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INTRODUCTION

The mining process of mineral ores contain-
ing sulfur has the potential to form acid mine 
drainage. Acid mine drainage is acidic and can 
potentially contain heavy metals that harm human 
health and the sustainability of the surrounding 
environment. The pH of acid mine water ranges 
from 3 to 6. Several heavy metals that are often 
found in acid mine water are Fe, Mn, and Al (Gau-
tama, 2019). Ogugua et al. also found that acid 
mine water used to water tomato plants resulted 
in Cd, Cr, Cu, Ni, and Zn metals accumulation 
in roots, stems, and leaves (Ogugua et al., 2022 
). Acid mine drainage contaminates groundwater 
and causes groundwater to contain SO4, Zn, and Tl 

(Jung et al., 2023). The content of heavy metals in 
acid mine drainage can endanger human health.

Tehrani et al. found that the soil near the 
waste rock pile contains As, Cd, Pb, Ni, and Zn. 
Miners’ average blood levels of Zn, Pb, and Cd 
exceed safe concentrations for adults, while 30% 
of workers tested positive for As in the blood 
(Tehrani et al., 2023). Belle et al. also found that 
gold mining in the Welkom and Virginia regions 
of the Free State Province of South Africa has 
generated large amounts of gold mine tailings, 
which contain various contaminants. These pol-
lutants cause groundwater contamination with the 
dominant toxic metals, namely Fe and Pb (Belle 
et al., 2021). Several studies have been conducted 
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ABSTRACT
Fe and Mn metal ions in acid mine drainage can contaminate water bodies and soil, endangering human health. In 
this study, the adsorption of Fe and Mn in acid mine drainage was carried out using manganese greensand. This 
study aimed to obtain 1) the adsorption model of Fe and Mn isotherms using manganese greensand and 2) the 
surface morphology of manganese greensand before and after the adsorption process. This study used laboratory-
scale experimental methods with variable concentrations of Fe (325, 400, 475, 550, 625 mg/L) and Mn (432, 
507, 582, 657, 732 mg/L). The Freundlich and Langmuir adsorption isotherm models were used to determine the 
adsorption capacity of Fe and Mn by manganese greensand. Test for Fe and Mn content using the AAS method 
and test the surface morphology and content of manganese greensand using SEM-EDX. The results showed that: 
(1) the Freundlich equation test yielded for Fe: in a constant R2 of 0.9862, n = 0.6912, KB = 0.2180 mg/g, while 
the Langmuir equation test yielded in a constant R2 of 0.8836, b = 0.0051 L/mg, qm = 169.4915 mg/g; the Freun-
dlich equation test yielded for Mn: in a constant R2 of 0.9923, n = 0.8651, KB = 1.0445 mg/g, while the Langmuir 
equation test yielded in a constant R2 of 0.6615, b = 0.0010 L/mg, qm = 500 mg/g; (2) The surface morphology of 
manganese greensand before contact with acid mine drainage contains needle-shaped particles of uniform size 
with a hexagonal structure, whereas, after contact with acid mine drainage, the particles are clumped like cotton 
and form needles with varying sizes.
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to overcome heavy metal pollution in general in-
dustrial wastewater and the mining industry.

The research to reduce the heavy metal con-
tent in polluted water is carried out using several 
treatment methods, including filtration (Kusdarini 
et al., 2021; Kusdarini et al., 2019; Kusdarini et 
al., 2020), adsorption (Budianto et. al., 2021; Bu-
dianto et. al., 2021; Budianto et al., 2019; Budi-
anto et. al., 2023; Kusdarini et al., 2022), ion ex-
changer (Kusdarini & Budianto, 2018; Kusdarini 
et al., 2018; Kusdarini et al., 2021; Kusdarini et 
al., 2017; Kusdarini et al., 2018).

These studies have resulted in findings on 
reducing the content of several heavy metals, in-
cluding Fe and Mn, by up to 99%; however, the 
operational costs and the processing techniques 
are quite complicated. This study complements 
the previous research by using manganese green-
sand adsorber, which is relatively cheap and can 
be washed to be used repeatedly. In addition, 
this study also developed a model of the Freun-
dlich and Langmuir isothermic adsorption equa-
tion that was obtained. Therefore, this research 
is highly important in order to obtain the infor-
mation on the adsorption capacity of manganese 
greensand on the Fe and Mn metals contained in 
acid mine drainage.

MATERIALS AND METHODS

Materials and tools

The materials used in this study were samples 
of acid mine drainage (taken from the coal min-
ing area of PT. X in East Kalimantan, Indonesia), 
manganese greensand, FeSO4, MnCl2, and distilled 
water. The tools used are: analytical balance, filter 
paper, furnace, beaker glass, aluminium foil, fun-
nel, measuring cup, stirrer, and Erlenmeyer flask.

Experimental procedure

The experiment was divided into five stages: 
1) preparing 20 samples of modified acid mine 
drainage (200 mL each) into a beaker glass; 1a) 
modification of the Fe content of samples A: 
375, B: 450, C: 525, D: 600, E: 675 mg/L; 1b) 
modification of the Mn content of samples F: 432, 
G: 507, H: 582, I: 657, J: 732 mg/L; 2) adding 
0.2 gram of manganese green sand into each bea-
ker glass and stirring at 150 rpm for 4 hours; 2) 
analysis of the Fe content in samples A, B, C, D, 

E and the Mn content in samples F, G, H, I, J us-
ing the atomic absorption spectroscopy method 
(SNI 6989.71:2009); 4) Morphological analysis 
of manganese greensand before and after contact 
with acid mine drainage using SEM-EDX.

Adsorption isotherm model analysis

The adsorption isotherm model investigation 
was carried out using the Freundlich and Langmuir 
equations. Freundlich postulated the existence of 
heterogeneous surfaces with varying adsorption 
energies; as per Equation (6), KB and n represent 
the Freundlich constants that define the adsorption 
capacity and intensity. These constants can be de-
termined from the intercept and slope of the loga-
rithmic plot of qe versus Ce (Nowruzi et al., 2020).

qe = KB 𝐶𝐶𝑒𝑒
1
𝑛𝑛 (6)

The qe notation represents the equilibrium 
capacity of metal ions, denoting the quantity of 
metal ions adsorbed per unit mass of green sand 
(mg/g). Ce represents the equilibrium concentra-
tion of metal ions in the solution after activated 
carbon adsorption (mg/L). KB and n are empiri-
cal constants (Basu et al., 2018; Kusdarini et al., 
2018, 2021). The KB and n constants can be found 
in Equation (7).

log qe = log KB + 1𝑛𝑛 log Ce (7)

Determining the KB and n constants of Freun-
dlich Equation was done by plotting log qe vs log 
Ce as in Equation (7). The Langmuir isothermal 
adsorption equation is represented by Equa-
tion (8).

𝐶𝐶𝑒𝑒
𝑞𝑞𝑒𝑒

= 𝐶𝐶𝑒𝑒𝑞𝑞𝑚𝑚
+ 1
𝑏𝑏𝑞𝑞𝑚𝑚

 (8)

Ce (mg/L) represents the equilibrium con-
centration of metal ions in the solution following 
adsorption by green sand. qe (mg/g) denotes the 
equilibrium capacity for metal ions, specifically 
the weight of metal ions adsorbed per unit weight 
of green sand. In turn, b (L/mg) and qm (mg/g) 
represent the Langmuir constants, correspond-
ing to the adsorption energy and the maximum 
adsorption capacity, respectively. These constants 
are determined from the intercept and slope of the 
Ce/qe versus Ce diagram (Budianto et al., 2023).
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RESULTS

This study revealed the adsorption capacity 
of Fe and Mn ions contained in acid mine drain-
age by manganese greensand. The mechanism 
of the adsorption process of Fe and Mn ions into 
greensand minerals is presented in Figure 1. Ad-
sorptive Fe and Mn ions in acid mine water have 
the potential to be absorbed by greensand min-
eral adsorbents. Fe and Mn ions become adsor-
bates when the greensand minerals have adsorbed 
them. If the greensand minerals are not saturated, 
the adsorption process will continue, but if the 
greensand minerals are saturated, the speed of the 
adsorption process will be the same as the speed 
of the desorption process (re-release of Fe and 
Mn adsorbate ions into mine acid water).

Adsorption isothermic model analysis

The Freundlich and Langmuir adsorption 
isothermic model explains the adsorption pro-
cess of the Fe and Mn ions contained in acid 
mine water. Data collection for initial Fe and Mn 

concentrations and at equilibrium conditions is 
presented in Tables 1 and 2.

Furthermore, when it reaches an equilibrium 
condition, the greater the concentration of Fe and 
Mn contained in acid mine drainage, the lower 
the percentage of adsorption of Fe and Mn, as 
shown in Figure 2 (Fe adsorption) and Figure 3 
(Mn adsorption).

Figure 2 shows that greensand can remove up 
to 69.94% Fe and up to 70.61% Mn, so its ad-
sorption power is higher than activated carbon, 
which is only able to adsorb 53% (Kusdarini 
& Budianto, 2022; Kusdarini et al., 2022). The 
percentage of Fe and Mn removal by greensand 
produced in this study was also higher than that 
found by Galangashi et al., which was around 
42% for Fe and 27% for Mn (Galangashi et al., 
2021). This finding is consistent with previous 
findings, which explained that the purple-black 
manganese green sand material can adsorb Fe, 
Mn, As, and Ra due to its adsorbent and ion ex-
changer properties. This process occurs due to 
manganese coated with MnO2 in greensand. Each 
glauconite grain has a limited amount of MnO2. 
MnO2 can increase the Mn content in zeolite from 

Figure 1. Adsorption mechanism

Table 1. Fe concentration for determining the Freundlich and Langmuir equations

Sample C o (mg/L) C e (mg/L) q e = C o -C t 
(mg/L) %A log C e log q e C e /q e

A 375 127.7 247.3 65.95 2.3073 2.6254 1.9366
B 450 152.2 297.8 66.18 2.2472 2.5721 1.9566
C 525 164.9 360.1 68.59 2.2172 2.5564 2.1837
D 600 183.4 416.6 69.43 2.2634 2.6197 2.2715
E 675 202.9 472.1 69.94 2.3073 2.6740 2.3268

Table 2. Mn concentration for the Freundlich and Langmuir equations

Sample C o (mg/L) C e (mg/L) q e = C o -C t (mg/L) %A log C e log q e C e /q e

F 432 135.1 296.9 68.73 2.1307 2.4726 2.1976
G 507 152.2 354.8 69.98 2.1824 2.5500 2.3311
H 582 172.2 409.8 70.41 2.2360 2.6126 2.3798
I 657 196.3 460.7 70.12 2.2929 2.6634 2.3469
J 732 215.1 516.9 70.61 2.3326 2.7134 2.4031
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0.19% to 0.85%. In addition to the role of MnO2, 
which helps the deposition of metal ions, man-
ganese green sand has pore dimensions of 0.45 
×10–6 – 2.67×10–6 mm, and the number of pores 
is quite large so that it can absorb particles with 
smaller sizes than pores (Outram et al., 2017).

Furthermore, the Fe ion adsorption process 
modeled by the Freundlich equation (Figure 4) is 

better than the Langmuir equation (Figure 5). The 
R2 value of the Freundlich equation is closer to 
1 than the R2 Langmuir equation. This trend also 
occurs in the Mn ion adsorption process, modeled 
by the Freundlich equation (Figure 6), which is 
better than the Langmuir equation (Figure 7).

The adsorption of Fe and Mn by greensand 
minerals is obtained, presented in Table 3.

Figure 2. The effect of the initial concentration of Fe on the percentage of Fe adsorption

Figure 3. The effect of the initial concentration of Mn on the percentage of Mn adsorption

Figure 4. Freundlich adsorption isotherm model for Fe
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EDX SEM analysis

The greensand surface morphology before 
and after the adsorption process of Fe and Mn is 
presented in Figure 8–11.

Figures 8 and 9 show that the morphology of 
manganese greensand before the adsorption pro-
cess contains particles of uniform size, pointed 
like a needle, which causes a high crystallinity 
value. This particle is thought to be quartz mineral 

Figure 5. Langmuir adsorption isotherm model for Fe

Figure 6. Freundlich adsorption isotherm model for Mn

Figure 7. Langmuir adsorption isotherm model for Mn
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Table 3. Freundlich and Langmuir equation constants

Adsorbate
Freundlich Langmuir

R 2 n KB ( mg/g) R 2 b(L/mg) q m (mg/g)
Fe 0.9862 0.6912 0.2180 0.8836 0.0051 169.4915
Mn 0.9923 0.8651 1.0444 0.6615 0.0010 500,0000

Figure 8. Morphology of green sand (1000×): (a) before adsorption, (b) after adsorption

Figure 9. Morphology of green sand (2500×): (a) before adsorption, (b) after adsorption

Figure 10. Morphology of green sand (5000×): (a) before adsorption, (b) after adsorption

Figure 11. Morphology of green sand (10000×): (a) before adsorption, (b) after adsorption
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with a hexagonal structure. Furthermore, based 
on Figure 12, manganese greensand has a com-
position of the major element Si (35.87%) and 
the minor element Na (1.26%). In addition, the 
material also contains the elements O (35.71%), 
Al (1.26%), Mo (10.85%), Ca (6.66%), and Fe 
(1.72%). Furthermore, Figures 10 and 11 show 

Figure 12. Elemental composition in green sand before adsorption

Figure 13. Elemental composition in greensand after adsorption

that the morphology of manganese greensand af-
ter the adsorption process contains lump-shaped 
and white particles, which causes its crystallinity 
to decrease. The particles are considered quartz 
minerals mixed with other minerals with rhombo-
hedral and hexagonal structural systems. Further-
more, based on Figure 13, manganese greensand, 
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after adsorption of Fe and Mn, has a major el-
ement composition of Si (30.75%) and a minor 
element of Co (1.22%). In addition, the mate-
rial also contains the elements O (30.68%), Mg 
(1.53%), Al (9.59%), Mo (5.75%), K (5.18%), Ca 
(3.37%), Mn (4.39%), and Fe (7.55%). The in-
crease in the composition of Fe and Mn in the ad-
sorber after the adsorption process indicated that 
the manganese green sand absorbed the adsor-
bate Fe and Mn. The adsorption process also did 
not involve a change in the surface phase of the 
manganese green sand (MnO2) and only involved 
the adsorption process. In addition to Mn4+ ions, 
Mn7+ can also be used to coat greensand and can 
even precipitate stronger metal ions (Outram et 
al., 2018). Furthermore, Mn2+ ions in the adsorbed 
wastewater have the potential to be extracted and 
used economically (Nkele et al., 2022).

CONCLUSIONS

Acid mine water treatment using green sand 
minerals can adsorb Fe metal ions up to 69.94% 
and Mn metal ions up to 70.61%. The adsorption 
capacity of Fe and Mn increases along with the 
concentration of Fe and Mn in acid mine water. 
The isothermal adsorption model of Fe by green-
sand minerals following the Freundlich equation 
test yielded a constant R2 of 0.9862, n 0.6912, KB 
0.2180 mg/g, while the Langmuir equation test re-
sulted in a constant R2 of 0.8836, b 0.0051 L/mg, 
qm 169.4915 mg/g. Meanwhile, the isothermal ad-
sorption model of Mn by greensand minerals fol-
lowed the Freundlich equation test, resulting in a 
constant R2 of 0.9923, n 0.8651, KB 1.0444 mg/g, 
while the Langmuir equation test resulted in a 
constant R2 of 0.6615, b 0.001 L/mg, qm 500 mg/g. 
The results of the SEM-EDX test showed that 
the surface of the greensand mineral was in the 
form of needle-shaped particles with a hexago-
nal structure with homogeneous particle shapes 
before the adsorption of Fe and Mn, whereas af-
ter adsorption of Fe and Mn, the particles became 
inhomogeneous, some clumped like cotton and 
some in the form of rods.
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