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a b s t r a c t

This study focuses on the production of activated carbon from peat soil and coal, and
the use of CaO from clamshell byproducts as a pH buffer, to reduce mercury content
in artificial landfill leachate. Activated carbon from coal and peat soil was characterized
according to its water content, ash content, iodine sorption, methilene blue sorption,
and by XRD, SEM, and FTIR analysis. Clamshell was characterized using XRF analysis.
The results indicate that the equilibrium point for mercury reduction was reached after
100 min of agitation at 500 rpm at different pH levels. These results also suggest
that mercury does not undergo precipitation at neutral or near alkaline pH. Mercury
content was successfully reduced by 81% during the adsorption process. The adsorption
capacities of activated carbon in coal and peat soil are 114 mg/g and 102 mg/g. The
Langmuir isotherm model was used as it was most appropriate for mercury adsorption.
This study shows that activated carbon from peat soil and coal can be utilized as a
low-cost adsorbent for treating landfill leachate.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Many studies have been performed on the release of methylmercury into the environment, particularly in Asia. The
atest scientific reports indicate that more than 33 regions across Asia have experienced a decrease in environmental
uality due to mercury contamination. According to the European Environmental Agency (EEA), mercury has been
ontaminating more than 46,000 surface water bodies. EEA reported that the current mercury level in the oceans and
tmosphere is about 200% and 500% above natural levels (European Environment Agency, 2018). In Indonesia, gold mining
n the Talawaan watershed on North Sulawesi Island has resulted in mercury pollution (Li et al., 2009), and various
ther regions in Indonesia have also experienced very significant decreases in environmental quality a result of mercury
ontamination from illegal gold mines (Spiegel et al., 2018). This fact is not widely reported, however, because the affected
egions are remote and prone to social conflict. Some studies have reported efforts to reduce mercury concentrations in
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polluted water by using activated bentonite (Naswir et al., 2020), while various other studies have employed coconut
shells as the primary material for making activated carbon (Heidarinejad et al., 2020). However, the use of coconut shells
as core materials for adsorbents has proven to be uneconomical. The market price of coconut shells is relatively high, and
there is potential to improve local communities’ economies by processing them into other products.

Carbon-rich materials such as peat soil and coal also have great potential for the remediation of soil layers contami-
ated with mercury. There are two procedures for producing activated carbon from these materials: physical activation
nd chemical activation (Bello et al., 2017). The materials are treated with activation agents (steam and carbon dioxide) at
emperatures of 700–900 ◦C. During physical activation, the pores of the activated carbon material are formed. In physical
ctivation, the reactor must be in a state without oxygen, so none of the material becomes ash. The impurities formed
uring the physical activation process are cleaned using a chemical agent during chemical activation, which uses chemical
gents such as sodium hydroxide (NaOH), sodium carbonate (Na2CO3), zinc chloride (ZnCl2), potassium hydroxide (KOH),
agnesium chloride (MgCl2), and phosphoric acid (H3PO4) (Bergna et al., 2020). Wajima and Sugawara (2011) modified
oal using K2S powder and burning the material in a reactor at 800–1000 ◦C for 30 min. HCl was used as the chemical
gent for activation. Their study demonstrated that coal activated at 900 ◦C had better sorption at 25 ◦C.
Several studies have reported on the adsorbent properties of physically and chemically activated peat soil and coal.
Malaysian study by Rosli et al. (2017) suggests that adsorbents derived from peat can be used to successfully remove

olor and Fe in landfill liners. The combination of activated carbon and peat successfully reduced 75% of color at a ratio
f 2:2, and the most effective combination for Fe removal was found to be activated carbon and peat at a ratio of 5:3.
lab-based study using activated carbon from peat soil has successfully reduced Pb and Cd concentrations in artificial

olution (Marques et al., 2020). However, the utilization of coal as an adsorbent for landfill liners is rarely found in the
iterature. Several studies have reported coal to be an effective adsorbent for general wastewater. Most studies on mercury
emediation have used coal fly ash (Ochedi et al., 2020). Although research on the utilization of coal for mercury removal
s limited, coal has been reported as a potential adsorbent of metal components.

Peat soil and coal are both carbon-rich materials that can be used as alternative materials for creating activated
arbon. Peat soil has a high carbon content and pores which can potentially be useful in an adsorbent, and it is widely
vailable in Indonesia. Peat soil and coal are low-cost adsorbents, and more readily available in remote areas than other
dsorbent materials such as zeolite, bentonite, and coconut shells (Fazal et al., 2021; Khadiran et al., 2015). Composite
iners which combine clay and adsorptive materials are reported to be effective landfill leachate barriers which can prevent
he contamination of soil and groundwater (Di Matteo et al., 2020). Studies on the use of low-cost activated carbon from
eat soils and coal for treating landfill leachate are interesting and should be developed. Therefore, this research will
olistically evaluate activated carbon produced from coal and peat soils, characterizing these materials and assessing
heir potential as adsorbents. Clamshell waste will also be evaluated as an alternative material for buffering the pH of the
andfill leachate. This research could be a baseline study for the further development of low-cost adsorbent materials for
emoving pollutants from landfill leachate and other wastewater.

. Materials and methods

.1. Materials preparation

Coal and peat soil were extracted in Jambi Province, Indonesia. The coal was taken from the Sarolangun area and the
eat soil from the West Tanjung Jabung area. The coal and peat soil samples were cleaned, then dried in the sun for
2 h. The coal and peat soil samples were crushed using a jaw crusher (5E-JCA) and sieved through a 100-mesh sieve.
he samples were then heated at 500 ◦C for four hours using a furnace (Naberthem L9/12). The samples were activated
sing H3PO4, H2SO4, and 1 M ZnCl2 for 24 h and washed using distilled water. The activated carbon was then put into
Memmert oven at a temperature of 110 ◦C and periodically weighed until there was no further weight reduction due

o moisture loss. Clamshell was collected from Tanjung Jabung Barat, Jambi Province, Indonesia. The shell samples were
leaned and dried under the sun for 12 h. The shell samples were crushed and sieved using the same procedure as for
he coal and peat soil. The sample was calcined at a temperature of 900 ◦C for 8 h. 200 mg/L Hg(II) solution was obtained
y adding 20 mL of 1000 ppm Hg(II) solution to a 100 mL volumetric flask, diluting with distilled water to 100 mL, and
ixing until the solution was homogeneous.

.2. Adsorbent materials characterization

Moisture content was determined by drying the samples in an oven. For each sample, one gram of material was
arefully weighed out and placed in a known-weight aluminum plate, then dried in the oven at 105 ◦C for 3 h until
onstant weight was reached. The samples were then cooled in a desiccator for 15 min before weighing. Eq. (1) was used
o determine the water content of the adsorbent, where Co is the initial weight (g), Ce is the final weight (g), and m is the
ass of adsorbent (g).

Water content (%) =
Co − Ce

× 100% (1)

m
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The ash content of the activated carbon was measured in order to determine the metal oxide content of the activated
arbon. Indonesian National Standard 06 − 3730 − 1995 states that the ash content must be below 10%. A gravimetric
ethod was used to test ash content by measuring sample weight before and after burning. Total ash content was
etermined by carefully weighing 2 grams of material into an ash dish, then drying it in an oven at 105 ◦C for 3 h until
t reached a constant weight. The activated carbon was then burned again using a furnace at a temperature of 600 ◦C for
h. The ash obtained was cooled and weighed. The ash content (%) was calculated using Eq. (2), where Co is the initial
eight (g) and Ce is the final weight (g).

Ash content (%) =
Ce

Co
× 100% (2)

The adsorption process of activated carbon was tested using an iodine solution (Bestani et al., 2008). The activated
carbon was placed to an erlenmeyer flask, then a 25 mL pipette of iodine solution was added. The erlenmeyer was closed
with a lid moistened with potassium iodide (KI) and kept in a dark place. After 2 h, 10 mL of 20% KI solution and 150 mL
of distilled water were added to the flask while it was in the dark, then titrated with 0.4 N sodium thiosulfate solution.
The iodine sorption capacity was calculated using Eq. (3), where V1 is the initial volume of iodine (L), N1 is the normality
of iodine (N), V2 is the volume of sodium thiosulfate used (L), N2 is the normality of sodium thiosulfate (N), 126.9 is the
weight equivalent of iodine, and Fp is the dilution factor.

Iodine sorption =
((V1N1) − (V2N2)) × 126.9 × Fp

carbonmass
(3)

Methylene blue was also used to test adsorption. This test used an ultraviolet–visible absorption spectroscopy (UV–VIS)
instrument with a wavelength of 560.50 nm. Samples of 1 g of activated carbon material were placed in an erlenmeyer
flask, to which 50 mL of methylene blue solution was then added. The flask was then shaken for 30 min. 5 mL of filtrate
was pipetted into a 100 mL volumetric flask and diluted with distilled water until the volume of the solution reached 100
mL.

Sorption efficiency =
V (Co − Ce)

W
(4)

Sorption efficiency was measured with Eq. (4), where V is the volume of solution, Co is the initial concentration
f solution, Ce is the final concentration of the solution, and W is the weight of activated carbon. Surface area can be
etermined using methylene blue adsorption test data, which is formulated as follows (see Eq. (5)) .

Surface area (S) =
XmNa
M

(5)

Where S is surface area (m2/mg), Xm is the amount of methylene blue adsorbed by 1 g of carbon, N is the Avogadro value
(6.02 × 1023), a is the particle size of methylene blue (197 × 10−20), and M is the molecular weight of methylene blue
(320.5 g/mol) (Okeola et al., 2012).

A scanning electron microscope (SEM) instrument was used to detect changes in the surface morphologies of each
material. Results from the analysis of SEM photos were used to assess the ability of the material to adsorb the pollutants
present in landfill leachate. The larger the material’s pores, the better the material’s ability to reduce pollution in
landfill leachate. An X-ray diffraction (XRD) instrument was used to determine the size and crystal structure of the
activated carbon material. XRD is commonly used as a destructive method for the analysis of carbon-based materials.
A Fourier transform infrared (FTIR) instrument was used to identify compounds, detect functional groups, and analyze
the synthesized material.

2.3. Clamshell characterization

An X-ray fluorescence (XRF) instrument was used to analyze the elemental and oxide content of the shells which were
utilized for pH buffering. Crystal diameter was determined based on the following Debye–Scherrer equation, where D is
crystal size, K is Scherrer constant (0.89), λ is the X-ray wavelength used (1.54056 Å), β is full width at half maximum
(FWHM), and θ is the Bragg diffraction angle (see Eq. (6)) (Hargreaves, 2016).

D =
K
cos

(6)

The FWHM data were calculated based on the highest peak that appeared on the diffractogram. The FWHM value is
inversely proportional to crystal diameter.

2.4. Batch adsorption test

A Hg(II) solution with 200 mg/L concentration and 100 mL volume was added to 0.5 mg of peat or coal adsorbent. The
sample was then agitated at 500 rpm with time variations of 0-500 min. Adsorption capacity was obtained using Eq. (7),
3
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where C0 is the initial concentration, Ce is the final concentration in the supernatant after centrifugation, m is the mass
f adsorbent, and v is the volume of the suspension (Serunting et al., 2018).

Qe =
Co − Ce

Ce
×

v

m
(7)

2.5. Isotherm model

Adsorption isotherms can be used to study the mechanism of adsorption. The adsorption isotherm was obtained by
conducting experiments on different concentrations (10–500 mg/L) of Hg(II) combined with 0.5 g of coal or peat adsorbent
in a 50 mL solution agitated at 150 rpm. This analysis was carried out to calculate the Freundlich and Langmuir isotherm
models, which are appropriate for solid–liquid phase adsorption (Serunting et al., 2018). Eq. (8) shows the Freundlich
isotherm model.

qe = K .Ce.
1
n

(8)

While the Langmuir isotherm model is shown in Eq. (9).

qe =
(qmax.K .Ce)

(1 + K .Ce)
(9)

Relative error analysis was obtained using the average relative error (ARE) and chi-square equations, which are shown
in Eqs. (10) and (11).

ARE =
100
N

∑ qe − qe′m
qe

(10)

X2
=

∑ (qe − qe′m)2

qe′m
(11)

Where qe, m is the value of qe obtained from the isotherm model.

3. Results and discussion

3.1. Adsorbent characteristics

The characteristics of activated carbon materials from coal and peat soil are quite similar. The water content of each
only differs by 0.2%. However, the effect of water content on the adsorption ability of the material is very high. Material
with low water content is a promising adsorbent, while the adsorbent pores of high-water content material are filled
with water molecules. When the water content of an adsorbent is very low, the adsorption process is likely to be more
successful because more pores can be filled with Hg(II). Materials with water contents of 4% are much better adsorbents
than materials with water contents of the maximum permitted by Indonesian National Standard 06 - 3730 - 1995, which
states that maximum moisture content for an adsorbent is 15%. In this study, coal and peat adsorbents were found to
have water contents of 4.1% and 4.3%, respectively. This successful result is caused by the careful preparation and good
source of adsorbent. Physical preparation is a crucial aspect of creating lower water content.

Ash content is influenced by the base material for the adsorbent and the mineral salts it forms during the charring
process. The ash content levels measured in this study were lower than those of a similar study on another material
(adsorbent derived from Moringa oliefera leaf) which measured an ash content of 12.71% (Bello et al., 2017). This study
has successfully produced a low-cost adsorbent with a low ash content. A previous study reported that the ash contents
of Sphagna, Acutifolia, Cuspidata and Carex peats were around 1.2% to 6% (Ringqvist et al., 2002). This result is lower than
that of a previous study which reported ash content of 10.10% in an adsorbent derived from bituminous coal (Cuhadaroglu
and Uygun, 2008).

The adsorption power of methylene blue is representative of the adsorption capacity of coal and peat soil. The results
in this study confirm that methylene blue has higher sorption than other materials, for instance polyaniline hydrogel. A
previous study reported that polyaniline hydrogel successfully reduces the methylene blue is only 23 mg/g at 100 mg
of adsorbent and 50 mL of methylene blue (Yan et al., 2015). The adsorption power of the iodine adsorbent value also
influences adsorption ability. The greater the iodine value, the greater its ability to adsorb the adsorbate. The adsorption
iodine value also affects surface area. This study has successfully created an adsorbent with high iodine adsorption value
in a solution. A previous study reported an iodine adsorption value of 144 mg/g in a solution using other methods and
materials (Li et al., 2020). The greater the adsorbent surface area, the more Hg(II) is able to enter the adsorbent’s pores.
The surface areas of the peat soil and coal considered in this study are greater than the surface area of adsorbents derived
from sludge (28 m2/g), dust (13 m2/g), and slag (4 m2/g) from industrial waste (Bhatnagar and Jain, 2005). The results
show that there is no significant difference in surface area between the peat soil and coal samples.

In Fig. 1, all peaks can be identified according to the JCPDS card number data 25-0284 for graphite, which confirms that
the synthesized material is graphite-based activated carbon with a plane orientation of 2 theta 26.69◦ (002); 42.48 (100);
4
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Fig. 1. Diffractogram of activated carbon from coal (a) and peat (b).

5.8 (101); 50.17 (102); 54.9 (004); 59.9 (103) (Sivachidambaram et al., 2017). When ZnCl2 was used for active solution,
he synthesized material had a large peak at 2θ 26.69◦. This indicates that the activated carbon that was synthesized had
ncreased levels of graphite content. ZnCl2 was found to be the most effective chemical used in the activated charcoal
ynthesis process in this study.
Fig. 2(a) shows the surface morphologies of the non-activated coal sample. At a magnification of 1000x, analysis results

ndicate that the inactivated coal’s particle size was 26.9 µm. The results of characterization using SEM instruments reveal
that, even prior to activation, the morphology of the coal sample still had large pores and it is therefore potential adsorbent
material. Fig. 2(b), (c), and (d) show the SEM characterization results for coal materials activated using H3PO4, H2SO4, and
nCl2. The results of SEM characterization demonstrate that materials activated using H3PO4 and H2SO4 had more open
ores. SEM photos of the coal material activated using ZnCl2 do not indicate much change after activation. The particle
ize of the activated coal samples was 53.7 µm for coal activated using H3PO4, 89.5 µm using H2SO4, and 269 µm using
nCl2. Particle size affects the adsorption capacity: the smaller the particle size, the greater the adsorbent’s surface area;
nd the greater the surface area, the more adsorbent ability the material has.
The structural morphologies of non-activated peat soil are shown in Fig. 3(a). Examination at 1000x magnification

hows that the peat soil contains large pores, making it an appropriate material for use as an adsorbent for landfill
eachate. The particle size of non-activated peat soil ranges from 26.9 to 53.7, with an energy of 15 kV. The morphology
f non-activated peat soil is slightly different from that of non-activated coal. The morphology of non-activated coal has
ignificant and planar pores, while peat soil does not show open pores and has a morphological structure that tends
5
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Fig. 2. Surface morphologies of coal before activation (a) and after activation using H3PO4 (b), H2SO4 (c), and ZnCl2 (d).

to be rough. Pore characterization and analysis of the morphology of non-activated coal and peat soil indicate that the
adsorption ability of non-activated coal is better than that of non-activated peat soil. This is because the pores in the coal
sample are more open, and are thus able to adsorb more pollutants from landfill leachate.

Activation using acid and salt solutions removes any inhibitor compounds from the pores in a material, and therefore
increases the material’s adsorption capacity. The results of SEM characterization of peat soil samples activated using
H2SO4, H3PO4, and ZnCl2 are shown in Fig. 3(b), (c), and (d), respectively. Analysis of the characterization of the
morphological structure of the ZnCl2-activated peat soil samples indicates that there was no significant change in surface
morphology following activation. The results of the characterization of ZnCl2-activated peat soil show less change after
activation than was apparent in H3PO4- and H2SO4-activated peat soils. These results also confirm that activation using
acidic compounds produces better adsorbents than activation using salts. The H3PO4 and H2SO4 activation results for peat
soil are not significantly different from each other, but comparison with the results of characterization in the coal samples
demonstrates that the peat soil samples had a surface structure with more open pores and more waves. This confirms
that peat soil is potentially a more useful adsorbent material than coal. It must be noted that the size of the pores formed
is also influenced by the temperature at the time of physical activation (Saifuddin et al., 2020)

Fig. 4 shows a broad spectrum at wave number 3448 cm−1, which is the vibration of the hydroxyl (O–H) functional
group of water molecules or of –OH radicals on the surface of activated carbon after activation. A peak at wave number
2,924.09 cm−1 represents the stretching vibration of the functional group C–H; one at 2,368.59 cm−1 represents the
vibration of O==C==O, possibly from carbon dioxide in the measurement process; while a peak at 1,627.92 cm−1 represents
the stretching vibration of C==C. In the carbon which was activated using H3PO4, the spectrum that appears is not much
different. However, a peak appears at 1,442.75 cm−1, indicating a vibration of S==O from the sulfate.
6
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Fig. 3. Characterization of peat soil (a) before activation, and after activation with (b) H3PO4 , (c) H2SO4 , and (d) ZnCl2 .

The FTIR spectrum for peat soil gives typical spectrum peaks as follows: at 3,448.72 cm−1, a broad peak indicates
the hydroxyl functional group (O–H); at 2,924.09 cm−1 a peak indicates the stretching vibration of C–H aliphatic
hydrocarbons; and at 1,635.64 cm−1 a peak indicates the stretching vibration of the C==O carboxylic acid double bond.
The peaks at 1,080.14 cm−1 and 1,033.85 cm−1 represent the stretching vibrations of the C–O polysaccharides. Moreover,
779.24 cm−1 represents the stretching vibration of the hydrogen OH bond in the carboxylate group.

3.2. Clamshell characterization

XRF instruments were used to obtain the main composition of oxides and elements in the shell material. This was
intended to obtain high levels of CaO, which could then be used to increase the pH to near neutral. At a temperature
of 800 ◦C for two hours, the pyrolysis process produces CaO from the CaCO3 in clamshell waste. Clamshell waste has a
higher CaO level than other waste materials such as eggshells. Previous research has demonstrated that eggshell has a
CaO level of 52.75%, which can be increased to 86.93% in the nano-CaO phase after synthesis (Habte et al., 2019). The
chemical process that occurs in this treatment is shown in Eq. (12).

CaCO3(s)→CaO(s) + CO2(g) (12)

High levels of CaO from the clamshells (97%) can increase the pH of acidic leachate by forming Ca(OH)2(aq). The complete

process that occurs after adding coconut shell to acidic leachate is shown in Eqs. (13)–(16).

7
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Fig. 4. FTIR spectrum of coal and activated coal-activated carbon using H3PO4 solution (a) and peat soil-activated carbon which was activated using
a solution of H2SO4 , H3PO4 , and ZnCl2 (b).

CaCO3(s)→Ca2 + (aq) + CO2−
3 (aq) (13)

CO2−
3 (aq) + 2H2O(I) → H2CO3(aq) + 2OH−(aq) (14)

H2CO3(aq) → H2O(I) + CO2(g) (15)

CaO(s) + H2O(l) → Ca(OH)2(aq) (16)

The addition of clamshell will not only increase the pH of the leachate in the landfill, but this process will also reduce
the metal content of the leachate. This decrease in metal content is caused by a precipitation process, in which some
metals will undergo precipitation after the water’s pH becomes neutral. A recent study has shown that increasing the pH
of the water can result in a significant reduction in Fe and Mn levels (Seo et al., 2017). Fe and Mn are metals that are very
dangerous to health and can pollute the soil if it is directly contaminated with leachate. If this happens continuously, the
pollution will harm the soil biota and groundwater. The test results show that the greater the weight of coconut shell
added, the greater the increase in pH.

3.3. Batch adsorption test results

Table 1 shows the effect of agitation time on Hg(II) adsorption by coal and peat at different pH levels. This study
confirms that agitation time affects the rate of Hg(II) reduction. The longer the agitation time, the more Hg(II) will be
adsorbed into the adsorbent. The results of this study show that each adsorbent reaches the equilibrium point at the 100th
minute. The equilibrium point in the test is reached when the pores of the activated carbon material are completely filled
with Hg(II) ions. Agitation at a speed of 500 rpm was carried out to speed up the adsorption process. The faster Hg(II)
compounds collide with the adsorbent, the faster the adsorption process is. The test results also show that there is no
significant difference between the abilities of each material to reduce the Hg(II) content in the solution.

These results also confirm that both peat soil and coal can potentially be used to reduce the mercury content in leachate
produced in landfill. Leachate contains various types of heavy metals and has low pH. These results demonstrate that
modified coal and peat soil materials can reduce leachate pollutants. The pH variation used in this study was intended
to obtain the most effective pH conditions, but the test results show that pH conditions do not significantly affect the
decrease in Hg. This result also confirms that leachate can be controlled at neutral pH conditions before adsorption is
carried out. In this research, the maximum adsorption of mercury occurred by the 100th minute. The adsorption process
is thus faster than it was in a previous study which used granular activated carbon in Hg(CN)2 solution (Aliprandini et al.,
020).
The results indicate that the maximum adsorption capacity of coal and peat soil adsorbents is 82%, after an agitation

rocess lasting for 100 min. An increase in removal percentage was seen with increased contact time between the
dsorbent and artificial leachate. The test results show that contact time significantly affects Hg(II) adsorption in peat
oil and coal adsorbents. The adsorbents’ ability to adsorb Hg(II) seems to continue to increase from 1 min to 100 min.
his significant increase occurs because the adsorbents’ pores can still be filled with Hg(II) until the 100th minute. After
he 100th minute, it appears that the adsorbents’ ability to adsorb Hg(II) remains constant. An increase of 1% occurs
etween 100 min and 500 min. This shows that the maximum adsorption capacity of the adsorbents is limited to the
8
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Table 1
Effect of pH on mercury removal.
Time (min) Coal (mg/L) Peat (mg/L)

pH 5 pH 7 pH 8 pH 5 pH 7 pH 8

0 200 200 200 200 200 200
10 180 170 179 180 175 178
20 150 149 147 158 149 150
30 130 128 123 140 138 135
50 115 113 114 118 125 123
70 75 65 71 80 69 75
100 40 39 41 45 50 41
150 39 39 38 40 43 38
200 39 39 38 37 39 38
300 39 38 38 37 38 38
400 38 38 37 35 36 37
500 38 38 37 35 36 37

100th minute. There is no process to release Hg(II) from the visible adsorbent pores. This result proves that adsorbents
made from peat soil and coal have a stable adsorption ability. Another study has reported the higher removal efficacy of
other materials, such as fuller earth powder. However, more of that adsorbent (9.5 g) was required to adsorb 90% mercury
in a solution (Oubagaranadin et al., 2007).

The results also demonstrate that Hg(II) does not precipitate at neutral pH, due to the specific characteristics of Hg(II)
s compared to other pollutants. There is an increase in adsorption ability when the Hg(II) solution is close to neutral
H (Kadirvelu et al., 2004). Among the pollutants in leachate which are known to precipitate at neutral pH are several
eavy metals such as Zn, Co, Fe, Ni, and Mn (Lewis, 2010). The results of this study also show that the removal of Hg(II)
ontamination in leachate cannot be performed simply by neutralizing the pH of the water in the leachate. Although there
s a slight difference in adsorption ability when the leachate is at neutral pH (7) and when it is closer to alkaline (8), the
g(II) reduction percentage of leachate at neutral pH is higher than it is in acidic conditions (pH 5). In acidic conditions,
he parameters of water pollutant mobilization are very high, so it is more challenging to adsorb pollutants in these
onditions. These results are better than those of an adsorbent produced using iron oxide nanoparticles, which could only
educe Hg(II) by 70% (Vélez et al., 2016). Another study has reported that other materials, such as gold (Au) nanoparticles,
ould only reduce Hg(Cl2) by 54.87% (Kamarudin and Mohamad, 2010). Moreover, peat soil and coal adsorbents are easier
o produce and use, because of their abundance.

.4. Sorption capacity

The analysis results show that the adsorption capacity of the materials used in this study reached 141 mg/g. These
esults are better than those obtained with some commonly used materials, such as activated carbon produced from
gricultural waste (maximum adsorption capacity is 25.88 mg/g) (Rao et al., 2009). The adsorption capacity is reached
hen all the material’s pores have been filled by Hg(II). The isotherm model analysis results indicate that the adsorption
attern that occurs is monolayer (following the Langmuir isotherm model). This explains that at maximum absorption
g(II) in the adsorbent only adheres to one adsorbent layer. Maximum adsorption capacity was reached when the
dsorbent and leachate (artificial solution of Hg(II)) were agitated for 200 min at a speed of 500 rpm. The agitation
rocess was carried out to accelerate the collision rate between the adsorbent and the Hg(II). The faster the collision
ate, the faster the rate at which the adsorption process occurs. The equilibrium phase, which was reached at the 200th
inute, did not increase even when the agitation process was continued for more than 500 min. This is because all the
dsorbent pores were completely filled with Hg(II). A different phenomenon might occur if the isotherm model obtained
n this study was the Freundlich model, where adsorption occurs in a multilayer. If this condition occurred, there would
e a possibility that adsorption would increase despite reaching the equilibrium point at the 200th minute. This condition
ould occur because Hg(II) could still be adsorbed in other layers of the adsorbent.
The bond occurs between the adsorbate molecule and the surface of the adsorbent. This is a result of both physical

orption and chemisorption. Data on adsorption capacity and the concentration of adsorbent residue in the solution
ere used in determining the isotherm. The Langmuir adsorption isotherm model assumes that maximum adsorption
apacity occurs due to a single layer (monolayer) of adsorbate on the adsorbent surface, and all parts of the surface
re homogeneous because each part of the surface can only adsorb one adsorbate molecule. In contrast, the Freundlich
sotherm model assumes that there is more than one layer (multilayer) and the surface is heterogeneous, with differences
n binding energy at each part of the surface during the adsorption process that takes place. The linearity value (R2) of the
angmuir isotherm model approaches 1 with the linear line equation, namely y = 0.0283x+1.1271 with R2

= 0.9949. In
addition to calculating the linearity, it is necessary to calculate the average relative error as another criterion to determine
which isotherm model is most appropriate for this adsorption process. This method attempts to make corrections to the
data obtained. The methods used to obtain a correction for linearity where ARE and chi-square. The ARE and chi-square
results show that the Langmuir isotherm model has a smaller relative error value than the Freundlich isotherm model.
9
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Fig. 5. Isotherm models of coal (a) and peat (b).

This indicates that the data obtained in this study are valid. These results confirm that the adsorption pattern of the coal
adsorbent follows the Langmuir isotherm model (see Fig. 5(b)). The Langmuir model assumes that maximum adsorption
capacity occurs due to the presence of a single layer (monolayer) of adsorbate on the adsorbent surface, and that all parts
of the surface are homogeneous because each part of the surface can only adsorb one adsorbate molecule.

The Langmuir isotherm model is most suitable for Hg(II) adsorption by peat soil (see Fig. 5(b)). These results also
confirm that the two Hg(II) adsorption phenomena occur in a monolayer. Based on the results of several previous studies,
the adsorption that occurs in carbon materials almost always occurs in Langmuir isotherms. This is because the carbon
material is amorphous. As a result, the adsorption pattern is not as good as that of materials that have a crystalline crystal
structure. The Langmuir isotherm model used in this study is taken to be valid because the ARE and chi-square values
are relatively minor compared to the ARE and chi-square values of the Freundlich isotherm model.

4. Conclusion

This research succeeded in producing an adsorbent material which can reduce mercury content at different pH
conditions. The specifications for the activated carbon produced follow the standards set by the Government of the
Republic of Indonesia for ash content, water content, methylene blue sorption, iodine number and surface area. The
adsorbent material produced showed better characteristics than other materials found in previous studies. The results
of XRD characterization show that the synthesized material is graphite-based activated carbon. The results of FTIR
characterization show –OH radicals on the surface of the activated carbon. There is a stretch vibration of the functional
10
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group C–H, which is possibly from carbon dioxide in the measurement process. XRF characterization demonstrates that
clamshell is 97% CaO in composition. This high concentration of CaO was successfully transformed into Ca(OH)2 in order
o increase the pH of leachate. This study also demonstrates that the adsorbents produced were able to reduce mercury
ontent by up to 81% after 100 min of agitation. The Langmuir isotherm model was found to be suitable. This model
ssumes that maximum adsorption capacity occurs due to a single layer (monolayer) of adsorbate on the adsorbent
urface. All parts of the surface are homogeneous, as each part of the surface can only adsorb one adsorbate molecule.
his study also reports that the best adsorbent material is activated peat soil in acid conditions.
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