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Abstract. The low pH and high metal concentration in acid mine drainage cause environmental 
problems and affect human health. Adsorption not only removes the pollutants but also 
increases pH levels. Natural adsorbents have gained attention because of their widespread 
availability, low cost, and effectiveness. Zalacca peel waste is among the biomass materials 
showing promise as activated carbon for removing contaminants from acid mine drainage. This 
study aims to investigate the adsorption capacity of activated carbon from zalacca peel for 
removing iron and manganese from acid mine drainage. Adsorption studies were conducted in 
batch experiments using various dosages and contact times. Optimal results were achieved 
with a dosage of 0.8 grams per 100 mL and contact time of 60 minutes, resulting in 80% 
removal efficiency for iron and 24% for manganese. The neutralization process occurred post-
adsorption, bringing the final pH close to neutral levels, suitable for environmentally safe 
discharge. Experiment data were fitted to the Freundlich isotherm and pseudo-second order 
kinetics. FTIR analysis revealed functional groups including C-H, C-O, and C=C was found in the 
adsorbent. Furthermore, surface area and pore volume experienced slight increases following 
activation with KOH. 
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1. Introduction  

The coal mining process generates wastewater containing high concentrations of heavy 
metals (Fe, Al, Mn, Cu, Zn, Pb), elevated sulfate concentration, and low pH. Acid mine drainage 
typically exhibits Fe (II) concentrations ranging from 9.4 mg/L – 20.5 mg/L, Mn (II) 
concentrations ranging from 8.1 mg/L – 23.12 mg/L, and a pH of range approximately 2 to 4 
(Anshariah, 2016; Indra et al., 2014). High levels of Fe can lead to deposition of ferric oxide, which, 
upon reacting with oxygen in the water, can be lethal to aquatic life. Moreover, acid mine drainage 
contaminates surface water, groundwater, and soil, posing significant health risks to humans, 
decimating aquatic populations, and harming biodiversity (Kefeni et al., 2017). 

Several approaches can be employed to treat acid mine drainage, including neutralization, 
coagulation-flocculation (Arifin et al., 2023), biological treatments (Rambabu et al., 2020) and 
adsorption (Yulianis et al., 2022). Among these methods, the adsorption is often preferred due to 
its cost-effectiveness (Masukume et al., 2014) and its efficiently removal of pollutants from 
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wastewater (Burakov et al., 2018). Adsorption is a physicochemical process that utilizes 
adsorbents to remove contaminants from acid mine drainage. 

The adsorption process offers several advantages, particularly its ability to operate 
effectively across a wide pH range, making it suitable for treating acid mine drainage characterized 
by low pH levels (Sadegh & Ali, 2018). Adsorbent capable of adsorbing dissolved substances from 
wastewater. Various factors influence the efficiency of adsorption, including pH, contact time, 
initial ion concentration, and adsorbent dosage (Iftekhar et al., 2018). Activated carbon is among 
the most commonly used adsorbents. Additionally, natural adsorbents are increasingly utilized in 
acid mine drainage treatment due to their abundance and high removal efficiency. For instance, 
sugarcane bagasse achieved a 79.65% removal of Fe (Imani et al., 2021) and a 60% removal of 
Mn, while meranti sawdust demonstrated remarkable removal rates of 99.9% for Fe and 92.9% 
for Mn (Busyairi et al., 2019). Orange peel also exhibits notable efficiency, achieving an 82.99% 
removal of Fe (Fatmawati et al., 2019). Salacca Zalacca peel shows potential as an adsorbent due 
to its cellulose, hemicellulose, and lignin content. Previous studies have demonstrated its ability 
to Pb by 96.82% (Hanifah & Hadisoebroto, 2021) and Cr by 69.45% (Purnamaningsih et al., 2017). 

Chemical activation is a process used to increase surface area and pore volumes by 

introducing acid or base solutions such as H3PO4, H2SO4, NaOH, NaCI, HCI, and ZnCI2 (Bijang et al., 

2019). KOH is commonly used activator that can significantly increase the surface area of 

adsorbents to up to 3000 m2/g, with an adsorption capacity of up to 686.6605 mg/g (Utama et al., 

2016). This study aims to analyze the adsorption capacity of Zalacca (Salacca Zalacca) peel carbon 

activated by KOH for removal of Fe and Mn from acid mine drainage.  

2. Material and methods 

2.1. Activated carbon preparation 

Zalacca peels were collected from the waste of a home industry in Balikpapan. Initially, the 
peels were cut into small pieces and cleaned using distilled water (aquadest). Subsequently, they 
were dried in an oven at 105°C for 24 hours. In next step, the dried zalacca peels were carbonized 
in a furnace at 300°C for 30 minutes. The resulting zalacca peel carbon was then mixed with 3 M 
KOH (anhydrous, Smart Lab) at a ratio of 1:4 (w/v). This mixture was stirred for 4 hours on a 
hotplate at 80°C and left to soaked for an additional 24 hours. Following activation, the activated 
carbon was washed using distilled water until the rinse water reached a pH of 6-7. Finally, the 
activated carbon was dried at 105°C for 3 hours and sieved to achieve a particle size of 100 mesh. 

2.2. Adsorption experiments 

In this experiment, a batch system was utilized. FeSO4 (Smart Lab) and MnSO4 (Smart Lab) 
were employed to create synthetic acid mine drainage. HCl (Smart Lab) was used to adjust the pH 
of acid mine drainage to 3. The synthetic acid mine drainage had an iron concentration of 10 mg/L, 
a manganese concentration of 5 mg/L, and a pH of 4. To conduct the experiment, 100 mL of 
synthetic acid mine drainage was mixed with adsorbent in orbital shaker at stirring rate of 100 
rpm. The dosage of the adsorbent ranged from 0.2 – 1.0 gram/100 mL, and a contact time ranged 
from 15-75 minutes during the batch experiment. Following mixing, the filtrate was passed 
through Whatman filter paper 40 using a vacuum pump. The concentrations of Fe and Mn in 
filtrate after adsorption were measured using a spectrophotometer (Spectroquant Prove 300). 
The experiment was conducted in duplo. 

The efficiency of Fe and Mn removal and adsorption capacity were determined by equations 

(1) and (2).  

 

Removal efficieny (%) =
𝐶0 − 𝐶1

𝐶0
× 10                                                     (1) 
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Adsorption capacity (𝑞) =  
𝐶𝑜 − 𝐶1

𝑀
 × 𝑉                                                   (2)  

The adsorption capacity (q), which is used in isotherm determination, is calculated based on the 
mass of adsorbent (M) and the volume of solution (V). Co and C1 represent the initial 
concentrations prior to and after the adsorption process, respectively, measured in mg/L. q 
represents the total of adsorbed adsorbate on the absorbent, measured in (mg/g).  The data 
obtained from batch experiments were analyzed using isotherms and kinetics. Freundlich and 
Langmuir isotherms were modeled using non-linear and linearization isotherm equations (3, 4) 
and (5, 6), respectively. 

𝑞𝑒 =  𝐾𝑓 𝐶𝑒

1
𝑛                                                                           (3)  

𝐿𝑜𝑔 𝑞𝑒 = 𝐿𝑜𝑔 𝐾𝑓 +  
1

𝑛
 𝐿𝑜𝑔 𝐶𝑒                                                          (4) 

𝑞𝑒 =  
𝑞𝑚  𝐾𝐿 𝐶𝑒 

(1 + 𝐾𝐿 𝐶𝑒 )
                                                                    (5) 

𝐶𝑒

𝑞𝑒
=  

𝐶𝑒

𝑞𝑚
+ 

1

𝐾𝐿 𝑞𝑚
                                                                   (6) 

Ce (mg/L) represents the concentration of adsorbate in equilibrium, and qe (mg/g) corresponds to 
the capacity of adsorption. The coefficient of the Freundlich isotherm is represented by Kf and 1/n, 
which are determined from the intercept and slope of the Freundlich isotherm plot with Log Ce on 
the x-axis and Log qe ordination the y-axis. qm corresponds to the maximum adsorption capacity 
(mg/g). Similarly, for the Langmuir isotherm, the parameter of qm and KL was determined from 
the intercept and slope by plotting Ce/qm as an axis and Ce/qe as an ordinate.  

Pseudo-first order (7, 8) and pseudo-second order (9, 10) equations were utilized to 

determine the adsorption kinetics.  
𝑑𝑞𝑡

𝑑𝑡
=  𝑘1 (𝑞𝑒 − 𝑞𝑡)                                                                     (7) 

𝐿𝑜𝑔 (𝑞𝑒 −  𝑞𝑡) = 𝐿𝑜𝑔 𝑞𝑒 − 
𝑘1

2.303
 𝑡                                                    (8) 

𝑑𝑞𝑡

𝑑𝑡
=  𝑘2 (𝑞𝑒 −  𝑞𝑡)2                                                                    (9) 

𝑡

𝑞𝑡
=  

1

𝑘2𝑞𝑒
2 +  

1

𝑞𝑒
 𝑡                                                                     (10) 

qe (mg/g) represents the adsorption capacity equilibrium, and qt (mg/g) corresponds to the 
adsorption capacity at time t (in minutes). k1 and k2 represent the kinetic rate constants for 
pseudo-first order and second-first order, respectively.  

2.3 Adsorbent characterization 

FTIR (Bruker, ALPHA II) analysis was applied to investigate the functional group of 
adsorbents before and after activation using KOH. The FTIR analysis utilized a wavelength range 
of 1000-3500 cm-1. The FTIR spectra were plotted as a function of transmittance and 
wavenumber. The surface area of adsorbents before and after activation was analyzed using the 
Brunauer–Emmett–Teller instrument (Quantachrome TouchWin). 
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3. Result and discussion 

3.1. Effect of adsorbent dosage on Fe and Mn removal efficiency 
Figure 1 illustrates the influence of adsorbent dosage on the efficiency of iron (Fe) and 

manganese (Mn) removal. It is evident that increasing the dosage from 0.2 to 0.8 g/100 mL 
gradually raised the removal efficiency from 88.20% to 97.19% for Fe and from 81.67% to 92.31% 
for Mn. The increase in dosage enhances the surface area, thereby providing more active sites for 
adsorption (Zhang et al., 2014). However, a further increase in dosage to 1.0 g/100 mL resulted in 
a slight decrease in removal efficiency of Fe and Mn by 0.89% and 1.2%, respectively. The decline 
can be attributed to agglomeration of adsorbent particles at higher dosages, which negatively 
affects the removal efficiency (Mosoarca et al., 2020; Yushin et al., 2019).  

The preferential absorption of Fe over Mn can be explained by the higher concentration of Fe 
compared to Mn in aqueous solution. Higher concentrations generally lead to increased 
adsorption rates due to a greater abundance of adsorbate in the solution. Additionally, the ionic 
radius of the metals plays a role in adsorption performance, with iron a significantly lower ionic 
radius than manganese. The smaller ionic radius allows Fe to more easily penetrate the pores of 
the adsorbent (Bin Jusoh et al., 2005; Indah et al., 2016; Suliestyah et al., 2021).  

Statistical analysis using one-way ANOVA with a 95% interval yielded a p-value of 0.000, 

indicating that the dosage has a significant effect on the efficiency of Fe and Mn removal. 

 
 

Figure 1. The effect of adsorbent dosage ranging from 0.2 – 1.0 g/100 mL on the removal efficiency of Fe 

(a) and Mn (b)was studied under initial Fe concentration of 10 mg/L and initial Mn concentration of 5 

mg/L. 

The pH of a solution significantly influences the interaction and surface charge between 
adsorbate and adsorbent. Figure 2 illustrates how the dosage of adsorbent affects the final pH 
after adsorption. The addition of zalacca activated carbon resulted in an increase in the final pH 
post-adsorption. Specifically, the initial pH of 3 rose to a range of 6.73 – 7.57 upon mixing. As the 
adsorbent dosage increased, so did the pH of the solutions. This finding corroborates a previous 
study that utilized natural clay to eliminate heavy metals from acid mine drainage (Esmaeili et al., 
2019). The increasing final pH suggests a neutralization process occurred. This was likely due to 
the release of OH ions and gradual dissolution of the sorbent, consequently increasing the 
solution’s pH (Hamayun et al., 2014; Iakovleva et al., 2015). 

3.2. Effect of contact time on Fe and Mn removal efficiency  
The determination of an optimal adsorption contact time for maximizing the efficiency of the 
adsorption process. Figure 3 illustrates the impact of adsorption contact time on the removal 
efficiency of iron and manganese. At the optimal dosage of 0.8 g/100 mL, the removal efficiency of 
Fe increased gradually from 93.07% to 97.19% at a contact time ranging from 15 to 60 minutes. 
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Simultaneously, the removal efficiency of Mn exhibited a sharp increase from 85.56% to 92.31% 
within the first 60 minutes. This observation demonstrates that extending the contact time 
enhances the adsorption capacity, with the highest removal efficiency achieved at 60 minutes.  

 

Figure 2. The effect of adsorbent dosage (0.2 – 1.0 g per 100 mL) on final pH with pH of 3 at the initial 

condition 

 

 

Figure 3. The effect of contact time of 0.2 – 1.0 g/100 mL on Fe (a) and Mn (b) removal efficiency; initial 

Fe concentration of 10 mg/L; initial Mn concentration of 5 mg/L 

The initial rapid adsorption rate can be attributed to the abundance of available active sites 
compared to the metal adsorbate in the solution (Kampalanonwat & Supaphol, 2014; Panda et al., 
2017). However, further increasing the contact time to 75 minutes resulted in a decrease in Fe and 
Mn removal efficiency dropped by 1.31% and 3.7%, respectively. The decline in efficiency may be 
due to the saturation of adsorbent surface sites, causing a higher concentration of ions on the 
absorbent surface than in the solution, leading to the release of Fe and Mn back into the solution 
(Irawan & Rumhayati, 2014). Statistical analysis with a confidence interval of 95% and p-value of 
0.423 (Fe) and 0.290 (Mn) suggests that contact time duration does not significantly influence the 
efficiency of Fe and Mn removal. 

3.3 Adsorption isotherm  

Adsorption isotherm elucidates the equilibrium relationship between solute and adsorbent. 
The adsorption isotherm for iron and manganese in binary systems were fitted using Freundlich 
and Langmuir models. Table 1 presents the adsorption isotherm of Fe and Mn using zalacca peel-
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activated carbon in equilibrium. Notably, the correlation coefficient (R2) value for the Freundlich 
model exceeded that of Langmuir model. Therefore, the adsorption of Fe and Mn onto zalacca-
activated carbon aligns with the Freudnlich isotherm. Previous studies have similarly 
demonstrated that the adsorption of Fe and Mn using chitosan derived from shrimp shells and 
magnetite graphene oxide best fits the Freundlich isotherm (Ali et al., 2018; Yan et al., 2014). The 
Freundlich isotherm characterized the heterogeneity of active binding sites on the surface of 
adsorbents. This heterogeneous arises from varied oxygen-containing functional groups (such as 
carboxyl, hydroxyl) with distinct levels of activity and adsorption energy degrees (Zhan et al., 
2018).  

 

Table 1. Adsorption isotherm of Fe and Mn using activated carbon from zalacca peel 

Isotherm Fe (II) Mn (II) 

Freundlich 

R2 0.882 0.831 

Kf 3.278 1.784 

1/n 0.955 0.920 

n 1.047 1.086 

Langmuir 

R2 0.0009 0.272 

qm 204.082 2.556 

KL 0.016 0.409 

The coefficients of Kf and 1/n were derived from the Freundlich isotherm model. Kf represents 
the amount of adsorbate that is adsorbed per unit mass of adsorbent. Iron exhibited a slightly 
higher Kf value than Mn, suggesting that zalacca activated carbon absorbed more Fe than Mn. The 
obtained values of 1/n for both Fe and Mn are less than 1 (1/n < 1), indicating that the adsorption 
energy decreases with increasing surface concentration (Can et al., 2016; Chen et al., 2022). 
Furthermore, a 1/n value less than implies favorable absorption, as the contact angle is indicative 
of favorable absorption when 1/n < 1 (Adekola et al., 2016). Therefore, the adsorption of both 
metals on zalacca activated carbon is considered favorable. 

3.4 Adsorption kinetics  

Adsorption kinetics elucidates the rate at which adsorbate molecules are transferred to the 
surface of the adsorbent surface. First-pseudo-order and second-pseudo-order kinetics were 
modeled using on experimental data at an optimal dosage of 0.8 grams per100 mL to determine 
the transfer mechanism occurring during adsorption. Table 2 displays the correlation coefficient 
(R2), kinetics constants, and adsorption capacities (qe) obtained from first-pseudo-order and 
second-pseudo-order kinetics models.  

Table 2. Adsorption kinetics of Fe and Mn adsorption using zalacca peel activated carbon 

Adsorption Kinetics Fe (II) Mn (II) 

First-pseudo-order 

R2 0.054 0.041 

k1 (min-1) 0.005 0.015 

qe cal (mg/g) 24.232 42.413 

Second-pseudo-order 

R2 0.999 0.997 

k2 (min-1) 1.461 6.574 

qe cal (mg/g) 1.303 0.613 

 qe exp (mg/g) 1.300 0.620 
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The adsorption of Fe corresponded a stronger correlation with second-pseudo-order 
kinetics, supported by a higher correlation coefficient (R2) of 0.999. In the binary metal system 
with Fe, Mn adsorption also followed the second pseudo-order kinetics, displaying a correlation 
coefficient of 0.997. Previous studies similarly found that the Fe and Mn aligned most closely with 
the second pseudo-order kinetics (Zhang et al., 2014). Chemisorption was assumed to be involved 
in the pseudo-second-order kinetics (Kaveeshwar et al., 2018; Núñez-Gómez et al., 2020).  

The pseudo-second-order order model suggests that adsorption capacity is directly 
proportional to the number of active sites on the surface of adsorbents (Hasan et al., 2021). The 
calculation of adsorption capacity using the pseudo-second- order model closely matches 
experimental results. A lower value of the rate constant k2 signifies a higher adsorption rate 
(Anggriani et al., 2021; Erani et al., 2022). Consequently, in this study, the adsorption rate of Mn 
was found to be 4.5 times faster than of Fe. 

3.5 Adsorbents characteristics  

Figure 4 illustrates the FTIR spectrum of zalacca peel before and after activation with KOH. 
The spectrum indicates that the activated carbon exhibited functional groups including C=C 
(1574.87 cm-1), C-O (1300-1000 cm-1), and C-H (747.36 cm-1). Previous studies have also identified 
similar functional groups in the zalacca peel (Fatimah et al., 2020; Hasanah et al., 2022). Following 
activation, several small peaks disappeared. KOH, as a chemical activator agent, removes 
impurities such as silica in activated carbon to improve its adsorbent characteristics (Le Van et al., 
2019). The BET results in Table 3 support the argument that the activator enhanced the adsorbent 
properties. It is evident that the surface area, pore volume, and diameter of the activated carbon 
increased after activation with KOH, although not significantly.  

 

Figure 4. FTIR spectra of activated carbon (a) prior to activation and (b) afterward activation with KOH 

Table 3. Data from Brunauer–Emmett–Teller (BET) analysis  

Parameter Unit Before activation After activation 

Surface area m2/gram 0.116 0.173 

Pore volume cc/gram 0.0024 0.0038 

Pore diameter nm 49.62 54.17 
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4. Conclusion 

The activation process removes impurities and modestly improves the pore volume and 
surface area of the adsorbent. The activated carbon derived from zalacca peel demonstrated 
effective removal of iron and manganese ions from the acid mine drainage. Additionally, a 
neutralization process occurs during adsorption, leading to an increase in the final pH of acid mine 
drainage post-treatment, rendering it safe for discharge into water bodies. According to the one-
way ANOVA results, dosage significantly influences removal efficiency, whereas contact time 
shows no significant effect. Isotherms and kinetics studies suggest that the adsorption of iron and 
manganese on zalacca-activated carbon occurs on the heterogeneous of the adsorbent through 
chemisorption. 
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