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ABSTRACT
The purpose of this study was to demonstrate the potential use of Lumbricus rubellus (LR) as an alternative 

carbon source for the production of porous carbon particles. LR is renewable and contains high protein and fat. It 
makes them easily to be converted into carbon particles using a low-temperature process. To produce micron-sized 
carbon particles, a combination of saw-milling process and heat treatment was used. The experimental results showed 
that the saw-milling process is effective to lead the production of LR particles with sizes of several micrometers. 
Then, additional heat treatment to the micrometer-sized LR can promote the formation of micrometer-sized porous 
carbon particles. In addition, proposal transformation of LR into porous carbon particles is presented to complete the 
phenomena behind the present study.
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INTRODUCTION
Carbon-related materials are one of the most studied materials due to their unique properties such as excellent 

thermal conductivity, biocompatibility, and corrosion resistance. These materials have been used in a wide range 
of applications, such as super capacitor, high-performance electrode material in the battery, and photoluminescence 
materials (Nandiyanto et al., 2016; Nandiyanto et al., 2017).

To produce carbon-related materials, many methods have been reported, in which the most popular processes 
are thermal treatment of the carbon source (Ioannidou and Zabaniotou, 2007). The use of various carbon sources 
from low molecular weight of carbon sources (methane, methanol, ethane, ethanol, LPG, benzene, etc.) (Iskandar et 
al., 2009; Moisala et al., 2003; Nandiyanto et al., 2016; Nandiyanto et al., 2009), high molecular weight of carbon 
source (gasoline, kerosene, etc.), to the use of organic waste and agricultural residue (Alslaibi et al., 2013; Ioannidou 
and Zabaniotou, 2007; Nandiyanto et al., 2018a; Nandiyanto et al., 2017) has been reported. However, most of the 
carbon sources are classified as a non-renewable material, creating problems in the scarcity of the raw materials and 
difficulties in the scaling-up production. 

The purpose of this study was to introduce for the first time the use of Lumbricus rubellus (LR) as a carbon source 
for the production of amorphous porous carbon microparticles. LR has high organic components (Farah et al., 2018; 
Hidayat et al., 2018; Jatmiko et al., 2018), such as protein (64-76%) and fat (7-10%) contents, making it effective to be 
used as carbon source (Istiqomah et al., 1958) (see Table 1). Further, the existence of protein and fat in the LR allows 
that the conversion of LR into carbon can be done using a low-temperature heating process. LR also contains very 
less impurities, which is from calcium (0.55%) and phosphorus (1%), making it possible for the obtainment of high 
purity of carbon materials without any additional purification process after the carbon conversion. LR is also largely 
available in Indonesia and easily cultivated (Agustina et al.,; Muslim et al., 2018; Sadiyah, 2018).
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Table 1. Chemical composition of LR. Table was adopted from reference (Handayani, 2011).

Component Composition (%)
Protein 64-76
       Arginine 4.13
Histidine 1.56
       Isoleucine 2.58
Leucine 4.84
       Lysine 4.33
       Methionine 2.18
       Phenylalanine 2.25
       Threonine 2.95
Valine 3.01
       Sistine 2.29
       Glycine 2.92
       Serine 2.88
       Tyrosine 1.36
Lipid 7-10
Fibers 1.08
Phosphor 1
Calcium 0.55

This study confirmed the potential production of micrometer-sized carbon particles by combining saw milling 
and heat treatment. Milling process was used to reduce the particle size (Nandiyanto et al., 2018b; Nandiyanto et al., 
2018a; Nandiyanto et al., 2018c) while the heat treatment was for converting LR into carbon material (Nandiyanto 
et al., 2017).    Transformation of LR into carbon particles was also investigated in detail and compared with current 
theories to get particle formation mechanism. To precisely analyze the transformation of LR into carbon nanoparticles, 
several characterizations were used, including Fourier transform infrared (FTIR), thermal gravity (TG) and differential 
thermal analysis (DTA), scanning electron microscope (SEM), and X-ray diffraction (XRD).

METHOD
LR was obtained and purchased from CV Bengkelden Agrobisnis, Indonesia. Prior to usage, LR was washed in 

warm water (temperature of 40°C) for several hours. The washed LR was then dried at 70°C for about 15 minutes in 
the electrical drier.

The dried LR was then put into a batch-typed saw-milling apparatus. Detailed information for the saw-milling 
process is explained in previous literature (Nandiyanto et al., 2018b). In short, the equipment used in the saw-milling 
process is plastic milling vial (polytetrafluoroethylene cylinder with an inner dimension of 10, 7, and 0.5 cm for 
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the height, the diameter, and the thickness, respectively) and a single blade unit attached in the center bottom of the 
vial. The blade unit contained four jigsaw blades (connected each other). The blade unit was arranged to have two 
horizontal blades and two upward blades (about 45 degrees from horizontal). Each blade has a dimension of 3 cm in 
length with 4 teeth. For the milling process, the process was done at 18,000 rpm for 20 seconds followed by manual 
mixing (using a metal spoon). To get a homogenous milling process, the total combination of milling and manual 
mixing was done three times.

In a typical experimental procedure for evaluating the formation of carbon particles from LR, 0.360 g of saw-milled 
LR was put into an electrical furnace and heated in the atmospheric condition under a fixed condition: a heating rate of 
50°C/min and a holding time at a specific temperature for 30 min. To obtain the clear evaluation in the transformation 
of LR into carbon particles, heating temperatures were varied from 80 to 250°C in a small step of almost every 10°C. 
The heated material was subsequently cooled to room temperature with a cooling rate of 50°C/min. 

To characterize the physicochemical properties of the heated LR, several analyses were employed. Thermal 
Gravimetry (TG) and Differential Thermal Analysis (DTA) (DTG-60A, Shimadzu Corp., Japan; conducted at a heating 
rate of 5 °C/min and a specific flow of air (200 mL/min)) were used to analyze the mass transformation profile of LR 
into carbon during the heating process. FTIR (FTIR-4600, Jasco Corp., Japan) and XRD (XRD; PANalyticalX’Pert 
PRO; Philips Corp., The Netherland) were utilized to analyze the chemical composition and the amorphous/crystalline 
ratio, respectively. To analyze the morphology and the size distribution of the product, SEM (JSM-6360LA; JEOL 
Ltd., Japan) was used. 

RESULTS AND DISCUSSION
The SEM analysis images of the LR heated with various temperatures are shown in Figure 1. The saw-milled LR is 

a particle with a mean size of about 30 micrometers (Fig. 1a), confirming the effectiveness of saw-milling process for 
size-reduction process, as explained in literature (Nandiyanto et al., 2018b). The saw-milling process has limitations 
to generate tens of micrometers, and to lower size of the LR particle, an additional technique such as ball-milling 
process must be added (Nandiyanto et al., 2018c).

When the saw-milled LR particles were put into the heating process, slight change in the particle size was obtained 
(See Fig. 1(b)), confirming that the use of temperature of less than 250°C to LR did not change in size. Detailed 
information about the sizes of LR particles as a function of temperature based on ferret analysis is presented in Fig. 
1(c). Small size deviation was obtained in all samples with different heating temperatures (less than 5%), informing 
the possible control of the final particle size by changing the milling process condition (not the heating temperature). 

The high-magnified SEM images for saw-milled LR particles heated with various temperatures (shown in Fig. 
1(d-f)) confirmed the metamorphosis in the particle structure. The saw-milled particles had dense and rough surface 
structure (Fig. 1(d)), and this structure was maintained until temperature of less than 200°C (Fig. 1(e)). Increases in 
the heating temperature of higher than 200°C allowed the appearance of pores in the particle (see marked area in Fig. 
1(f)). The pores are from the decomposition of organic component that can create CO2 gases and some water vapor. 
Indeed, with the transformation of organic compound into carbon, the component shrunk. At the same time, the gases 
give pressure, making its removal to bring explosion. The explosion remains porous structure but for some cases 
when the explosion is not under control, the pores structure cannot be controlled, resulting the appearance of localized 
pores as shown in Fig. 1(f). Control of pore size, structure, and distribution was not the focus of this study, though 
they should be possibly controlled by changing the heating rate. The structure of pores was obtained from the SEM 
observation on surface of particles. However, to confirm the structure of pores inside the particle, further analysis must 
be done, such as the use transmission electron microscope, which will be done in the future study.

To confirm the effectiveness of saw milling in reducing the particle size, analysis of the size distribution as a 
function of milling time is presented in Fig. 1(g). The mean size of initial LR after preheating was larger than 200 
um. Then, additional saw-milling process reduced the particle size. Indeed, the more additional milling process has 
a correlation to the obtainment of smaller particles. However, too long milling process is not efficient for the smaller 
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particles production. The optimum milling time for making LR powder is about 60 seconds. Less than 60 seconds 
of milling process will create incomplete size reduction process, while the longer time will give no impact to the 
particle size.

Fig. 1. SEM images of saw-milled LR heated with various temperatures. (a,b) and (d,e,f) are the low- and high-
magnified SEM images, respectively. (a,d), (b), and ((b,f) are saw-milled LR heated at 25, 180, and 250°C, 

respectively. (c) is the mean size distribution of LR heated at various temperatures. (g) is the mechanism illustration 
of the formation of porous carbon particles from LR.

The TG-DTA analysis results of saw-milled LR are shown in Figure 1(h). The mass degradation was obtained 
since the beginning of the heating process. The slight change in the mass was obtained when heating sample with 
temperatures is less than 220°C, which was due to the release of physically adsorbed water and some protein components. 
Further mass degradation was found after 220°C, which was due to the degradation of organic components such as 
carbohydrate, protein, and lipid (Yang et al., 2018). The major mass decomposition occurred when temperature is 
higher than 270°C. 

FTIR analysis results of saw-milled LR particles heated at various temperatures are shown in Figure 2. The change 
of FTIR peaks and patterns as a function of heating temperature was obtained, and the results were compared to the 
dried LR sample without saw-milling process. To clarify the analysis, two types of vertical lines were added in the 
figure. The black dashed line is the mark for the similar peaks, whereas the red dashed and dot line are for the different 
peaks. The FTIR peaks and patterns of samples heated at less than 180°C are identical to the LR (Metkar et al., 2017). 
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However, samples heated at temperatures of higher than 180°C have different FTIR peaks and patterns, specifically 
at wave numbers of 900, 1400, 2800, 3000, and 3250 cm-1. These types of peaks and patterns are similar to those of 
carbon material as shown in literature (Nandiyanto et al., 2016; Nandiyanto et al., 2017), informing heating LR at 
temperatures higher than 180°C is effective to decompose organic compounds into carbon. Further increases in the 
temperature (more than 250°C) will result in better formation of carbon.

Fig. 2. The FTIR analysis results of saw-milled LR heated with various temperatures. Dried sample is sample 
prior to saw-milling process, which was used as standard material.

To confirm the transformation of LR into carbon, XRD analysis was conducted (Figure 3). The XRD analysis 
results showed that the initial material was relatively amorphous, and additional heat treatment gave no impact to 
the creation of crystalline peaks in the XRD pattern. This result confirmed that the present heating condition is not 
effective to create crystalline material. Indeed, to produce higher crystallinity, additional higher heating temperature 
must be applied. However, applying higher temperature will create problems in the requirement of higher cost of 
production.

To ensure the change in the XRD pattern as a function of heating temperature, further detailed analysis is marked 
by red dashed vertical line in Figure 3. There is a shift in the amorphous peak. As-prepared sample (after saw-milling 
process) has 2 peaks at about 19 and 21°. Increases in the heating temperature until 200°C gave changes in these 
peaks, in which the peak of 21° started to appear and dominate the peak. The major change in the peak was obtained 
for the sample that was prepared by heating LR at 250°C. Compared to the FTIR analysis results shown in Figure 2, 
the possible formation of the material after heated at 200°C is the amorphous carbon material. 

The above results confirmed that the main production should be done using the temperature of less than 250°C. 
Further increases in the temperature will cause several disadvantages, including the mass loss (i.e., less carbon 
be obtained) and the over use of energy. The simple mathematical analysis from the TG-DTA result in Figure 1 
shows that the product heated process at temperature of 250°C has a mass loss of about 15% (or the final mass at 
250°C = 85%). Then, assuming the additional milling process for creating microparticles has a mass loss of about 
the 20%, the final carbon material product will be obtained in more than 75% of the initial mass of LR. This value 
is prospective for the large-scale production of carbon product. However, further analysis for understanding the 
efficiency of the present method will be done in the future study.
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Fig. 3. The XRD analysis results of saw-milled LR heated with various temperatures.

Based on the results, proposal for the hypothesis in the transformation of porous carbon particles is presented in 
Figure 4. The transformation of LR into porous carbon happens in three steps. 

The first step is the process for removing the physically adsorbed water, which can be done at temperatures less 
than 150°C. Although this temperature range is effective to remove the water content, some amino acid possibly 
decomposes, resulting in the fact that this temperature must be considered for LR as medicine-related materials. 
However, the main objective in the present study is the production of carbon materials, making this step not a 
problem.

The second step is the decomposition of organic material into carbon at temperatures of between 150°C and 
200°C. This temperature range allows the incomplete transformation of organic material into carbon. The shape and 
structure of the particles are identical to those of the initial saw-milled LR.

The third step is the pore formation, which was done after passing temperature of 200°C. LR contains protein and 
fat can be converted into carbon, promoting the release of gases such as carbon dioxide. This is in good agreement 
with the FTIR and XRD results in Figures 2 and 3, respectively. When these gases leave the material, porous structure 
remained in the final particle as shown in Fig. 1(f). 

This hypothesis confirmed that the saw-milling process is effective to produce LR particles with sizes of several 
micrometers. Then, additional heat treatment to the saw-milled LR can promote the creation of micrometer-sized 
porous carbon particles.
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Fig. 4. The illustration of LR material transformation.

CONCLUSION
The micrometer-sized porous carbon particles from LR has been successfully prepared. Since LR contains protein 

and fat, LR is easily converted into carbon only using direct heat treatment process in relatively low temperature and 
atmospheric condition. The effectiveness of the present method for preparing micrometer-sized carbon particles is 
due to the combination of saw-milling process with heat treatment. The saw-milling process is effective to lead the 
production of LR particles with sizes of several micrometers, whereas the heat treatment to the micrometer-sized 
LR can promote the formation of carbon materials. All phenomena have been discussed and shown by the proposal 
hypothesis for the formation of porous carbon material from LR, which will generate more ideas and innovations for 
further material production.
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