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Activated carbon (AC) synthesis and application have been extensively studied. However, reports
on its deployment in smoke particle filters are limited. The present study synthesised AC from two
agricultural wastes, namely coconut shell (CS) and palm kernel shell (PKS). The AC was incorporated
into a custom-made smoke muffler to filter smoke from paddy straw combustion. Phosphoric acid,
potassium hydroxide and zinc chloride were employed to produce the AC via a physicochemical
method. CS and PKS were subjected to microwave radiation, a one-to-one (1:1) activation ratio, 30
min ofimpregnation time, and 4 min of radiation. Background studies were conducted on the starting
materials, including lignocellulosic content and proximal and ultimate evaluations. The AC samples
procured were characterised with Fourier Transform infrared (FTIR), Brunauer, Emmett, and Teller
(BET) surface area, and field emission scanning electron microscope (FESEM) analyses. The zinc
chloride-activated CS (MZCS) produced the optimal AC under minimal conditions, documenting
a 391.26 m? g' BET surface area. Based on FESEM results, the MZCS distributed smoke particles
evenly, demonstrating smoke adsorbent abilities. The results also indicated a favourable physical
interaction between the surface and smoke particles. Conclusively, the MZCS possesses potential as

a smoke filter.

Keywords: Activated carbon, agricultural waste, coconut shell, palm kernel shell, smoke filter

INTRODUCTION

Agriculture is a global and rapidly increasing
industrywith a total of 22% of agricultural wastes
generated during production, processing, and
storage (Atinkut et al. 2020). According to
Akbari et al. (2021), open-burning crop waste is
the simplest and economically feasible method
for disposing of agricultural refuse. Post-crop
harvest field waste burning is widely practised in
several Southeast Asian countries. The activity
releases significant volumes of harmful air
pollutants (Tipayarom & Kim Oanh 2020). For
instance, the smoke from biomass burning in
Kalimantan, Indonesia, accounted for 59% of
PM2.5 (Stampfer et al. 2020).

The soot particles released with the smoke
from burning vary from 10 pm to under 1
um (Phairuang et al. 2019, Posfai et al. 2003).
A smoke trapping system utilising activated
carbon (AC) could be introduced to filter smoke
emission through an adsorption mechanism
to mitigate the detrimental effects of burning.
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Nevertheless, most reports on AC applications
have focused on aqueous adsorption, such as
dye, methyl blue, wastewater treatment, and dye
removal (Yaacoubi & Songlin 2019).

The current study assessed a novel and
unique utilisation of activated carbon (AC),
its capability to adsorb soot. The present study
aimed to synthesise AC from coconut shells (CS)
and palm kernel shells (PKS). The applicability
of the AC samples as smoke particle filters
was evaluated for paddy straw combustion.
A custom-made smoke muffler and paddy
husks as the smoke source were also utilised.
Three commonly employed activating agents,
phosphoric acid (H,PO,), potassium hydroxide
(KOH), and zinc chloride (ZnCl,), were utilised
to prepare the AC samples. The activation agents
were impregnated into the biomass materials
before subjecting the specimens to microwave
radiation. The surface morphology of the
samples after combustion were also evaluated.
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MATERIALS AND METHODS
Materials

The palm kernel shells (PKS) employed in the
present study were collected from Sime Darby
Plantation, Pulau Carey, Selangor. At the same
time, coconut shells (CS) were procured from
the coconut milk industry in Kampung Telaga
Air, Kuching Sarawak, Malaysia. A paddy field
in Kangar, Perlis, Malaysia, supplied the paddy
straws. Analytical grade chemicals and reagents
were also utilised.

Methodology

APE2400Series IICHNS /O Elemental Analyzer
was employed for carbon, hydrogen, nitrogen,
sulfur/oxygen (CHNS/O) analysis, while
Fourier transform infrared (FTIR) assessment
was performed with a Perkin Elmer FTIR
Spectrum 400 with attenuated total reflection
(ATR) extension. The Brunauer, Emmett, and
Teller (BET) surface areas of the AC samples
produced in this study were analysed using the
Advance Surface Area and Porosity Analyzer
Micromeritics TriStar II Plus with nitrogen
(N,) gas as the carrier gas. An SU8220 (Hitachi
Brand) field emission scanning electron
microscope (FESEM) was employed to evaluate
the surface morphology of the specimens. The
microwave used for preparing the AC samples
was a Panasonic NN-CD997S with a 42 L capacity.

The present study conducted a proximal
analysis to determine the moisture and ash
contents of the AC specimens based on methods
D4442 and E1775, respectively, outlined by the
American Society for Testing and Materials
(ASTM). For moisture content evaluation,
approximately 2 g (m,) of starting materials
was weighed and oven-dried at 102 °C until
a constant mass was obtained and recorded
(m,). Finally, moisture content was calculated
according to Equation (1). Ash content analysis
was initiated by heating the dried AC samples
(m,) in an electrical furnace at 650 “C for 3
h. The residual ash was cooled in a desiccator
before recording the final weight (m,). Equation
(2) was employed to determine the ash contents
of the specimens.
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The biomass (PKS and CS) employed in this
study was leached with a 2:1 v/v benzene and
ethanol mixture at room temperature for 3 h.
Subsequently, the substances were oven dried at
110 °C until a constant mass was recorded. The
initial (m;) and dry (m,) masses of the sample
were also documented before determining
the mass difference. In this study, the mass
difference denoted the extractive amount,
calculated per Equation (3).

'mﬁ

m
Extractive amount = ET x100% (3)

The lignocellulosic contents of the starting
material in this study were calculated based
on their extractive, hemicellulose, lignin, and
cellulose levels. The procedure adopted in the
present study was according to the methodology
outlined by Li et al. (2004). Approximately 1 g
of extractive-free biomass (m,) was placed in a
conical flask before adding 150 mL of NaOH
solution (20 g L"). The mixture was boiled for
3.5 h and filtered. Subsequently, the biomass
was washed with distilled water until the pH
of the filtrate reached seven and oven-dried at
110 °C until a constant mass was recorded (m,).
The difference in mass is the hemicellulose
content of the biomass specimens, calculated
per Equation (4).

m.-m,
—x100% (4)
m

7

Hemicellulose content=

Approximately 5 g (m,) of the biomass
was soaked in 72% sulphuric acid at room
temperature for 2 h. Subsequently, the
substance was refluxed at 100 °C for 2 h, filtered,
washed with distilled water, and oven-dried
at 105 °C. The dry mass (m,) of the shells was
recorded and utilised to determine their lignin
content as in Equation (5). The difference in
extractives, hemicellulose, lignin, and cellulose
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levels was employed to determine the cellulose
content of the biomass using Equation (6). The
current study assumed that only the extractives,
hemicellulose, lignin, and cellulose exist in the
biomass for the calculation.

m9 mlO
“m, %)

9

Lignin content =

Cellulose content = 100 -
(Extractives + hemicellulose + (6)
lignin) contents

The parameters adopted in the present study
were based on the report by Kumar et al. (2020)
and applied without a prior optimisation study.
Firstly, the agricultural wastes, PKS and CS,
were cleaned and dried. A Carbolite Gero HTF
17/5 furnace was employed to heat the shells
for 30 min at temperatures between 600 °C and
650 °C. The charred products were subjected
to microwave radiation for 4 min at 700 W post
separate activations with H,PO,, KOH, and
ZnCl,.

The AC samples procured were washed
with distilled water and dried. The AC
percentage yield was determined to indicate
process efficiency according to Equation (7).
Henceforth, the acid-, base-, and ZnCl,-activated
microwave radiated samples were denoted MA,
MB, and MZ, respectively. Accordingly, MAPKS
represented the acid and microwave-activated
PKS AC sample.

Mass after activation (g)

Yield =

Original mass (g) < 100% (7)

The current study utilised a custom-made
smoke filter to evaluate the synthesised AC
performance. A 0.1 g AC was loaded on the
holder in the smoke filter before combusting
the rice straws in a burning chamber (Figure
4). The paddy straws were burned continuously
for two scales of combustion: 30 min for 50 g of
straw and 60 min for 100 g of straw.

RESULTS AND DISCUSSION

Proximate analysis is performed to determine
the energy conversion capabilities of biomass
(Sanchez-Silvaetal. 2012).Inthisstudy, moisture,
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ash, volatile matter, and fixed carbon contents
of the biomass samples were assessed. Moisture
refers to the amount of water in biomass.
Pisupati and Krishnamoorthy (2017) proposed
that biomass should contain under 2% moisture
to ensure fine char particle developments. The
moisture contents of the PKS and CS samples
were 6.47 and 5.64%, respectively (Table 1). The
raw materials employed in the present study
were heated until a constant mass was recorded
before initiating the carbonisation process to
produce a better char.

Tablel The proximate and ultimate analysis

results of the starting materials

Content (% w/w) PKS CS

Moisture 6.47 5.64
Ash 2.16 0.24
Volatile matter 72.13 79.63
Fixed carbon 19.24 14.49
Carbon 43.37 47.07
Hydrogen 16.69 13.16
Nitrogen 0.90 0.36
Sulphur 1.69 1.68
Oxygen 41.25 37.73

PKS = palm kernel shell, CS = coconut shell
Ash value indicates the amount of

inorganic residue remaining in biomass post-
combustion. Primarily, ash comprises silica,
aluminium, iron, calcium, and traces of
magnesium, sodium, and potassium (Basu
2018). Ash is heatresistant, which could
prevent organic molecule decomposition
(Enders et al. 2012). Consequently, increased
carbonisation temperature might be due to a
high ash concentration. The PKS documented
a higher ash concentration (2.16%) than CS
(0.24%), thus requiring a greater carbonisation
temperature. The observations also indicated
that a considerable ash content leads to a high
heating value.

Volatile matter is the gas weight percentage
emitted by a substance after being heated at
high temperatures. Accordingly, substances
with high volatile matter values would produce
reduced percentage yield due to the significant
amounts of gas produced during carbonisation.
The results in the present study supported the
hypothesis (Table 1). The PKS, which had a
lower volatile matter (72.13%), yielded more
product than the CS specimen.
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Fixed carbon knowledge aids combustion
equipment selections in large-scale AC
productions, considering starting material
hardness provides information about biomass
caking properties (Sarkar 2015). Fixed
carbon content is the residue that remains
after the volatile contents in a substance have
been released following high-temperature
combustions. A more significant fixed carbon
content would produce higher char formation
and yield. Although fixed carbon primarily
comprises carbon, it also consists of trace
amounts of hydrogen, oxygen, nitrogen, and
sulphur, which are not released with the emitted
gases.

Biomass chemical energy could be calculated
by determiningits fixed carbon to volatile matter
proportions. The information also reflects
the convertibility of the biomass into energy
(Sanchez-Silva et al. 2012). Although significant
levels of volatile matter over fixed carbon
indicate that the biomass could release high
energy, significant operational costs to burn and
process biomass are required (Sanchez-Silva et
al. 2012). In the current study, the proportion
of fixed carbon is lower in the CS (14.49%) than
in the PKS sample (19.24%). The volatile matter
in the CS is high, at 79.63%. The volatile matter
of CS in this study is consistent as recorded by
Mohd Igbaldin et al. (2013). A higher volatile
matter with low fixed carbon results in CS
having a lower operational cost and consume
less energy than PKS.

In this study, the CHNS /O contents of the
starting materials were analysed to assess their
carbon, hydrogen, nitrogen, sulphur, and
oxygen levels. Table 1 summarises the CHNS /O
contents of PKS and CS. The hydrogen-to-
carbon (H/C) ratios of the PKS and CS samples
were 0.29 and 0.28, respectively, while the
oxygen-to-carbon (O/C) ratios were 0.95 and
0.80. Low H/C and O/C values are preferred
to obtain lower heating values (Soh et al. 2019).
Based on the results, the CS specimen would
record a lower heating value than PKS.

The lignocellulosic contents of the
starting materials employed in the present
study were determined to understand the
characteristics of the biomass further. Table
2 lists the lignocellulosic contents of the PKS
and CS employed in this study. Lignin was the
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predominant biopolymer in PKS, whereas the
CS sample was primarily hemicellulose. The CS
specimen also contained more hemicellulose
than PKS, 38.89% and 29.80%, respectively.
On the other hand, the PKS recorded a higher

Table 2 The lignocellulosic contents of the PKS
and CS samples

Content (%) PKS CS

Hemicellulose 29.80 38.89

Lignin 40.67 33.07

Cellulose 13.68 16.00

Extractives 5.53 5.14

PKS = palm kernel shell, CS = coconut shell

lignin content, 40.67%, than CS, 33.07%. The
results were similar to the findings reported by
Ruqayah et al. (2014).

Lignin is a rigid structure that binds
polysaccharide fibres and is a more heat
resistant component than hemicellulose and
cellulose (Dhyani & Bhaskar 2018). The PKS
sample evaluated in the current study recorded
a higher lignin level than CS, 40.67 and
33.07%, respectively. Consequently, a higher
temperature was required to carbonise PKS
(Ahmed & Hameed 2020, Wang et al. 2019).
The more significant lignocellulosic, O/C,
H/C, and ash levels in the PKS contributed to
its considerable carbonisation temperature.

Wang et al. (2019) suggested that carbonised
biomass should exhibit significant signal loss
due to functional group fragmenting and
degrading to form carbon skeletons. The
present study compared the FTIR spectra of the
raw and carbonised biomass samples (Figure 1).
The raw FTIR spectra demonstrated no changes
when the carbonisation temperature employed
was lower than the optimised temperature. The
ideal carbonisation temperatures of the PKS
and CS specimens were 650 °C and 600 °C,
respectively.

The carbonisation duration for each
biomass sample was evaluated up to the loss of
the FTIR signal. No additional signal loss was
observed when the period was increased from
30 to 60 min. Consequently, the present study
maintained carbonisation temperature at 30
min, in line with the green technology approach.
Commonly, a higher carbonisation temperature
is compensated with a shorter duration. For
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Figure 1l The FTIR spectra of the (A) raw PKS and carbonised PKS (CPKS) and (B) raw CS and carbonised

CS (CCS)

instance, Nasri et al. (2019) carbonised CS
at 700 °C for 45 min, while Liew et al. (2019)
PKS produced AC at 607 °C within 35 min.
Nonetheless, the activation time reported in
Nasri et al. (2019) and Liew et al. (2019)PKS was
24 h compared to 2 h in this study.

The percentage yields of the CS and PKS
samples post-activation are tabulated in Table
3. Carbonisation of the CS specimen occurred
until at 600 °C, where the process halted as the
carbon skeletal was successfully formed. The
reduced FTIR signal proved the hypothesis.
For PKS, 650 °C was the optimal carbonisation
temperature. No  further carbonisation
percentage yield evaluation was conducted
beyond the ideal temperature.

Carbonisation temperature is critical to
ensure successful AC production. Optimal
temperature ~ promotes  pore  structure
development (Sanni et al. 2017). Carbonisation
at low temperatures (below 300 °C) is too low
for biomass volatilisation (Ello et al. 2013).
Furthermore, pore structures would not form
despite the large yield due to incomplete
reaction. Conversely, output is decreased if
the temperature is too high (Ello et al. 2013,

©lorest Research Institute Malaysia

383

Yang et al. 2010). The phenomenon results
from accelerated reaction rates, leading to
lignocellulosic polymer decomposition and
fragment burning (Jadhav & Mohanraj 2016).
High temperatures also break C-O-C and
C-C chemical bonds, decreasing yield (Foo &
Hameed 2012).

The PKS utilised in this study recorded a
higher percentage yield than CS. The rigidity
and resistance to reactions of the PKS were
due to its primary component, lignin. The
significant H/C and O/C ratio fixed carbon
proportion contributes to the endurance of the
biomass. An AC percentage yield of 22-25%
recorded in the current study was comparable
to the reports by Yang et al. (2010), Ghazali
&Abdullah (2012), Zailani et al. (2013), and
Hidayu & Muda (2016).

The zinc chloride-activated CS (MZCS)
procured in the present study registered
the highest surface area (391.26 m? g') and
pore volume (0.17 m* g'). Nonetheless, the
pore diameter of the sample, 1.69 nm, was
significantly smaller than its counterpart, the
zinc chloride-activated PKS (MZPKS), at 1.72
nm. The MZPKS also documented a high surface
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Table 3 The BET values and percentage yields of the synthesised activated carbon
Parameter MACS MBCS MZCS MAPKS MBPKS MZPKS
BET surface area (m?/g) 3.93 77.45 391.26 2.88 348.19 367.12
Pore diameter (nm) 1.50 2.20 1.69 0.38 0.38 1.72
Pore volume (m?®/g) 0.001 0.04 0.17 0.0002 0.12 0.16
Percentage yield (%) 17.6 20.5 21.4 17.6 27.3 25

MACS = microwave acid activated coconut shell, MBCS = microwave base activated coconut shell, MZCS = microwave
zinc activated coconut shell, MAPKS = microwave acid activated palm kernel shell, MBPKS = microwave base activated
palm kernel shell, MZPKS = microwave zinc activated palm kernel shell; BET = Brunauer, Emmett and Teller

area of 339.42 m? g'. The results indicated
that activation with ZnCl, produced AC with a
superior surface area than the other activators
utilised in this study. Dehydration, electrolytic
breakdown, and polymer decomposition were
also induced by ZnCl, (Ma 2017, Saka 2012,
Prauchner et al. 2016).

The KOH activation in the present study
produced a range of results for both starting
materials. The PKShad ahigh surface area, 328.6
m? g, while the CS samples documented 77.45
m? g"'. The phenomenon was attributable to the
rigid lignin content of the MBPKS. The CS was
more vulnerable to KOH attacks as it was high in
hemicellulose and cellulose. Nevertheless, the
pore diameter of both biomass was identical,
2.2 nm, which could result in similar surface
reactions. The FESEM images also revealed
that the MBPKS and MBCS exhibited hollow
cores in Figures 2(B) and 3(B). The pores might
have perforated through the biomass due to
the rapid reaction during pore formation. As
a result, the surface area was reduced while the
pore diameter remained constant.

In the present study, acid activation produced
AC with the lowest BET. Figures 2(C) and 3(C)
illustrate the FESEM images of the H,PO,-
activated AC samples. The pores on the samples
formed tunnels that penetrated through the
entire biomass from their upper surfaces. The
acid caused an immediate reaction upon contact
with the biomass by attacking hemicellulose,
which is prone to acid attacks (Jadhav &
Mohanraj 2016). Furthermore, H,PO, split
the cellulose fibres and depolymerised the
hemicellulose and lignin in the specimens
(Sanni et al. 2017).

Numerous pores were observed on the
surfaces of the acid-activated AC obtained in this
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study (Figures 2(C) and 3(C)). Nonetheless, due
to the aggressive nature of acid activation, the
reaction continued until the AC structure was
broken. The surface areas of the H,PO activated
AC were low due to perforation. Ilomuanya et
al. (2016) and Tounsadi et al. (2016) revealed
that acid activation would lead to mesopore
formation. Furthermore, performing physical
activation post-acid activation would result in
the conversion of micropores to mesopores
(Tounsadi et al. 2016). Radiation treatment
would also lead to rapid expansion of pores,
resulting in wall disruptions (Shukla et al. 2020).

The findings in the present study indicated
that pore formation on AC depends on the
activation type. The optimal pore size was
recorded on the ZnCl,-activated AC. The ZnCl,
broke down biomolecules and promoted pore
formation (Prauchner et al. 2016, Saka 2012),
favouring the desired AC. The chemical also
produced AC specimens with the highest BET
surface area and uniform pores. A superior
surface area was observed on the PKS specimen,
documenting 348.19 m®g", almost identical to
the AC with the highest surface area, MZPKS.
Nevertheless, activation with KOH did not form
high surface-area AC when CS was employed
as the starting material. Activation with H,PO,
resulted in the least surface area values for both
biomasses.

The FESEM images of the carbonised and
activated biomass in this study were procured
to examine the physical surface structures of
each sample. Carbon skeletal formation was
visible in the CPKS and CCS specimens (Figures
2(A) and 3(A)). Pores and the simplest form of
carbon bodies are formed following biopolymer
fragmentation and degradation (Prauchner
et al. 2016). Optimal temperatures allow the
synthesis of carbon skeletons. On the other
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hand, additional pores formed on AC surfaces
during activation, contributing to adsorption
attributes.

Figures 2(B) and 3(B) demonstrate the
base and microwave-activated AC samples. A
comparison of the carbonised morphology
of the specimens in this study revealed that
pores were formed on the biomass surfaces
following successful activations. The MBPKS
(Figure 2(B)) exhibited more pores on its
surfaces, whereas the MBCS (Figure 3(C)) had
hollow and damaged pore walls. The finding
explained why the MBCS recorded a lower BET
than MBPKS. The results also indicated that
excessive reaction could destroy pores, forming
tunnelled and hollowed AC.

The FESEM images of the MACS and MAPKS
AC (Figures 2(C) and 3(C)) demonstrate cell
wall disruption and pore narrowing, which
penetrated the entire biomass. Biomass
structure hollowing was also observed in the
acid-activated samples. The phenomenon
reduced the surface area of the specimens,
where the MACS documented a remarkably low
BET of 3.93 m?g™.

Figures 2(D) and 3(D) illustrate the pores
formed throughout the surfaces of the metal
salt AC. The MZCS surface morphology
revealed densely packed pores on its surfaces.

0006 5.0kV 12.2mm x13.0k SE(U)

1020 5.0kv 13.3mim x1.50k SE(L) 30.0pm
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The specimen also had the highest BET value,
391.26 m? g'. Furthermore, no hollowing,
aggression, or disruption of pore walls were
observed in the MZCS. The findings indicated
that the reaction between biomass and ZnCl,
was more favourable than the other activators.

The morphology of the AC surfaces indicated
that pore formation was distinct post-activation,
regardless of the activating agent utilised. In
this study, the ZnCl,-activated AC had pores
(Figures 2(D) and 3(D)). The same activator
also produced the AC with the highest BET.
Nonetheless, when comparing between starting
materials, the MZCS demonstrated uniform
pores throughout its surfaces (Figure 3(D)).
Applying the synthesised activated
carbon as smoke filters

The activated carbon (AC) manufactured in
the present study were evaluated in a custom-
made steel smoke muffler (Figure 4). The
smoke muffler was 40 cm tall and 25.4 cm wide.
The equipment could hold up to 500 g of rice
paddy straw. The narrow top of the muffler was
designed to allow smoke to pass through the AC
samples installed in the AC holder, which had
up to 5 g capacity.

Soot obtained from FESEM shows that it
consists 20% more oxygen (Table 4). In this

. - S T o
0049 2.0kV™13.0mm x5.00k SE(L) IS NN

Figure 2 FESEM images of PKS AC; (A) PKS carbonised at 650 °C for 30 min followed by 2 h of chemical
activation with (B) KOH, (C) H,PO,, and (D) ZnCl, and microwave radiation for 4 min
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study, the EDX data of the soot sediments (Table
4) were employed as a reference to identify the
soot adsorbed on the surface of the MZCS.
The current study aimed to prepare AC that is
applicable as a smoke filter capable of particle
adsorption, particularly soot from paddy straw
combustion. Ideally, the micro- and macropores
on an AC should be between 10 um and under 1
um to capture soot particles.

The MZPKS and MZCS AC were selected for
smoke adsorption evaluations, as the samples
documented a surface area of 367.12 and
391.26 m? g, respectively (Table 3). Based on
the FESEM measurements, the MZPKS AC had
pores between 2.24 ym and 502 nm (Figure
2(D)), while the MZCS recorded pores of 12.2
um and 948 nm (Figure 3(D)). The MZCS
and MZPKS produced in the present study
were suitable for smoke particle adsorption,
considering that their surface areas and pore
sizes were within the range of the particle size
intended for capture.

Figure 5(B) illustrates the surface
morphology of the AC after being subjected
to 30 min of the smoke from paddy straw
combustion. The smoke particles were observed
to have adhered to the surfaces of the sample
surfaces completely. Smoke particles settled
evenly across the MZCS surfaces and inside the
pores, indicating that the surfaces and smoke

0013 2.0kV 13.0mmi x1.00k SE(L)
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particles interacted well. Physically, the MZCS
demonstrated a higher adsorption capacity for
smoke particles than the MZPKS. Conversely,
smoke particles were not evenly adsorbed
onto the surfaces of the MZPKS (Figure 5(E)).
The observations revealed that the MZCS was
suitable as a smoke filter.

Smoke particles clumped and concentrated
on the surfaces of the AC until they were not
visible (Figure 5(C)) when the combustion was
performed for 60 min using 100 g of paddy
straw. The findings indicated that increasing
the combustion period and paddy straw
amount reduced the adsorption capacity of
the specimens. Rising combustion time would
result in more smoke particles adhering to the
AC surfaces and eventually completely covering
them. The surfaces would then be unable to
trap any more smoke particles. To ensure the
surface of AC is not entirely occupied by smoke,
employing the amount of AC per gram of
combustion material would ensure adsorption
efficiency.

Adsorbate accumulation on the AC surfaces
indicated physicaladsorption. Thephysisorption
of soot particles was homogenous, considering
that the adsorbed particles were observable
via FESEM. Furthermore, the instantaneous
adsorption following combustion suggested
physical adsorption.

Figure 3 FESEM images of CS AC; (A) CS carbonised at 600°C for 30 min followed by chemical activation
for 2 h with (B) KOH, (C) H,PO,, and (D) ZnCl, and 4 min of microwave radiation

©lForest Research Institute Malaysia
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Table4  The carbon and oxygen content of soot resulted from burning of paddy straw

Sample Carbon content (%) Oxygen content (%)
Soot 74.30 22.64

MZCS surface 89.83 9.67

MZCS on soot area 72.49 24.66

MZCS = microwave zinc activated coconut shell

D20

® AC holder

152.50

@ Burning chamber
“Jaooor /§_2-- RO

Lol &
—Eb ® Paddy straw inlet
1
13—

160
@254

=,

0008.2.0kV 12.5mm x1.20k SE(L}"

i & Y
0027.2.0kV. 14,6mm x25.0k SE(L) 2.00 9fiim x1 00 R ¢ g doim

Figure 5 FESEM images of; (A) structure of the MZCS before and (B) after being applied in the smoke
muffler for 30 min, (C) smoke particle clumps on the MZCS surfaces after 60 min of combustion
time, (D) pure smoke sediment, and (E) MZPKS surfaces, which demonstrated poor smoke
particle adsorption
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Production cost estimations

The production cost estimation performed in
this study was based on a similar investigation
by Liew et al. (2019). The estimated costs of
producing the proposed AC are tabulated
in Table 5. The total process time included
carbonisation and activation periods, while
feedstock loading capacity was based on the
furnace and microwave employed. Table 3 is
also used as the reference for product yield
estimations.

Feedstock, utility, and labour costs and
depreciation were calculated according to the
guidelines by Liew et al. (2019). Based on a
lab-scale production cost approximation, this
study reduced the production costs by 47%.
The decrement was primarily due to the lower
chemical requirement and high feedstock
loading capacity. Only one low-cost chemical
(ZnCl,) was required for activation.

Norli Uet al

The prospective commercial implications
revolved around the potential utilisation of the
AC synthesised in this study to capture smoke
emitted by agricultural waste combustions. The
effects are more significant in situations without
alternative natural waste management methods.
Furthermore, future research might focus on
reducing smoke emissions from municipal
waste combustion processes.

CONCLUSION

The present study successfully synthesised AC
suitable for smoke filter application. The AC
could function as an adsorbent, filtering soot
particles from the smoke produced during
paddy straw combustion. The potentials of AC
for smoke particle adsorption were evidenced
by the FESEM images obtained in the present
study. Furthermore, instantaneous adsorption
led to physisorption interactions of soot with

Table5  Cost estimations comparison with study by Liew et al. 2019
. Study from
Production Current study Liew et al. (2019)
Operating hour 8 h/day 8 h/day
Total process time 2.5 h /batch 1 h/batch
Feedstock loading capacity 5kg 1kg
Product yield 25 wt.% = 1.25 kg /batch 25 wt.% = 2.5 kg /batch
Daily product output 2.5kg 2kg
Annual product output 650 kg 520 kg
(Five working days /week x 52 weeks /year =
260 working days yearly)
Operating cost
Feedstock USDO0.05 /kg USDO0.05 /kg
USDO0.05 x 2600 kg/year = USDO0.05 x 2080 kg /year =
USD130 /year USD104 /year
Chemical USDO0.04 /kg** USDO0.40 /kg
(USDO0.04 x 2.5 kg char to (USDO0.4 x 4 kg feedstock to
produce 2.5 kg product) x 650 produce 1 kg product) x
kg/year = 520 kg /year =
USD65 /year USD832 /year
Utilities USDO0.03 /year USDO0.03 /year
0.08 x 8 h /day x 260 days /year = 0.03 x 8 h/day x 260 days /year =
USD62.4 USD62.4
Labour USD3000 /year 3000 USD /year
Depreciation USD1283 USD1283
Annual operating cost USD4540.4 USD5281.4
Annual operating cost/Annual output (kg/ USD4.78 USD10.2

year) =
Production cost

#% = Estimated price on 28 January 2023 according to prices obtained from https://www.alibaba.com /product-
detail /Zinc-Chloride-Chloride-Zinc-Chloride-7646_60438518441.html?spm=a2700.galleryofferlist.normal_offer.d_

title.340d4558IMn5E6&s=pp
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the surfaces of the AC. The production cost was
reduced by approximately 47% compared to a
previous study.

The CS and PKS-based AC manufactured in
this study were activated with three chemical
activators and microwave radiation. The ideal
activator, which produced AC specimens with
the highest BET values, was ZnCl,. Among
the AC samples acquired, the MZCS sample
demonstrated superior potential as a smoke
adsorbent due to its pore size and BET value.
A remarkable physical adsorption level was
also observed on the MZCS. Nevertheless,
numerous areas regarding novel AC
applications still necessitate exploration,
including kinetics, isotherm and hysteresis loop
types, and reusability and applications for other
combustion sources. Future studies could also
focus on the adsorption of smoke emitted by
designated sources, such as food waste.
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