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1. Introduction

Rice husk is a waste byproduct of rice production, and it is
generated in large quantities which leads to disposal issues [1].
Most of the techniques used to process rice husk result in the creation
of additional waste. These can include but not limited to acidic effluents
produced during the cleaning of rice husk, harmful gases released
during its incineration, and accumulations of finely dispersed ash [2].

Dried rice husks are composed of 70% to 85% organic matter,
which is typically lignin (21%), cellulose (32%), hemicellulose (21%),
and other components (20% to 25%) [3]. There is great motivation
to use rice husk as a carbon precursor for high-value carbon-based
materials due to its high carbon content [4]. Activated carbon has
gained much attention recently for various applications due to its
high specific surface area, mechanical and chemical stability, and
the ability to control the pore size in the material [5].

Recently, there is much interest in activated carbon derived
from biowaste, as this feedstock is renewable, abundant, reduces
the dependance on fossil fuels, and has a low production cost [4].
As rice husk is a biowaste with little commercial value, this may be
an attractive, sustainable material for producing activated carbon
[6,7]. Also, this approach could potentially contribute to the solution
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Glutinous rice husk, an abundant agricultural biowaste in Thailand, was pretreated with high energy
electron beam irradiation (EBI) at doses of 500 kGy, 1000 kGy, and 1500 kGy prior to fabrication into
biochar by carbonization at 500°C under nitrogen atmosphere. The biochar was then treated with
KOH and subsequently heated at 800°C, yielding activated carbon (GAC). The physical, chemical, and
electrochemical properties of the as-received biochar (GB) and activated carbon (GAC) were investigated.
Scanning electron microscopic images (SEM) suggested that biochar irradiated with 1500 kGy (GB-
1500) has the highest porosity compared to the other samples. The electrochemical properties of GB
and GAC in 3 M HaSO4 using a three-electrode system indicated that EBI affects the electrochemical
performance of the material. The specific capacitance of GB-1500 (6.15 F-g™! at 0.05 A-g™') is higher
than that of the as-received biochar, and the improved performance of the former is potentially due to
the formation of structural defects upon irradiation. Finally, we observed that the specific capacitances
of the GAC were much higher than those of their corresponding GB with the same irradiation doses,
and the capacitances of the GAC decrease with increasing EBI dose.

for reducing in reducing PM 2.5 particles emitted by the incineration
of rice husk.

Rice husk, as a lignocellulosic material [8], requires pretreatment
to overcome its intrinsic recalcitrant nature [9]. Chemical pretreatment,
for instance, using a strong base or a strong acid, are the conventional
methods for lignocellulose pretreatment [10]. While these methods
produce products with high surface area and high yield, the reagents
have a significant environmental footprint [11].

Electron beam irradiation is an upcoming green alternative to
chemical pretreatment of materials [12]. Many investigations into
this field claim that the mechanical, electronic, and magnetic properties
of carbon materials can be modified using high-energy electrons, or
photons [13,14]. High energy electrons are obtained and accelerated
by an electromagnetic field in an accelerator, and these act to modify
the chemical and physical properties of the textile material, or even
improve its quality [15]. Additionally, electron beam does not require
a radioactive source for generation, unlike gamma-rays, even though
they can produce similar effects on carbon materials [16,17]. When
the electron beam bombards the material, it breaks the chemical bonds
[18] producing free radicals [15] which affect the conductivity of
the material [19].
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The aim of the present study is to study the effect of electron beam
irradiation on the properties of rice husk-derived carbon, including
biochar and activated carbon. The effects of electron beam irradiation
were studied comparatively at different doses, i.¢., 500 kGy, 1000 kGy,
and 1500 kGy, with non-irradiated samples used as controls.

2. Experimental

2.1 Materials

Glutinous rice husk was obtained from Surin, Thailand. All
chemicals were of analytical grade, and all solutions were prepared
with deionized water prior to use.

2.2 Pretreatment

The glutinous rice husk was washed with water to remove dirt
and impurities. The rice husk was then dried at 60°C for 48 h then
ground and sieved to a particle size of smaller than 200 mesh (74 pm).
Next, the prepared husk powder was irradiated with an electron beam
(10 MeV, 500 mA) as a pretreatment process at three different doses:
500 kGy, 1000 kGy, and 1500 kGy. The prepared powders were
labeled as G-000, G-500, G-1000, and G-1500 according to the dosage
used in the irradiation process.

2.3 Preparation of glutinous rice husk-derived biochars

The prepared husk powders were carbonized under a nitrogen
atmosphere at 500°C for 1 h with a heating rate of 5°C-min-'. The
obtained glutinous rice husk-derived biochars (GB) were labelled
as GB-000, GB-500, GB-1000, and GB-1500 according to the radiation
dosage for the non-irradiated control, 500 kGy, 1000 kGy, and 1500 kGy,
respectively.

2.4 Preparation of glutinous rice husk-derived activated
carbons

The glutinous rice husk-derived activated carbon (GAC) was
prepared using the following procedure. The rice husk powder was
impregnated with 33 wt% KOH and dried at 80°C for 72 h. Then,
the dried powder was carbonized at 800°C for 2 h with a heating rate
of 5°C-min’!. The GAC sample was then neutralized with 0.1 M
H>S0s, washed with distilled water, and then dried at 80°C for 24 h.
The obtained GAC were labelled as GAC-000, GAC-500, GAC-1000,
and GAC-1500 according to the radiation dosage: non-irradiated
control, 500 kGy, 1000 kGy, and 1500 kGy, respectively.

2.5 Physio-chemical characterization

The morphology of the GBs and GACs was investigated using
a scanning electron microscope (SEM, JEOL JSM-7610F) coupled
with energy-dispersive X-ray spectroscopy (EDX). The surface
functional groups were identified using Fourier transform infrared
spectroscopy (FTIR, Bruker Tensor 27), operating in the range of
4000 cm! to 500 cm!. The elemental composition of the surface was
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determined using X-ray photoelectron spectroscopy (XPS, JPS-9010MC
spectrometer, JEOL Ltd.) equipped with a Mg Ka X-ray source.
Raman spectroscopy (Raman, XploRA™ PLUS HOLIBA) was
conducted over 1000 cm™ to 1800 cm! at a 532 nm excitation wave-
length. Sample crystallinity was investigated using powder X-ray
diffraction (XRD, Bruker D8 ADVANCE) with Cu Ka radiation
(A=1.5406 A, 40 kV, and 40 mA) in the 26 range of 10° to 90° with
a step size of 0.03°. The specific surface area and pore volume of
each sample were obtained by nitrogen adsorption isotherms using
BELSORP-mini (Microtrac BEL Crop.) at 77 K. Prior to the adsorption
measurements, the samples were degassed, samples were degassed
at 90°C for 12 h followed by 300°C for 5 h. The specific surface area
of the samples was calculated according to the Brunauer—Emmett—
Teller (BET) model. The pore volume was determined by the amount
of adsorption at a relative pressure (p/p°) of about 0.999.

2.6 Electrochemical measurements

The electrochemical performance of the samples was carried out
in a three-electrode system. The working electrodes and counter
electrodes were prepared by mixing the GBs/GACs, carbon black,
and polytetrafluoroethylene (PTFE) at a ratio of 90:5:5 by weight, in
ethanol, and the active mass loading was 0.495 mg. After a homogenous
dough was formed, it was rolled into a freestanding electrode.

The electrochemical performance of the prepared electrodes
was characterized using three-electrode Swagelok type cells in 3 M
H2SO4 electrolyte. Saturated Hg/HgSO4 was used as a reference
electrode, and a Celgard 2400 film served as the separator. The cell setup
was connected to an electrochemical station (PGSTAT 302N, Metrohm)
for cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD)
studies. The specific capacitance (Cp) was calculated using the Equation (1).

— lat
P mAV M

where I is discharge current (A), At is the discharge time (s),
m is the total mass of the active material (g), and AV is the voltage
change during discharge (V).

3. Results and discussion

3.1 Physio-chemical properties of GBs and GACs

Raman spectra of GBs is shown in Figure 1(a) and GACs in
Figure 1(b). The D band is accounted for the disordered structure
of carbon materials while the G band is observed as a result of C=C
stretching vibration in the structure [20]. The D and G-bands are noted
to be at around 1350 cm™ and 1570 cm™', respectively [21]. The In/Ig
ratio (Table 1), which shows the degree of disorderness in GBs, increases
as the dose of irradiation is increased. The increase in Ip/IG ratio shows
the effect of EBI on the amount of disordered carbon structure in
GB, which indicates the higher surface area of materials [22]. The
same trend also applies to GACs where the ratio increases from
0.783 (GAC-000) to 0.990 (GAC-1000). However, the ratio drops to
0.539 for GAC-1500. This can be explained as the effect of EBI which
transforms the carbon structure into its nano- crystalline phase and



Synthesis and characterization of electron beam irradiated glutinous rice husk-derived biochar and activated carbon for 3

aqueous electrochemical capacitors

when the input energy is in excess, it changes the nanocrystallinity
structure into the sp? amorphous carbon [23,24].

The EDX spectra of GBs and GACs are shown in Figure 2(a-b),
respectively. The spectrum shows that GBs contained carbon, oxygen,
and silicon as the main composition and a trace of phosphorus and
potassium, which came from the nutrients that plants uptake. For
GAC s, the only elements observed in the spectra are carbon and
oxygen.

Figure 3(a-b) shows the XPS spectra of GBs and GACs, respectively.
The spectra show that carbon and oxygen are the main elements
found, which correlate to the EDX spectra. Moreover, GBs also
contained a trace of nitrogen and silicon.

Figure 4(a) shows the FTIR spectra of GBs. All spectra show
the absorption band at 1593 cm™! corresponding to the stretching
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Figure 1. Raman spectra of (a) GBs and (b) GACs.
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frequency of conjugated ketones, and at 1376 cm'! related to the
phenolic -OH bending frequency. Also, at 1070 cm’!, it relates to
Si-O-Si asymmetric stretch, which is the signal from the leftover
silicon, the main element found in rice husk, in GBs [25].

The nature of carbon and oxygen centers in the samples was
examined using XPS. Figure 4(b-c) show the XPS C 1s spectra of
GB-000 and GB-1500, respectively. The main peak is graphitic
carbon (284.6 ¢V) with small tails of sp* carbon (285.6 ¢V), C-O
(286.7 ¢V), C=0 (288.4 ¢V), and O-C=0 (289.1 eV) [26]. The XPS
O s spectra of GB-000 and GB-1500 are also shown in Figure 4(d-e),
respectively. Both have the main component of C-O (532.8 eV)
with other components of C=0 (531.9 eV), O-C=0 (531.2 eV), and
-OH (533.4 eV) [27]. All the GB samples show similar carbon and
oxygen structure.
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Figure 2. EDX spectra of (a) GBs and (b) GACs.

Table 1. Ip/I; ratio, specific surface area and pore volume of GBs and GACs.

Energy (keV)

Sample In/IG ratio Specific surface area (m*g™) Pore volume (cm*g™)
GB-000 0.622 - -

GB-500 0.627 - -

GB-1000 0.631 - -

GB-1500 0.637 - -

GAC-000 0.783 2068.69 1.038

GAC-500 0.884 814.81 0.597

GAC-1000 0.930 2000.17 1.239

GAC-1500 0.539 1826.61 1.157
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Figure 3. XPS wide scan of (a) GBs and (b) GACs.

—— GAC-000 —— GAC-500 —— GAC-1000 —— GAC-1500

O 1s Cls

Intensity (a.u.)

—

i i T i i
800 700 600 500 400 300 200 100 G

Binding Energy (V)

(a)

GB-1500 1593

(b)

[ntensity (a.u.)
o
&
=
j
3%
Intensity (a.u.)

Intensity (a.u.)

'GB-000 "‘*\fv_
N
R
4000 3500 3000 2500 2000 1500 1000 294 292 290 288 286 284 282 280 294 292 2“)0 288 286 284 282 280
Wavenumber (em™) BE (eV) BE (eV)
(d)
— (=
—C-0
——0-C-0
-OH \

Intensity (a.u.)

Intensity (a.u.)

538 536 534 532 530 528
BE (eV)

53&8 556 53‘,4 5:‘32 53‘-'0 SZIS
BE (cV)

Figure 4. (a) FTIR spectra of GBs. XPS C 1s spectra of (b) GB-000 and (¢) GB-1500 and XPS O Ls spectra of (d) GB-000 and (e) GB-1500.

Figure 5(a-d) shows the SEM images of GB-000, GB-500, GB-
1000 and GB-1500. The rough and more spherical surface can be
observed only in irradiated samples, which are GB-500, GB-1000
and GB-1500. This indicates the effect of EBI, which cleaves the
cellulosic structure of rice husks, on the surface morphology of GB
[28]. Moreover, the cleaved structure can self-manufacture into the
curly structure corresponding to the spherical structure observed on
the surface of irradiated GBs [29].

The XRD patterns of GBs and GACs are shown in Figure 6(a-b),
respectively. Two broad peaks at 23° and 45°, were observed in
all samples, corresponding to the (002) all samples, correspond to the
(002) and (100) planes of graphite, respectively. The similar XRD
pattern of each GB samples indicates that all GBs have low
crystallinity, which correlates with the In/Ig values described earlier.
However, the low intensity of (002) peak indicates the increase in
structural disorder in GAC-000 and GAC-1000. This may result in
higher charge capacity of these materials [30].

J. Met. Mater. Miner. 33(3). 2023

The N2 adsorption-desorption isotherm plots of GACs are shown
in Figure 6(c). From the plots, the GAC samples are all having
hysteresis loops indicating that they are type IV isotherms, indicating
that they contain both micropores and mesopores [31]. Since
GAC-000 can adsorb more N2z over the initial relative pressure range
(p/p° < 0.05), this suggests that it contains the highest number of
micropores, followed by GAC-1000 and GAC-1500, respectively [32].
The specific surface area and pore volume of each GACs are shown
in Table 1. GAC-000 exhibits the highest specific surface area. This
is the result of surface structural breakdown on irradiation [33].

Figure 7(a) shows the FTIR spectra of GACs. All spectra show
the absorption band at 3200 cm™' corresponding to the stretching
frequency of -OH group, and at 1550 cm™! relating to the aromatic C=C
stretching frequency. Also, at 1070 cm’!, there is a strong (C-O-C
stretch) peak in every sample. However, the absorption at 1740 cm’!
and 1360 cm™!, which correspond to -COO- stretching and -CHa-
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rocking, are found only in the irradiated GACs (GAC-500, GAC-1000,
and GAC-1500) [34]. The electron beam irradiation increases the
amount of sp? carbon as can be seen from the intensity of the peak
at 1740 cm™!. This correlates with the results obtained from Raman

spectroscopy.
Figure 7(b-c) show the XPS C 1s spectra of GAC-000 and GAC-
1500, respectively. The main peak is sp?>-bonded carbon (284.6 ¢V)

with small tails of sp’-bonded carbon (285.6 eV), C-O (286.7 eV),
C=0 (288.4 V), and O-C=0 (289.1 eV) [26]. The XPS O 1s
spectra of GAC-000 and GAC-1500 are also shown in Figure 7(d-e),
respectively. Both have the main component of C-O (532.8 eV)
with other components of C=0 (531.9 eV), O-C=0 (531.2 eV), -OH
(533.4 ¢V) and water (535.5 eV), which correlate with results from
FTIR spectra [27]..

Figure 5. SEM images of (a) GB-000, (b) GB-500, (c) GB-1000 and (d) GB-1500.
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Figure 8. SEM images of (2) GAC-000, (b) GAC-500, (c) GAC-1000, and (d) GAC-1500.

The SEM images of GAC-000, GAC-500, GAC-1000, and GAC-
1500 are shown in Figure 8(a-d), respectively. The morphology of
every sample shows the more obvious pores and sharper edges
compared to GBs as KOH etches rice husk more vigorously than
EBI. Moreover, the small spheres found in GBs are not observed in
GAC:s since KOH might completely react with this carbon surface,
resulting in breakdown of the spherical structures [35]. Also, the
pore size observed is in the same trend as the pore volume acquired
from BET calculation

3.2 Electrochemical performances of GBs and GACs

Cyclic voltammetry was done to study the capacitive behavior
of the materials. The cyclic voltammograms of GBs are shown in
Figure 9(a). Compared to GB-000, GBs that have been through the
pretreatment process with EBI have a more supercapacitor-like
behavior, as indicated by the quasi-rectangular shapes of their cyclic
voltammograms. However, there is also a pseudocapacitive behavior
in the GBs as could be determined from both little anodic (GB-500 =
-0.025 V; GB-1000 =+0.075 V; GB-1500 =-0.15 V vs Hg/HgSO4)
and cathodic peaks (-0.30 V vs Hg/HgSOs). These are the result of
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redox reactions of oxygen-containing functional groups, e.g., hydroxyl
group, as observed in the XPS spectra [36]. In addition, the window
shift was observed from GB-000 to the other irradiated GBs, which
was caused by the irradiation process.

As indicated in Figure 9(b), all voltammograms of GACs show
the characteristic rectangular shape of electrochemical double-layer
capacitors (EDLC) [30]. In a similar way to GBs, the anodic (-0.02 V
vs Hg/HgSO4) and cathodic (-0.07 V vs Hg/HgSO4) peaks are
observed, indicating pseudocapacitive behavior. This helps increase
the capacitance of supercapacitors [36].

Next, galvanostatic charge-discharge (GCD) was used to measure
the capacitive performance of GBs and GACs. The GCD profiles of
GBs are shown in Figure 9(c). The large potential drop in all samples
when the measurement started discharging shows the high internal
resistance of the materials [36]. The specific capacitance of each sample
is shown in Table 2. At current density 0.05 A-g'!, GB-000 has
the specific capacitance of 1.63 F-g! and at the same current density,
GB-1500 has a specific capacitance of 6.15 F-g"1. These results reveal
the effect of EBI on the electrochemical performances of GB,
suggesting that EBI can potentially be used to increase the electro-
chemical performance of electrodes made from biochars.
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Figure 9. The cyclic voltammograms of (a) GBs and (b) GACs at 5 mV s™! and the GCD profiles of (c) GBs at 0.05 A g and (d) GACs at 0.5 A g’'.
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Table 2. Specific capacitance of GBs and GACs.

Sample Specific capacitance (F-g™) Current density (A-g™)
GB-000 1.63 0.05

GB-500 4.60 0.05

GB-1000 0.58 0.05

GB-1500 6.15 0.05

GAC-000 119.74 0.5

GAC-500 69.35 0.5

GAC-1000 114.77 0.5

GAC-1500 89.09 0.5

Figure 9(d) shows the GCD profiles of GAC samples. All profiles
exhibit a triangular shape which indicates that these materials are
suitable to be used as supercapacitor electrodes. In contrast to GBs,
the calculated specific capacitance shows that GAC-000 exhibits
the highest value among GAC samples which is 119.74 F g at 0.5 A-g”!
while GAC-1500 has the value of 89.09 F-g™! at the same current
density, as shown in Table 2. The decreasing trend observed is the
result of the same trend seen for the specific surface area of GACs [33].
We speculate that EBI might have destructive effects on the structure
and properties of GACs such that it lessens the electro-chemical
performances when the materials are used as electrodes [33]. However,
the effects of EBI on the structure and properties of GACs or not requires
more in-depth investigation, which is beyond the scope of this study.

4. Conclusions

In this study, GBs and GACs were synthesized using different
doses of EBI as the pretreatment method. The effect of EBI on electro-
chemical performances of supercapacitor electrodes prepared from
glutinous rice husk-derived carbon materials was investigated. For
GBs, GB-1500 showed the highest specific capacitance of 6.15 F-g’!
at 0.05 A-g’! indicating the beneficial effect of EBI on biochar. In
contrast, for GACs, GAC-000 exhibited the highest specific surface
area among all GAC samples with the value of 2068.69 m?-g"! and
the specific capacitance of 119.74 F-g! at 0.5 A-g"! compared to the
value of 89.09 F-g”! of GAC-1500. This suggests that although EBI
could be used to increase surface area and, hence, charge storage
performance of biochar, it shows negative effects on the electrochemical
performance after KOH activation. Moreover, KOH activation is still
needed to generate activated carbon with suitable electrochemical
performance. This study highlights the different effects of EBI on
the electrochemical properties of biochar and activated carbon despite
derived from the same precursor material. However, further investigation
related to the properties of GACs resulted by EBI pretreatment is
still required in the future research.
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