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ABSTRACT

Microwave-assisted activation is a green technology technique that can synthesize
activated carbon from bagasse. In this study, microwave-assisted ZnCl, chemical activation
was applied to convert bagasse to activated carbon (BAC). Activating activated carbon
was optimized using surface response methodology (RSM). The Box-Behnken (BBD)
design was used to assist in the optimum synthesis condition, with the loading of ZnCl,
concentration (A: 10-50% w/v), heating time (B: 2—12 min), and microwave power (C:
150-800 W). The BAC was characterized using Brunauer-Emmett-Teller (BET), Scanning
Electron Microscopy (SEM), Fourier Transform Infrared (FT-IR), and moisture content.
The findings of the BAC optimization were at a ZnCl, concentration of 24.281 (% w/v), 12
min of heating time, and 800 W of microwave power. The characterization result shows that
BAC,, has mesoporous carbon and a desirable surface area of 446.874 m*/g, average pore
size of 4.071 nm, pore volume of 0.054 cc/g, and total pore volume of 0.2531 cc/g. SEM
analysis revealed that microwave-generated pore structures lead to the ZnCl, activation
process. The pore structures of the raw material and activated carbon were different. The
FT-IR analysis shows the existence of functional groups as well as changes in functional
groups from raw material to activated carbon. The moisture content study findings are
5.51t0 9.21% in accordance with the Indonesian National Standard (SNI) 06-3730-1995.
The isothermal adsorption-desorption

process is classified as type IV adsorption
ﬁg;ii:&%y gebmary 2023 with hysteresis loop H4, suggesting that
?gﬁﬁgﬁi‘;ﬁ%?ﬁ’fgzm y the pore distribution in activated carbon is
[ mesoporous with a tiny pore width and slit-
shape pore materials.
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INTRODUCTION

Biomass waste as a feedstock for renewable energy or the development of material
innovation is a challenge in research (Daochalermwong et al., 2020). The significant
increase in biomass waste is getting much attention due to environmentally friendly aspects
and the availability of raw materials, which is also one aspect of sustainable development
(Ummartyotin & Pechyen, 2016). Using biomass waste as raw material for material
innovation or renewable energy has developed methods and is still being developed to
meet industrial needs. One of the developments focuses on the use of biomass waste as an
adsorption material known as an adsorbent (Ummartyotin & Pechyen, 2016). Activated
carbon is an amorphic compound produced from materials with a high carbon level and is
specially modified to produce a larger surface area (Arnelli et al., 2019). On an industrial
scale, activated carbon is utilized as an adsorbent for purification and separation processes
(Ozdemir et al., 2014). Hence, it is utilized in wastewater treatment, metal recovery, solvent
recovery, food processing, and improving odor and flavor (Ao et al., 2018).

Several studies have produced activated carbon from various biomass wastes such
as sugarcane bagasse (el Nemr et al., 2022; Foo et al., 2013; Jiang et al., 2021; Karri et
al., 2020; Kaushik et al., 2017; Salihi et al., 2017), macadamia nut endocarp (Junior et
al., 2014), pineapple leaf (Daochalermwong et al., 2020), rice husk (Arnelli et al., 2019),
grape stalk (Ozdemir et al., 2014), cotton stalk (Deng et al., 2009), sludge waste (Bian
et al., 2018), rubber fruit shell (Suhdi & Wang, 2021) and many more. Based on the
study's findings, biomass waste can be converted into low-cost adsorbents (Buthiyappan
et al., 2019). Activated carbon preparation from lignocellulose often uses physical or
chemical activation (Abdulhameed et al., 2021). The physical activation process involves
the carbonization of raw materials under inert conditions, followed by the activation of
the resultant carbon at high temperatures (Mahmood et al., 2017). In contrast, chemical
activation consists of a single step. It is conducted in the presence of dehydrating reagents
such as KOH, K,CO,, NaOH, ZnCl,, and H;PO,, which inhibit tar formation and enhance
pyrolytic decomposition (Deng et al., 2009). In this study, we used a combination of
chemical and physical activation to improve activated carbon characteristics. Lam et al.
(2017) state that combining chemical and physical activation will produce activated carbon
with highly accessible pores. ZnCl,, as an activator in chemical activation, was used for its
advantages in generating activated carbon with small pore volume, pore size, and higher
surface area (Luo et al., 2019). Furthermore, microwaves can affect activated carbon's pore
structure and surface area (Arnelli et al., 2019).

Sugarcane Bagasse is one of the biomass wastes that can be developed into activated
carbon. Sugarcane bagasse comprises approximately 50% cellulose, 25% hemicellulose,
and 25% lignin, each reacting vigorously with dyestuff and heavy metals (Buthiyappan et
al., 2019). However, unmodified sugarcane bagasse has limited absorption efficiency, long
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contact time, and low pH sensitivity. Sugarcane bagasse can be chemically and physically
modified to generate low-cost activated carbon and efficiently remove heavy metals,
dyestuffs, and phenols (Buthiyappan et al., 2019). The availability of sugarcane bagasse
based on Indonesian Plantation Research Center (P3GI) data, from 62 sugar factories,
29,911 million tonnes of sugarcane can be milled per year, resulting in 2,991 million tonnes
of bagasse will be produced (Hidayati et al., 2016). Meanwhile, up to 3,500 tonnes of
sugarcane is used daily at the Madukismo Sugar Factory in Yogyakarta, and 1,400 tonnes
of bagasse are generated daily. 50% of the bagasse produced by the milling process will
be used as boiler feed, the others being stored as waste with no economic value. Bagasse
can be used as a raw material for producing activated carbon for adsorption due to the high
carbon concentration of the lignocellulose in bagasse (Hidayati et al., 2016).

Activated carbon is composed of functional groups bound to fused aromatic rings,
which are predicted to have comparable chemical characteristics to aromatic hydrocarbons.
Thermal, hydrothermal, or chemical treatment can alter and adjust surface functional groups
in carbon matrices for specific applications (Ao et al., 2018). To optimize the activated
carbon preparation from bagasse, we used Response Surface Methodology (RSM). RSM
was chosen in some recent studies to optimize the preparation parameters and further
analyze potential interaction between various parameters (Yuan et al., 2018). Box-Behnken
Design (BBD) is one of the RSM commonly used in food processing, analytical chemistry,
and AC production. BBD provides the following advantages: BBD assists in optimizing
variables with the fewest number of experiments, contributes further analysis interaction
between variables, can effectively estimate factors of the quadratic model, and avoids
combination factors at an extreme range (Yuan et al., 2018).

This study converted bagasse from the Madukismo sugar factory in Yogyakarta,
Indonesia into activated carbon. Chemical and physical activation were combined to prepare
activated carbon. The activation was performed using microwave-assisted ZnCl, chemical
activation. This study aims to optimize activated carbon (AC) production from sugarcane
bagasse using ZnCl, as a precursor in chemical activation and microwave-assisted activation
as physical activation. Optimization of activated carbon used RSM. The BBD design was
approached in the optimum synthesis condition. The effect of microwave power, heating
time, and ZnCl, concentration on activated carbon was investigated. In addition, BET
surface area, iodine number, surface functional group analysis by Boehm titration, FT-IR
analysis, and SEM-EDX were used to characterize the bagasse-activated carbon.

METHODOLOGY
Activated Carbon (AC) Preparation

Raw Material. Sugarcane Bagasse (SB) was obtained from Madukismo Sugar Factory,
Yogyakarta, Indonesia. Sugarcane bagasse was washed with distilled water several times
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to remove the dirt and dried in an oven at 110°C for 24 hrs. The material was subsequently
pulverized and granulometrically into particles with sizes 177 um. The proximate
examination of the raw material was performed at Pusat Studi Pangan dan Gizi Gadjah
Mada University, Indonesia to determine the concentration of hemicellulose, cellulose,
and lignin.

Synthesis of Activated Carbon. Conventional pyrolysis and microwave-assisted ZnCl,
chemical activation were utilized to prepare the activated carbon. Sugarcane bagasse
was placed in a furnace and heated at a rate of 15°C/min from 30 to 500°C for one hour.
The generated char is properly preserved in a plastic container for further activation. The
activation process for activated carbon consists of two steps: chemical and physical. The
first step is chemical activation. In 50 ml of ZnCl, solution, the carbon is submerged for
12 hrs at impregnation ratios of 10% w/v (low factor level), 30% w/v (midpoint), and 50%
w/v (high factor level). The carbon was subsequently reactivated (second step) using a
conventional microwave oven (Samsung ME731K 2.45 gHz) and subjected to different
heating times (min) and microwave radiation (W). Table 1 shows the combination of
variables for the optimization process. The optimization process of activated carbon was
performed in duplicate for each combination variable. The resulting material was repeatedly
rinsed with 0.1 M HCI and distilled water until the pH of the solution dropped to 7.0. The
resulting AC was separated, dried at 110°C for 24 hrs, and stored for further analysis.

Table 1
Real variables and levels in BBD experimental design
Factors Coded value
-1 0 +1
ZnCl, concentration, A (% w/v) 10 30 50
Heating time, B (min) 2 7 12
Microwave power, C (W) 150 450 800

Box-Behnken Experimental Design. Response surface methodology with Box Behnken
Design (BBD) was used to examine the interaction between variables and response in the
activated carbon activation (Junior et al., 2014). In this study, independent variables A,
B, and C were altered (-1, 0, +1), with the iodine number of activated carbon (mg/g) as
the dependent variable. Table 1 shows the variable combinations utilizing the BBD. The
BBD experimental design employs 15 experiments with 12 factorial and 3 central points.
Response prediction (Y) can be determined using a second-order polynomial regression
model (Equation 1) (Junior et al., 2014; Yuan et al., 2018).

k k k—1 k
Y = bO +Zbixi+2biixi2 +ZZbijxin [1]
i=1 i=1 i=1 j=2
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Where Y is the predicted response value, x; and x; are real or code variables, b, represents
the constant term, b; represents the linear effect term, b; represents the quadratic effect
term, and b, represents the interaction effect term (Yuan et al., 2018). The experimental
data regression model and statistical significance model were assessed using analysis of
variance (ANOVA). Design Expert is utilized for design experiment development, model
evaluation, and optimization.

Characterization of Activated Carbon

Moisture Meter MA 45 Sartorius obtained the water content of activated carbon. 1+0.2
gram activated carbon was placed in an aluminum container, then heated at 105°C until the
constant weight reached. Moisture content was displayed when the process finished. The
iodine number was determined using the sodium thiosulfate volumetric method (Siragi et
al.,2021). The iodine number is a relative indicator of porosity in activated carbon and can
be used to estimate the surface area of activated carbon. The pore size of activated carbon
can be approximated by analyzing the iodine number >1.0 nm (Ozhan et al., 2014). The
surface area of activated carbon was determined by Brunauer-Emmet-Teller (BET). Pore
structure and pore distribution were evaluated by nitrogen adsorption at 77 K using NOVA
2000 Quantrachrome. Scanning electron microscopy (SEM) was performed using Jeol
JSM-6510 LA, surface morphology analysis for sugarcane bagasse, carbon, and activated
carbon. The functional group of raw material, carbon, and activated carbon was analyzed
and identified by Fourier transform infrared spectrometer (FTIR-Perken Elmer frontier)
in the scanning range 4000700 cm'.

RESULTS AND DISCUSSION
Carbonization of Sugarcane Bagasse

Table 2 shows the results of sugarcane bagasse's hemicellulose, cellulose, and lignin.
Important factors in the carbonization process are carbonation temperature and biomass
composition, such as lignin, hemicellulose, and cellulose (Pratama et al., 2018). Cellulose
and hemicellulose are chemically similar, the main difference being the number of
saccharide units. Meanwhile, lignin is a hydrophobic compound and can inhibit water
penetration. The cellulose content in bagasse will be more easily decomposed due to the
thermal breakdown of the sugar in the bagasse. In addition, the decomposition of cellulose
will produce volatile components (Pratama et al., 2018). Thermal decomposition of
hemicellulose occurs at a temperature of 200°C, followed by the decomposition of cellulose
at a temperature range of 250-400°C (Ukanwa et al., 2019), while the minimum temperature
of lignin is decomposed at 500°C (Hidayati et al., 2016). In this study, the carbonation was
carried out at a temperature of 500°C so that the volatile components of the biomass would
evaporate, and pore formation occurred in the carbon. In the process, the carbonation and
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Table 2
Composition of sugarcane bagasse from Madukismo Sugar Factory, Yogyakarta, Indonesia
Content
Sample ) .
Hemicelulose (%) Celulose (%) Lignin (%)
24.81 39.67 19.61
Sugarcane Bagasse
24.18 40.99 18.93
Average 24.295 40.330 19.270

activation of volatile compounds evaporate from cellulose and hemicellulose. The more
volatile compounds evaporate, the more pores are formed. It will result in a decrease in
yield and an increase in adsorption power (Elsayed & Zalat, 2015). The yield from the
carbonation process is 26%.

Response Surface Methodology and Statistical Analysis of Activated Carbon

Figures 1, 2, and 3 showed three-dimensional response surfaces for two factors. The effect
of heating time on the iodine number is shown in Figures 1 and 2. Figures 1 and 2 show
that the iodine number increases with heating time. Activated carbon in the sample has
become dehydrated, contributing to the rise in iodine concentration (Baytar, Sahin, Saka,
& Agrak, 2018). The amount of energy transmitted to the precursor of activated carbon
rises as the heating time of the microwave increases (Junior et al., 2014). In addition,
prolonged microwave radiation promotes the formation of activated carbon, which has a
large number of pores and active sites and improves its capability to adsorb chemicals.
Furthermore, when the radiation time reaches a certain value, it can reduce the value of

252
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lodine number (mg/g)
lodine number (mg/g)

0
C: Conc ZnCl,
(% w/v)

A: Healing time (min)

27800
Figure 1. Three-dimensional response surface of  Figure 2. Three-dimensional response surface of
iodine number for interaction between heating time  iodine number for interaction between heating time
and microwave power and ZnCl, concentration

A: Healing time (min)
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the iodine number because the increase in
heating time can damage the pore walls of
the activated carbon (izgi et al., 2019); the

§ external shrinkage and carbon framework
E will collapse (Baytar, Sahin, & Saka, 2018).
§ A prolonged heating time will decrease its
% absorption capability (Ao et al., 2018).

o

Figures 1 and 3 show the effect of

microwave power on the iodine number.

%%?/QIC) ZnCl,  Figures 1 and 3 show that the result iodine

. . number increases as microwave power
Figure 3. Three-dimensional response surface

of iodine number for interaction between power
microwave and ZnCl, concentration the 1odine number increased from around

900 mg/g to approximately 1000 mg/g
when the power was increased from 180 to 800 W. The increased iodine number value is

increases. The study's findings showed that

due to activated carbon's ability to absorb microwave energy and modify pore structure.
Furthermore, the formation of pore structure is enhanced by the interaction of ZnCl, and
sample at high microwave energies (Izgi et al., 2019). The effect of microwave power
on activating activated carbon is an increase in system temperature that promotes the
formation of pores in the material (Junior et al., 2014). The system temperature and the
sample temperature directly affect the microwave power. Activated carbon's removal of
tar and volatile compounds is enhanced by increased temperatures (izgi et al., 2019).

In addition, sample mass and microwave power are closely related. A higher microwave
power level allows more energy to enter the pores, resulting in the development of the active
side and larger pores in activated carbon (Ao et al., 2018). However, when microwave power
reaches a limit, too much energy will cause the amount of carbon to burn and destroy the
pore structure (Ao et al., 2018). It was proven in research conducted by (izgi et al., 2019),
where the value of the iodine number decreased at a microwave power of more than 800 W.
According to other studies, the value of the iodine number decreases when the microwave
power approaches 500 W (Baytar, Sahin, & Saka, 2018). Overheating activated carbon can
diminish the number of mesopores and micropores in the material (Ayu, 2017).

The impact of ZnCl, concentration on the findings can be observed from Figures 2 and
3. The iodine number rises from 10 to 30% w/v in ZnCl, concentration. In comparison,
activator concentrations beyond 30 to 50% w/v tend to decline the iodine number because
low ZnCl, concentration cannot optimally activate raw material. In contrast, when the
activator concentration is high, activated carbon develops a macroporous structure
(Tegin et al., 2020). In addition, alterations in the pore structure of the activated carbon
promote the decrease in iodine number. The interaction between the sample and excess
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ZnCl, destroys activated carbon's micropores and forms more mesopores and macropores
(Baytar, Sahin, & Saka, 2018). High concentrations of ZnCl, will promote pore collapse
and destroy activated carbon's micropores (Ozhan et al., 2014). Furthermore, an increase
in the impregnation ratio that is too high has a negative effect, which causes combustion
and clogs the pores due to an excessive amount of reagent, which reduces the access area
of carbon (Ao et al., 2018).

The experimental design, as well as the responses and the predictions that were
obtained, are presented in Table 3. In this study, responses were provided as iodine numbers.
The iodine number is the defining characteristic of activated carbon. The iodine number is
determined by the surface area of pores having a radius greater than 1 nm. lodine adsorption
was used to investigate the pore structure of activated carbon (Tegin et al., 2020). The
statistical significance and components of the model were evaluated using ANOVA with a
95% confidence level. Table 4 presents the findings of the ANOVA analysis. Table 4 shows
that model terms B, AB, BC, A%, and C? are statistically significant. Based on Table 4, BBD
terms are considered statistically significant when the p-value <0.05 under the selection
condition, while the p-value >0.05 in the BBD model is disregarded (Jawad et al., 2020).
The correlation of a second-order polynomial equation between input parameters and the
response is given in Equation 2.

Y=1012.45+12.32B+30.91AB—21.40BC+8.14A2—19.56C2 [2]

The BBD model can also be validated graphically by analyzing the residual distribution's
characteristics and the correlation between the actual and predicted iodine number values
(Jawad et al., 2020). The normal probability versus externally studentized residuals are
shown in Figure 4a. This plot determines that the residuals are normally distributed. The
points in a normal distribution should be in an approximately straight line. Since the points
in Figure 4a are in a straight line, it can be inferred that they are normally distributed. The
residuals' normal distributions represent both the residuals' independence and the validity
of the assumptions (Reghioua et al., 2021). Figure 4b shows the correlation between the
iodine number's actual and predicted values. According to Figure 4b, the predicted and
actual points were mostly close. This finding indicates that the experimental results of this
study are acceptable.

Therefore, the Model F-value of 34.49 implies that the model is significant. There is
only a 0.06% chance that an F-value this large could occur due to noise. The Lack of Fit
F-value of 0.69 implies that the Lack of Fit is not significant relative to the pure error.
There is a 63.84% chance that a Lack of Fit F-value this large could occur due to noise.
A non-significant lack of fit is good, meaning the model is significant. The model has the
adjusted R?of 0.9556, and the predicted R? of 0.8537 are reasonably in agreement. The
significant model requires a difference of less than 0.2. A high correlation coefficient (R*=
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0.9556) indicated the high combability between expected and experimental values (Jawad

etal., 2021).
Table 3
Experimental design of BBD with 3-variables and experimental data for iodine number
Run Variable Y= iodi]:ee sr?l?l:llsbe:r (mg/g)
A B C Actual Predicted
1 7 450 30 1015.89 1012.45
2 12 100 30 981.87 981.79
3 12 800 30 1072.31 1068.24
4 2 800 30 1002.40 1002.48
5 7 100 50 1008.78 1007.74
6 2 450 10 1003.70 1002.58
7 2 450 50 998.56 995.53
8 2 100 30 1035.60 1039.66
9 7 450 30 1015.89 1012.45
10 12 450 10 989.82 992.85
11 7 100 10 961.27 958.32
12 7 800 50 986.65 989.59
13 7 450 30 1005.56 1012.45
14 12 450 50 1012.03 1013.15
15 7 800 10 1024.72 1025.75
Table 4
Analysis of variance (ANOVA) for the iodine number
Source Sum of Squares df Mean Square F-value p-value
Model 8969.67 9 996.63 34.49 0.0006
A-Heating time 31.06 1 31.06 1.07 0.3473
B-Power 1214.09 1 1214.09 42.02 0.0013
C-Conc ZnCl, 87.85 1 87.85 3.04 0.1417
AB 3821.40 1 3821.40 132.26 <0.0001
AC 186.98 1 186.98 6.47 0.0517
BC 1831.11 1 1831.11 63.37 0.0005
A? 24438 1 244.38 8.46 0.0335
B2 22.37 1 22.37 0.7744 0.4191
C? 1411.94 1 1411.94 48.87 0.0009
Residual 144.47 5 28.89
Lack of Fit 73.33 3 24.44 0.6872 0.6384
Pure Error 71.14 2 35.57
Cor Total 9114.14 14
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Figure 4. Normal probability plot of residuals for (a) BBD model (a), (b) plot of the relationship between the
predicted and actual value of iodine number (mg/g)

Optimization Process

The optimum conditions for synthesizing activated carbon or process variables can be
determined using the iodine number. Design Experts determined the optimal conditions for
the synthesis of activated carbon. The process conditions were optimized if the desirability
was close to 1. (Junior et al., 2014). A response with a desirable value of 1 indicates that
it was received. In contrast, a desirability rating of O indicates that the response value
exceeds the acceptable threshold (Jawad et al., 2021). The main objective is determining
the point at which desirability is at its maximum level. A desirability function is thus a
well-established method for determining the simultaneous optimization of process variables
(A: ZnCl, concentration, B: Heating Time, C: Microwave Power) that produces the best
performance level for the response (Iodine Number mg/g).

The numerical optimization showed the best iodine number was produced at 24.281%
ZnCl,, 12 minutes of heating time, and 800 W of microwave power; at these operating
parameters, the iodine number is 1068.24 mg/g with a desirability value of 0.968 as shown
in Figure 5. Overall, there was a good correlation between the results from numerical
optimization utilizing desirability functions and the results from actual data. The actual
iodine number is 1072.31 mg/g. The predicted and actual results have a relatively low error
value of 2.035%, which means there is little difference between the actual and predicted
values. The study shows that the BBD model with desirability functions may be successfully
utilized to optimize the experimental condition for synthesizing activated carbon using
microwave-assisted chemical activation (Jawad et al., 2021).
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2 12 100 800
A: Heating time = 12 B: Power = 800
[ L L — 1]
10 50 961.268 1072.31
C: Conc ZnCl, = 24.2805 lodine number = 1069.86

Desirability = 0.978

Solution 1 out of 45

Figure 5. Desirability ramps for the optimization of preparation activated carbon input parameters for iodine
number by Microwave-assisted ZnCl, chemical activation

Characterization of Activated Carbon

Moisture Content. The moisture content of activated carbon can affect the adsorption
process. The lower the moisture content of activated carbon, the emptier pores can be filled
by the adsorbate, allowing for an optimum adsorption process. The relatively low moisture
content of activated carbon implies that water has evaporated during the carbonation and
activation processes (Tasanif et al., 2020). In this study, the moisture content of activated
carbon ranged from 5.51 to 9.21%. The study showed that the moisture content of activated
carbon agreed with Indonesian National Standard (SNI) 06-3730-1995, which stated that
the water content of powdered activated carbon should not exceed 15%.

FT-IR Analysis. Figure 6 shows the FTIR test results for bagasse, carbon, and activated
carbon. FTIR tests on bagasse showed a band of hydroxyl groups (O-H) at wave numbers
around 3400-3500 cm™!', C-H bonds at 2800-2900 cm™!, and a C=C bond at 1500-1600
cm. It is similar to a study that reported most agricultural waste, including cellulose,
hemicellulose, and lignin, had wave numbers between 3412 and 3392 cm’!, indicating
the presence of O-H groups (Vo et al., 2019). O-H functional groups (3590-3650 cm™),
hydrogen bonds, and C-H bonds (28502970 cm™) derived from cellulose, as well as C=C
bonds (1500-1600 cm™) derived from lignin aromatic rings, are also present in bagasse
(Pratama et al., 2018) The results of the analysis of carbon and activated carbon are similar
in Figure 6. The lack of peaks at wave numbers 3400-3500 cm™ and 2800—2900 cm! in the
results of the FTIR analysis of carbon and activated carbon indicates that the O—H bond
and the C—H bond have degraded. A monomer group replaces the O-H group, formerly
a hydrogen bond. The O-H groups will attach to aromatic compounds as a result of the
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Figure 6. FT-IR analysis for sugarcane bagasse, carbon, and activated carbon

cellulose molecules' aromatization into polyaromatic structures during the carbonation and
activation processes (Pratama et al., 2018). A C=0 (carbonyl compound) bond is indicated
at wave numbers between 1870 cm™ and 1650 cm™ in carbon and activated carbon. The
presence of the C=0 group, which denotes carbonyl acid stretching and is a characteristic
group found in activated carbon, indicates that bagasse has generated a carbon-active
material (Ayu, 2017). The difference between carbon and activated carbon can be seen in
the wave numbers between 800 cm” and 1000 cm™, which indicate the presence of C-Cl
bonds as a result of the ZnCl, activation process (Vo et al., 2019).

Morphological structure. SEM analysis has been performed on the surface morphology
of activated carbon. Figure 7 shows the 1000x SEM results on sugarcane bagasse, carbon,
and activated carbon. Figure 7(a) shows the scanning electron microscopy (SEM) results of
untreated bagasse; the bagasse's surface is smooth and has slight cracks and voids. Figure
7(b) shows the scanning electron microscope (SEM) analysis of carbon bagasse, showing
that a porosity structure with an irregular pore structure has formed. While Figure 7(c)
shows the scanning electron microscopy (SEM) study results on activated carbon following
the activation process, the pores generated are more numerous and not uniform besides
the surface of the activated carbon developing cavities.

The heating method with a furnace and microwave promotes the formation of irregular
pores and cavities on the surface of activated carbon (Izgi et al., 2019). Heating in furnaces
and microwaves leads to the evaporation of carbon components like lignin and organic
matter, forming pores in activated carbon [Figure 7(c)]. These pores can be mesoporous
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Figure 7. Scanning electron microscope (SEM) et al., 2016).
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. ; S Specific surface area and pore structure.
activated carbon at optimum conditions

The N, adsorption-desorption isotherm and

pore size distribution are shown in Figure
8. Figure 8(a) shows the adsorption-desorption isotherm of an activated carbon with a
type 1V isotherm according to IUPAC standards. Isotherms type IV show that the pores
generated are mesopores with small pore diameters (Horvat et al., 2022). Thommes et
al. (2015) stated that type IV isotherms generate mesopore adsorbents with cylinder and
conical geometries that are closed at the ends. The adsorption-desorption isotherm of
activated carbon has a hysterical loop, as shown in Figure 8(a). Since the amount of N,
gas adsorbed is not equal to that of adsorbed, hysteresis indicates that pore condensation
occurred during adsorption (Luo et al., 2019). According to Thommes et al. (2015), loop
hysteresis on BAC,, is classified as hysterical H4, which exhibits slit-shaped pore material
and is frequently observed on micro-mesoporous carbon. Hysteresis Loop H4 indicates a
complex interaction with micro and mesopore (Horvat et al., 2022).
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Pore size distribution of AC,,

Figure 8 shows the Barret-Joyner-Halenda (BJH) pore size distribution of BAC,,. Most
BAC,, pores have a diameter between 3.5 and 5.4 nm, indicating that BAC,, pores are part
of the mesopore. The pore volume of BAC,, is 0.054 cc/g, the average pore diameter is
4.071 nm, and the total pore volume is 0.2531 cc/g. It has a surface area of 446.874 m?/g.
Table 5 compares the surface area of activated carbon with several previous studies. Based
on the BET study, the average pore width of BAC,, is 4.071 nm, with pore sizes ranging
from 3.5 to 5.4 nm. Based on the average pore width and the pore size distribution, BAC,,
may adsorb chromium ions with a molecular size of less than 0.088 nm (Labied et al., 2018).

CONCLUSION

This study reported the synthesis of activated carbon from bagasse by ZnCl, using
microwave-assisted activation. Optimizing the condition of the AC synthesis process
has been accomplished with effectiveness utilizing the response surface methodology
approach. The BAC optimization (BAC,,) was at a ZnCl, concentration of 24.281 (%w/v),
12 minutes of heating time, and 800 W of microwave power. The characterization results
show that BAC,, has mesoporous carbon and a desirable surface area of 446.874 m*/g,
average pore size 0f4.071 nm, pore volume of 0.054 cc/g, and total pore volume 0f 0.2531
cc/g. SEM analysis revealed that microwave-generated pore structures lead to the ZnCl,
activation process. The FT-IR analysis shows the existence of functional groups as well as
changes in functional groups from raw material to activated carbon. The moisture content
study findings are 5.51 to 9.21% in accordance with the Indonesian National Standard
(SNI) 06-3730-1995. The isothermal adsorption-desorption process is classified as type
IV adsorption with hysteresis loop H4, suggesting that the pore distribution in activated
carbon is mesoporous with a tiny pore width and slit-shape pore materials.
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