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This study explored enhancing biogas and methane production from
tofu liquid wastewater (TLW) by adding calcium nanoparticles.
Eggshell calcium nanoparticles (ECN) in the form of nano Ca(OH),
were introduced to improve the degradation process. Chicken eggshells
were calcinated at 1000 °C to create Ca(OH), particles, followed by
milling to yield ECN. Characterization using X-ray diffraction (XRD)
confirmed the presence of Ca(OH), in the ECN, while scanning
electron microscopy (SEM) revealed the irreqular morphology of the
particles. Energy-dispersive X-ray spectroscopy (EDS) analysis
showed calcium and oxygen as the primary elements. To investigate
the effect of ECN in enhancing biogas and methane production, we
evaluated 3 levels of ECN concentrations during anaerobic
fermentation of TLW: 2.5 g/L, 5 g/L. and 7.5 g/L. We observed that
adding ECN of 5 g/L during anaerobic digestion improved biogas
production. Further, at this concentration, the methane concentration
on the biogas was 64%, while on the control samples (without ECN)
was only 0.09%. These findings suggested the benefit of ECN
supplementation during anaerobic digestion of TLW for biogas
production.

Copyright © 2024 Authors. All rights reserved

Introduction

Tofu, a staple food in many Asian cultures, is produced from soybeans through a process that
generates a significant amount of liquid waste. This byproduct, known as tofu liquid waste
(TLW), poses a challenge due to its high organic content and acidic nature [1].

TLW, if improperly disposed of, can have detrimental effects on the environment. Its high
biochemical oxygen demand (BOD) and chemical oxygen demand (COD) can deplete oxygen
levels in waterways, harming aquatic life. Additionally, the acidic pH of TLW can disrupt the
delicate balance of freshwater ecosystems [2], [3], [4].
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Despite its potential negative impacts, TLW also presents an opportunity. Research has shown
that this waste stream holds potential for various applications [5]. The organic matter in TLW
can be converted into biogas, a renewable energy source. TLW can be used as a fertilizer with
proper treatment due to its nutrient content [6].

Reutilizing the TLW is expected to improve the sustainability of the tofu industry. However,
the methods for treating TLW and possibly utilizing the resulting products from TLW
reutilization still need to be explored and optimized.

Biogas production from liquid waste offers a promising avenue for converting waste into a
clean energy source. Anaerobic digestion is a promising technology for converting food
wastewater into biogas [7], including TLW. Getting more biogas out of anaerobic digestion is
crucial for it to be a viable alternative energy source. This efficiency is critical to reducing our
carbon footprint and transitioning to a low-carbon economy. Turning organic waste into
energy and valuable products helps us achieve this goal, effectively recycling these materials
into the system. However, simply increasing biogas output is not enough. We need to consider
the energy needs of the entire process. Pretreating some organic waste can improve its
breakdown in the digester, but this might require special equipment and extra energy,
potentially making the whole process unsustainable [8]. Recent advancements focus on
speeding up the initial breakdown stage, also known as the hydrolysis step, using methods
like heat [9], [10], mechanical processes [11], [12], [13], ultrasound [14], [15], [16], or even
electrical pulses. However, the success of this new technology hinges on balancing increased
biogas production with the energy required for the pretreatment itself. Another approach is
adding specific materials to the digester, like conductive materials, adsorbents, trace elements,
or enzymes, to enhance waste degradation [17], [18], [19], [20], [21], [22], [23]. These materials
could escape the digester and harm the environment if they contain contaminants [7], [24]. For
that, careful consideration is required before introducing materials to the digesters.

Liquid waste, including tofu processing wastewater, often exhibits an acidic nature with a low
pH. This acidic environment can harm methanogenic bacteria, the key players in biogas
production, through anaerobic digestion [25], [26]. They thrive in a slightly alkaline
environment, typically with a pH ranging from 6.8 to 7.5. Thus, maintaining a specific optimal
pH level for the microbes responsible for biogas generation is one of the bottlenecks in the
waste-to-energy process from liquid waste.

Our previous study [27] has shown that adding eggshell calcium nanoparticles (ECN) during
the anaerobic digestion of palm oil mill effluent mixed with cow manure increased biogas
production. For that, we explore the impact of supplementing tofu liquid waste with calcium
nanoparticles derived from eggshells (ECN) on its conversion into biogas. We expect that
calcium acts as a pH buffer, helping to regulate and maintain this optimal range, as a previous
study on palm oil mill effluent indicated [27]. When added to the liquid waste, calcium
compounds like calcium carbonate (limestone) or calcium hydroxide (lime) react with the free
hydrogen ions present in the acidic solution. This neutralizes the acidity, raising the pH
towards the desired level for efficient methanogenesis.

This paper reports on our recent study on using ECN during the anaerobic digestion of TLW.
Therefore, we investigated the biogas production from TLW with and without the addition of
ECNs. Three concentrations of ECNs were investigated in this study: 2.5 g/L, 5 g/L, and 7.5

g/L.
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Experimental Method

Figure 1 illustrates the general process involved in this study: TLW preparation, ECN
preparation, and biogas production.

e

TLW
Preparation

- ; Biogas
Biogas production Analysis Yes m
T

Figure 1. Flowchart indicating the process involved in converting TLW into biogas

Tofu Liquid Waste Preparation

Fresh Tofu liquid waste (TLW) was obtained from a commercial producer, Bandung Tofu
Factory "Ashor," located in Cibanteng, Bogor, Indonesia. The use of an inoculum enhanced
bacterial digestion. This inoculum was a probiotic produced from fermented coconut water.
Commercially available fermented coconut water produced by CV. Tirta Herbal Sukses was
used as it is.

Eggshell Calcium Nanoparticle (ECN) production from chicken eggshell

The ECN was produced following a previous study [27]. Figure 2 shows a flowchart indicating
the process for producing eggshell calcium nanoparticles (ECN) from chicken eggshells (CES).
Cleaned and dried chicken eggshells (CES) were weighed to determine their initial mass. The
CES was then placed in a crucible and heated in a furnace at 1000 °C for 5 hours with a gradual
temperature increase of 5 °C/minute. The resulting calcinated CES Eggshell Calcium (EC)
particles were ground into a fine powder using a mortar. The mass of the CES powder was
measured again after calcination. The calcinated EC particles would react with moisture in the
air to form Ca(OH)2 [19].

The calcinated EC particles were subjected to a milling process for 1 hour at a speed of 700
rpm to achieve nanoparticle dimensions. This milling treatment reduced the particle size of
the calcinated CES powder, resulting in eggshell calcium nanoparticles (ECN) and an increase
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in its surface area. A larger surface area promotes enhanced biogas production using the ECN
powder as an additive.

CES heating
treatment

CES preparation

EC particl
partcie EC analysis: XRD, SEM
grinding i

Figure 2. The flowchart indicates the process of producing eggshell calcium nanoparticles
(ECN) from chicken eggshells (CES).

Biogas Production

The study employed four samples of a mixture of TLW, inoculum, and eggshell calcium
nanoparticles (ECN) in Ca(OH),. ECNs were added to each digester in varying amounts and
concentrations. These four samples were evaluated for biogas production. One sample served
as a control, while the remaining three were supplemented with ECN and subjected to milling
treatment at concentrations of 2.5 g/L, 5 g/L, and 7.5 g/L, respectively. Table 1 outlines the
treatment types for the samples to be used. Figure 3 illustrates the experimental set adapted
from a previous study [27], [28].

Table 1. Composition of Tofu Liquid Waste (TLW) and Eggshell Calcium Nanoparticle

(ECN) Treatments.
Sample code Composition
Control 0.1 L inoculum + 0.4 L TLW
2.5 NP 0.1 L inoculum + 0.4 L TLW + 2.5 g/L ECN
5 NP 0.1 L inoculum + 0.4 L TLW + 5.0 g/L ECN
7.5 NP 0.1 L inoculum + 04 L TLW + 7.5 g/L ECN

Thermometer .
\ Gas pipe

Rubber prop

Inoculum
Tofu liquid waste

Figure 3. Experimental setup for anaerobic digestion of tofu liquid waste, adapted from the previous

study [27], [28]
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Each solution sample listed in the table was thoroughly stirred until a uniform mixture was
achieved. Stirring was carried out daily using a magnetic stirrer for 30 minutes per sample.
The stirred samples were then stored at room temperature for a predetermined duration.
Following the storage period, biogas volume measurements were performed. Concurrent with
daily stirring using a magnetic stirrer, the temperature and pressure of each sample were also
measured daily using a thermometer and barometer, respectively. These daily temperature
and pressure measurements enabled the estimation of the gas production rate.

Analysis

The ECN powder underwent characterization using scanning electron microscopy (SEM)
Hitachi, SU-3500 at an accelerating voltage of 20 kV and X-ray X-ray diffractometer (XRD)
RIGAKU, SMARTLAB using CuKa (1.541862 A) at 40 kV and 30 mA techniques. SEM
characterization revealed the morphology and particle size of the powder. EDS
characterization enabled the determination of the elemental composition and mass
percentages of the elements present in the sample. XRD characterization was employed to
identify the phases, crystallite size, and lattice parameters of the ECN powder.

The daily temperature and pressure data obtained from the measurements serve as a basis
for determining the gas mole. The ideal gas law, represented by the equation PV = nRT, is
employed to calculate the biogas mole. In this equation, P represents the pressure (N/m? or
Pa), V represents the biogas volume obtained, n represents the number of particles (mol), and
R represents the ideal gas constant (0.082 atm.L/mol.K). Biogas produced would increase the
height of the liquid in the digester. By measuring the height of liquid on each day and
knowing that the initial volume of liquid was 500 mL, we can calculate the volume of the
biogas produced as:

Vbiogas produced = Vliquid observed at particular day — Vliquid initial (1)

The generated biogas underwent analysis using a Shimadzu 8A TCD gas chromatograph to
quantify the methane (CHi) concentration within the biogas. This gas chromatography
apparatus utilizes argon (Ar) as the carrier gas, an activated carbon column as the stationary
phase, a column temperature of 100 °C, and a gas flow rate ranging from 40 to 70 cc/min.

Result and Discussion
Eggshell Calcium Nanoparticle (ECN) production

Calcination involves heating a substance to an elevated temperature below its melting point
to eliminate volatile components. Eggshells comprise 94% calcium carbonate, 1% calcium
phosphate, 1% magnesium carbonate, and the remaining portion is organic matter [29].
Chicken eggshells undergo calcination to remove organic compounds and protein fiber layers.
The calcination temperature typically employed for eggshells falls within the 900 to 1100 °C
range. The chemical reaction that transpires during the eggshell calcination process is as
follows.

heat
CClC03(S) —_— CaO(S) + COZ @) (2)
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Chicken eggshells (CES) underwent calcination at 1000 °C for 5 hours within a furnace,
employing a heating rate of 5 °C/min. The mass of the CES post-calcination was lower than
that of the pre-calcination CES, attributed to the release of organic matter and the expulsion of
CO; from CaCOs because of the applied heat. We observed mass loss percentage for c.a 46%
(Fig 4). CES mass lost was calculated as:

CES mass lost (%) — mass of CESpefore calcination ~Mass of CESqfter calcination x 100% (3)
mass of CESpefore calcination

CES mass loss indicates the success of the decomposition of calcium carbonate (CaCOs) in the
eggshell into calcium oxide (CaO). The CES's color changes from light brown to light white
after calcination, confirming the decomposition of calcium carbonate to calcium oxide [30].

22 -
20 +

I
Before After

Figure 4. Mass of CES before and after calcination. Percentage mass loss: 46.88 + 0.12%

The X-ray diffraction (XRD) spectrum of the calcinated and ECN powder was acquired using
CuKa radiation (A = 1.54056 A) at 20 angles ranging from 10° to 90° (Fig 5). The XRD pattern
of this ECN sample was successfully matched with the XRD pattern for Ca(OH): as listed in
the Joint Committee on Powder Diffraction Standards (JCPDS) under no. 04-0733. This
indicates that calcium carbonate, the main constituent of eggshell [31], has been successfully
converted into calcium oxide through thermal treatment [32]. However, the diffractogram
showed peaks corresponding to the calcium hydroxide (Ca(OH)2) rather than calcium oxide
CaO. The presence of Ca(OH). in the XRD diffractogram is likely due to the hygroscopic nature
of CaO. Since CaO readily absorbs moisture from the air, it can easily convert to Ca(OH):
before or during the XRD analysis. The XRD pattern of the ECN is presented in Figure 5. The
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20 angles observed for the sample closely align with those reported in the JCPDS database for
Ca(OH)a. A detailed comparison of the 20 angles corresponding to the XRD peaks of the ECN
sample with those in the JCPDS database for Ca(OH)2 is provided in Table 2.
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Figure 5. XRD diffractogram of ECN (Eggshell Calcium Nanoparticle)

The lattice parameters of the ECN sample were calculated using the Cohen Method [33] based
on the obtained XRD pattern. According to JCPDS data No. 04-0733, the crystal structure of
Ca(OH), is hexagonal with lattice parameter values of a =b =3.589 A and ¢ = 4.916 A. These
values correspond to the accuracy of 99.93% and 99.97, respectively, to those of JCPDS data
No. 04-0733. We also calculated the crystallite size using Scherrer formulae (Table 2). Figure 6
shows the morphology of ECN obtained from SEM characterization. We observed that the
ECN exhibited homogenous agglomerated particles. The image processing using Fiji Image]
confirmed the formation of ECN with the particle size in the 467- 1604 nm range. The Energy
Dispersive X-ray Spectroscopy (EDS) showed that the ECN consists of 45.4% Ca and 46.7% O.
This confirmed the presence of Ca(OH)..
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Table 2. The crystallite size of ECN is based on Scherrer formulae.

20 (°) Crystallite Size (nm)
18.02 19.20
28.71 2493
34.12 13.41
50.81 18.12
54.40 19.23

K 8 4 8 oy e |

SU3500 20.0kV x1.00k SE 50.0um

Figure 6. SEM Images of ECN with 1000x magnification

Biogas Production

Tofu production generates a significant amount of liquid waste. While traditionally disposed
of, this wastewater holds hidden potential. It turns out that tofu liquid waste is rich in organic
matter, making it a prime candidate for conversion into biogas through anaerobic digestion.
Anaerobic digestion is a biological process where microorganisms break down organic
material in an oxygen-free environment. When applied to tofu liquid waste, these microbes
feast on the organic components, like carbohydrates, proteins, and fats. As they decompose
this organic matter, they produce biogas, a mixture of gases primarily composed of methane
(CHy), carbon dioxide (CO.), and smaller quantities of other gases. This process offers a
sustainable solution for tofu waste management. Instead of polluting the environment, the
waste is transformed into a valuable source of clean energy. Our study investigates tofu liquid
waste (TLW) digestion using inoculum. We are particularly interested in evaluating the
benefits of adding ECN to this process.

To monitor the initial stages of biogas production, we measured the air pressure within the
reactor daily. This data was then used to calculate the mole of biogas produced. For calculating
the moles of biogas, we used the measured pressure (P), the biogas volume (obtained by
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subtracting the volume of the solution a particular day with the initial volume, the ideal gas
constant (R = 8314 J/kmol K), and the measured temperature (T) in the ideal gas law equation:
pV
n= RT 4)

Figure 7 shows the daily pressure of the reactor for a total of 30 days. The presence of ECN in
the digester seemed to boost gas production. Pressure readings for the first few days were
similar across all samples. There was a dip in pressure between days 3 and 10, suggesting a
decrease in gas production, as seen in other studies [23]. Interestingly, pressure rose
significantly from day 23 onwards, especially in samples with ECN. This suggests renewed
gas production. For example, pressure in sample 5 NP increased from day 2 to day 29, while
pressure in the control sample stayed the same. Overall, the pressure variations after day 10
suggest improved conditions for bacteria growth, particularly in samples with ECN. This is
further supported by the higher pressure observed in all ECN samples by day 29, indicating
more gas production.
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Figure 7. Pressure measured on the reactor from day 1 until day 30
We observed that the pressure was significantly dropped on the 30t day. Therefore, to
evaluate the mole of biogas that was produced, we only compared the delta of mole of the 1st

and the 29t day. The delta mole of the 1st day is calculated as the difference of the mole on the
1st day with that of the Ot day. At the same time, the delta mole of the 29t day is calculated as
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the difference between the mole on the 29th day and that of the 0t day. Figure 8 shows this
data.
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Figure 8. An additional mole of biogas is produced on the 1st day and 29t day of digestion

The addition of ECN powder significantly increased pressure and biogas production
compared to the control group, as shown in Figures 7 and 8. Samples 5 NP showed the highest
values, followed by 2.5 NP, 7.5 NP, and the control sample. These findings suggest that ECN
promotes reactions between itself and the substrate, creating a more favorable environment
for bacterial growth [27]. Other studies indicate that the benefits of calcium extend beyond
simply raising the pH. Calcium also plays a role in strengthening the cell walls of
methanogenic bacteria, improving their overall health and efficiency. Additionally, calcium
can help mitigate issues like foaming disrupting the smooth operation of biogas digesters [35],
[36].

Sample 5 NP, with the highest biogas volume, indicates that adding 5 g/L ECN to the substrate
represents the optimal concentration for bacterial growth during biogas production using tofu
wastewater and fermented coconut water probiotic solutions. The other two samples, 2.5 NP
and 7.5 NP exhibited less optimal bacterial growth. This could be attributed to the inability of
Ca(OH): to effectively maintain a neutral pH in the substrate, resulting in a suboptimal
environment for methanogenic bacteria. pH is crucial in anaerobic fermentation, influencing
microbial growth and activity. Generally, a pH range of 6.6-7.5 is suitable for aerobic
fermentation. When the pH falls below 6.5 or exceeds 8.2, methanogenic bacterial activity is
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hindered [37]. Therefore, a buffer with an appropriate concentration is necessary to maintain
a neutral pH in case of acid addition, ensuring the overall process equilibrium remains stable
[38].

By day 30, biogas production began to decline in all samples. This suggests that after 29 days,
the substrate environment became less conducive for biogas production, eventually leading to
a halt in biogas generation.

A correlation was observed between high biogas volume and high methane concentration.
Methane concentration measurements were conducted only for the control sample and sample
5 NP. The procedure involved injecting gas into Duran bottles (sealed with rubber stoppers)
and analyzing the gas composition using a gas chromatography instrument. These
measurements aimed to determine whether ECN addition influenced the concentration of
methane produced. The results are presented in Table 3.

Table 3. Methane concentration.

Sample Methane concentration (%)
Control 0.09
5NP 64.17

The addition of ECN was found to enhance methane production. The methane concentration
in the control sample was 0.09%, while sample 5 NP exhibited a methane concentration of
64.17% of the total biogas volume on the last day of the experiment.

Conclusion

This paper reports on our recent study on using ECN during the anaerobic digestion of TLW.
Therefore, we investigated the biogas production from TLW with and without the addition of
ECNs. A 30-day anaerobic fermentation process was conducted to investigate biogas
production from a mixture of tofu wastewater and probiotics (coconut water fermentation)
supplemented with calcium eggshell nanoparticles (ECN) in the form of Ca(OH).. The
addition of ECN resulted in a significant increase in both biogas and methane production. All
samples treated with ECN powder exhibited higher biogas volumes than the control sample,
in the following order: 5 NP, 2.5 NP, and 7.5 NP. This qualitatively demonstrates that ECN
powder addition to the samples led to an increase in biogas volume. Sample 5 NP showed a
remarkable methane concentration of 64.17%, far exceeding the control sample's methane
concentration of merely 0.09%. Our findings indicate that calcium is critical in ensuring
optimal conditions for biogas production from tofu liquid waste. By effectively buffering the
pH and supporting the health of methanogenic bacteria, calcium paves the way for a successful
and sustainable waste-to-energy conversion process. Developing biogas purification methods
is suggested for future research.

424



Indonesian Physical Review. 7(3): 414-428

References

[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

J. Miao, T. Zhang, M. Zou, and Z. Qin, “Preparation and characterization of dialdehyde
starch-soybean protein isolate stabilized carvacrol emulsion composite films,” React Funct
Polym, vol. 192, p- 105710, 2023, doi:
https:/ /doi.org/10.1016/j.reactfunctpolym.2023.105710.

A. K. El-Deen and K. Shimizu, “A green air assisted-dispersive liquid-liquid
microextraction based on solidification of a novel low viscous ternary deep eutectic
solvent for the enrichment of endocrine disrupting compounds from water,” ] Chromatogr
A, vol. 1629, p. 461498, 2020, doi: https:/ /doi.org/10.1016/j.chroma.2020.461498.

A. Nieto-Veloza, Q. Zhong, W.-S. Kim, D. D'Souza, H. B. Krishnan, and V. P. Dia,
“Utilization of tofu processing wastewater as a source of the bioactive peptide lunatic,”
Food Chem, vol. 362, p- 130220, 2021, doi:
https://doi.org/10.1016/j.foodchem.2021.130220.

B. Budiyono and I. Syaichurrozi, “A review: biogas production from tofu liquid waste,”
IOP Conf Ser Mater Sci Eng, vol. 845, no. 1, p. 012047, 2020, doi: 10.1088/1757-
899X/845/1/012047.

V. Shrivastava, I. Ali, M. M. Marjub, E. R. Rene, and A. M. F. Soto, “Wastewater in the
food industry: Treatment technologies and reuse potential,” Chemosphere, vol. 293, p.
133553, 2022, doi: https:/ /doi.org/10.1016/j.chemosphere.2022.133553.

M. Koszel and E. Lorencowicz, “Agricultural Use of Biogas Digestate as a Replacement
Fertilizers,” Agriculture and Agricultural Science Procedia, vol. 7, pp. 119-124, 2015, doi:
https://doi.org/10.1016/j.aaspro.2015.12.004.

A. Al-Wabhaibi et al., “Techno-economic evaluation of biogas production from food waste
via anaerobic digestion,” Sci Rep, vol. 10, no. 1, p. 15719, 2020, doi: 10.1038/s41598-020-
72897-5.

J. Garcia-Cascallana, D. Borge-Diez, and X. Gémez, “Enhancing the efficiency of thermal
hydrolysis process in wastewater treatment plants by the use of steam accumulation,”
International Journal of Environmental Science and Technology, vol. 16, no. 7, pp. 3403-3418,
2019, doi: 10.1007/s13762-018-1982-6.

Y. Tang, H. Xie, J. Sun, X. Li, Y. Zhang, and X. Dai, “ Alkaline thermal hydrolysis of sewage
sludge to produce high-quality liquid fertilizer rich in nitrogen-containing plant-growth-
promoting nutrients and biostimulants,” Water Res, vol. 211, p. 118036, 2022, doi:
https:/ /doi.org/10.1016/j.watres.2021.118036.

[10] X.-T. Wang et al., “Microbial electrolysis cells (MEC) accelerated methane production

from the enhanced hydrolysis and acidogenesis of raw waste activated sludge,” Chemical
Engineering Journal, vol. 413, p- 127472, 2021, doi:
https://doi.org/10.1016/j.cej.2020.127472.

425



P-ISSN: 2615-1278, E-ISSN: 2614-7904

[11] Q. Ji et al., “Ultrasound-Ionic Liquid Pretreatment Enhanced Conversion of the Sugary
Food Waste to 5-Hydroxymethylfurfural in Ionic Liquid/Solid Acid Catalyst System,”
Catal Letters, vol. 150, no. 5, pp. 1373-1388, 2020, doi: 10.1007 /s10562-019-03059-0.

[12] T. Suresh, N. Sivarajasekar, K. Balasubramani, T. Ahamad, M. Alam, and M. Naushad,
“Process intensification and comparison of bioethanol production from food industry
waste (potatoes) by ultrasonic assisted acid hydrolysis and enzymatic hydrolysis:
Statistical modelling and optimization,” Biomass Bioenergy, vol. 142, p. 105752, 2020, doi:
https:/ /doi.org/10.1016/j.biombioe.2020.105752.

[13] B. Guo, J. Hu, J. Zhang, Z. Wu, and Z. Li, “Enhanced methane production from waste
activated sludge by potassium ferrate combined with ultrasound pretreatment,” Bioresour
Technol, vol. 341, p. 125841, 2021, doi: https:/ /doi.org/10.1016/j.biortech.2021.125841.

[14] D. Kovaci¢, S. Rupci¢, D. Kralik, D. Jovici¢, R. Spaji¢, and M. Tisma, “Pulsed electric field:
An emerging pretreatment technology in a biogas production,” Waste Management, vol.
120, pp. 467-483, 2021, doi: https:/ /doi.org/10.1016/j.wasman.2020.10.009.

[15] M. Salgado-Ramos, F. ]J. Marti-Quijal, A. ]J. Huertas-Alonso, M. P. Sanchez-Verdu, A.
Moreno, and F. J. Barba, “Winemaking-derived by-products: In-depth characterization
and sustainable, advanced pulsed electric field (PEF) processing to a zero-waste-based
approach,” | Environ Chem Eng, vol. 11, no. 5 p. 110535, 2023, doi:
https://doi.org/10.1016/j.jece.2023.110535.

[16] H. Min et al., “Electrochemical-assisted hydrolysis/acidification-based processes as a
cost-effective and efficient system for pesticide wastewater treatment,” Chemical
Engineering Journal, vol. 397, p- 125417, 2020, doi:
https://doi.org/10.1016/j.cej.2020.125417.

[17] J.-H. Park, J.-H. Park, S.-H. Lee, S. P. Jung, and S.-H. Kim, “Enhancing anaerobic digestion
for rural wastewater treatment with granular activated carbon (GAC) supplementation,”
Bioresour Technol, vol. 315, p- 123890, 2020, doi:
https:/ /doi.org/10.1016/j.biortech.2020.123890.

[18] X. Jiang et al., “Improvement of sewage sludge anaerobic digestion through synergistic
effect combined trace elements enhancer with enzyme pretreatment and microbial
community  response,”  Chemosphere, vol. 286, p. 131356, 2022, doi:
https://doi.org/10.1016/j.chemosphere.2021.131356.

[19] X. Wang, V. Diirr, A. Guenne, L. Mazéas, and O. Chapleur, “Generic role of zeolite in
enhancing anaerobic digestion and mitigating diverse inhibitions: Insights from
degradation performance and microbial characteristics,” | Environ Manage, vol. 356, p.
120676, 2024, doi: https:/ /doi.org/10.1016/j.jenvman.2024.120676.

[20] D. Singh et al., “Biostimulation of Anaerobic Digestion Using Iron Oxide Nanoparticles
(IONPs) for Increasing Biogas Production from Cattle Manure,” Nanomaterials, vol. 12, no.
3, Feb. 2022, doi: 10.3390/nano12030497.

426



Indonesian Physical Review. 7(3): 414-428

[21] M. Farghali et al., “Prospects for biogas production and H2S control from the anaerobic
digestion of cattle manure: The influence of microscale waste iron powder and iron oxide
nanoparticles,”  Waste = Management, vol. 101, pp. 141-149, 2020, doi:
https:/ /doi.org/10.1016/j.wasman.2019.10.003.

[22] S. Gran, H. Motiee, N. Mehrdadi, and M. Tizghadam, “Impact of Metal Oxide
Nanoparticles (NiO, CoO and Fe304) on the Anaerobic Digestion of Sewage Sludge,”
Waste Biomass Valorization, vol. 13, no. 11, pp. 4549-4563, 2022, doi: 10.1007 /s12649-022-
01816-8.

[23] U. Choe, A. M. Mustafa, X. Zhang, K. Sheng, X. Zhou, and K. Wang, “Effects of
hydrothermal pretreatment and bamboo hydrochar addition on anaerobic digestion of

tofu residue for biogas production,” Bioresour Technol, vol. 336, p. 125279, 2021, doi:
https://doi.org/10.1016/j.biortech.2021.125279.

[24] M. Bundschuh et al., “Nanoparticles in the environment: where do we come from, where
do we go to?,” Environ Sci Eur, vol. 30, no. 1, p. 6, 2018, doi: 10.1186/s12302-018-0132-6.

[25] K. He, Y. Liu, L. Tian, W. He, and Q. Cheng, “Review in anaerobic digestion of food
waste,” Heliyon, vol. 10, no. 7, p- 28200, 2024, doi:
https://doi.org/10.1016/j.heliyon.2024.e28200.

[26] I. A. A. Suwandhi, Sajidan, A. Budiman, and M. Masykuri, “Enhancing biogas production
of Tofu wastewater by co-digestion,” 2024, p. 020011. doi: 10.1063/5.0211284.

[27] Y. W. Sari, E. Listiani, S. Y. Putri, and Z. Abidin, “Prospective of Eggshell Nanocalcium in
Improving Biogas Production from Palm Oil Mill Effluent,” Waste Biomass Valorization,
vol. 11, no. 9, pp. 4631-4638, 2020, doi: 10.1007 /s12649-019-00786-8.

[28] Widyarani, Y. Victor, L. Sriwuryandari, E. A. Priantoro, T. Sembiring, and N.
Sintawardani, “Influence of pH on biogas production in a batch anaerobic process of tofu
wastewater,” IOP Conf Ser Earth Environ Sci, vol. 160, no. 1, p. 012014, 2018, doi:
10.1088/1755-1315/160/1/012014.

[29] E. M. Rivera et al., “Synthesis of hydroxyapatite from eggshells,” Mater Lett, vol. 41, no. 3,
Yy y yap 1242
pp. 128-134, 1999, doi: https:/ /doi.org/10.1016/S0167-577X(99)00118-4.

[30] O. Awogbemi, F. Inambao, and E. I. Onuh, “Modification and characterization of chicken
eggshell for possible catalytic applications,” Heliyon, vol. 6, no. 10, p. e05283, 2020, doi:
https://doi.org/10.1016/j.heliyon.2020.e05283.

[31] S. Owuamanam and D. Cree, “Progress of bio-calcium carbonate waste eggshell and
seashell fillers in polymer composites: A review,” Journal of Composites Science, vol. 4, no.
2. MDPI AG, 2020. doi: 10.3390/jcs4020070.

[32] T. P. Riedel, M. A. G. Wallace, E. P. Shields, J. V Ryan, C. W. Lee, and W. P. Linak, “Low
temperature thermal treatment of gas-phase fluorotelomer alcohols by calcium oxide,”
Chemosphere, vol. 272, p- 129859, 2021, doi:
https://doi.org/10.1016/j.chemosphere.2021.129859.

427



P-ISSN: 2615-1278, E-ISSN: 2614-7904

[33] D.S. Tsai, T. S. Chin, S. E. Hsu, and M. P. Hung, “A Simple Method for the Determination
of Lattice Parameters from Powder X-ray Diffraction Data,” Materials Transactions, JIM,
vol. 30, no. 7, pp. 474-479, 1989, doi: 10.2320/ matertrans1989.30.474.

[34] P. Kumar, S. Samuchiwal, and A. Malik, “ Anaerobic digestion of textile industries wastes
for biogas production,” Biomass Convers Biorefin, vol. 10, no. 3, pp. 715-724, 2020, doi:
10.1007 /s13399-020-00601-8.

[35] F. R. Amin et al., “Pretreatment methods of lignocellulosic biomass for anaerobic
digestion,” AMB Express, vol. 7, no. 1. Springer Verlag, Dec. 01, 2017. doi: 10.1186/s13568-
017-0375-4.

[36] B. Wintsche et al., “Trace elements induce predominance among methanogenic activity in
anaerobic digestion,” Front Microbiol, vol. 7, no. DEC, 2016, doi: 10.3389 / fmicb.2016.02034.

[37] Y. Li, S. Y. Park, and J. Zhu, “Solid-state anaerobic digestion for methane production from
organic waste,” Renewable and Sustainable Energy Reviews, vol. 15, no. 1, pp. 821-826, 2011,
doi: https:/ /doi.org/10.1016/j.rser.2010.07.042.

[38] S. Eduok, O. John, B. Ita, E. Inyang, and F. Coulon, “Enhanced biogas production from
anaerobic co-digestion of lignocellulosic biomass and poultry feces using source

separated human urine as buffering agent,” Front Environ Sci, vol. 6, no. JUL, Jul. 2018,
doi: 10.3389/ fenvs.2018.00067.

428



