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Mercury (Hg) contamination in soil can significantly harm the environment, food chain, 

and human health. Therefore, affordable, effective, long-lasting cleanup technologies are 

needed. Hg-contaminated soil taken from a former artisanal and small-scale gold mining 

(ASGM) in Taliwang Village, West Sumbawa District, West Nusa Tenggara Province, 

was used to compare the effectiveness of three types of biochar made from local 

agricultural wastes, namely corn cob (CC), rice husk (RH), and coconut shell (CS) as 

mercury immobilizer in a leaching experiment of the Hg-contaminated soil mixed with 

the biochar in three soil layers (0-10, 10-25, 25-50 cm). The results indicated that CC was 

more successful in immobilizing Hg in soil than RH and CS, revealed by the lowest Hg 

content in the leachate of CC-treated soil. SEM (scanning electron microscopy) and FTIR 

(Fourier Transform Infrared Spectroscopy) characterization of the biochar reveal that CC 

is more porous and has a higher content of hydroxyl groups than RH and CS, which 

support CC’s highest capability in immobilizing Hg in soil. The study highlights the 

significance of biochar from agricultural wastes for mercury remediation in soil and 

suggests the possible use of CC biochar in maximizing the efficiency of mercury 

remediation in soil. 
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1. INTRODUCTION

In Indonesia, mining activities continue to increase on a 

large and a small scale as new potential mining locations are 

discovered. Small-scale gold mining has spread widely and 

covered around 800 locations [1]. Artisanal small-scale gold 

mining (ASGM) in West Nusa Tenggara (NTB-Nusa 

Tenggara Barat) Province has been operating since 2008 [2, 

3] with the number of gold ore processing (rod mills) reaching

6,019 units [2]. In this ore processing, mercury (Hg) is used to

bind gold from gold ore through amalgamation [2].

It is a matter of fact that mercury is a toxic material that is 

very dangerous for human health and the environment [4]. 

However, most ASGM workers are not yet aware of the 

dangers that mercury can cause [5]. It is reported that, for one 

gram of gold produced in ASGM site, around 10 grams of Hg 

might be required and around 9 grams of Hg might be released 

into the soil, water, and air [5]. Hylander et al. [6] also reported 

that processing gold ore using the amalgamation method can 

only extract about 10% of the gold content in the gold ore. 

Despite that, this method is still being used massively because 

the miners believed that amalgamation is the most efficient 

and the best available method. 

In addition, Krisnayanti et al. [2] reported that the presence 

of ASGM in several NTB areas has improved the economy of 

the communities around the gold mining areas and recruited 

many laborers. However, this positive impact is not balanced 

by the problem of environmental pollution caused by mercury 

wastes, which become pollutants in the soil and water used for 

drinking, bathing, and washing. This problem becomes 

increasingly severe when the concentration of contaminats 

reaches the permissible threshold, including pollution 

occurring in agricultural areas [7].  

The release of Hg as waste in ASGM activities mainly 

occurs while grinding gold-bearing rocks in a rod mill. 

Grinding causes the mercury to break into fine granules and 

scatter around after being removed from the ball/rod mill 

(“gelondong”). Suppose the availability of Hg exceeds the 

threshold concentrations in agricultural land. In that case, it 

can endanger the health of humans consuming crops from that 

land because Hg is known to be capable of entering the food 

chain [8, 9]. In the human body, Hg can disrupt metabolic 
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processes by inhibiting several enzymes, which can damage 

the brain, kidney, and liver tissues, and long-term 

accumulation can even damage the chromosome structure, 

causing congenital disabilities in humans [10].  

Considering the dangers of Hg pollution caused by ASGM 

activities, especially in the area around Taliwang Village of 

West Sumbawa District, action is needed to prevent its spread 

to the environment, and this can be done using organic 

material in the form of biochar [11, 12]. This method is 

considered more economical and does not cause toxic residue. 

Biochar is a solid agricultural waste material that is stable 

(difficult to decompose) and can be obtained from carbonizing 

biomass by pyrolysis (combustion with limited oxygen) [13]. 

Biochars produced from agricultural wastes can limit the 

mobility of heavy metals, including Hg [14-17]. However, 

research on the immobilization of Hg in soil using corn cobs 

[15], rice husks [16], and coconut shells biochars in Hg-

contaminated wastewater [17] has succeeded in proving the 

ability of biochars as ameliorant materials. However, there is 

still a gap that adding biochar produced from pinecone at the 

rate of up to 80 t ha-1 to a Hg contaminated floodplain soil of 

31.2 ppm Hg did not significantly impact Hg immobilization 

[18]. These conflicting findings suggest that the three biochars 

(CC, RH, and CS) can effectively immobilize Hg, especially 

in Hg contaminated soil at the Taliwang ASGM location and 

should be further investigated. In addition, in the NTB 

province these three agricultural wastes are available in 

substantial quantities and have yet to be utilized optimally. 

For this reason, research was carried out to determine the 

effect of applying biochar from different sources of local 

agricultural wastes (CC, RH, and CS) to determine the most 

effective one in preventing Hg mobility in Hg-polluted soil 

from the former ASGM area at Taliwang Village of West 

Sumbawa District, NTB Province, Eastern Indonesia. 

 

 

2. MATERIALS AND METHODS 

 
2.1 Mercury contaminated site 

 

 
 

Figure 1. Google Eart image location of the Hg 

contaminated ASGM site in the Taliwang Village of West 

Sumbawa District, NTB Province, Eastern Indonesia  

 
The mercury-contaminated soil sampled in this research is 

located at Taliwang Village, West Sumbawa District (KSB), 

at a geographical position of 8° 44' 38.86" South Latitude and 

116° 51' 2.36" East Longitude (Figure 1), which was one of 

the former ASGM locations in the West Nusa Tenggara (NTB) 

Province. The site was used as a location of gold ore 

processing (ASGM) for five years (2016-2020) and stopped 

operation in 2021. Samples of mercury-contaminated soil 

were taken from this site and used as the materials of this 

research, which were brought to the Soil Science Laboratory, 

Faculty of Agriculture, University of Mataram, where the 

treatments (leaching experiment) and measurements were 

conducted between March and May 2023. 

 

2.2 Soil sampling and media preparation 

 

Soil samples with a silty loam texture were collected from 

12 points determined by purposive sampling. There were 3 

layers of soil collected at each sampling point, namely: 0-10 

cm (L1), 10-25 cm (L2), and 25-50 cm (L3). Two types of field 

soil samples were collected from those points, namely 

undisturbed soil samples (for measuring soil bulk density and 

porosity) and disturbed soil samples for use as media of 

leaching experiments and for measuring some soil properties 

such as soil pH [19], C-organic [19], Cation Exchange 

Capacity (CEC) [19], particle density [19], soil texture [20], 

and total Hg concentration of the soil [21]. The disturbed soil 

samples from each layer were air-dried separately, which were 

then crushed and sifted using a 2 mm mesh sieve as media in 

the leaching experiment. For the leaching experiment, to 

mimic soil layers in the field, soil from each layer required for 

each experimental unit was 590 g for L1 (0-10 cm), 890 g for 

L2 (10-25 cm), and 1480 g for L3 (25-50 cm). 

 

2.3 Biochar preparation 

 

There were three different biochar sources used in the 

leaching experiment, namely corn cob (CC), rice husk (RH), 

and coconut shell (CS), which were prepared through a 

thermal degradation process without oxygen (carbonization) 

using the retort kiln method at a temperature of 300℃ for 2 

hours [13]. The three types of biochar were then grounded and 

sifted using 80 mesh sieves, then weighed to meet the biochar 

requirement of each soil layer, namely 5% of the weight of the 

soil in each layer, i.e., 29.5 g for L1, 44.5 g for L2, and 74.0 g 

for L3. 

 

2.4 Design of the leaching experiment 

 

The leaching experiment was designed using a Completely 

Randomized Design to examine the effects of biochar types 

(B1= corn cob (CC); B2= rice husk (RH); B3= coconut shell 

(CS); and B0= without biochar), each with three replications, 

resulting in 12 experimental units. Each experimental unit was 

set up with a 3-inch inner diameter PVC pipe and 65 cm height. 

Each pipe was filled with air-dried and sifted disturbed soil 

samples of 1480 g L3 soil in the bottom (25 cm height), 890 g 

L2 soil in the middle (15 cm height), and 590 g L1 soil in the 

top layer (10 cm height). Before filling the pipe with the three 

soil layers, each soil layer was mixed thoroughly with biochar 

of 5% of the weight of the air-dried soil layers (see Section 

2.3). Therefore, there was about 15 cm pipe height above the 

L1 soil surface in each pipe with no soil, and this pipe space 

was used for leaching the soil column in each pipe, with an 

amount of deionized water equal to the average rainfall in the 

Taliwang Village (the Hg contaminated sites). After being 

filled with mixtures of biochar and soil from the three layers, 

the PVC pipes were placed on a wooden support rack. The 

1628



 

bottom of each pipe was equipped with gauze, placed on a 

plastic funnel, and connected to a 10-liter capacity jerry can 

using a flexible plastic hose with a diameter of 0.75 inches 

(Figure 2). Then, all soil columns in each PVC pipe were 

saturated with de-ionized water and incubated for 7 days. 

 

2.5 The leaching processes 

 

After the incubation period, the leaching process of Hg in 

the Hg-contaminated soil in the leaching experiment was 

started by pouring de-ionized water on the surface of the L1 

soil in each pipe. The amount of de-ionized water used was 

calculated based on monthly rainfall during wet months (>200 

mm) and the number of rainy days in that particular wet month. 

Based on the long-term average of monthly rainfall data of 

Taliwang Village, it was obtained that the average wet month 

rainfall was 279.5 mm. The rainfall data was then converted 

based on the surface area of the L1 soil, which resulted in the 

total required water of 1274.63 ml. This total was then divided 

into an average number of rainy days per month (21 days), 

resulting in the amount of water required for leaching being 

182 ml per 3 days. This leaching experiment was carried out 

for one month. The leachate obtained was then sampled and 

added with HNO3 to reduce microorganism activities (bacteria 

and fungi) to avoid changes in mercury (Hg) ions through 

volatilization and methylation. 

 

 
 

Figure 2. The leaching equipment of Hg-contaminated soil 

treated with different types of biochar 

 

2.6 Soil, biochar, and data analysis 

 

Before the leaching experiments the soil and biochar were 

analyzed, the soil was analyzed for: pH-H2O (soil: water of 

1:2.5) using the glass electrode method; organic-C using the 

Walky and Black method [19]; Cation Exchange Capacity 

(CEC) using neutral ammonium acetate extractant; soil bulk 

density and particle density, each using the gravimetric 

method; soil porosity, which was calculated using the formula 

[{1-(bulk density/particle density)} × 100%], and soil texture, 

which was measured using the pipette method. Biochar 

characteristics were analyzed for pH-H2O (1:2.5); organic-C, 

CEC; electrical conductivity (EC); bulk density; and water 

content (gravimetric method) [21]. The functional group of the 

biochar was analyzed using Fourier Transformed Infra-Red 

Spectroscopy (FTIR Spirit/ATR-S Serial No. A224158/ 

Shimadzu) [22]. The biochar was coated with a KBr pellet 

before FTIR analysis. Scanning Electron Microscopy (SEM) 

was conducted using SEM JEOL JSM-6510LA, and biochar 

was coated with gold in auto coater JEOL JEC-3000FC.  

After the leaching experiment finished, both soil and 

leachate obtained were analyzed to determine the total Hg 

concentration using the methods reported by Krisnayanti et al. 

[21], and readings were carried out using an equipment of 

F732-S Cold atomic absorption analyzer. Data collected were 

analyzed using Analysis of Variance (ANOVA) and Tukey’s 

HSD at 5% significance levels using CoStat for Windows ver. 

6.303. 

 

 

3. RESULTS AND DISCUSSION 

 
3.1 The characteristics of the soil from Taliwang Village 

 
The soil at the Taliwang Village belongs to the Inceptisol 

soils order. Its characteristics are: neutral in acidity with a pH 

value of 7.3, low organic matter content (1.13%), and the 

amount of negative soil charge is relatively low, as shown by 

the low Cation Exchange Capacity (CEC), namely 11.33 

cmol+.kg-1. This fact is closely related to the low organic 

matter content of the soil (Table 1). Organic colloids can have 

much smaller particle sizes than inorganic colloids, so they are 

more reactive, and organic colloids have more negative 

charges than inorganic colloids [22]. Based on these data, the 

soil at the location is less fertile and has less ability to adsorb 

cations [23]. Therefore, organic ameliorants such as biochar 

are very important for the soil. 

The total Hg of the soil samples in the site ranges from 0.69 

to 24.49 ppm, with an average of 9.28 ppm (Table 1). The total 

Hg content is above the permissible threshold of 0.36 ppm [24]. 

The high Hg content in the soil is closely related to ASGM that 

has operated on the site for around 5 years. The value of soil 

bulk density is in a high category (1.36 g/cm3) with low soil 

porosity (33.77%), which indicates that the soil at the location 

has a compacted layer. Such conditions may limit the 

infiltration rate and tend to promote runoff so that it can 

worsen soil damage and, at the same time, can also extend the 

spread of the wasted Hg to more expansive areas. 

 

Table 1. Soil characteristics of Taliwang Village before 

experiment 

 
Soil Characteristics Value Criteria* 

pH (H2O)* 7.30 Neutral 

Organic-C (%)* 1.13 Low 

CEC (cmol+.kg-1) * 11.33 Low 

Porosity(%)* 37.77 Low 

Bulk density (g.cm-3)* 1.36 High 

Particle density (g.cm-3)* 2.22 High 

Soil Texture**: 

Sand (%) 

Silt (%) 

Clay (%) 

 

25.76 

43.73 

30.51 

Clay loam 

Total Hg (ppm)*** 
9.28 (0.69-

24.49) 
Polluted 

Source: * Gautam et al. [19], ** Carter and Gregorich [20], *** Krisnayanti 
et al. [21]. 

 

3.2 The characteristics of each type of biochar 
 

Characteristics of the three types of biochar (Table 2) show 

that RH and CC have neutral acidity, with pH of 6.70 and 6.75, 

respectively. In contrast, CC has a high pH of 9.90, based on 

soil acidity criteria from Gautam et al. [19]. Soil pH is closely 

related to the soil's ability to adsorb heavy metals, including 
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Hg. Soils with lower pH have a higher ability to adsorb Hg 

[25]. Based on the bulk density, among the three types of 

biochar, CS is the heaviest (0.71 g.cm-3), while RH and CC are 

lighter, with bulk densities of 0.35 and 0.34 g.cm-3, 

respectively. The organic carbon content of the biochar was 

classified as very high, namely 31.58, 31.45, and 80.59 for RH, 

CC, and CS biochar, respectively. The Cation Exchange 

Capacity (CEC) of the three biochar types was very high, 

namely 56.46, 53.11, and 57.63 for RH, CC, and CS, 

respectively (Table 2). The high CEC of biochar relates to the 

very fine size of the organic colloid [26]. 
 

Table 2. Biochar characteristics analyzed before running the 

leaching experiment 
 

Biochar Characteristics 

Biochar Types 

Rice Husk 
Coconut 

Shell 
Corn Cob 

Moisture content (%w) 5.44 5.56 7.71 

Bulk density (g.cm-3) 0.35 0.71 0.34 

pHH2O (1:2.5) 6.70 9.90 6.75 

EC (mS/cm) 201.53 1748.00 234.00 

Organic-C (%) 31.58 80.59 31.45 

CEC (cmol+.kg-1) 56.46 57.63 53.11 

 

3.3 Total Hg in the soil after leaching 

 

In each biochar treatment, the total Hg concentration tend 

not to show significant differences between layers, except in 

the CC-treated soil, which showed high values in the L3 layer. 

Likewise, with the control treatment, the highest total Hg 

content was found in the L2 layer (Figure 3). This shows that 

there was Hg leaching, both in the CC treatment and the 

control, while the CC biochar was strong enough to maintain 

the presence of Hg in each layer, as shown by the non-

significant difference in total Hg between the soil layers. 
 

 
 

Figure 3. Total Hg concentration after leaching in each layer 

of soil treated by three types of biochar 
Note: L1, L2, and L3 are the depth of the soil layers: 0-10, 10-25, and 25-50 

cm, respectively. None = no biochar added (control treatment). 

 

When comparing the three types of biochar, it can be seen 

that the CC treatment in all layers showed a significantly 

higher total Hg concentration than the RH and CS biochar 

(Figure 3). The high concentration of soil Hg in the CC biochar 

treatment indicates that CC biochar can be used as an 

alternative material for remediating soil contaminated with 

heavy metals, mainly Hg, which occurs in the ASGM area, 

where Hg is used as the amalgam. This finding is in line with 

what was reported by Wang et al. [27], that biochar from corn 

plant parts (whisker) can effectively adsorb Hg through 

several mechanisms, such as adsorption by functional groups, 

surface adsorption, complexation to form chelates, ion 

exchange, and absorption into the interior part of the biochar 

because of its porous nature. Thus, CC biochar can reduce Hg 

bioavailability and leaching in the soil through adsorption and 

physicochemical reactions [28], which are influenced by 

acidity, surface area, and the nature of its pores. This leaching 

experiment can strongly confirm the effectiveness of CC 

biochar in relying on the adsorption of Hg down to the deeper 

soil layers to inhibit the further spreading of Hg into the 

environment. 

By comparing the three biochar types (CC, RH, and CS) 

without considering the soil layer, it is clear that soil treated 

with the CC shows significantly higher Hg adsorption ability 

than RH and CS biochar (Figure 4). The data show that the Hg 

adsorption capacity of CC biochar (5.58 ppm) was almost 

twice that of the RH and CS biochar (2.57 ppm). This fact 

could partly be related to the particular characteristics of the 

corn cob biochar, which has a close relationship with the 

results of Fourier Transform infrared spectroscopy (FTIR) and 

Scanning Electron Microscopy (SEM) analyses (see Section 

3.4). 
 

 
 

Figure 4. Total Hg in soil (merged among layers) under each 

treatment of three biochar types and control (None) 
 

3.4 FTIR and SEM 
 

FTIR (Fourier Transform Infrared) analysis of the biochar 

using infrared spectroscopy is aimed at analyzing the biochar’s 

chemical structure and functional group composition of 

biochar (Figure 5). The identified functional groups can then 

help analyze interactions between Hg and biochar. Figure 5(b) 

shows that the biochar made from corn cobs (CC) has a -OH 

absorption of the hydroxyl group at a wave number of 3267 

cm-1, which is sharper than the other two types of biochar [29]. 

The functional groups in CC are rich in hydroxyl groups, 

which chemically interact more easily with mercury using 

hydrogen interactions. This higher interaction is also 

supported by the analysis of Hg adsorption on the soil by CC 

biochar (Figure 4).  

On the other hand, asymmetric Si-O absorption from Si-O-

Si appears in the three types of biochar with wave numbers 

around 1031-1048 cm-1. Apart from that, there is Si-O 

absorption from symmetrical Si-O-Si with wave numbers in 

the range 745-778 cm-1. This shows that two functional groups 

play a role in the interaction between biochar and Hg in the 

soil. 
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(a) Rice husk (RH) 

 
(b) Corn cob (CC) 

 
(c) Coconut shell (CS) 

 

Figure 5. Result of Fourier Transform Infra-Red Spectroscopy (FTIR) of three biochar types 
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In physical adsorption, Hg accumulates on the surface of the 

adsorbent [30]. Based on this study's results, the adsorbent's 

mass is directly proportional to the amount of heavy metal 

absorbed. Guiza [31], Jia et al. [32] reported that the use of CC 

biochar showed an adsorption efficiency of 82.33% for 

Chromium (Cr) metal ions and 83.98% for Cadmium (Cd) 

metal ions. If the mass of CC biochar is increased, the surface 

area of the adsorbent will also increase, compared to 

RHbiochar, which reaches 79.65%, and CS 66.8%. 

 

 
(a) Rice husk (RH) biochar 

 
(b) Corn cob (CC) biochar 

 
(c) Coconut shell (CS) biochar 

 

Figure 6. Scanning Electron Microscopy (SEM) results 

Furthermore, the adsorption of heavy metal ions (Hg2+) by 

biochar can also be determined by the porosity properties of 

the biochar [33]. The observations using SEM at 1000 times 

magnification (Figure 6) show that the average pore diameter 

of CC biochar is much larger (23.34 µm) than that of RH 

biochar (18.30 µm) and CS biochar (8.98 µm). 

A larger pore diameter will undoubtedly provide a larger 

pore space, thus suppressing the heavy metal Hg. This proves 

that CC biochar has a higher Hg adsorption capacity than RH 

and CS biochar. Therefore, this strengthens the reason that CC 

biochar can be used as an ameliorant to minimize Hg mobility 

in polluted soil. 

 

3.5 Total Hg in leachate 

 

The total Hg content in leachate can partly be used as an 

indicator of Hg immobilization due to the adsorption of Hg by 

the biochar. Leachate collected after the leaching experiment 

tends to provide a lower total Hg content under the three 

biochar treatments than the control treatment (Figure 7). The 

lowest total Hg in leachate was found under the treatment with 

CC biochar (0.38 ppm), followed by RH biochar (0.45 ppm) 

and CS biochar (0.54 ppm). These data indicate that the 

adsorption capacity of CC biochar is 18% higher than that of 

RH biochar or 42% higher than that of CS biochar. This 

finding confirms that the three types of biochar can bind Hg at 

different capacities. Yang et al. [28] found that biochar can 

bind Hg through some processes, such as adsorption by 

organic functional groups contained in biochar. 

 

 
 

Figure 7. Total Hg content in leachate under three biochar 

applications and control (None) 

 

When compared among the three biochar types, it was 

found that leachate obtained from treatment with CC biochar 

consistently shows the lowest total Hg concentration, 

indicating a higher ability of this biochar to bind Hg than the 

other two types of biochar (RH and CS). Lei et al. [34] and 

Alemayehu and Teshome [26] reported that biochar made 

from corn plant parts can adsorb Hg through several 

mechanisms, one of which is binding by its functional groups. 

The binding of Hg by biochar may limit its mobility and 

minimizing the danger of further pollution of the environment. 

In addition, biochar's ability to adsorb Hg is reported to last for 

an extended period, even hundreds of years [28]. However, 

from the perspective of environmental conservation, limiting 

the mobility of Hg is certainly not sufficient because its 

presence cannot be destroyed. To some extent, it may still have 

the opportunity to spread again if the environmental conditions 
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permit it. Therefore, to clean up the soil from Hg, appropriate 

technologies still need to be sought [35] so that the soil, mainly 

in the settlement areas of the ASGM, can be cleaned from Hg 

or its Hg content can be decreased below the threshold limit 

(0.36 ppm). 

Future work must be done to continue with this kind of 

research. This research was conducted at the laboratory or 

greenhouse scale with limited field-scale studies. Therefore, 

large-scale field trials are essential to validate laboratory 

findings, assess practical feasibility, and determine the 

economic viability of using biochar for mercury remediation. 

On the other hand, the interaction of biochar with other co-

contaminants in soil, such as heavy metals and organic 

pollutants, need to be better explored. Further studies should 

investigate how multiple contaminants affects the remediation 

efficiency of combining biochar with the phytoremediation 

method. Addressing this future work for research will provide 

a more comprehensive understanding of the potential of 

biochar in remediating mercury-contaminated soils. This 

knowledge will be critical for developing effective, 

sustainable, and scalable remediation strategies. 

 

 

4. CONCLUSIONS AND RECOMMENDATIONS 

 

The level of Hg mobility in the Inceptisol soil of Taliwang 

Village could be related to the low organic-C (1.13%) and 

CEC (11.33 cmol+.kg-1) and poor physical properties. To 

immobilize mercury in contaminated soil, materials such as 

corn cob, rice husks, and coconut shells biochars can adsorb 

mercury with values of 66, 40, and 17% (versus the control) 

for corn cobs, rice husks, and coconut shells, respectively. 

Corn cob biochar has a higher Hg adsorption capability than 

these other materials.  

Based on these conclusions, it is recommended that large-

scale field trials be carried out to validate laboratory findings. 

In addition to these field trials, low-cost remedial containment 

options that can be implemented by members of the affected 

ASGM communities themselves should be developed. 
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NOMENCLATURE 

 

ASGM Artisanal and Small-scale Gold Mining 

NTB West Nusa Tenggara Province 

CEC Cation Exchange Capacity 

CC Corn cob biochar 

RH Rice husk biochar 

CS Coconut shel biochar 

FTIR Fourier Transform Infrared Spectroscopy 

SEM Scanning Electron Microscopy 
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