using a
fabricated low-temperature, top-lit updraft gasifier
(TLUG) with the stems and stalks of Bambusa
vulgaris and Daniellia olivieri as combustion fuels.
Similarly, the use of the aforementioned cagfbustion
fuels was also employed for the production %har

from plantain fibers in another study ietal,
0 (

2019a). Few other studies that h&e e similar
concepts like the ones mentione or biochar
production include the co-car of stigarcane

bagasse/low density polye

Ieaves/LDPE co- car of corn cob/LDPE
(Amoloye et al., 20 co-carbonization of corn
husk/LDPE A eset/al., 2022). Until now, the
emphasis ha arily on the resulting product
of the carjg iz process, namely biochar, with

given to the combustion fuel itself.

Howeyer, rucial to recognize that the combustion
p vital role as it provides the essential heat
qui for the carbonization process. These

stion fuels enjoy different thermal properties,
which could invariably affect the quantity and quality
f the biochar produced. To the best of authors’
knowledge, no study has been reported on the thermal
stabilities/properties and estimation of Kkinetic
parameters of the thermal decomposition of the
combustion fuels used in earlier reports. Such
information may be necessary for reactor design and
process system optimization purposes. Therefore, the
aim of this study was to investigate the effects of three
different forest biomass sources used as combustion
fuels in a TLUG on the temperature profiles, yields,
and product qualities of biochars produced from two
different corn residues (agricultural wastes). This
study elucidates the thermal properties of some waste
forest biomass and emphasizes their utilities as sources
for heat generation. Further, the utilization of both
forest and agricultural wastes justifies the need to find
value for waste materials.

2. EXPERIMENTAL
2.1 Thermogravimetric (TG) Analysis of
Combustion Fuel Samples
Samples of combustion fuels were sourced from the
waste stalks and stems of three different trees, namely
acacia auriculiformis (northern black wattle),
terminalia randii (flora of Zimbabwe), and delonix
regia (flamboyant). Samples were labeled A, B, and C
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for ease of identification. A known amount of samples
(15.103 mg of A; 14.338 mg of B; and 13.617 mg of
C) underwent thermogravimetric analysis
TGA/SDTAS85. The samples were heated from 30 °C
to 900 °C at a constant and low heating rate of
10°C/min, with a constant supply of N, gas to
maintain an inert atmosphere.
2.2 Kinetic Analysis

The thermal decomposition of biomass usually
involves devolatilization of light volatiles due to
decomposition of its constituents as temperature
increases, leaving behind the solid products (biochar),
and the rate of decomposition is generally represented
mathematically as (Rony et al., 2019):

do
o k(T)f(6) 1
The term 6 represents the extent of conversion
generally expressed as:

_ o & 2

6 =
Eo — Ef
where g,represents the initial mass, &, is the mass at
time t, and & is the final mass at the end of the thermal
decomposition. k(T) is a constant dependent on
temperature and expressed by the Arrhenius equation
(3). The term f(0) is a function describing the path or
mechanism of the reaction.

k(T)

Ey
= k,exp (— ﬁ)

From Equation (3), k, represents the pre-exponential
factor (s™1), Ey is the activation energy (kJ/mol), R
is the universal gas constant (8314J/K.mol), and T (K)
is the reaction temperature. Following the steps
reported elsewhere (Matali et al., 2020) by substituting
(3) into (1), rearranging the equation, and taking the
integral within the limits of 0 and T, one can get

Equation (4):

0 do ko

9(0) = Jy =" [ exp[~ L] dT =
(%52) po) K; 4

where g(8) |s the integral forg of
function, g = — represents the he

is the integral form of the te erat
right-hand side of (4) w exact solution
(Santos et al., 2020). The are main methods for

approximating the sol the iso-conversional
model free method he model-fitting method.

Activation ener e well estimated without
understandin tion mechanism(s) using the
pet . This is because this method is
weight loss-temperature data of a

depende %
part'%ar sample at different heating rates for a chosen

(Dhaundiyal et al., 2018). The model-
ittin ethod is based on the Coats & Redfern
(1964)

Table 1: Selec ction models for the description of the thermal decomposition of combustion fuels
. g
Model No Nucleation Models 9(9)
1 Power Law 1
62
2 6 Power Law 1
g3
3 < » Power Law 1
0%

O

Avrami-Erofeyev

[~ In(1 — 6)z]

5 Avrami-Erofeyev 1
[—In(1 - 6)3]
6 Avrami-Erofeyev 1
[~ In(1 — 6)7]
Diffusion Models
92
7 1-D Diffusion Control [(1 —8)In(1 — 9)]

+6
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8 2D-Diffusion Control
9 3D-Diffusion Control 1
[1-(@1-6)3]
10 Ginstling-Brounshtein 4D-Diffusion Control 1— ;9 - 9)§
Reaction order and Geometrical Contraction Model
11 Zero Orde? ,\( 0
12 First o
—In(1 - 9)
13 Qﬂf [—1 ] 1
1-9)
1
14 071 d Order E[(l — )7 —1]
15 racting Cylinder 1
Ehid 1-(1-6):
16 Contracting Sphere 1
1-(1-6)
conversion in the carbonization chamber was provided
y the controlled combustion of the fuel used (dried
asymptotic technique for approximating the i lin stems and stalks of trees) in the combustion chamber
: of the
In [g(s) -1 ko_R] _Eg reactor.
T2 RT
It is convenient to estimate the acti atio@y, pre-
exponential and predict the reactkm ism by
plotting a graph of In [gT(f)] againstyl /T' Several Fu Exhavst iy

kinetic models were utilized e data, and the

model with the best fit w cted In this study, the
Coats-Redfern (C-R delsfitting method was
specifically employgdfor, inetic analysis of the

combustion fuels, This choice was made since the TG
data for these S recorded at a single heating
rate. The kine els selected are shown in Table
1. Th Is were fitted using OriginPro 2018 and

R? values were calculated.

3. METHOD

3.1 Brief reactor and reactor temperature
profile description

The reactor is comprised of two symmetrically

assembled cylinders, with the larger unit referred to as

the combustion chamber and the other as the

carbonization chamber (see Figure 1). The concept

was based on a retort heating process where the

necessary heat (a key feature) for the thermochemical

Round Air Holes
Combustion Fuel Space:

Combustion Chamber-
Carbonization Chamber-

Triangular Air Holes P

Fig.1: A 3D representation of top-lit updraft gasifier
(TLUG)

Further, from previous publications in this area, one
major converging characteristic is found in the reactor
temperature profile for every batch experiment
(Figure 2). As can be seen from Figure 2, a gradual
and steady rise in the temperature of the reactor is
observed due to
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Fig. 2: A typical temperature profile of a carbonization
process ina TLUG
continuous partial oxidation of the combustion fuel in
the heating gap between the combustion and the
carbonization chambers (from point c to a). Then, at
point b, a particular maximum temperature is reached
(referred to as the peak temperature) after which a
perpetual temperature drop is observed (batch
carbonization ends at point e). Depending on the
thermal properties/capacities of the biomass source
employed as the combustion fuel, both peak
temperatures and process times could also be affected.
3.3 Batch Carbonization Experime
The batch experimental procedure used in the stud
was adapted from (Adeniyi et al., 2019a). The corn
residues for the experiments were denoted orn
husk (R1) and corn cob (R2) and the combusti
were denoted as A, B, and C. Carbonizatio
was loaded with 16.4 g of R1. The

between the combustion and zation
chamber was filled with combustioh, fuel A. The

reactor was ignited from the to allewed to burn

in open air for about two mi is was done to

allow uniformity all arou ustion front at the
tly,

top of the reactor. Subsgqu e reactor was
covered with the lid re measurements were
taken at various points Ta, Tn, Tc, and Tq just before
ignition and immediately when the
temperature o stem reached equilibrium with
The product (biochar) was

with R1 Jahd R2 (50 g) using combustion fuels A, B,
and C comprising a total of six experimental runs.
Mpio—char = Mz — M,

6

Mygy = M; — M,

7

Yieldyio—char = mbm;av’: x 100 %.
8

where M, = mass of the feed chamber + feed (in grams)

M, = mass of the feed chamber (in grams)

M5 = mass of the feed chamber + product

Product Characterization 3.2

The surface morphologies of the particles and
elemental analysis of the products were studied using
Scanning electron microscopy-Energy dispersive X-
ray spectroscopy (SEM-EDS). The acceleration
voltage of the microscope was set to 15kV and
magnifications of 500 to 1000 times were obtained for
the samples. Fourier transform infrared speetroscopy
(FTIR) was employed to study the functiona ps
and complexes present in the samples spectra
were recorded using transmittan in the
region of 4000-650 cm™* mple scans.

4. RESULTS AND DISCU
Thermogr@ri Analysis 4.1

Thermal characteristieS*of ustion fuels A, B, and
C were investigated Usi ermogravimetric analysis
d heating rate (10 °C/min).
known to provide a better
pyrolytic characteristics of
allow for improved heat transfer
effi Y the surface to the core of the materials
@ (Rony et al., 2019; Santos et al., 2020)
h ples were heated from 30 °C to 900 °C in an
i tmosphere. The mean normalized sample mass
individual biomass considered is expressed as a
unction of temperature in the
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Figure 3. TGA/DTG curves of Combustion Fuel A
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Figure 4. TGA/DTG curves of Combustion Fuel B
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Figure 5. TGA/DTG curves of Combustion Fuel C
temperature range of 30 °C to 900 °C. The results are
shown in Figures 3-5. As observed from the graphs,
three combustions parameters (see Table 3) from the
TG curves can be used to describe the combustion
characteristics, including the ignition temperature Ti,
peak temperature Tp, and the burnout temperature Tr.
While the ignition temperature represents the
temperature at which the samples begin to burn, the
peak temperature can be determined from the DTG
curve as the temperature at which the maximum rate
of mass loss of samples is observed. Also, the burnout
temperature corresponds to the temperature at which
all the combustibles in the sample have been
exhausted (Wnorowska et al., 2021). Besides th
combustion parameters, the TG curve can be divi
into three main stages to include dehydration stage,
active pyrolysis stage, and passive pyrolysis
observed, the dehydration stage occurred

stage, the process involved the rem
extractives, and other light vola

(Table

22977772 2020) 1-7?

volatiles and gradual degradation of certain pseudo-
components such as lignin and hemicellulose. Lignin,
a biopolymer, is composed of very strong chemical
bonds and, hence, has a wider degradation temperature
range. Its degradation, though very slow, has been
reported to start at a low temperature of about 160 °C
(Virmond et al., 2013), which could span to about 900
°C. Hemicellulose degradation begins beyond 200 °C
and could span to around 325 °C (Sikarwar et al.,
2016). Hemicellulose is a polymer of simpl€ sugars

whose binding bonds can be easily brok in
these low temperature ranges. Also, ce mainly
yranose

a straight chain polymer of afthydrog
connected by ether bonds, de s be
hang; 2029). Thus,

O

and a bit beyond 400 °C (Zhangl& Z

the active pyrolysis stagesoc d between the

temperature ranges of 26{83-4!6. 7 °C (A), 257.84-

433.65 °C (B), and - °C (C), respectively
of mass loss rates was

(Table 2). A simil%
observed for th e bustion fuels. The active
pyrolysis sta n alsé be sub-divided into two stages
of hemicgfulos d cellulose decomposition as
evident Ay, the'peaks from the DTG curves. Volatiles
are ea ecause of thermal degradation of
he@)se. Further beyond 325 °C as observed,
er re two major peaks observed for all samples
the sharper peak corresponding to the
temperature where the major mass loss occurred),
ajor mass loss occurred with sample C having the
highest peak temperature (443.03 °C). It can be argued
that through the temperature ranges discussed, there is
an overlap between decompositions of the three
pseudo-components making up the biomass samples.
Moreover, the active pyrolysis stage accounted for the
major mass loss of all the samples considered with

mmary of combustion stages, ignition, peak, and burnout temperatures of combustion fuels

Combustion Fuels @ V tages (°C) Ti(°C) Tp (°C) T+ (°C) Mass loss at Tp (%0)
A 30 -269.83 269.83 436.66 755.49 69.9
O 269.83 - 344.54
344.54 - 436.66
B 30 -257.84 355.54 433.65 751.15 84.75
257.84 -355.54
355.54 - 433.65
C 30 -250.7 250.7 443.03 772.07 84.48
250.7 -354.52

354.52 - 443.03

dehydration stage was further divided into two
substages: the first stage involved the release of
moisture at around 105°C, followed by the second
stage, which involved the release of some light

sample B having the highest release of volatiles, while
sample A had the least amount of volatiles. These
temperature ranges make the biomass samples suitable
for  thermochemical processes. The thermal
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decomposition of the combustion fuels in the current elsewhere (Castells et al., 2021; Emiola-sadiq et al.,
study followed similar trends of thermal 2021).
decomposition of a typical biomass as found

regions despite thermal similarities observed for the

Determination of Kinetic Parameters of 4.2 samples. As seen in Figure 6a, each region (I and 1)
Combustion fuels
The TGA data was used to fit the 16 different kinetic can be assumed to have a distinct kinetic model

models to determine three kinetic triplets: reaction
mechanism, activation energy, and pre-exponential
factor. By using the C-R model fitting method, the

Table 3. Results of the kinetic para

describing the decomposition.

he

Region/Kinetic Parameters
0<6<0.4 (160 — 345.4°()
Average Eg = 101.95 kJ /mol
Average k, = 1.57 X 10*min~1
g(8) = FO/D2/D4/D1/D3 —
Zero/Diffusion Models
Average R* = 0.9541

Parameters
4°0)

Regi ineti
0.4 < 6 <089 (Abgve

E 1 kJ/mol
ko@ 10™min~1

D4 — Diffusion model
R? = 0.963

0 <6 <0.5 (160 — 358.20°C)
Average Eg = 19.15 kJ /mol
Average k, = 2.39 X 10°min~!
g(@) = P2/AE2 — Power law/Avrami —
Erofeev Models

Average R? = 0.9528

.5 < 6 <0.99 (Above358.20°C)
= 40.21 kJ /mol
k, = 3.88 x 10’min™!

g(0) = AE2 — Avrami — Erofeev Model
R? = 0.9821

0 <6 <0.65 (160 — 343.94°C)
Eg = 19.67 k] /mol

k, = 2.92 X 105mingl
g(6) = P4 — Power law mo@

R? = 0.9515

0.65 < 8 < 0.99 (Above343.94°0)
Ey = 287.03 kJ /mol
k, = 3.5 x 102®min?!

g(8) = D2 — Diffusion Model

R? = 0.9996

.95 was chosen
the thermal
. As observed

as the best model t

decomposition of the combdstipn

from the DTG curvir ction 3.1, two peaks
corresponding to temperatures where major mass

losses occurred wer . Based on the peaks, TGA
data sets for t}@ biomass samples were divided

sections, respectively, fitted
present two different temperature
e first temperature region (30-160 °C) was
m the analysis as was explained in Section
3.1 (the stage where moisture and other light volatiles
were lost). These temperature regions corresponded to
different conversion regions for the samples. The
types of models chosen were power models,
nucleation models, diffusion models, reaction order
models, and geometrical contraction models. The plots
of the different kinetic models in Figure 6a-c are
suggestive of different mechanisms of thermal
decomposition characterizing distinct temperature

model with the best calculate

three combustion fuels
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Figure 6. Integral plot of different theoretical kinetic
models using the C-R model-fitting method: (a)

combustion fuel A; (b) combustion fuel B; (c)
combustion fuel C
In the conversion region of 0 < 6 < 0.4 (stage 1),
the experimental plot fitted best with the zero-
order (FO) model (R? =0.9599) for combustion
fuel A. Diffusion models (D2/D4/D1/D3) have
R? values > 0.95 in this region. The zero-order
model is a nucleation-based model which assumes
instabilities in a bulk solid’s local energies due to
several factors such as presence of impurities,
point defects, cracks, and so on. The flu

in the local energies may then result ua
reaction (nucleation) at the site and nu site
at low activation energy. The pnodel
could mean a diffusion-contr t of

the product nucleation mechanis ich explains
why diffusion models (@/ 1/D3) were a
good fit in this region™(R t al., 2019). The
region above 0.4 ( 1) conversion values
coincide with Ginsthi rounshtein (D4) model
with
R? = 0.963 (Table 3).
The plots, forSeémbustion fuel B are presented in
Fig 694 similar trend was observed for B, as
obr A. However, unlike A, power law (P2
ith ®®# = 0.9551) was the model with the best fit
vrami-Erofeev models (AE2) also having R?
value > 0.95 in the region below 0.5 conversion
values. Both models are nucleation models, with the
former assuming constant nuclei growth and the latter
assuming a restraint in nuclei growth. Furthermore, the
lowest order magnitude of the Avrami-Erofeev models
(AE2) with R? value of 0.9821 fitted the
decomposition of B at conversion values > 0.5.
Similarly, Figure 6c shows the integral plots for the
combustion fuel C for the two regions. Here, the power
law model (P4) coincides with the decomposition
mechanism of the region with conversion values 6 <
0.65. The decomposition mechanism in this region is
similar to what was reported for willow sawdust in a
previous study (Emiola-sadiq et al.,, 2021). At
conversion values > 0.65, the diffusion controlled (D2)
model was best fit for the biomass decomposition with
R? value of 0.9996. These results ascertained the
complexity/multi-reaction  mechanism  for  the
decomposition of the biomass samples. The complex
mechanism of decomposition may be due to the
overlapping regions of decomposition of the three
pseudo-components  (lignin, hemicellulose, and
cellulose) with the temperature decomposition range
of one spanning into another, hence accounting for the
complexity of reaction mechanism.
Table 3 presents the estimated values of the activation
energies Ey and pre-exponential factors k, for the
three biomass samples in the two regions considered
in the current study. As discussed earlier, kinetic
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parameters were estimated for the regions differently.
The estimated activation energies for Region | for the A
three biomass samples are 101.95, 19.15, and
19.67 kj /mol, respectively. At higher conversion
values (region Il), the values ranged from 135.00,
40.21, and 287.03 kJ /mol for combustion fuels A, B,
and C, respectively. By juxtaposing the two regions,
as expected, the activation energies were observed to
be lower in region | when compared to Il. Region | is
dominated by hemicellulose decomposition, which
requires less energy to break the intermolecular bonds . . .
compared to cellulose, a more complex biopolymer. Figure 7. Temperature Profile of th:mann
Meanwhile, the kinetics of lignin decomposition is Proc sing Fuel A
slow and spans over a wider temperature range and, B
hence, may require greater activation energy. This
may also account for the rise in the activation energies 500
in Region 11 due to a shift to higher temperatures. The
trend observed for activation energies in Region Il
indicates that activation energy increases with
increasing conversion values. The C-R method has
been successfully used to determine the kinetic triplets
of the three biomasses considered. Mishra & Mohanty
(2021) evaluated the kinetic parameters of three
varieties of lignocellulosic biomass using the C-R . i
method. The decomposition kinetics of Parthenium Time (min)
hysterophorus using the C-R method have also been —

reported elsewhere (Dhaundiya| et a|.’ 2018) e 8. Temperature Profile of the Carponization
Effect of Combustion Fuel Types on : process using Fuel B

Temperature Profile and Biochar Yield

The temperature profiles were monitored for"the six C
batch carbonization processes. Each fuel ty

600

400
200 M —o—R1
0 ——R2
0 50 100 150

Time (min)

Temperature (°C)

400
300
200 ——R1

100 o—FR2

Temperature (°C)

o

0 50 100 150

(9]
o
o

used to conduct two different carbo
experiments to observe its effects on bij I Yiie
from R1 and R2. As reported in\a @ study
(Adeniyi et al., 2020), temperature& ents are
taken from four different points eteactor. Three
of those points are to m@ the downward
progression of the combustiep zohe-within the heating
space of the reactor, whi@ou thypoint is a better
representation of the temp e condition within the 0 50 100 150

reactor chamber. I‘ the Pcurrent study, the reactor Time (min)

temperature ile r the six carbonization

experiments %re ?displayed in  Figures 7-9. Figure 9. Temperature Profile of the Carbonization
Tem ure m ements were taken at 10-minute process using Fuel C

interv serve the progression of the
carbonization process.

w b
o o
o O

—8—R1

N
o
o

Temperature (°C)

——R2

=
o
o O

Table 4. Summary of Biochar yields and Peak Carbonization Temperatures

R1 R2

Fuel Type Yield (%) Peak Temperature (°C) Yield (%) Peak Temperature (°C)

A 64.6 376.2 28.4 327.4
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B 37.8

C 45.2

415.2 245 370

418.3 24.8 358.8

A critical study of Figures 7-9 indicates the
temperature profiles to follow the same pattern as what
was obtained from previous studies reviewed earlier in
Section 1. The temperature rose gradually (though an
irregular rise) until it reached a peak temperature
before a persistent drop in temperature was observed.
Different peak temperatures ranging from 376.2-415.2
°C for R1 and 327.4-370 °C for R2 (see Table 4) were
recorded for the six batch experiments. For the three
fuel types, peak temperatures for R1 carbonization
were consistently higher than those for R2. Although
combustion fuels are necessary to provide the heat to
drive an early endothermic reaction within the
carbonization chamber, at some point, devolatilization
will be accompanied by loss of heat, hence a rise in the
temperature. Therefore, thermochemical conversion
of R1(corn husk) in the carbonization chamber is more
exothermic than that of R2 (corn cob), thus accounting
for the higher peak temperatures for R1 in the three
cases. This observation is consistent with findings
from a previous study (Intani et al., 2016).The effe
of varying peak temperatures on the yields of biochar
from the two biomass sources are also dispjayed in
Table 4. A negative correlation was found b en
biochar yields and increasing peak temperatu

°C. A further reduction was observed in biochar yield
from R1 using combustion fuel B at a peak
temperature of 415.2 °C (biochar yield was 37.8 %).
However, biochar yield was higher (45.2 in the
third case with combustion fuel C even_t the

process peaked at a higher tempera 8.3 °C)

deviating from the trend observ&d he R1
sample used in the third experi ve had
more moisture content and A , hence the

deviation from the trend

negative correlation between) biochar yield and
increasing temperat @oth slow and fast
pyrolyses of walnut et al., 2020) was reported
earlier. However; e 600 °C, the trend was
reported insigfificantyindicating that the decreasing

trend ob d yield of biochar occurred at
temperattires w 600 °C. Other studies in the
literature also made similar observations,

in dies by authors (Intani et al., 2018; Masek

etal., 2013)
le 5 presents a comparison between the key
ings in this study and those from previous works
rom the same process. Despite similar effects of
combustion fuels on the yields of biochars produced
from the two biomass sources considered in the
current study, combustion fuel A can be considered the

trend was more observable with R2 as bi d best amongst the three fuels in terms of high biochar
decreased with increasing temperature. char yield yield.
from R1 using combustion fuel A was,64. t 376.2

Tabl parison of the current study with previous works using the same retort system.

&
OCJ
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Comparison between Peak Temperatures 4.5
of Combustion Fuels from TGA and Carbonization

Experiments
The temperature profile of a typical retort heated
carbonization reactor was discussed in the preceding

temperature, the combustion fuels undergo loss in
weight gradually until it reaches a temperature (peak
temperature Tp) where maximum mass loss was
observed. The maximum energy (thermal capacity)
possessed by combustion fuel(s) would be released at

Biomass Combustion Fuel PCT (°C) TGA Tp for Biochar Estimated E,
Used Combustion

Reference
Yield for Combustion

Plantain Dry bamboo + 220
Fibers African balsam
Elephant Dry bamboo + 300
grass African balsam
Elephant Dry bamboo + 371
grass African balsam
Elephant Dry bamboo + 382
grass + African balsam
LDPE
Sugarcane Daniella Olivera 349
bagasse
Sugarcane Daniella Olivera 250
bagasse
+LDPE
Dry almond Daniella Olivera 494
leaves +
LDPE
Dry almond Daniella Olivera 362
leaves
Corn Husk A 376,2
Corn Husk B
Corn Husk @
Corn cob & 7.4
Corn Cob

Corn cob @ 358.8

Fuel (°C) (%) Fuel (KJ/mol)
6.98 (Ade&et

a)

14.29 Py i et

/2019b)

27.3 Vd iyi et

dl., 2020)

13.8 (Adeniyi et

al., 2020)

16.67 % (Adeniyi et

al., 2020)

454 (Adeniyi et

al., 2020)

73 (Ighalo et al.,

2021)

28.57 (Ighalo et al.,

2021)

436.66 646  101.95-135.00 Current
Study

433.65 37.8 19.15-40.21 Current
Study

443.03 45.2 19.67- 287.03 Current
Study

436.66 28.4 101.95 - 135.00 Current
Study

433.65 245 19.15-40.21 Current
Study

443.03 24.8 19.67- 287.03 Current
Study

section (see Fi u A critical evaluation of
thermographs ined™for both TGA (Figures 3-5)
and carbonlza eriments (Figures 7-9) showed
that mbusti fuels  underwent  similar
tages. From the TGA, with increasing

this point. Similarly, the temperature profiles from the
carbonization experiments exhibited a gradual rise in
temperature until a peak temperature was reached

(referred to as peak carbonization temperature PCT).

Table 6. Peak Temperatures from TGA and Carbonization Experiments

TGA R1 R2

Combustion

Peak PCT PCT
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Fuel Temperature Tp (°C) (°C) (°C)
A 436.66 376.2 327.4
B 433.65 415.2 370
C 443.03 418.3 358.8

During this temperature rise, combustion fuels
underwent thermal decomposition like that obtained
from the TGA. Hence, upon comparing the peak
temperatures obtained from TGA and carbonization
experiments, we found that the Tps were higher than
the PCTs (Table 6) obtained for both R1 and R2. The
implication is that thermal efficiencies of combustion
fuels were not attained in the reactor due to loss of heat
because of devolatilization of volatile gases through
the exhaust pipe of the reactor, conduction, and
convection. Factors that may be responsible for
thermal inefficiency include environmental factor
(rate of airflow into the reactor to support the
controlled combustion may be largely responsible for
the self-regulating nature of the process) and reactor
material type. The reactor used in the current study

As can be seen in Figure 10a-c, the surfaces of the R1
biochar samples with different combustion fuels
appeared to have similar patterns of surface

was fabricated from stainless steel, which is a good
conductor of heat. It may be interesting to further
explore how to optimize the thermal efficiencies of
combustion fuels in the reactor by intw a
lagging support, improving the desig reactor

exhaust, and considering othef® ma pes for
reagtor design.

Biochar %ﬁzation 4.6
The morphologies of th Six ar samples were

studied using the scan n microscope (SEM)
with the acceleratlo tage set at 15 kV and the

micrographs obt erent magnifications. The
micrographs ed in Figure 10(a-f) at 500x
magnifi |mated particle sizes at 100 um.

. |
Figure 10. Micrographs of biochar samples (a)-(c) biochars from R1 with combustion fuels and (d)-(f) biochars from

R2 with combustion fuels.
formations. A homogeneous, porous outlook with
visible formations of craters (similar to that of neem
leaves) (Ighalo & Adeniyi, 2020) arranged in a
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stepwise manner was observed. Furthermore, R2 f. The white patches have been suggested to be oxides
biochar samples (Figure 10d-f) were observed to have of either potassium or silicon (Adeniyi et al., 2020).
harder surfaces with irregular patterns characterized This observation was corroborated with the EDS
with small white patches arranged in a regular analysis of the samples.

sequence (more visible on d and e). However, the
white patches were found scattered on biochar sample

Table 7. Elemental Composition of R1 with Combustion Fuels

A B C
Atomic Atomic Atomic &
Element Concentration (%) Concentration (%) Concentration

Carbon 68.23 61.55 y
Potassium 18.1 8.71 &\ .32
Chlorine 5.41 1.65 Q 4.28
Nitrogen 3.65 1.47 % 2.25
Phosphorus 1.31 0.690 0.96

Oxygen 1.56 2.93
Silicon 0.57 19% 17.91
Aluminium 0.49 %73 0.87
Magnesium 0.46 0.15 0.55
Sulfur 0.33 0.4 1.66
Calcium 0. 2.65 3.54
Sodium 0. 0.22 0.29
Titanium @ 0 0
Iron & 0 0 0.77
Vo 2 Table 8. Elemental Composition of R2 with Combustion Fuels
A B C
Atomic Atomic Atomic
ElRm Concentration (%) Concentration (%) Concentration (%)
Won 77.13 76.42 82.26
ofassium 10.06 7.91 6.02
Chlorine 1.42 1.26 0.83
Nitrogen 0.86 0.5 3.14
Phosphorus 1.26 0.68 0.81
Oxygen 2.33 1.65 2.93
Silicon 3.82 9.41 1.1
Aluminium 0.79 0.71 1.55
Magnesium 0.6 0.21 0.5
Sulfur 0.77 0.48 0.54

Calcium 0.4 0.53 0
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Sodium 0.56
Titanium 0
Iron 0

0.23 0.32
0 0
0 0

The elemental compositions of the biochar samples
were recorded using the EDS analysis (see Tables
7&8). As expected, carbon had the highest
composition of elements present in the samples with
compositions ranging from 45.67- 68.23 % for R1 and
77.13-82.26 % for R2. Interestingly, all the samples
contained N, P, and K in substantial amounts. These
are important elements providing nutrients for plant
growth in soils (Naeem et al, 2017). The
corresponding EDS spectra of the focused area of the
SEM images of the samples are displayed in Figures
11-16. Contrasting peak intensities were observed for
all the samples showing elevated peaks of K and Si. Si
is another element that has been studied extensively
recently because of its potential to reduce toxic effects
heavy metals can have on crops and improving soil

nutrients (Karam et al., 2022; Rizwan et al., 2019)

7 countsin W cenes

com;»(aﬂ ﬁ@ﬂﬂ ®®

B w o 2 T & 10 %

Figure 11. EDS Spectrum of Rl wit bustion
Fuel A

a

®®

>

O ’ [ T B

Dt cnsin

Flgure fZ EDS Spectrum of Rl Wlth Combustlon
Fuel B

W ©_ o O W _©® % U & 8§

¥ with Combustion

[P

Flgure 13 EDS Spectru
A Fuel C

fonlp ey oo _

|gure 14 EDS Spectrum of R2 Wlth Combustlon
Fuel A

160 ﬂﬂ Q @

—
TN

Figure 15. EDS Spectrum of R2 W|th Combustlon
Fuel B

mmﬁ) 00

i g W ] i) 0 T w0 1 o

S



1311M. Namjoo and H. Golbakhshi / IJE TRANSACTIONS C: Basics Vol. 27, No. 12, (October 2014) 1933-1940

Figure 16. EDS Spectrum of R2 with Combustion
Fuel C

In addition, the effects of different combustion fuels
on the functional groups present in biochar samples
were also studied using the FTIR, as shown in Figures
17-18. Similar spectra were observed for the R1
samples. However, the peaks were more distinct in the
biochar sample with combustion fuel A. The intensity
of some of the peaks were observed to have faded

away for the samples with combustion fuels B and C
(more apparent with B, see Figure 17). This is because
at higher temperatures, most of the functional groups
are lost, explaining the observation with samples
obtained with combustion fuels B and C. The loss of
functional groups with increasing temperature has
been observed in a recent study (Janu et al., 2021). The
authors observed that increasing the pyrolysis
temperature to 750 °C led to the mentioned loss at all

wavenumbers for conkr wood.
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Figure 17. FTIR Spectra of R2 with Combustion Fuels
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Conversely, for R2 biochar samples, the spectra were observed to be similar for all combustion fuels, with only a major peak in the
region of 2000-1500 cm™ being more apparent for the sample with combustion fuel C. Major differences may not have occurred due
to the similar peak carbonization temperatures (PCT) recorded for the samples (PCT ranged between 327.4-370 °C). In the work of
Ma et al. (2017), they observed that the intensity of peaks assigned to functional groups remained distinct and unaffected in the
temperature range of 250-350 °C (an explanation for the observation with R2 biochar samples). They further opined that at above 450
°C, gradual loss of functional groups attributed to cracking of more complex structures in the biomass under intense temperature
would begin to set in. Their observations further corroborated the observation for R1 biochar samples. The peaks observed for R1
(3954.35 cm* and 3645.78 cm™) and R2 (3652.92 cm™) were attributed to the hydroxyl -OH stretching vibration due to cellulose and
hemicellulose dehydration found in most biomass sources (Amoloye et al., 2022; Ighalo et al., 2020; Nandiyanto et al., 2019). The
regions of 3202.91 cm™ and 3247.30 cm™ (R1) were assigned to aromatic C-H stretching and the peak observed at 3498.63 cm™ (R2)
could be attributed to the medium non-bonded (-OH) hydroxyl group (Adeniyi et al., 2022). Further, the aliphatic C-H stretching was
assigned to the peaks found in the regions 2855.76 cm™ (R1) and 2805.76 cm™ (R2) (Kang et al., 2012). Isothiocyanate (-NCS) groups

presence of N and S, as confirmed by the EDS analysis. Another peak found at 3141.48 cm™ (R2) has been assig

the aromatic

could be attributed to peaks at 2047 cm™ (R1) and those at 2137.18 cm™ and 1995.78 cm™ (R2) (Nandiyanto et al 19) due to the
it

C-H stretching (Adeniyi et al., 2022) while the one found at 1492.88 (R1) suggests the presence of aro
(Nandiyanto et al., 2019). Overall, it was found that all the samples contained hydroxyl (-OH) groups, wi

. This characteristic makes them potentially useful for water-related applications and as soil amendments. T
biomasses used as combustion fuels for carbonization of R1 and R2 on the qualities of bjo

5. CONCLUSIONS
In this study, the thermal properties, and kinetic parameters of
three different biomass sources (acacia auriculiformis (A),
terminalia randii (B), and delonix regia (C)) sources as
combustion fuels were investigated. The effects of these
biomass sources on the yields and qualities of biochars
produced from the retort carbonization of corn husk (R1) and
cob (R2) were successfully examined. The following

conclusions were drawn:

1. Combustion fuels have similar thermal properties with
peak temperatures of 436.66 °C (A), 433.65 °C
and 443.03°C(C).

2. Estimated E, values ranged between 10h95-135
kJ/mol for combustion fuel A, 19.15-40.21 Xi/mol
(B), and 19.67-287.03kJ/mol (C).

3. Negative correlation was found bet ar
yields and increasing carbonization te atures.

4. Carbon-rich products were prodacedwidlt' carbon
contents ranging from 45.67-68.23 for R1 and
77.13-82.26% for R2.

5. Combustion fuels were fo
on the functional gro
samples.

e similar effects
in the biochar
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NOMENCLATURE

A Acacia auriculiformis
B Terminalia randii
C Delonix regia
k(T) Constant dependent on temperature

f(8)  Function describing the path or mechanism
of the reaction.

R Universal gas constant (J/K.mol)
T Reaction temperature (°C)
R1 Corn Husk
R2 Corn Cob
M, mass of the feed chamber + feed (g)
M, mass of feed chamber (g)
M mass of the feed chamber + product (g)
Ti Ignition temperature

compounds

e the biochars

ani et al., 2013)

of three forest
rs produced were similar.

hydrdpbili

Tp Peak temperature
Ts, Burnout temperature

Greek letters
Extent of conversion

& Initial mass of sample

Mass of sample at any time t
& Final mass of sample
k, pre-exponential factor (s™1)

Eqg Activation energy (kJ/mol)
g(0) Integral form of the conversion function
B Heating rate (°C/min)
p(x) Integral form of the temperature term
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