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 Biogas has emerged as a promising alternative to gasoline due to the depletion of fossil energy 

and environmental concerns. An investigation was conducted to study the technical 

feasibility of an adsorbed natural gas (ANG) storage system using petung bamboo-activated 
carbons. The activated carbons were prepared by microwave-assisted pyrolysis (MAP) and a 

hybrid heating system for comparison. Microwave-assisted pyrolysis is a promising 

alternative technology for biochar production because it has several advantages over 

conventional pyrolysis such as uniform heating temperature, lower energy consumption, and 

uniform pore size. The characteristics of the obtained activated carbons were evaluated by 

scanning electron microscope (SEM) and Fourier transform infrared spectroscopy. The 

results showed that the higher power led to the shorter pyrolysis time. However, at a certain 

point, the higher power causes the biomass is not degraded completely. In this case, a 

microwave oven with 2 magnetrons produces a better heating temperature profile than the 

use of 1 magnetron. The character of activated carbon prepared using 70% power output 

(1120 W) is better than activated carbon prepared using 60% power output (960 W). In this 

condition, the pore size is more uniform and the number of functional groups is less. This 

implies that the petung bamboo activated carbon is the ideal candidate for ANG storage. 
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INTRODUCTION 

 

Biogas has emerged as a promising 

alternative to gasoline due to the depletion of fossil 

energy and environmental concerns (Li and Su, 

2017). Compared to other fuels, biogas containing 

methane i.e., CH4 (70-90%) has a clean, safe, and 

cheap combustion (Sieminsky, 2014) with great 

efficiency and caloric value, high flammability 

range, and high auto-ignition temperature (Pratama 

et al., 2014). However, biogas storage technology is 

still a serious problem. A storage system using 

compressed natural gas (CNG) vessel requires very 

high pressure (20-30 MPa) thus it needs a specially 

designed pressure vessel with high production and 

filling costs (Górniak et al., 2018). The adsorbed 

natural gas (ANG) storage technique is a promising 

alternative (Wu et al., 2021). Biogas is adsorbed by 

a suitable adsorbent (i.e., porous materials) thus 

higher biogas concentration can be achieved at 

lower pressure (3.5 MPa) and moderate 

temperatures (atmospheric conditions). The ANG 

performance is influenced by adsorbent characters, 

thermal management during the adsorption 

process, and vessel design (Khurana et al., 2019). 

Biogas adsorption on porous materials occurs 

through van der waals attraction between biogas 

(i.e., CH4) molecules and pore walls, thus the use of 

suitable adsorbents should be considered to 

maximize the storage capacity (Zheng et al., 2018). 
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In this case, activated carbon (AC) having a 

micropore structure and a limited number of 

functional groups is a promising adsorbent for 

biogas storage (Mestre et al., 2014) because the 

existence of functional groups can interfere 

physisorption process of CH4 molecules (Kuang et 

al., 2020).  

The most common methods used for AC 

production are pyrolysis and activation process 

(Rijali et al., 2015). There are two types of 

activation processes, namely physical and chemical 

activation (Zhang et al., 2014). In physical or 

thermal activation, carbon is modified using two 

gasifying agents carbon dioxide and water vapor, 

either singly or together. This agent extracts carbon 

atoms from the porous carbon structure according 

to the following reaction (Mistar et al., 2020). 

 

C + CO2  2 CO   (1) 

C + H2O  CO + H2   (2) 

 

Meanwhile, chemical activation is carried out by 

immersing biochar in chemicals as activating agents 

such as phosphoric acid (H3PO4), sulfuric acid 

(H2SO4), potassium hydroxide (KOH), sodium 

hydroxide (NaOH), and zinc chloride (ZnCl2) 

(Riyanto et al., 2020). Synthesis of AC derived from 

mangrove propagule waste using H3PO4 as 

activating agent produced AC with a surface area of 

267.45 m2/g (Astuti et al., 2017). Ogungbenro et al., 

(2020) used palm plants as raw materials with 

H2SO4 activation to produce AC having a surface 

area of 577.34 m2/g. Coconut shells AC produced 

through ZnCl2 activation had a surface area of 15 

m2/g (Astuti et al., 2018). Activated carbon derived 

from ratan plant stalks using NaOH activation had 

a surface area of 1135 m2/ g (Islam et al., 2017), 

while the use of KOH as an activating agent can 

produce microporous activated carbon with a high 

surface area, up to 2000 m2/g (Elmouwahidi et al., 

2012; Astuti et al., 2019). Generally, AC produced 

by chemical activation has advantages including 

higher yield, larger specific surface area, and better 

development of porous structure (Mistar et al., 

2020). Chemical activation can be carried out in one 

or two steps. In one step, the activator is mixed with 

raw materials, while in two steps the activator is 

mixed with pyrolysis charcoal. In this sense, the 

microstructure and adsorption characteristics of AC 

depend on the chemical composition of the raw 

material, production route (i.e., one or two steps), 

and conditions of the pyrolysis and activation 

process. Therefore, optimization of process 

conditions is required to synthesize AC for energy 

and environmental applications. 

Several attempts have been made to utilize 

agricultural residues, forest wastes, and other 

inexpensive renewable materials as precursors in 

AC preparation such as rice straw (Chang et al., 

2014), tabah bamboo (Negara et al., 2017), 

tamblang bamboo (Negara et al., 2017), randu 

wood (Chafidz et al., 2018), coconut shell (Astuti et 

al., 2018), pineapple leaf (Astuti et al., 2019), 

petung bamboo (Qanytah et al., 2020), yellow 

bamboo (Mistar et al., 2020), and corn cobs 

(Medhat et al., 2021). Petung bamboo stem waste 

contains 45.02% cellulose, 10.81% hemicellulose, 

and 28.35% lignin with a low inorganic content 

(Larasati et al., 2019) which can be used as raw 

materials in the AC preparation (Krismayanti et al., 

2018). 

Utilization of petung bamboo stem waste 

as raw material in the AC preparation has been 

carried out by Qanytah et al., (2020). The AC 

obtained has a pore diameter of 1.18 nm which 

belongs to the micropore type. Another study that 

also used petung bamboo as a precursor in the AC 

preparation showed a surface area of 1954.95 m2/g 

(Wirawan et al., 2018). Both studies used 

conventional heating, i.e., furnace. In conventional 

heating, energy is transferred from a heat source 

located outside the material bed to the interior 

through convection, conduction, and radiation 

mechanism. It produces a thermal gradient in the 

material from the hottest surface to the interior until 

steady conditions are reached. To solve the thermal 

gradient problem, a slower heating rate is used. It 

results in a longer heating time and increased 

energy consumption. The existence of a 

temperature gradient causes the pores of the 

activated carbon to be non-uniform (Ahmed, 2016). 

Nowadays, microwave heating is a viable 

alternative to conventional heating. Unlike 

conventional heating, microwave heating is internal 

and volumetric in that there is no temperature 

gradient in the material bed, resulting in biochar 

with a more uniform pore size (Ao et al., 2018). 

This research used a microwave oven with 2 

magnetrons to produce a more even heat 

distribution. In this sense, the effect of power on the 

temperature profile as well as the yield and 

character of petung bamboo stems AC are discussed 

further. 
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MATERIALS AND METHODS 

 

Materials 

The petung bamboo used as a precursor in 

this study was obtained from Magelang, Indonesia. 

Potassium hydroxide (KOH) and hydrochloric acid 

(HCl) were acquired from Merck (Germany). 

 

Preparation of Petung Bamboo Powder 

The petung bamboo powder was dried in 

sunlight for one day, then sieved using a 10-18 mesh 

sieve and heated using an oven (Memmert type 

UN55, Germany) at a temperature of 105oC until 

the dried sample weight was constant. 

 

Preparation of Activated Carbon 

Microwave-assisted pyrolysis of bamboo 

powder was carried out by loading 50 g of dry 

sample into an alumina reactor installed in a 

microwave oven (Electrolux type EMM 2308 with 

modification of 2 magnetrons). Pyrolysis was 

carried out under a stream of N2 with a flow rate of 

100 cm3/min at 60% (960W) and 70% (1120W) 

power output while the final temperature was set at 

500oC. After cooling to ambient temperature, the 

obtained biochar was weighed. The yield of biochar 

was calculated using Eq. (3). 

 

yield of biochar (%): 
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑏𝑖𝑜𝑐ℎ𝑎𝑟

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑏𝑎𝑚𝑏𝑜𝑜 𝑝𝑜𝑤𝑑𝑒𝑟
𝑥 100%  (3) 

 

The biochar was further mixed with KOH 

and 10 mL of distilled water, and stirred for 120 

minutes. The weight ratio of KOH: biochar was 3:1. 

Biochar was then dried using an oven at 105°C for 

24 hours before activation process. In the activation 

process, the impregnated biochar was placed in an 

alumina reactor installed in the microwave oven 

(Electrolux type EMM 2308 with modification of 2 

magnetrons). The activation process was conducted 

at a power output of 70% (1120W) under a nitrogen 

flow rate of 100 cm3/min until the temperature 

reach 500oC (Astuti et al., 2019). The activated 

carbon was washed using 0.1 M HCl and distilled 

water until the pH reached 6.5-7. In the last stage, 

the activated carbon was dried using an oven at 

110°C for 24 hours (Mistar et al., 2020). 

 

Characterization of Adsorbent 

The surface morphology of the biochar and 

activated carbon were analyzed using Scanning 

Electron Microscope with Energy Dispersive X-ray 

(SEM-EDX) (JSM-6360). The surface functional 

groups of the biochar and activated carbon were 

analyzed using Fourier Transform Infrared (FTIR) 

Spectroscopy (Perkin Elmer Spectrum IR 10.6.1) 

recorded between 450 and 4000 cm-1. 

 

RESULTS AND DISCUSSION 

 

Effect of Microwave Power on The Pyrolysis 

Temperature Profile 

The use of microwaves in the pyrolysis 

process can improve the properties and character of 

biochar. In this sense, microwave power is an 

important factor because it can affect the heating 

rate. Higher power can increase the interaction 

between the material and the microwave field 

leading to rotation, collision, torsion, and friction of 

the molecules in the material thereby increasing the 

potential to convert absorbed microwaves into 

thermal energy. On the other hand, if the 

microwave power is too low, the interaction 

between the material and the microwave is too 

weak and causes molecular cleavage (Y. Zhang et 

al., 2022). The temperature profile at various 

microwave power is presented in Figure 1.  Based 

on Figure 1, it can be seen that the temperature 

profile for each microwave is different. At a power 

output of 50% (800 W), the temperature increase 

was very slow and can only reach the final 

temperature of 242°C, far from the desired pyrolysis 

temperature (500oC). It takes 34 minutes to reach 

temperature of 240oC, after 34 minutes temperature 

dropped slightly and then constant at 235oC. 

Meanwhile, at 80% power output (1280 W) the 

temperature rise too fast in which the temperature 

of 500oC was reached in just 2 minutes. The higher 

the microwave power used, the greater the amount 

of microwave energy received by the biomass so 

that the temperature increase very fast and the time 

required to reach the desired pyrolysis temperature 

(500oC) is also shorter. At the power usage of 960 

W and 1120 W, the temperature profile is declivous 

compared to the power usage of 1280 W where the 

temperature of 480oC was reached in 10 and 8 

minutes, respectively. 

Referring to the fact that pyrolysis 

temperature profile can greatly affect the 

morphological structure of the biochar produced, 

this study also carried out a micro-hybrid heating 

system (Figure 2) as a comparison. In the micro-

hybrid system (Figure 3), the temperature rise is 

unstable, especially at low power and it requires  
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Figure 1. Temperature Profile at Various Microwave Powers. 

  

 

 
Figure 2.  Alumina Reactors for Micro-Hybrid 

Heating System. (Larger reactor 

containing coconut shell charcoal, 
smaller reactor containing biomass 

sample). 

Figure 3.  Temperature Profile at Various Power 

for Microhybrid System. 

longer time than microwave heating. In addition, 

the desired final pyrolysis temperature (500oC) 

cannot be achieved at all the power used, in which 

the highest temperature is only 450oC at 60% output 

power (i.e., 960 W). Temperature instability in the 

micro-hybrid system may be due to the presence of 

two heating mechanisms that occur simultaneously 

but both have different time intervals. Some 

microwave radiation is absorbed by coconut shell 

charcoal, converted to heat, and then transmitted to 

the biomass by a conduction mechanism through 

reactor walls. While some other microwave 

radiation can be directly absorbed by the biomass 

and converted to heat. Therefore, at low power 

usage (50 and 60%), the temperature instability is 

very obvious because the low heating rate causes 

the conduction process slower. The temperature 

instability diminished with higher power usage, but 

the achievable temperature is lower. As a result, the 

biomass degradation process is incomplete, as 

shown in Figure 4(h)-(i). At 960W, the maximum 

achievable temperature is 450oC. As is known, 

biomass composed of hemicellulose, cellulose, and 

lignin is degraded at temperatures of 220-300oC, 

300-340oC, and 300-900oC, respectively. Therefore, 

at 450oC all the biomass should have been 

degraded. The imperfection of the pyrolysis process 

at a temperature of 450oC (Figure 4.3(f)) may be 

caused by temperature instability. Therefore the 

temperature profile is a very important parameter to 

consider in the pyrolysis process. Meanwhile, 

Figure 4(e) shows that biomass degradation has not 

occurred yet. This is probably due to the very short 

pyrolysis time (<2 minutes) even though the 

pyrolysis temperature of 500oC has been reached. 
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Figure 4.  Pyrolysis Results at a certain Power (a) microwave, 

50% power output (800 W); (b) microwave, 55% power 
output (880 W); (c) microwave, 60% power output 

(960 W); (d) microwave, 70% power output (1120 W); 

(e) microwave, 80% power output (1280 W); (f) micro-

hybrid, 50% power output (800 W); (g) micro-hybrid, 
60% power output (960 W); (h) micro-hybrid, 70% 

power output (1120 W); (i) micro-hybrid, 75% output 

(1200 W). 

 
Figure 5.  Temperature Profiles at 960W and 

1120W. 
 

Bamboo stem powder can be completely 

degraded using a microwave heating system with 

60% output power (960 W) and 70% output power 

(1120 W), as shown in Figures 4(c) and (d). Under 

these conditions, the temperature rise is stable and 

the final temperature reaches 500oC (Figure 5). 

Therefore, this study only focuses on the power 

usage of 960W and 1120W. 

 

Effect of Microwave Power on The Biochar 

Yield 

Figure 6 shows that increasing microwave 

power decreases biochar yield due to the intensified 

interaction between biomass and microwave (Lam 

et al., 2017). After the degradation process of 

bamboo powder is complete, further heating causes 

some carbon atoms in biochar react with CO2 and 

H2O resulting from pyrolysis, according to reactions 

(4) and (5), thereby reducing the yield of biochar. 

The increase in power from 960 W to 1120 W 

reduced the yield by 1.24% (from 35.32 to 34.08%). 

 

C + CO2  2CO (4) 

C + H2O  CO + H2 (5) 
 

Although yield of biochar produced at 1120 W 

(namely B1120) is lower than yield of biochar 

produced at 960 W (namely B960), the purity of  
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Figure 6.  Graph of Effect of Microwave with 

Yield Biochar Pyrolysis Results. 
 

B1120 is higher (carbon content of 82.98%) than 

B960 (carbon content of 72.22%). It may be due to 

some impurities such as K2O being lost on high-

intensity heating thereby the carbon content 

increases. K2O can react with H2, CO2, and C 

according to Eq. (6)-(8). As a result, K2O content in 

B960 is higher (14.33%) than in B1120 (7.89%). 

 

K2O + H2  2K + H2O (6) 
K2O + CO2  K2CO3 (7) 

K2O + C  2K + CO (8) 

 

Effect of Microwave Power on The Biochar and 

Activated Carbon Morphology  

As previously explained, further heating 

after the biomass degradation process is completed 

causes some carbon atoms react with CO2 and H2O 

to CO gas. The partial cleavage of the C bonds due 

to this reaction causes an increase in the pore size 

of the biochar. Therefore, the higher microwave 

power used, the larger pore sizer, as shown in 

Figures 7(a) and (c). In addition, B1120 in Figure 

7(c) has a more uniform pore size than B960 in 

Figure 7(a). It may be due to the stability of 

temperature rise, as shown in Figure 5. Significant 

changes in the surface morphology of biochar are 

clearly seen after the activation process with KOH, 

especially at B960. The pores become very large, 

much larger than the pores of B1120 after activation 

process. The development of porosity by KOH 

follows the following reaction. 

 

2KOH  K2O + H2O (9) 

C + K2O  2K + CO (10) 
 

Diffusion of potassium (K) compounds into biochar 

widens the existing pores because these compounds 

can function as templates in the formation of pores. 

In addition, reaction (10) also contributes to the 

formation of new pores. As previously explained, 

B960 contains more K2O from biomass impurities, 

in which K2O also contributes to the activation 

process according to Eq. (10). Therefore, activated 

carbon resulting from activation of B960 (namely 

AC960) has a larger pore size than that of B1120 

(namely  AC1120).   As   previously   explained,  the

 

 
Figure 7.  Morphology of (a) Biochar at 60% power output (B960), 

(b) Activated Carbon at 60% power output (AC960), (c) 

Biochar at 70% power output (B1120), (d) Activated 
Carbon at 70% power output (AC1120) (Magnification: 

500x). 
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Figure 8.  FTIR Spectrum on (a) Biochar (b) 60% Power Activated Carbon (c) Biochar (d) 

70% Power Activated Carbon. 

activation process according to Eq. (10) causes a 

partial loss of C, thereby the C content after the 

activation process decreased from 72.22% to 

66.35% for AC960 and from 82.93% to 67.83% for 

AC1120. Figure 6 also shows that AC960 is more 

brittle than AC1120. AC960 pore walls are thinner 

and some pores are destroyed. It is because the 

higher power leads to an increase in carbon content 

and a decrease in O and H content, or in other 

words the H/C ratio decreases. The smaller H/C 

ratio leads to a higher aromatization and a more 

stable biochar structure, as shown in AC1120 (X. 

Zhang et al., 2022). 

 

Effect of Microwave Power on The Surface 

Functional Groups 

To confirm the presence of surface 

functional groups in biochars and ACs, FTIR 

analysis was conducted. Figure 8(a) shows biochar 

B960 has an absorption peak at 3198.53 cm-1 

indicating the presence of a hydroxyl (O-H) group 

(Saad et al., 2019). The peak at 1373.22 cm-1 is 

assigned to the aliphatic deformation of CH2 or CH3 

groups or O-H bending of phenolic. The existence 

of an absorption peak around 1580.14 cm-1 is 

attributed to the C=C stretching vibrations of 

aromatic compounds (Astuti et al., 2018), while a 

peak observed at 1059.18 cm-1 may be attributed to 

the C-O group (Saafie et al., 2019). After the 

activation process with KOH (Figure 8(b)), the peak 

of B960 at 1373.22 cm-1 shifts to 1372.86 cm-1, 

indicating aromatization and dehydration occurred 

as a result of the decomposition and condensation 

of volatile matters (Saad et al., 2019). Meanwhile, 

the band at 3198.53 cm-1 for OH stretching deepens 

and shifts to 3330.28 cm-1. It is due to ion exchange 

between K+ on -OK group and H+ on H2O during 

the washing process, forming the -OH functional 

group (Oginni et al., 2019; Saad et al., 2019). 

Meanwhile, the C=C group as indicated by an 

absorption peak at 1580.14 cm-1 shifts to 1564.89 

cm-1 and deepens. It may be due to the 

decomposition of the C-H bond to produce 

aromatic C=C bonds which is more stable at high 

temperatures (Saad et al., 2019).  

Figure 8(c) shows that biochar B1120 has 

an absorption peak at 3330.99 cm-1 indicating the 

presence of a hydroxyl group (O-H) (Saad et al., 

2019). The peak observed around 1591.23 cm-1 may 

be attributed to the C=C stretching vibration of 

aromatic compounds (Astuti et al., 2018), while the 

band at 1030.69 cm-1 reflects C-O group (Saad et al., 

2019). After activation with KOH (Figure 8(d)), the 

absorption peak at 3300-3700 cm-1 indicates the 

existence of the -OH group is shallower. It is in 

contrast to biochar B960 which is deeper after the 

activation process. The decrease in the number of -

OH groups in AC1120 may be due to the larger pore 

size of B1120, thereby more -OH groups can be 

released as H2O during the activation process. 

Meanwhile, the C=C group indicated by an 

absorption peak at 1591.23 cm-1 shifts to 1564.89 
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cm-1 and deepens. It may be due to the 

decomposition of the C-H bond to produce 

aromatic C=C bonds which is more stable at high 

temperatures (Saad et al., 2019) and create new 

pores (Astuti et al., 2018). 

Based on the FTIR results, it can be seen 

that AC1120 is better than AC960 because it 

contains fewer functional groups. As is known, the 

higher number of functional groups leads to the gas 

physisorption process is disturbed (Kuang et al., 

2020).  

 

CONCLUSION 

 

The higher power used in microwave-

assisted pyrolysis (MAP) leads to a more stable 

heating temperature profile indicated by no 

significant increase or decrease in temperature. In 

the power range studied (power output of 60 and 

70%), a greater power used leads to a lower biochar 

yield. The character of activated carbon produced 

using 70% power output (AC1120) is better than 

activated carbon produced using 60% power output 

(AC1120), i.e., better surface morphology and 

fewer functional groups. 
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