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Abstract

Based on data from the Central Statistics Agency, most land in Indonesia has experienced degradation. Total area of
critical land in Indonesia reaches 9,681,356 hectares, much of which is utilized for plantation activities. One of the
regions significantly affected by this condition is Aceh Province, where extensive plantation areas are dominated by
ultisol soils. The soil in this area is characterized by acidic conditions, low organic carbon content (approximately 0.5-
2%), and moderate to very low total nitrogen levels (<0.50%), indicating inherently low soil fertility. These conditions
ultimately result in reduced crop productivity, highlighting the urgent need for sustainable soil amendment strategies
that can simultaneously improve soil chemical properties, enhance soil structure, and restore long-term soil fertility.
To address this issue, the utilization of biochar derived from biomass waste, such as coconut shells, is considered a
promising solution. Biochar has been widely reported as an effective soil amendment capable of mitigating soil
degradation, improving soil fertility, and supporting sustainable agricultural systems. However, the effectiveness of
biochar is strongly influenced by its physicochemical properties, which are determined by both carbonization
conditions and activation methods. In this study, the use of NaOH as an alkaline activator is expected to not only
increase biochar surface area and reactive sites but also contribute to soil pH adjustment, which is particularly
beneficial for acidic ultisol soils. This study aims to directly evaluate the effect of NaOH-activated biochar on plant
growth and analyze the characteristics of the resulting biochar based on SNI 7763:2024. The biochar was produced
through a carbonization process with varying residence times of 30, 45, 60, and 75 minutes at a temperature of 300 °C,
followed by chemical activation using NaOH solutions with concentrations of 1, 1.5, 2, and 2.5 N for 3 hours to obtain
optimal biochar characteristics. The results demonstrated that NaOH-activated biochar had a highly significant effect
on plant height. The application of activated biochar improved soil structure by enhancing texture and porosity,
reduced soil acidity, and promoted root development, which collectively increased nutrient availability and uptake
by plants. The best moisture content and pH were achieved at 75 minutes of carbonization with 2.5 N NaOH, reaching
8.88% and 9.5, respectively. The highest C-Organic content was obtained at 30 minutes of carbonization and 2.5 N
NaOH concentration, which was 55.80%. The relatively high C/N ratio indicates that the biochar is highly potential
as a soil amendment to enhance soil fertility and crop productivity. Overall, NaOH-activated biochar had a highly
significant effect on plant height by improving soil structure and creating more favorable conditions for plant growth.
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Introduction

Indonesia has great potential in food production due to large areas of agricultural and plantation lands. However, most
plantation areas in Indonesia have experienced degradation or declining soil quality, marked by nutrient depletion, loss
of soil organic matter, and deterioration of soil texture and structure. Prolonged intensive application of inorganic
fertilizers has caused nutrient imbalance and leaching, while poor soil structure has reduced porosity and restricted root
development, futhermore improper land management also leads in soil fatigue, which ultimately constrains plant growth
and productivity (Putri et al., 2023). One type of soil that has undergone such degradation is ultisol. Ultisol are generally
classified as soils with low fertility, yet it is still widely utilized for plantations, particularly in the oil palm sector, especially
in Aceh (Andalusia et al., 2016). The use of this soil type has reduced oil palm productivity. Therefore, effective and
sustainable soil management strategies are required to improve soil quality in a long term and support oil palm growth.
One of the efforts to address degraded soil is the application of biochar. Biochar is a solid material produced from organic
biomass through carbonization under limited oxygen conditions. It can be applied directly to the soil or mixed with
inorganic fertilizers at specific ratios (Putri et al., 2023; (Hardi et al., 2022). Biochar offers several benefits for soil quality,
including increasing soil pH, reducing soil acidity, enhancing crop yields, and mitigating the negative effects of chemical
fertilizers such as soil dryness caused by pesticide residues (Saipul Akmal, 2019).Coconut shell biochar contains carbon
that is relatively stable over time, making it an excellent long-term carbon source for soil (Laela Nurida, 2014).
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In this study, the biochar production process employed the carbonization method using different carbonization times
(30, 45, 60, and 75 minutes) at 300°C, along with various NaOH solution concentrations during a 3-hour activation process.
This approach is consistent with previous studies reporting that biochar produced at lower temperatures retains higher
nutrient content and surface functionality, while different carbonization times control pore development and nutrient
release, which directly influence soil conditions and crop growth (Zou et al., 2024; Daud et al., 2023). The combination of
coconut shell biomass and alkaline activator is considered effective in improving the structure of acidic and dry soils where
it's assess indirectly through changes in soil physical and chemical properties following biochar application. Although
biochar has been widely studied as a soil amendment for improving acidic and degraded soils, most previous studies have
focused on conventional biochar application or physical activation methods, with limited emphasis on chemical activation
using strong alkaline agents such as NaOH. In ultisol soils, which are characterized by high acidity, low base saturation,
and poor nutrient retention, conventional soil amendments such as liming and inorganic fertilizers often provide only
short-term improvements and fail to restore soil structure and fertility sustainably. Therefore, a more integrated approach
is required to enhance biochar reactivity, alkalinity, and surface functionality. This study addresses this gap by employing
NaOH-activated coconut shell biochar produced under controlled carbonization times at a relatively low temperature
(300 °C) and directly evaluating its effect on plant growth in ultisol soils, offering a sustainable strategy for long-term soil
quality improvement.

Literature Review

The increasing pressure on limited land availability has forced the utilization of less fertile soils for agricultural purposes.
Ultisol soils, commonly referred to as yellow podzolic soils (YP), are among the low-fertility soil types widely used in
plantation areas. Aceh Province is one of the regions in Indonesia with extensive ultisol soils, which are utilized for
plantation development (Fitria et al., 2024). Plantations in Aceh are distributed across several regencies, including North
Aceh Regency, with various crops cultivated in the districts of Cot Girek, Dewantara, Muara Batu, Nisam Antara, and
Sawang (Andalusia et al., 2016). According to Prasetyo and Suriadikarta (2006), ultisol soils are characterized by the
accumulation of clay in subsurface horizons, which reduces water infiltration capacity and increases surface runoff and
soil erosion. Furthermore, a study conducted by Andalusia et al. (2016) reported that these soils are acidic in nature, with
soil organic carbon contents ranging from approximately 0.5% to 2%. The total nitrogen content is classified as moderate
to very low, at less than 0.40%, and the C/N ratio is relatively high, indicating low soil fertility (Andalusia et al., 2016).

In addition, intensive land management practices without the application of organic fertilizers, combined with the
excessive use of inorganic fertilizers, can further reduce soil organic carbon levels and increase the accumulation of
phosphorus (P) and potassium (K) nutrients in the soil (Muliana, 2022). According to the Indonesian Ministry of
Agriculture Regulation issued in 2011, the intensive and prolonged use of inorganic fertilizers for more than three decades
has resulted in soil sickness, soil fatigue, and reduced efficiency of inorganic fertilizer utilization (Sumarjo Gatot Irianto,
2018). Table 1 shows area and distribution of critical land by province (hectares) in 2018.

Table 1. Area and Distribution of Critical Land by Province (Hectares)

Provinces Critical Very Critical Amount
Aceh 126,238 190,399 316,637
Sumatera Utara 836,530 502,280 1,338,810
Riau 435,709 275,164 710,873
Jawa Barat 231,445 679,748 911,192
Jawa Tengah 158,374 217,359 375,733
D.I. Yogyakarta 78,333 790 79,123
Jawa Timur 86,937 345,289 432,225
Bali 44,611 2,284 46,895
Nusa Tenggara Timur 831,330 9,585 840,914
Nusa Tenggara Barat 55,158 10,641 65,799
Kalimantan Barat 996,541 19,090 1,015,631
Kalimantan Tengah 768,756 92,484 861,240
Kalimantan Selatan 286,459 225,135 511,594
Sulawesi Utara 197,748 92,034 289,782
Sulawesi Tengah 164,305 100,569 264,874
Sulawesi Selatan 155,587 294,019 449,606
Gorontalo 73,443 258,855 332,298
Maluku 299,577 30 299,607
Papua 369,042 169,481 538,523

According to the table above, the total area of critical land in Indonesia reaches 9,681,356 hectares, indicating
widespread and long-term soil degradation. This condition emphasizes the urgent need for soil amendments that are not
only effective in the short term but also capable of maintaining soil pH stability and improving soil quality sustainably.
However, most existing soil management practices focus primarily on chemical correction, such as liming and fertilizer
application, which often provide temporary improvements. Therefore, this study introduces the use of NaOH as an
alkaline activator during biochar production to enhance its ability to neutralize soil acidity, retain nutrients, and function
as a long-term soil amendment.
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Materials and Methods
Materials

This study used coconut shells and NaOH as the main raw materials, while the equipment utilized included a furnace,
20-mesh sieve, porcelain crucible, crucible cup, funnel, 250 mL and 500 mL beakers, 500 mL volumetric flask, hotplate,
crusher machine, chopper machine, digital balance, oven, and magnetic stirrer.

Methods

The study began with the preparation of raw materials, where coconut shells were cleaned of remaining husk and
dried under the sun for 7 days to reduce excess moisture prior to the carbonization process. The dried shells then shredded
into irregular pieces using a chopper machine to improve heat transfer and ensure more homogeneous carbonization.
Next, the material was carbonized at various times at 300°C. The carbonized product was then ground using a crusher
machine and sieved using a 20-mesh sieve. Afterward, the material was activated using NaOH and subsequently analyzed
to determine the characteristics of the resulting biochar based on Indonesian National Standard (SNI) 7763:2024.

Results and Discussion
Moisture Content Analysis

Moisture content analysis was conducted to determine the residual water content within the pores of the biochar after
undergoing carbonization and activation processes. The moisture content analysis data is presented in Figure 1. In Figure
1, the carbonization times of 30, 45, 60, and 75 minutes were selected to represent short to relatively extended residence
times at a fixed temperature of 300 °C, allowing the evaluation of progressive changes in biochar properties during
carbonization. Carbonization beyond 75 minutes was not conducted to avoid excessive degradation of biochar structure
and unnecessary energy consumption, as longer residence times are reported to provide limited additional benefits.
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Figure 1. Effect of NaOH Activation Concentration and Carbonization Time on the Moisture Content

As shown in Figure 1, the moisture content at a NaOH activation concentration of 1 N decreased with increasing
carbonization time. This occurs because, as the duration of carbonization increases, the water contained in the biochar
evaporates, resulting in more open pores (Siahaan et al., 2013).This condition is consistent with the findings of Rosdanelli
Hasibuan (2022), who stated that the longer the carbonization time, the more pores of the biochar open up, affecting its
hygroscopic properties (Hasibuan & Pardede, 2023).Similarly, research conducted by Xiaotong Yun (2022) on NaOH
activation of corncob biochar revealed that the addition of NaOH can create new pores and widen existing ones.
Alkali/sodium salts react with carbon atoms in the biochar to produce CO: and other gases, which leads to the formation
of micropores, thereby increasing the porosity of the biochar (Yun et al., 2022).The formation of pore structures in biochar
directly contributes to its water absorption capacity, which in turn improves soil structure through enhanced soil particle
aggregation. This results in increased soil porosity, moisture retention, and water-holding capacity.

In addition to carbonization time, moisture content is also influenced by the NaOH concentration during the activation
process. As shown in Figure 1, at a carbonization time of 30 minutes, the highest moisture content was observed at a NaOH
concentration of 1 N, reaching 16%, and then gradually decreased to 14.55% at 1.5 N, 14.30% at 2 N, and the lowest value
was obtained at 2.5 N, which was 12.62%. A similar decreasing trend in moisture content was also observed at
carbonization times of 45, 60, and 75 minutes. These results indicate that increasing the concentration of the activating
agent leads to a reduction in the moisture content of the activated biochar. This finding is consistent with the study
conducted by Yun et al. (2022) on NaOH-activated corn cob biochar, which reported that NaOH addition can create new
pores and widen existing pores. Alkali or sodium salts react with carbon atoms in the biochar matrix to produce CO: and
other gases, resulting in the formation of micropores and an overall increase in biochar porosity (Yun et al., 2022). Based
on the analysis, the moisture content obtained in this study ranged from 8.88% to 16%. Therefore, it can be concluded that
the moisture content in this study complies with the Indonesian National Standard (SNI) 7763:2024, which specifies a
moisture range of 8-25%. These results confirm that both carbonization time and NaOH concentration play significant
roles in regulating moisture content and pore development, which are critical properties for enhancing the effectiveness
of biochar as a soil amendment in acidic ultisol soils.
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C-Organic Analysis

The analysis of C-organic content was conducted to determine the carbon content in the biochar produced through
the carbonization and activation processes. C-organic content was determined based on Indonesian National Standard
(SNI) 7763:2024 using the loss-on-ignition (LOI) method, in which samples were ignited at 500-600 °C to obtain organic
matter content. The resulting value then converted to C-organic content by applying a conversion factor of 0.58. According
to the Indonesian National Standard (SNI) 7763:2024 for solid organic fertilizers, the minimum required C-organic content
in the sample is 15%. While the biochar produced at a carbonization time of 30 minutes already far exceeds this
requirement, the selection of carbonization time in this study was not solely based on meeting the minimum C-organic
threshold, but to identify an optimal carbonization condition that balances high C-organic content, structural stability, and
functional properties of NaOH-activated biochar for application in degraded ultisol soils. The data from the C-organic
content analysis is presented in Figure 2.
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Figure 2. Effect of NaOH Activation Concentration and Carbonization Time on the C -Organic Content

Based on Figure 2, it shows that the C-organic content tends to decrease with longer carbonization times. At a NaOH
concentration of 1 N, the C-organic content was 54.95% at a carbonization time of 30 minutes, then slightly decreased to
54.83% at 45 minutes, continued to decline to 54.36% at 60 minutes, and reached 54.01% at 75 minutes. This finding is
supported by Egy Adhiyatna Putra et al. (2018), that gradual decrease indicates that prolonged carbonization leads to the
breakdown of carbon plates and excessive oxidation, which Increased oxidation causes damage to the pore walls, resulting
in lower C-organic.

However, the C-organic content increases with higher concentrations of the activating agent. This finding is supported
by Hui Liu et al. (2022), who reported that OH" ions from the alkaline solution (NaOH) can break down the chemical
structure of biochar, particularly phenolic groups and ester bonds. This process promotes the formation of highly aromatic
carbon structures, making the biochar more stable when applied to soil and the high carbon content of biochar can enhance
carbon storage in the soil and may also serve as an adsorbent for soil pollutants (Kalina et al., 2022). Based on the analysis,
the C-organic content in this study ranged from 54.01% to 55.80%. Therefore, it can be concluded that the C-organic content
in this study meets the Indonesian National Standard (SNI) 7763:2024, which requires a minimum of 15%.

Analysis of % N Content

Nitrogen content is one of the key parameters in assessing the potential of biochar as a soil amendment. Nitrogen (N)
is an essential nutrient for plants, playing important roles in vegetative growth, chlorophyll formation, acting as a catalyst
in biochemical reactions, and influencing the absorption of other nutrients. Figure 3 presents the results of the nitrogen
content analysis.
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Figure 3. Effect of NaOH Activation Concentration and Carbonization Time on the %N Content

Based on Figure 3, it can be observed that the nitrogen content in the produced biochar ranges from 0.18% to 0.33%.

In general, this value is considered relatively low, given that biochar is derived from organic materials which typically

have higher nitrogen content. This decrease can be attributed to the carbonization and activation processes. This finding
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aligns with the study conducted by Lehmann and Joseph (2009), which found that carbonization at high temperatures
tends to reduce nitrogen content in biochar, as nitrogen compounds are volatile and tend to evaporate during the
carbonization process (Yosephine et al., 2020).But, in 1,5 N the nitrogen is increase, this finding is consistent with studies
by Lijian Leng (2019) and Yuxuan Sun (2024), which showed that at optimal activation concentrations, the formation of
more stable nitrogen functional groups such as pyridinic-N and graphitic-N is enhanced. These stable forms reduce
nitrogen loss and may result in nitrogen increasing faster than carbon (Sun et al., 2024). This behavior explains the distinct
C/N ratio trend observed at 1.5 N, where nitrogen retention was relatively higher compared to higher NaOH
concentrations.

C/N Ratio Analysis

The analysis of the C/N ratio was carried out to determine the balance between carbon and nitrogen content in the
resulting biochar and its reflects the characteristics of biochar in improving soil quality. The C/N ratio was calculated by
dividing the C-organic content by the total nitrogen content obtained from laboratory analysis. Based on the previous
studies, the C/N ratio is an important indicator of organic matter stability and decomposition rate in soil. A relatively high
C/N ratio indicates that the biochar is resistant to microbial degradation, making it suitable as a long-term soil amendment,
particularly for degraded ultisol soils, for coconut shell biochar has a very high C/N ratio, exceeding 122% (Rifki et al.,
2022).The data from the C/N ratio analysis are presented in Figure 4.
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Figure 4. Effect of NaOH Activation Concentration and Carbonization Time on the C/N Ratio Analysis

Based on Figure 4, it is observed that at NaOH concentrations of 1 N, 2 N, and 2.5 N, the C/N ratio tends to increase
with longer carbonization times. This findings is supported by Abel et al. (2021),the C/N ratio is strongly influenced by
the carbon and nitrogen content in the biochar, if the carbon content in biochar is significantly higher than its total nitrogen
content, the C/N ratio will be high. However, at 1.5 N concentration, the C/N ratio decreases. This decrease may be due
to increased nitrogen content as a result of more efficient nitrogen retention during activation. This finding is consistent
with studies by Lijian Leng (2019) and Yuxuan Sun (2024), which showed that at optimal activation concentrations, the
formation of more stable nitrogen functional groups such as pyridinic-N and graphitic-N is enhanced. These stable forms
reduce nitrogen loss and may result in nitrogen increasing faster than carbon (Sun et al., 2024).In this study, the C/N ratios
obtained were relatively high, exceeding 166.54. This result is in line with the findings of Nurida (2014), who reported that
coconut shell biochar has a C/N ratio above 122. However, these results do not meet the Indonesian National Standard
(SNI) 7763:2024, which sets a maximum C/N ratio of 25%. Nonetheless, agricultural waste with a high C/N ratio is highly
potential for use as biochar, serving effectively as a soil amendment (Sri Murti Tarigan et al., 2021).

pH analysis

The pH measurement in this study reflects the conditioned pH of biochar, determined after equilibration with distilled
water, which simulates its behavior when applied to soil. Its indicates the presence of alkaline surface functional groups
and exchangeable base cations, which play a key role in neutralizing soil acidity and improving nutrient availability in
ultisol soils. The pH analysis data are presented in Figure 5.
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Figure 5. Effect of NaOH Activation Concentration and Carbonization Time on the pH Analysis
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Based on Figure 5, the pH value of the biochar increased progressively with longer carbonization times. According to
Yuan and Zhang (2011), the increase in pH is closely related to the duration and temperature of the pyrolysis process the
longer the carbonization time and the higher temperature, the higher resulting pH of the biochar. This is associated with
the increased concentration of cationic elements in the biochar, such as K, Cu, Mn, Mg, Na, and Zn. In this study, an
increase in soil pH was observed in ultisol soil planted with Pak choi (Brassica rapa), where the initial soil pH of 5.06
increased to a range of 8.3-9.5 after biochar application. This demonstrates that the addition of biochar to the soil can
significantly improve the pH of acidic soils. The increase in pH has the potential to reduce the solubility of toxic metals
such as aluminum in the soil (Laela Nurida, 2014). Based on the analysis, the pH values obtained ranged from 8.3 to 9.5.
Therefore, it can be concluded that the pH values in this study generally meet the Indonesian National Standard (SNI)
7763:2024, which specifies a pH range of 4-9, with the exception of the pH value of 9.5 observed at 75 minutes of
carbonization time and 2.5 N NaOH concentration. This deviation is presumed to be due to the high concentration of the
activating agent, which resulted in a pH exceeding the standard limit.

Plant Growth Analysis
Plant growth analysis was conducted to directly observe how the produced biochar affects soil fertility and the initial
response of plant growth. Plant height is the easiest growth indicator to measure, especially in young plants. Pak choi

(Brassica rapa) was used as the test plant in this study. The results of the plant height growth analysis are shown in Figure
6.
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Figure 6. Effect of NaOH Activation Concentration and Carbonization Time on the Plant Height Growth

In this study, biochar from coconut shells was used with variations in carbonization time and NaOH concentration to
examine the effect of biochar application compared to soil without biochar. The produced biochar was applied to the
growing media at a fixed dosage of 10% of the total media volume. The observations indicated that although the biochar
dosage was constant at 10% across all treatments, the plant growth response varied depending on the carbonization time
and NaOH concentration used in biochar production. Variations in carbonization time and NaOH concentration
significantly influenced the effectiveness of biochar in improving soil fertility, where soil fertility was indirectly measured
by the growth height of pak choi.

Based on the data obtained, the best biochar quality was observed in the treatment with a carbonization time of 75
minutes and NaOH concentration of 2.5 N. The application of biochar at this treatment increased soil pH from 5.06 to 9.5
and improved soil particle structure from clayey and plastic to more friable and easier to cultivate. The increase in soil pH
is directly related to the alkaline nature of the NaOH-activated biochar, which contains residual basic functional groups
and alkaline minerals on its surface. When applied to acidic ultisol soil, these alkaline components neutralize soil acidity,
leading to enhanced soil aggregation, facilitating root growth and increasing water and nutrient uptake efficiency. These
findings align with research conducted by Inggrid (2020), which compared the effects of biochar application and no biochar
on ultisol soil planted with oil palm seedlings. The study showed that applying approximately 50 g of biochar per polybag
significantly increased soil pH, organic carbon content, and nitrogen percentage, thereby improving the growth of oil palm
seedlings.

Conclusions

Based on the research results, the NaOH activation concentration and carbonization time play a significant role at a
relatively low temperature (300 °C) in influencing all evaluated parameters according to the Indonesian National Standard
(SNI) 7763:2024. NaOH activation not only increase biochar surface area and reactive sites but also contribute to soil pH
adjustment, which is particularly beneficial for acidic ultisol soils. Increasing carbonization time promotes the opening
and development of biochar pores, thereby enhancing its hygroscopic properties and water retention capacity. These
changes improve the ability of biochar to retain moisture and nutrients in the soil, support better soil aggregation, and
create a more favorable environment for root growth. Consequently, the combined effect of controlled carbonization time
and NaOH activation enhances the overall effectiveness of coconut shell biochar as a soil amendment for improving the
chemical and physical properties of ultisol soils, which collectively increased nutrient availability and uptake by plants.
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