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Abstract: This study investigates the design and development of a pyrolysis reactor for batch-type
biochar production from rice husks. The main objective is to develop an appropriate technology
to regulate pyrolysis temperature and biomass residence time that can be easily operated under
field and household conditions with minimal operational and technical requirements. The designed
novel dual-chamber reactor comprises two concentrical metal cylinders and a syngas circulation
system. The outer cylinder is for energy generation and the inner one is for pyrolysis. Temperature
profiles, energy exchanges, syngas production, and the physicochemical characteristics of biochar
were obtained to determine the performance of the reactor. Different trials were carried out to obtain
different pyrolysis temperatures under constant amounts of feedstock and fuel. The temperature was
monitored continuously at three predetermined reactor heights, the temperature profile varied from
380 °C to 1000 °C. The biochar yield was 49% with an average production rate of 1.8 + 0.2 kg h~1.
The reactor consumed 11 + 0.1 kg of rice husk as feedstock and 6 + 1 kg h™! of wood as fuel.
The gaseous products from the pyrolysis were CHy, CO,, Hy, CO, and CnHp, which contributed
23.3 4 2.3 MJ m~2 of energy as fuel for the pyrolysis process. The specific surface area of the biochar
was 182 m? g~1. The achieved operational capacity and thermal efficiency of the reactor show biochar
production is a suitable option to convert discarded biomass into a value-added product that can
potentially be used in several environmental applications.

Keywords: rice husk; pyrolysis reactor; pyrolysis; energy; agricultural residues; biochar; Sri Lanka;
decarbonization; green technologies

1. Introduction

Biochar production methods are widely used to enhance soil quality and address
environmental problems [1-3]. Due to rapid urbanization and industrialization, large
quantities of pollutants are released into freshwater bodies. When the concentration of
these pollutants in drinking water or wastewater reaches a certain level, the water is
no longer safe to drink or use for human purposes. At this stage, there is a need for
an effective treatment method that addresses these environmental problems, that can be
inexpensive and suitable for large-scale applications. In this case, biochar adsorption
technology is considered a suitable option. Many scholars have found it to be an ideal
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method for removing various types of pollutants from water [4-10]. Biochar is a low-
density carbon substance generated by the thermal degradation of biomass with or without
oxygen [11-13], it has multiple mineral components and is distinguished by its porous
structure, high specific surface area, and many surfaces functional groups [14,15]. Due to
its physicochemical characteristics, biochar has recently attracted great attention for a wide
range of applications (Figure 1) [16-19].

Environmental

Plant growth .
system improvement

Conversion or waste into

valuable resources Waste management

Benefits of
biochar Energy production and

Hydrogen storage

Generate heat, oil and gas

Carbon sequestration Climate change

Figure 1. Utilization of biochar in various environmental sectors [16-19].

Biochar System for Global Smallholder Agriculture

A significant proportion of farms in the world are smallholding [20,21]. Small farms
comprise the vast majority (562 million) of the world’s agricultural activities. However,
about 25% of the entire agricultural land is occupied by farms of typical size (average size
is 1260 M ha) [20,22,23]. It is estimated that 2.6 billion individuals working on small farms
provide food to meet more than 70% of the global demand [24]. To lessen reliance on com-
mercial fertilizers and reduce food production costs, biochar produced from agricultural
waste from smallholder farms might be a sustainable solution.

Large amounts of agricultural leftovers such as cereal straw and rice husk, bagasse,
and tree limbs might be converted into resources rather than waste. Currently, many
stakeholders engage in agricultural sectors practice the open burning of agricultural waste,
leading to air pollution [25]. Reports on sustainable biochar production in South India
found that it could increase the systemic resilience of farming-based communities in Kar-
nataka; small-scale biochar systems might be beneficial for accomplishing this goal [26].
Therefore, we expect the results of this research will provide a suitable solution for agricul-
tural waste, without capitalizing on its potential uses, as mentioned in Figure 1. Small-scale
biochar production is claimed to be more cost-effective than industrial production [27-29].
Several types of small-scale batch-type and industrial scale continuous type biochar pro-
duction technologies have been reported worldwide, such as earth pit kiln, earth mound
kiln, Casamance earth mound kiln, metal kiln, brick kiln, Reichert kiln, retort kiln, multi-
ple hearth reactors, screw type pyrolizers, paddle drum type reactors, and the carbonex
kiln [29-32]. The usage of each of these reactors is accompanied by its own set of benefits
and drawbacks, which are mentioned in Table 1. Although there are several initiatives to
promote biochar production worldwide, conventional biochar production techniques at the
small scale and industrial production methods must be improved. As a matter of fact, only
a few research studies are available that describe the kiln’s design with data on biochar’s
production and quality. The studies outlined that it is important to control the amount of
oxygen (O,) the biomass is exposed to in order to produce enough heat to carry out the
process. Therefore, taking into account these aspects is crucial to produce high-quality
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biochar. Table 1 shows the challenges associated with pyrolyzing biomass at small and
industrial scales.

Table 1. Comparison of various types of reactors for biochar production [29-32].

Production Type Reactor Type Advantages Disadvantages
Inefficient, low yield, no heat recovery,
hence, much of the feedstock is burned
Earth pits and up. Pyrolysis gas and vapors are

Small-scale
batch-type processes

mounds, brick,
concrete and double
metal kilns, retorts

Portable, low-cost, and simple
technological solution.

released into the air, polluting the
environment. No control of the
pyrolysis temperature, homogeneity of
the final product. Some methods are
unsafe and require high volumes of
water to cool down biochar.

Industrial-scale
continuous processes

Higher yields; feedstock flexibility; heat
integration; possible co-generation of

type reactors

Retort, multiple . Systems that are more sophisticated
char and energy; technology that is .
hearth reactors, ; and have higher costs than
screw tvpe easy to use and has been available for a batch operations
roliz}gr)s long time; co-generation of char and There are no usI::eful b r'oducts
Py energy; the unit that can be moved or M ’
be stationary (depending on size).
Feedstock flexibility; proven
technology; integrated char and energy
Paddle drum generation; available as a portable or Complex system; higher cost than

fixed system (depending on size);
greater yields, heat integration, and
potential co-production of char
and energy.

batch processes.

Our investigation is focused on rice husk, the most common agricultural waste from
the rice sector in Sri Lanka and other Southeast Asian nations. Its production is increasing
with growing paddy production patterns [25,33,34]. However, in many developing coun-
tries, direct burning is the most common approach to managing this agricultural waste, but
it is not an environmentally friendly solution [25,33,35]. Although, during the parboiling
process, the rice husk produced in the rice mills is used to generate steam [25]. Producing
biochar is a sustainable alternative to direct burning, as described in Figure 1. Therefore, in
this work, a dual-chamber pyrolizer was designed with the intention of promoting high-
quality biochar production in small and medium-scale paddy farmers and householders
due to its appropriateness as a technology that requires minimal specialized operations
and it is easy to use. This research uses rice husk as a useful resource to produce biochar
without disrupting the conventional parboiling process. This work analyzes the effect of
using the produced syngas as an additional heat source during pyrolysis. The productivity
and efficiency of the dual-chamber biochar furnace is evaluated by varying the O, flow.
In addition, evaluate the physicochemical characteristics of the produced biochar under
different O, inputs. Thereby, this study is designed to test the hypothesis that, “Perfor-
mance efficiency of a simplified pyrolysis reactor can be improved by controlling the input
volumetric air flowrate”.

2. Materials and Methods
2.1. The Feedstocks

Rice husk was selected as the feedstock for biochar production, and Gliricidia (Gliricidia
sepium) wood was chosen as the primary energy source for the pyrolizer. Rice husk was
collected from medium-sized rice mills in the north-central province of Sri Lanka, air dried,
and suitably stored till its use in the reactor.
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2.2. Dual-Chamber Pyrolizer

The introduced dual-chamber pyrolizer is based on the basic principle of indirect
heating of biomass with minimum oxygen content. The reactor was introduced as a
small-scale and household-level biochar production technique because most of the existing
small-scale reactors do not have the ability to control the operational parameters such as
temperature and biomass retention time. The novelty of the idea is mainly its ability to
control fuel: air ratio and the recirculation of the generated syngas within the reactor to
control the pyrolysis temperature and biomass retention time. These modifications enable
the production of biochar from different biomass types with different pyrolysis conditions.
The dual-chamber biochar reactor was developed using an empty oil barrel as the outer

chamber. The reactor consisted of six parts (Figures 2 and 3) and the specifications of each
part of the reactor are described in Table 2.
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Figure 2. Schemes of the dual-chamber pyrolizer.
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Figure 3. Image of the fabricated dual-chamber reactor: (a) actual reactor, (b) 3D model of the reactor.

Table 2. Specifications of the dual-chamber reactor.

System Component

Description

Dimensions (Diameter x Height)

Outer chamber

Material—Used oil barrel.
Modifications were made in the oil barrel to achieve the
design requirements.

0.56 m x 0.88 m

Inner chamber

Material—Gauge 14 (0.016 m) thick steel metal sheet.
A 0.01 m high stand was fabricated at the bottom of the cylinder
to facilitate a proper heat supply from the bottom of the reactor.

0.39m x 0.76 m

Lid of the outer chamber

Material—Gauge 14 (0.016 m) thick steel metal sheet.
The lid comprised an exhaust gas opening to connect
the chimney.

0.56 m x 0.08 m

Lid of the inner chamber

Material—Gauge 14 (0.016 m) thick steel metal sheet.
Tightly fixed to minimize oxygen supply.

0.39m x 0.08 m

Chimney

Material —Gauge 14 (0.016 m) thick steel metal sheet.
Fixed to the outer chamber lid to facilitate the updraft of the
exhaust gas.

0.10m x 1.0 m

Syngas circulation pipe

Material—1 mm thick galvanized square tube.
Fabricated in two parts for easy dissembling during cleaning,
1 cm holes were drilled in the tube section inside the pyrolizer.

0.032m x 0.032 m
(tube cross section)

Figure 3 shows an image and 3D model of the fabricated dual-chamber reactor. Figure 4
shows the steps to set up the reactor. The inner chamber, with a 39 cm diameter, was
designed to store rice husk and produce biochar by using the heat coming from the outer
chamber. The bottom of the outer chamber was sealed, and the top was left open. The
open top was used to insert the inner chamber into the outer chamber. Wood chips were
used to generate heat by combustion. After inserting the inner chamber into the outer
chamber, the syngas outlet valve from the inner chamber was connected to the syngas
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circulation pump mounted on the surface of the outer chamber (Figure 4a). Subsequently,
the rice husk was fed into the inner chamber, which was closed with its lid. At the same
time, wood chips were arranged in the outer chamber space between the inner and outer
chamber (Figure 4b-d). Six air supply doors were designed on the bottom surface of the
outer chamber. Four tests were conducted to analyze the temperature profiles and biochar
characteristics. The air supply was controlled by adjusting the air supply doors during each
experiment, and the syngas supply was controlled by using syngas flow control valves.
Four different tests were performed:

e  Trial 1: all air supply doors were fully opened, and syngas was supplied as fuel from
the beginning of syngas generation.

e  Trial 2: air supply for the combustion was reduced by half by controlling the size
of the air supply doors, and syngas was supplied as fuel from the beginning of
syngas generation.

e  Trial 3: all air supply doors were opened, and the produced syngas was taken out
from the reactor.

e  Trial 4: all air supply doors were closed, and the produced syngas was taken out from
the reactor.

4a: Syngas outlet valve that connects to the syngas circulation pump on the
surface of the outer chamber.

4b: Rice husk and split wood feeding to the chambers.
4c: The inner chamber closed with its lid.

4d: The system before starting the process.

Figure 4. Dual-chamber pyrolizer start-up process.

2.3. Performance Evaluation of Dual-Chamber Reactor

The reactor’s performance was assessed during each trial of batch operation by vary-
ing volumetric air flow rate and the syngas recirculation flow rate was kept constant. The
temperature was monitored and mass balances were performed for both wood and rice
husk. The reactor’s performance was assessed during each batch operation by monitoring
its temperature, mass balance, and volumetric flow rate. These findings aided in character-
izing the reactor performance and in making comparisons among each trial. In addition,
the behavior of the combustion chamber was analyzed by calculating the heat loss that
occurred throughout the process. The basic energy balance for the reactor was performed
by applying the first law of thermodynamics where energy can be neither created nor
destroyed; thus, for any system, the following Equation (1) applies [36]. This helped to find
out the theoretical heat loss during the batch operation, and thereby the efficiency of the
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reactor. The energy content of each biomass material was calculated using Equation (2) and
the energy balance (Equation (1)) was used to calculate the theoretical heat losses:

Efs + Efuel = Ebiochar + Esg + EExh + ELosses (1)

Q=CM @)

where Eg is the energy content of feedstock (M]J), Ef,e is the energy content of fuel wood
(M]), Epiochar is the energy content of produced biochar (M]), Esg is the energy content of
the produced syngas (M]), Egyn is the energy content of the exhaust gas produced from the
combustion (M]J), and Ej osges is the heat losses from the reactor wall (MJ). In Equation (2),
Q is the energy content of the biomass material (M]), C is the heating value of the material
(MJ/m?), and M is the mass of the material (kg).

2.4. Quality of the Produced Biochar

The biochar produced from rice husk in the dual-chamber pyrolizer was analyzed
physically, chemically, and proximately. Since the synthesized biochar was intended for
use in various environmental applications. ASTM D3172-13, the standard procedure for
proximate analysis of coal and coke, was used to describe the biochar recovered using the
following Equation (3). The percentage recovery of the biomass was calculated on a wet
basis by using Equation (3), where Wy;ochar is the weight of biochar obtained per batch and
Wreedstock 18 the weight of wet feedstock biomass used per batch.

W
% Recovery = —2iochar 109 3)
Y= w
feedstock

2.5. Characterization

Analyses were performed on the raw husk and on the pyrolyzed samples by vari-
ous instrumental techniques. The thermal behavior of the samples was described using
thermo-analytical methods. The thermogravimetric curves were acquired by a thermo-
gravimetric analyzer (TGA Q5000, TA Instruments Inc., Lindon, UT, USA) interfaced with
a TA5000 data station by heating about 5 mg of powder in a Pt crucible under N; flux
(50 mL min~!) from 25 °C to 1000 °C at 10 °C/min. Differential scanning calorimetry
(DSC) was performed by a Q2000 apparatus (TA Instruments, New Castle, DE, USA) inter-
faced with a TA5000 data station by heating about 3 mg of powder in an open aluminum
crucible from —50 °C to 350 °C and then cooling down to —50 °C (heating and cooling
rate = 5 °C min—!) under nitrogen flux (50 mL min~!). Three independent measurements
were taken on each sample. The temperature accuracy of the instrument is £0.1 °C, the
precision is £0.01 °C, and the calorimetric reproducibility is £0.05%. DSC data were
analyzed by the Universal Analysis software by TA Instruments. X-ray diffraction patterns
of each sample were obtained (Bruker D2 diffractometer, Ettlingen, Germany) using a
zero-background sample holder in the 26 range 5°-50° with CuKoa radiation, step scan of
0.02° and a counting time of 2 s/step at 40 KV and 40 mA. The structural properties of
the samples were analyzed at room temperature using the Nicolet FTIR iS10 spectrometer
(Nicolet, Madison, WI, USA) equipped with Smart iTR with a diamond plate. The biochar
was dried at 45 °C before analysis. Thirty-two scans in the 4000-600 cm ! range at 4 cm !
resolution were coadded. The elemental compositions of the pyrolyzed samples were
analyzed by energy dispersive X-ray spectrometry (EDX) using a Zeiss EVO MA10 (Carl
Zeiss, Oberkochen, Germany) scanning electron microscope equipped with an Oxford
Xmax 50 mm? detector following the standard procedure (ASTM E 1508). The tests were
carried out at a working distance of 8.5 mm and a voltage of 20 kV for electron generation
in an ultra-high vacuum environment.
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3. Results and Discussion
3.1. Characteristics of Feedstock

The heating of the reactor walls and system components caused an initial high thermal
inertia for the reactor. Therefore, energy had to be supplied at the commencement from
the heat source in a quantity larger than required to maintain a constant temperature. Due
to this, a small quantity (less than 1 kg) of coconut shells, which is a high-energy biomass
source, was added to Gliricidia wood as an additional energy source at the pyrolizer’s com-
bustion area at the beginning of the process. The energetic and compositional parameters
of raw rice husk, Gliricidia wood, and coconut are shown in Table 3.

Table 3. Characterization of the feedstocks [34,37-49].

Feedstocks
Parameters
Rice Husk Gliricidia Wood Coconut Shells
Moisture content (%) 772 62.3P [42] 8.14710.53  [37,39]
Specific gravity (kg/m3) 1402 670 P [42] 1738 P [47]
Calorific value (M]/kg) 12. 85-14.02 b [44,49] 19.0-20.5 b [42,43,48] 34.1 P [40]
Fuelwood value index - 1255 b [42] -
Lignin content (%) 20-25P [45,46] 26.26-26.8 b [41,42] 275 [38]
Volatile matter (%) 67.7 2 73.1-82.9 P [41,43] 67.7-78.3P [37,39]
Fixed carbon (%) 17.02 10.3 P [43] 17.6-20.96 © [37,39]
Ash (%) 15.22 1.11-1.28 b [41,43] 0.74-0.73 P [39]

2 Results from laboratory tests conducted in this work. b Results obtained from the literature.

3.2. Mass Balance per Batch

Table 4 shows the input and output data for the reactor operational conditions. For
each trial, an approximately constant amount of rice husk (about 11 kg) and wood as fuel
was used (about 28 kg). The yield of biochar production varied from 42.37% to 49.28%.
However, bio-oil was not extracted throughout the process since it was not intended to be
a byproduct. As mentioned above, coconut shell (calorific value 8143 kcal/g) was selected
as a high-energy supplementary biomass source; since it has high flammability and heat
retention capacity. As the amount of coconut shells (supplied in the form of small pieces) is
less than 1 kg for each experiment, it was not considered in the calculations.

Table 4. Mass of reactants and products in the reactor and biochar yield (input and output data).

Wood Rice Husk
Trial Weight of Weight of Ash ~ Weight of Rice Weight of Biochar
Wood (kg) Residue (kg) Husk (kg) Biochar (kg) Yield (%)
1 28.6 0.5 10.8 47 43.52
2 28.1 1.3 11 4.96 45.05
3 28.2 1.13 11 4.66 42.37
4 28 1.58 11 5.42 49.28

Figure 5a shows the TGA curve of rice husk, which can be divided into four distinct
mass losses. Between 45 °C and 120 °C, adsorbed water (about 5% in mass) is released.
Next, a weight loss of 16.8% occurs between 150 °C and 310 °C due to the evaporation of the
fixed water content. Carbonaceous components such as lignin and cellulose are destroyed
between 310 °C and 400 °C, resulting in a mass loss of 36.30%. Additional elimination
of various carbonaceous components leads to the last stage of weight loss (10.52%). The
total mass loss at 1000 °C is equal to 68.95%. In the dual-chamber reactor, experiments are
performed with a higher mass of rice husk 11 kg, compared to 5 mg in the TGA analysis,
the mass loss after each trial is 56.48% (Trial 1), 54.95% (Trial 2), 57.63% (Trial 3), and 50.72%
(Trial 4). Figure 5b shows the calorimetric profile of rice husk obtained by DSC. The analysis
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Weight (%)

shows the presence of the two endothermic events due to adsorbed water release and the
first decomposition step starting at around 150 °C is confirmed by the TGA analysis.
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Figure 5. TGA and DTG curves (a) and calorimetric profile (b) for rice husk (exo up).

3.3. Temperature Profiles

Three temperature measurement ports were fabricated in the outer cylinder wall at a
25 cm distance each. The bottom temperature port was located 10 cm from the bottom edge
(Figure 2). During the pyrolysis three continuous temperature profiles of the outer surface
of the inner chamber were acquired for each trial, the results are shown in Figure 6. The
results show noticeable temperature variations in the reactor’s lower zone (T3) compared to
the top zones (T1). When the fire front moves down, the reactor employs thermochemical
conversion reactions in stratified layers inside the pyrolizer. Reaction completion time
changes by varying airflow (O;) and syngas supply: the times taken to complete the
reaction were 176 min (Trial 1), 209 min (Trial 2), 241 min (Trial 3), and 401 min (Trial 4).
Trial 1 showed the lowest reaction time; the average temperature varied from 400 °C to
800 °C. According to the data of Trial 4, a long time was needed to complete the reaction
when all air supply doors were closed, and syngas was not supplied. Furthermore, the
average temperature of T1 and T2 varied between 400 °C and 600 °C. The T3 temperature
range was wider than T1 and T2 because the burning charcoals went down to the bottom
and induce a temperature rise. It is to underline that the suggested method is more suitable
for producing biochar in a lower temperature range but, in this condition, it takes a longer
time to complete the reaction, which is a disadvantage. Trials 2 and 3 showed no significant
temperature difference or difference in the reaction completion time.

When the rice husk started to become heated, sequential thermochemical reactions
started. Rice husk drying takes place initially, in the temperature range of 20-180 °C.
The dried rice husk is then subjected to a temperature of 180-250 °C which helps for
the torrefaction reactions. Then exothermic pyrolysis takes place at stable temperatures
around 250400 °C. The reactor was designed with the intention of pyrolyzing rice husk
at a specific temperature range by varying the airflow (O;) and syngas supply. How-
ever, the temperature profiles fluctuate with the wood-burning rate in the outer chamber.
The thermal inertia of the internal pyrolysis cylinder worked as a heat reservoir; thus,
temperature changes in the combustion zone did not affect the temperature of the inner
pyrolysis cylinder. Therefore, when the temperature in the combustion region decreases,
the exothermic reactions may disperse the heat to the biomass, allowing the pyrolysis
process to continue [34,50].

Thermochemically, the pyrolysis process is subjected to both endothermic and exother-
mic reactions, depending on the operating temperature. The exothermic processes of pyrol-
ysis create enough energy to balance out the endothermic reactions [51-53]. Said et al. [54]
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performed TGA and DSC tests on rice husk (moisture 9%) and found that the devolatiliza-
tion process would provide 4.437 kJ /g of energy through fragmentation, reforming, crack-
ing polymerization, and dehydration. This energy might be taken to utilize in pyrolysis’
endothermic processes.
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Figure 6. Temperature profiles for the three thermocouples placed in the dual-chamber pyrolizer at
different trials.

3.4. Syngas Composition and Energy Value

Figure 7 depicts the chemical composition of the syngas produced by pyrolyzing
rice husks and their higher heating values (HHV). Two syngas samples were collected
at constant intervals for each trial. The main gaseous products obtained from rice husk
pyrolysis are CHy (up to 14.29%), CO; (up to 33.06%), Hy (up to 26.38%), CO (up to 25.53%),
and C,Hp (up to 0.94%). From Figure 7, the sequence of the gases generated is essentially
consistent across all samples, albeit Trial 2 and Trail 3 exhibit a higher release of syngas and
have a maximum HHYV.

The catalytic effect of the minerals in pyrolyzed rice husk (ash concentration of about
15.2%) may account for the high hydrogen (Hj) level in the syngas mixture. The literature
reports found that the percentage of hydrogen (Hj) released during the pyrolysis of rice
husks is proportional to the amount of ash in the husk, suggesting that the ash has a catalytic
influence during thermal cracking and, more specifically, in the dehydrogenation process,
which in turn increases H, generation [55-57]. In addition, oxidized group breakdowns
such as decarboxylation and decarbonylating may produce CO and CO, [58].



Energies 2023, 16, 1819

11 of 20

100%

90%

80%

70%

60%

50%

40%

30%

Syngas Composition (% v/v)

20%

10%

0%

25.00
22.42
2331

21,12 e 20.00
0.58 —
£
15.96 =
15.00 é
>
T
o
bt
10.00 b
=
2
©
L)

I 5.00
0.00
Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2
Trial 1 Trial 2 Trial 3 Trial 4

McoMmco,WMcH, ™ CH,, lH, o, HN,
Figure 7. Chemical composition of the syngas and HHV.

Since only Hj, CO, and CHy4 are combustible, the HHV of syngas is the calorific value
of these three gases. A mass of 1 kg of biomass is expected to provide 2 m? syngas [59-61],
hence Equation (4) [59] was used to calculate the HHV of the generated gas combination
using the information on fuel HHV and syngas composition:

AH (2 m® syngas) = (HHVyy x 2m® x Hy%) + (HHVco x 2 m® x CO%) + (HHVcpy x 2m® x CHy%) (4)

where HHVyy HHVco, and HHVcpy are standard HHV for: H; = 12.76 M]J m~3;
CO =12.63 MJ m3; and CHy = 39.76 MJ m 3 [62,63]. This investigation achieves a maxi-
mum of 23.3 M] m~3 across all pyrolysis settings, suggesting a rich supply of combustible
gases. The gas mixture’s relatively high heating value could provide supplementary heat
for the pyrolysis reactor. The calculated heat capacities of gases fall within the range of
those reported in prior research. For example, pyrolysis of solar-dried sewage sludge
resulted in gases with an HHV of around 25 MJ m~3, according to reference [64].

3.5. Heat Balance of the Reactor

According to Equation (2), the energy contents of each input and output of the process
were calculated and theoretical heat loss for the process was calculated using Equation (1).
Table 5 shows the different energy values for the feedstock, fuel, and products yielded from
each trial. By using the data, a simple energy balance was conducted. The calculated heat
losses are 77.61% (Trial 1), 77.98% (Trial 2), 75.15% (Trial 3), and 74.41% (Trial 4). The results
revealed that there is a significant heat loss from the reactor surface due to the absence of
an insulation layer. The study suggests the construction of a simple insulation layer such
as a brick or clay wall.

3.6. Characteristics of Produced Biochar
3.6.1. Elemental Composition

Biochar’s” qualities may be determined from their analytic constituents and H/C and
O/C ratios [65,66]. Carbon (C), oxygen (O), silicon (Si), aluminum (Al), potassium (K), and
chlorine (Cl) were detected throughout an EDX analysis for each trial (Figure 8). It is to be
considered that H is not visible by this technique. As the temperature rises, hydrogen and
oxygen are released at a far greater rate than carbon [65]. Based on that, it can be concluded
that the waste in Trial 1 has been subjected to a higher temperature than other trials, as it
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has lower O content than the other three tests. Thermally-induced CH4 dehydration is an
indication of a shift in biochar recalcitrance [67,68].

Table 5. Energy values for each biomass material in the pyrolysis process for the different trials.

Trial Rice Husk Gliricidia Rice Husk Rice Husk Exhaust

Wood Biochar Biochar Gas (m3) *
1 10.8 28.6 47 30.12 488
. 2 11.0 28.1 496 26.8 483
Mass (kg) 3 11.0 28.2 466 26.97 5.07
4 11.0 28 5.42 26.42 5.07
Calorific 1 12.85 205 12.35 0.27 19.82
B 2 12.85 20,5 12.35 0.27 18.53
/) 3 12.85 205 12.35 0.27 2247
8 4 12.85 20.5 12.35 0.27 21.49
Ener 1 138.78 586.3 58.05 8.13 96.72
Contegnyt 2 14135 576.05 61.26 7.24 89.5
o butch) 3 141.35 578.1 57.55 7.28 113.92
4 14135 574 66.94 7.13 108.95

* For the exhaust gas, the tabulated values express the volume (m3) and the calorific value is expressed as M] m3.

60

1 | |Rice husk
50 4 - Trial 1
Trial 2
I Trial 3
40 4 [ |Trial4

% Weight
3

20
10 1
0+ A =
C (0] Si K Al Cl P Ca
Element

Figure 8. Elemental analysis of the produced biochar.

Furthermore, a biomass material typically contains both labile and recalcitrant O
fractions, with the former lost after first heating and preserved in the char of the final prod-
uct [69]. Charring occurs at high temperatures, leading to dehydration and decarboxylation
processes, which reduces the O/C ratios. The O/C ratios in each experiment varied in the
following sequence: 5.52 (Trial 2) > 5.15 (Trial 3) > 4.18 (Trial 4) > 2.71 (Trial 1).

To the same extent, a reduced C/O ratio at higher temperatures implies a structural
arrangement of the aromatic rings [70], which create highly stable crystal graphite-like
structures [71,72]. Since biochar from Trial 2 has a lower C/O ratio (0.18), it is expected to
have a stronger graphite-like structure than other samples. Compared to biochar generated
from agricultural wastes at lower temperatures, biochar generated from wood at higher
temperatures is less biologically labile because it includes a proportionally greater quantity
of aromatic-organic matter [73,74]. According to some researchers, the presence of a higher
amount of silicon in rice husk biochar creates a dense carbon structure with Si-encapsulated
carbon [75]. Figure 8 displays a higher Si concentration in the Trial 2 sample; therefore,
Trial 2 biochar may have a dense carbon structure than the other three samples.
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3.6.2. Thermal Analysis (TGA and DSC) and Surface Area Results

Thermal analysis is an effective tool for investigating biochar’s composition and
structure [76,77]. To assess the relative amount of moisture, volatile matter, ash, and fixed
carbon in pyrolyzed samples, thermogravimetric analysis was performed. Figure 9 shows
the TGA analysis of the biochar obtained in the four trials. At a first glance, it is evident that
the TGA profiles of the obtained biochar (Figure 9) are strongly different from the one of the
raw rice husk (Figure 5), which is more structured and well-defined, with steps occurring
in a sharper way in smaller temperature ranges. First, all the biochar samples followed
a similar thermal degradation pattern, with a first step of humidity release (between 4
and 5% for each sample) ending at around 120 °C followed by a huge decomposition step
taking place from 150 °C to 1000 °C.

100 0.25 100 0.25
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95 4 020 95 -0.20
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Figure 9. TGA and DTG curves for biochar samples obtained in each trial.

However, some differences can be noticed by observing the shape of this last mass loss
step and the evolution of the derivative curve DTG (blue line). In particular, for Trial 1 the
degradation rate is slow up to around 600°C, and then gradually increases, probably due
to the decomposition of some residual carbonaceous materials such as lignin, cellulose, and
hemicellulose [25,78,79]. A similar trend, even if with a higher volatile release is evident for
the Trial 3 sample (6% wt. for Trial 1 and 9% wt. for Trial 3). On the contrary, for biochar
obtained from Trials 2 and 4, the decomposition is more structured. The DTG curve shows
at least two subsequent decomposition processes between 250 °C and 650 °C for Trial 2 and
at least three for Trial 4, for which the evolution of processes with different rates is evident
also from the TGA curve. From 650 °C to 1000 °C, two other steps of mass release are
evident. The mass loss under these steps is 9.6% wt. for Trial 2 and up to 18%, for Trial 4.
Therefore, it can be concluded that Trial 4 biochar contains more residual carbonaceous
components than the other samples, followed by Trial 2: this points out that for these
samples the pyrolysis reaction in the reactor has proceeded to a lower extent.

The release of adsorbed water at a temperature lower than 100 °C and the beginning
of a huge and slow decomposition process starting from 150 °C is evident also in the
calorimetric profiles (Figure 10), showing a clear endothermic peak ending at around
100 °C and an increasing endothermic variation from the baseline starting at around 150 °C



Energies 2023, 16, 1819

14 of 20

and more evident in Trial 4 curve. Furthermore, in this case, the profile is different from that
of the raw husk (Figure 5b), since the amount of adsorbed water is lower in the pyrolyzed
samples. Compare an enthalpy of 200 J/g for the raw material vs. a maximum value
of 70 J /g for Trial 2 and 4 and the decomposition steps are slower and less evident (the
second peak present in the calorimetric profile of raw husk is a gradual detachment from
the baseline in these samples). The lower degradation degree in Trial 4 is evident in its
lower surface area as obtained by BET analysis: the surface area of raw rice husk is as low
as 2.8 m2/ g and it increases to 182 m2/ g for Trial 1, 141 m2/ g for Trial 2, 168 m2/ g for
Trial 3, and 132 m2/ g for Trial 4.
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Figure 10. DSC profiles of the pyrolyzed samples (exo up).
3.6.3. Fourier Transform Infrared (FTIR) Spectroscopy

To detect the variation in chemical composition, FT-IR spectroscopy is an effective
tool (Figure 11). The C-H (750-900 cm '), C=C (1380-1450 cm~!) and C-O stretching
(1580-1700 cm ') signals can be seen in all samples, and C=C bonds in the Trial 4 sample
caused the most prominent representative peaks for aromatic carbon. Pyrolyzing temper-
ature alters the functional group, as the FTIR spectrum shows a reduction in aliphatic C
groups and an increase in aromatic C [80].

According to the literature, the strength of bands such as those corresponding to
hydroxyl groups (3200-3400 cm ') and aromatic groups (1580-1600 and 3050-3000 cm 1)
decreases, when the pyrolyzing temperature range is between 700 and 800 °C, while biochar
obtained at lower temperatures (300 and 500 °C) include a more significant number of
bonds indicating functional groups than those made at 700 °C [81]. Figure 8 and the cited
works support the conclusion that all feedstocks were heated to temperatures higher than
700 °C during the biochar synthesis process.

Bands around 800 cm~! and 1040-1100 cm ™! were attributed to SiO;, reflecting the
feedstock’s composition. These spectral lines were detected in all the trials. Silica, an
essential component of phytoliths, prevents carbon in plants from degrading, according to
the field of plant physiology [82,83]. Among the many chemical components of rice, silicon
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dioxide plays a significant role. The shoulder seen in the FTIR spectrum about 1600 cm~ 1,

which was attributed to aromatic compounds, is still present at temperatures as high as
800 °C during biochar synthesis.

% Transmittance/-

— Trial 1
— Trial 2
— Trial 3

Trial 4

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumbers/cm™
Figure 11. ATR-FTIR spectra of pyrolyzed samples.

3.6.4. XRD

Figure 12 shows the XRD patterns for rice husk (before pyrolysis) and biochar py-
rolyzed at the different trial conditions. The XRD patterns of rice husk show the distinctive
peaks at 22.4°, 34.1°, and 47.8° that can be assigned to the presence of silica (S5iO,) from rice
husk (JCPDS 33-1161). The wide diffraction peaks of the cellulose polymorphs are located
around 15°, 17°, and 20°: these wide peaks can be observed only in the rice husk [84]. After
pyrolysis, only the peak at 22° due to the C presence is evident and it becomes broader due
to the amorphous characteristics of biochar.

Trial 4

\\‘M
WMMWM Trial 2
T

W Trial 1
JL raw rice husk
I

T T T T T T T T
5 10 15 20 25 30 35 40 45 50
20/°

Intensity/-

Figure 12. XRD patterns of the rice husk and the pyrolyzed samples.

3.7. Challenges and Future Perspectives

According to the results obtained from four trials, the weight of the biochar produced
is nearly the same. However, in Trial 3, the energy content of syngas is higher compared to
all other trials. If a farmer uses this syngas to produce heat for cooking or other purposes,
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Trial 3 would be beneficial. The main challenge of introducing a new technology is the
knowledge dissemination process. There are several circumstances in introducing new
technologies to the farmer level with the very low adaptability of farmers to these new
technologies. Furthermore, the demand for biomass sources for other purposes such as
combustion, animal feed, and incineration also makes it competitive to promote biochar
production for agricultural wastes.

The central notion of this investigation is that bio-carbon may be used to create a
sustainable, circular bioeconomy, which presents a practical response to the system’s
dominant administration. Thermochemical technologies employed in biochar synthesis,
particularly in rural regions, will aid regional development by allowing small and medium-
scale firms to promote industrial symbiosis, boosting farmer income and facilitating waste
management in the agricultural sector. Thus, with this method, small-scale production
systems may be linked with other systems to create closed system models, where waste
from one process can be used as an input for another, resulting in positive social, economic,
and ecological consequences in a circular economy. The application of the main product
in different environmental applications is also another important aspect to be addressed.
Biochar can be used as an adsorbent to remove color and different pollutants in wastewater
treatment. In addition, depending on characteristics, heavy metal can also be removed.
However, it has to be contained in packed bed columns or other appropriate reactor
configurations.

4. Conclusions

The dual-chamber pyrolizer reactor developed in this work was designed to valorize
rice industry waste products in rice-growing regions for small-scale applications and batch-
type operations. The design specifically has the ability to control the fuel-to-air ratio for
combustion by controlling the airflow, as well as it has the ability to utilize produced
syngas as needed. With the careful control of airflow and syngas flow, the reactor’s capacity
to work at temperatures ranging from 400 to 1000 °C was observed. Biochar yielding
percentage and quality proved that the dual-chamber reactor can produce biochar from
rice husk in the above temperature range at varying biomass residence times (from 200 min
up to 400 min). Furthermore, the varying resident times influence the chemical compo-
sition of the final product, resulting in a broader range of product quality with varying
chemical characteristics. The main gaseous products obtained from rice husk pyrolysis
were CHy (up to 14.27 £ 0.08%), CO; (up to 33.06 + 2.67%), Hy (up to 26.38 £ 0.75%),
CO (up to 25.53 + 0.45%), and CnHp, (up to 0.94 + 0.11%), that also contributed with
23.3 + 2.3 MJm 3 of energy as a fuel for the pyrolysis process. Recirculating the generated
syngas as an energy source for the reactor can minimize the fuel requirement for the process
while reducing harmful emissions to the atmosphere. With the above reactor characteristics,
small-scale biochar manufacturers will have many advantages from this reactor over other
conventional methods, where they can produce biochar at a predetermined temperature
and residence time combination. Furthermore, the use of simple and banal fabrication
materials such as oil barrels and steel barrels would make it more implementable within the
local community. Thereby, the local community can also manipulate the pyrolysis process
parameters without in-depth technical knowledge of the pyrolysis process. In the south
Asian region, the main use of biochar is for soil application, thus the physiochemical and
surface characteristics of produced biochar proved its suitability in soil application. Rice
husk biochar produced from this reactor is already being utilized to make a composite
fertilizer for various crops, including rice. Additionally, the adaptability of the reactor to
different biomass types also requires further investigation. Furthermore, it is necessary to
evaluate reactor performance by adding a thermal insulation layer to the outer chamber
using locally available materials.
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