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Abstract

This research focuses on the utilization of bagasse as activated carbon (AC) under microwave-
assisted phosphoric acid activation. The AC was activated using various frequencies of microwave energy
combined with phosphoric acid before the carbonization process. Results indicated that the AC obtained
from bagasse under microwave-assisted phosphoric acid had improved properties, i.e. fixed carbon,
surface area, and iodine adsorption capacity. However, the loss of AC properties could be attributed to
microwave energy exceeding a limit of 800 W. The optimum activated condition in this research was the
use of microwave energy 500 W assisted phosphoric acid, which had fixed carbon, surface area, and
iodine adsorption capacity at 88.34 + 0.67 %, 781 m?/g, and 852 + 6.0 mg/g, respectively.
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Introduction

Activated carbon (AC)is well known as a porous material that can adsorb various matters or
pollutants in any state. The applications of AC include medical treatment [1], energy storage [2], water
and wastewater treatment [3], and flue gas treatment and adsorption [4]. The use of AC is increasing
every year as it is widely used in a variety of applications [5]. The properties of AC can be derived from
its high surface area, well-developed internal structure, and presence of various functional groups, which
depend on the raw materials and preparation methods. For the preparation methods, activation is the key
process to obtain high-quality AC. There are 2 common activation processes: physical activation, e.g.
steam and carbon dioxide, and chemical activation, e.g. KOH, NaOH, ZnCl, and H;PO4. Among both
activation processes, chemical activation was noted to be the preferred method because the activation
temperature required is relatively low, compared with physical activation [6,7].

Microwave energy is one of the most popular methods used in physical activation, due to this type
of energy providing a uniform temperature distribution, a rapid temperature rise, in addition, to being
energy-saving [8-10]. The applications of microwave-induced chemical activation have been extensively
studied over recent years. [11] noted that the activation via microwave-assisted KOH improved the BET
surface area of starch-derived spherical carbon from 8.9 to 616.8 m’g”". [12] also demonstrated that the
AC prepared from cotton stalks by microwave-assisted ZnCl, showed the high adsorption ability of
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methylene blue. Although the utilization of microwave energy as an activation source can enhance the
properties of AC, microwave energy that is too high will lead to the destruction of the pore structure of
AC, resulting in inefficiency adsorption [13]. Finding the appropriate microwave energy conditions for
each raw material is necessary.

Bagasse is a by-product of the sugar industry, which is around 30 % of the entire plant [14]. The
main compounds of bagasse are lignin and cellulose. This leads to bagasse being an effective resource for
cheap AC production if prepared under controlled conditions or with appropriate treatments [15]. Hence,
in terms of the application of bagasse as AC, this can decrease the volume of agriculture waste and
simultaneously produce a valuable adsorbent with cheaper costs than traditional AC [16,17]. In this sense,
the focus of this study was to prepare low-cost activated carbon from bagasse by microwave-assisted
phosphoric acid activation before the carbonization process. The appropriate activated condition was
evaluated on yield, fixed carbon, surface area, functional groups and adsorption capacity.

Materials and methods

Materials

Bagasse was collected from the Prachuap Sugar Industry, Co., Ltd., Kanchanaburi, Thailand. To
control for the consistency of bagasse for this study, the whole quantity requirement of bagasse was
estimated and collected at one time. The components of bagasse, which consisted of extractive free
3.09 %, cellulose 49.31 %, lignin 23.21 %, and hemicellulose 24.39 % wt. (dry basis), which were carried
out using TAPPI (Technical Association of the Pulp and Paper Industry) methods [18-21]. The received
bagasse was firstly washed with deionized water to remove any dust and soil and then dried in an electric
oven at a temperature of 90 °C overnight. The dried bagasse was ground and sieved to produce particles
smaller than 250 pm (Sieve No. 60). All chemical reagents used in this research were of an analytical
grade, such as iodine and phosphoric acid (H;PO,).

Determination of optimum carbonized temperature

To determine the optimum carbonized temperature, 2.0 g of ground bagasse was placed in a crucible
and then heated using an electric furnace at a rate of 10 °C/min, under N, atmosphere, as shown in Figure
1. When the temperatures reached the desired temperatures, ranging from 400 - 800 °C, the heat was
maintained for 1 h. The fixed carbon contents and the nature of the chemical bonds of the carbonized
samples were examined using Thermogravimetric analysis (TGA, TGA8000, Perkin-Elmer, USA) and
Fourier transform infrared spectroscopy (FTIR, Model Bruker/Tensor27 method.), respectively. The
yields of the carbonized samples based on the dry samples were calculated as shown in Eq. (1). The
heating temperature that provided the optimum fixed carbon and yield was selected to prepare the
activated carbon in section 2.3.

Yield (wt.%, dry basis) = % X 100 (1

W: is the weight of carbonized samples (g) and W; is the weight of raw ground bagasse (g).
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Figure 1 Experiment set up for carbonization process.

Microwave-assisted acid pretreatment of bagasse before carbonization

To prepare activated carbon (AC) from bagasse, 2.0 g of the ground bagasse was immersed in 40 %
phosphoric acid with a solid: Liquid ratio of 1 for 24 h. The immersed samples were then subjected to
activation via microwave power of 0, 200, 500, and 800 watts for 60 s. After that, the activated samples
were rinsed with DI water to remove any excess solution and dried in an electric oven at 110 °C for 24 h.
The activated conditions are summarized in Table 1. The samples were heated using an electric furnace
with the optimum conditions from section 2.2. The activated carbon samples obtained were examined for
yield, fixed carbon, FTIR, scanning electron microscopy (SEM, Model Apreo), Brunauer-Emmett-Teller
(BET, Model ASAP2460), and iodine absorption capacity. All experiments, i.e., yield, fixed carbon, and
iodine absorption capacity, were performed in triplicate.

For iodine absorption capacity analysis, the experiments were performed following ASTM D4607-
14. The activated carbon obtained was ground until it passed through a 100-mesh screen. The ground AC
was dried at 120 °C for 3 h and then kept in a desiccator until cool. 1 g of dried ground AC was placed
into a 250 mL Erlenmeyer flask, and then 10 mL of 5 % hydrochloric acid (HCI) was added. Each flask
was swirled gently until the AC was wet and then boiled for 30 + 2 s for sulfur removal. The flask was
cooled to room temperature. 100 mL of 0.1 N iodine solution was added and shaken for 30 = 1 s. The
solution was then filtrated to separate solid and liquid. 50 mL of filtrated solution was added to the 250
mL Erlenmeyer flask and titrated with 0.1 N sodium thiosulfate solution until the solution was a pale
yellow color. After that, 2 mL of the starch indicator was added and continuously titrated with 0.1 N
sodium thiosulfate solution until it became a colorless solution. The concentration of the sodium
thiosulfate solution was recorded and calculated, as shown in Eqs. (2) - (4).

X DFXBX S.
w= = ()
pF = {8 ?3)
F
_ (N1 +9)
=t )

where X/M is iodine absorbed per gram of carbon (mg/g).
S is the volume of sodium thiosulfate (mL).
M is carbon used (g).
DF is dilution factor.
I is the volume of iodine solution (mL).
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H is the volume of 5 % HCI (mL).

F is the volume of filtrate (mL).

C is the concentration of residual filtrate (N).

N is the concentration of sodium thiosulfate (N).

Table 1 The summarization of activated conditions in this research.

Symbols Details

C Carbonization without activated process

PC Activated by H;PO, and then carbonization
PM200C Activated by H;PO,4 with a microwave power of 200 W and then carbonization
PM500C Activated by H;PO,4 with a microwave power of 500 W and then carbonization
PM800C Activated by H;PO, with a microwave power of 800 W and then carbonization

Results and discussion

Characteristics of carbonized bagasse

In this investigation, the appropriate carbonized condition for the bagasse was determined in the
range of 400 - 800 °C, through yield, fixed carbon content, and FTIR analysis. Figure 2 exhibits the
yields and fixed carbon contents at various temperatures, which pronounced that fixed carbon contents
increased with an increasing temperature of up to 600 °C, whereas the yields decreased. In terms of FTIR
analysis, a broad peak was found at ~ 3450 cm™ indicating -OH stretching vibration mode of hydroxyl
functional groups [22], as represented in Figure 3. The peak at 1606 cm™ was characterized as the C=0
stretching vibration of lactonic and carbonyl groups [23,24]. Meanwhile, the peak appearing at
approximately 1080 cm™ represented the C-O vibrations of various oxygen-containing groups [25]. The
band in the range of 800 - 500 cm” could be attributed to C-H and C=CH, stretching vibration in
aromatic structures [26]. The increase in carbonized temperatures led to the disappearance of the peak at
1606 cm™ on the carbonized sample at 800 °C. This finding might be related to the reduction of fixed
carbon content at high temperatures (above 600 °C). Previous research studies noted that the adsorption
capacity not only depends on the surface area, pores volume, and types of pores but also correlates with
the concentration of fixed carbon [12,27]. Relatively high fixed carbon provides a high adsorption
capacity. Hence, this indicated that the optimum carbonized temperature of this study was 600 °C, giving
the yield and fixed carbon contents as 26.63 and 83.95 % by weight, respectively.
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Figure 2 Yield and fixed carbon contents of carbonized samples.
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Figure 3 FTIR patterns of carbonized samples.

Characteristics of activated carbon from bagasse

Yield and fixed carbon content

Regarding the previous investigation, the carbonized temperature of 600 °C for 1 h exhibited the
optimum condition, consequently, this was applied to synthesize the activated carbon in this section. The
properties of the AC obtained were enhanced by pretreatment with 40 % phosphoric acid and microwave
energy in the range of 200 - 800 W, before the carbonized process. Figure 4 shows the yield and fixed
carbon contents of activated carbon from bagasse by microwave-assisted phosphoric acid activation.
Results showed that the percentage of yield increased when the bagasse was activated by phosphoric acid,
as illustrated in Figure 4(a). This was due to the formation of phosphocarbonaceous species and volatile
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phosphorous compounds on the surface of bagasse [7,28]. The influence of microwave energy led to a
gradual decrease in the yields again due to the thermal degradation of some volatile matter [7,29]. In
terms of fixed carbon, this was found to increase with the activation processes, as shown in Figure 4(b).
This means that the formation of phosphocarbonaceous species and volatile phosphorous compounds on
the surface of bagasse acted in the protection of the carbon skeleton [29]. The increase in microwave
energy can contribute to obtaining more active sites on the samples [12]. However, the fixed carbon loss
was attributed to the microwave energy increase to 800 W. This means that some phosphocarbonaceous
species and volatile phosphorous compounds were eliminated.

(wt./wt. dry basis)
— o
[T

% Fixed carbon of activated
carbon (wt./wt. dry basis)

% Yield of activated carbon

® ® ® © ©

o
»
)
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Figure 4 Yield and fixed carbon contents of activated carbon. (a) Yield and (b) fixed carbon contents.

Fourier transform infrared spectrum (FTIR)

FTIR spectrum was used to identify the functional groups on the surface of the samples. The
samples before and after the carbonized process are shown in Figures 5 and 6, respectively. Regarding
Figure 5, it shows that there is a small change between the raw BG and the activated BG. All samples
exhibited 2 obvious peaks at the broad peak at ~ 3450 and 1080 cm™, and this could be attributed to -OH
stretching vibration mode of hydroxyl functional groups and C-O vibrations of various oxygen-containing
groups, respectively. The PM800 sample reveals very low intensity at 1080 cm™, which may imply a loss
of functional groups. This finding is related to yield and fixed carbon loss results, as shown in Figure
3(a).

After the carbonized process, the peak at ~ 3450 cm™ disappeared for all samples, as given in
Figure 6. All samples have 4 similar peaks, i.e. at 1606, 1080 cm™, and the band range of 800 - 500 cm™.
The peaks at 1606 and 1080 cm™ were attributed to C=0 and C-O vibrations, respectively, while the band
range of 800 - 500 cm™ was C-H and C=CH, stretching vibrations. This indicated that the activation
process seemed to have no significant impact on the functional groups.
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Figure 5 FTIR patterns of samples before carbonization process.
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Figure 6 FTIR patterns of activated carbon from bagasse.
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Surface area and isotherms

Figure 7 shows the nitrogen adsorption isotherms of activated carbon from bagasse with/without
microwave-assisted acid activation pretreatment before carbonization. Results exhibited that all of the
isotherms were type I and II according to the IUPAC classification. The initial part of the isotherms is
represented as type I with N, uptake at low relative pressure, corresponding to adsorption within their
micropores. For intermediate and high relative pressure, the isotherms were type II, which obtained a
distribution of pore sizes (pore size larger than micropores). This finding agrees with the average pore
size, as given in Figure 8(c). According to [UPAC classification, this finding of the average pore size
lower than 20 A° (2 nm) in all samples is classified as micropore (microporous materials having pore
diameters up to 20 A° (2 nm)) [30].

Increasing the microwave energy up to 500 W resulted in a gradual increase in the N, adsorption,
surface area, and pore volume, as illustrated in Figures 7 and 8(a)- 8(b). A similar finding was
performed by [29], who noted that the development of pore structure was dependent on microwave
energy. Based on conventional heating, the heat source heats the carbon materials from the outer surface
to its interior via convection, conduction, and radiation mechanisms, which could be non-uniform heating
under the difference in the shapes and sizes of carbon materials. Consequently, some volatile components
might remain inside the carbon material particles, and provide relatively low total pore volume and BET
surface area [6]. Meanwhile, microwave heating is characterized as uniform and volumetric heating, the
mechanism of microwave heating affects depolarization and polarization. The carbon materials receive
energy through dipole rotation and ionic conduction, and large amounts of heat can be transferred from
the interior to the outer surface. Hence, some volatile components that remain inside are eliminated,
resulting in pore structure development and a high BET surface area is obtained. However, if the
microwave energy is too high (at 800 W), this leads to a reduction in the N, adsorption and surface area,
including pore volume [12,31-33]. Thus, it can be concluded that the activation using phosphoric acid
with microwave energy at 500 W was adequate to develop the highest surface area and N, adsorption,
including fixed carbon, among the range of activation conditions used in our study.
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Figure 7 Nitrogen adsorption isotherms of activated carbons from bagasse by various activated
conditions.
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Figure 8 Results of BET analysis. (a) surface area, (b) total pore volume, and (c) average pore size.

Scanning electron microscopy

The morphology of AC obtained in this study was examined using a scanning electron microscope
(SEM), as shown in Figure 9. Figure 9(a) shows sphere pores distributed on the surface of a sample
without activation, due to the elimination of volatile matter after the carbonization process [34]. The
activated samples (Figures 9(b) - 9(e)) also exhibited a porous structure and size similar to the control
sample. This means that pretreatment with microwave energy does not affect the pore shape and size of
AC obtained. This investigation is related to the BET results.
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Figure 9 Morphology of activated carbon from bagasse. (a) C, (b) PC, (c) PM200C, (d) PM500C and
(e) PM80OC.

Iodine absorption capacity

Typically, the adsorption capacity depends on the amounts of active sites and the porous structure of
AC materials [5,13]. The highly porous structure of AC can provide many sites for adsorption, which
corresponds to high adsorption efficiency. In this research, the iodine adsorption capacity test was based
on the ASTM DA4607-94 approach [35], as illustrated in Figure 10. Results found that the iodine
adsorption capacity was enhanced with the activated process and microwave energy, except at 800 W.
The AC prepared by pretreating phosphoric acid with 500 W microwave energy achieved the highest
iodine adsorption efficiency of 852 + 6.0 mg/g. Microwave energy over 500 W attributed to iodine
adsorption capacity loss, approximately 281 + 6.2 mg/g, due to the destruction of the pore structure [13].
This finding corroborated with the surface area and pore volume results, as represented in Figures 8(a) -
8(b).
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Figure 10 Iodine adsorption capacities of activated carbon.

Comparison of the AC produced from various applications of microwave energy

Table 2 shows the comparison of AC obtained in this study with the relevant literature through the
preparation method and surface area. The AC obtained exhibited that the application of microwave-
assisted phosphoric acid for pretreatment provided the AC with a high surface area of 781 m/g.
Meanwhile, using microwave energy as an activation source after the carbonized process produced a
similar grade of AC with a surface area in the range of 570 - 617 m*/g. This denotes that the pretreatment
by microwave-assisted phosphoric acid was a potential method for the preparation of a high-grade AC.
However, previous research studies recommend that the AC produced by microwave heating (carbonized
process) has more efficiency than conventional heating, as represented in surface areas above 790 m*/g.
This can be applied in the future study to the preparation method of AC using microwave-assisted
phosphoric acid for pretreatment before carbonization by microwave heating. In addition, the other
characteristics, such as recyclability and other pollutant absorption capacities, will be investigated in the
future to confirm the properties of AC prepared under such conditions, and whether it can be used in the
production of commercial absorbent materials.

Table 2 Comparison of AC obtained in this study with the literature.

Raw material Preparation method Surface area (m?/g) Reference

Bagasse H;PO, with microwave energy 781 This study
pretreatment, Conventional heating

Starch H;PO, with hydrothermal pretreatment, 616.8 [11]
KOH with microwave energy activation

Waste palm shell Microwave heating, Microwave steam 570.8 [5]
activation

Bamboo H;PO, pretreatment, Microwave heating 1432 [29]

Cotton stalk ZnCl, pretreatment, Microwave heating 794.8 [12]

Almond shell H;PO, pretreatment, Microwave, and 1128 [36]
Conventional heating

Almond shell Microwave heating, ZnCl, activation 839 [37]

Pinecone Microwave heating, ZnCl, activation 939 [38]
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Conclusions

The research indicates the high efficiency of AC obtained from bagasse by microwave-assisted
phosphoric acid activation. The microwave energy combined with phosphoric acid for activation
exhibited a relatively high potential than only phosphoric acid activation. However, the high microwave
energy at 800 W has a negative impact on the properties of the AC obtained. The optimum activation
condition in this research was microwave energy at 500 W with phosphoric acid which exhibited a high
surface area of 781 m*/g, and fixed carbon of 88.34 + 0.67 %. Such a high surface area resulted in the
highest iodine adsorption of 852 + 6.0 mg/g. Also, the AC obtained in this study exhibited microporous
materials, which will be an excellent absorbent material for volatile pollutants removal. This will open the
door for the application of this type of AC obtained for commercial absorbent material in the future. Thus,
the overall results demonstrated that the activation under microwave-assisted a phosphoric acid is a
remarkable approach for converting bagasse into AC with a high surface area and adsorption capacity.
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