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ABSTRACT: This study evaluates the effectiveness of microwave technology in producing activated carbon from
lemongrass waste, an underutilized agricultural byproduct. Microwave-assisted production offers faster heating, lower
energy consumption, and better process control compared to conventional methods. It also enhances pore development,
resulting in larger, cleaner, and more uniform pores, making the activated carbon more effective for adsorption.
The microwave-assisted process significantly accelerates production, reducing the required time to just 10 min at a
power of 400 W. Activated carbon derived from lemongrass waste at 400 W exhibits a water absorption capacity
of 7.88%, ash content of 5.51%, volatile matter of 6.96%, fixed carbon of 75.79%, and an iodine number of 790.97 g
iodine/100 g. Scanning Electron Microscopy (SEM) analysis confirms the formation of larger, cleaner, and smoother
pores, contributing to increased porosity and pore size. Additionally, Energy Dispersive X-ray (EDX) analysis identifies
key elements in the lemongrass waste, with carbon being the dominant component at 75.57%. The Brunauer-Emmett-
Teller (BET) surface area is measured at 818 m2/g, with an average pore diameter of 1.91 nm, classifying the material
as microporous. The activated carbon, meeting quality standards, is applied as an adsorbent in acid mine drainage
(AMD) treatment, with varying mass concentrations introduced into wastewater samples. Adsorption tests confirm that
the microparticle carbon adsorption profile follows the Langmuir model, indicating a monolayer adsorption process.
Furthermore, adsorption kinetics were analyzed over different time intervals, revealing that the process aligns with both
pseudo-first-order (PFO) and pseudo-second-order (PSO) models, with all cases predominantly following the PFO
rate equation.
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1 Introduction
Mining operations significantly impact the environment, leading to various hazards and ecological

changes. One major issue caused by poor mining management is AMD, which occurs when sulfide minerals
are exposed to air and water, triggering geochemical reactions. AMD is particularly concerning due to its
low pH and high concentrations of heavy metals and sulfates. Common metals found in AMD include
iron, manganese, copper, cadmium, lead, and nickel. Its excessive acidity and metal content can contaminate
surface water, groundwater, and soil, posing risks to plants, wildlife, aquatic organisms, and human health.
Given its severity, AMD remains a critical challenge in the mining industry, underscoring the need for
effective methods to reduce dissolved heavy metals [1].
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Various methods have been developed to treat wastewater contaminated with heavy metals, including
precipitation, ion exchange, membrane technology, electrochemical processes, electrodialysis, biological
treatment, and adsorption. Among these, adsorption is the most widely preferred due to its affordability,
high efficiency, and cost-effectiveness [2].

Adsorption is a process in which specific components of a fluid solution accumulate on the surface
of a solid material, known as an adsorbent, enabling the separation of different components in gaseous or
liquid solutions [3]. Activated carbon is one of the most commonly used adsorbents for removing heavy
metal ions from wastewater, utilizing surface chemistry, electrostatic interactions, and chelation. In surface
chemistry, functional groups such as hydroxyl (-OH), carbonyl (C = O), and carboxyl (-COOH) facilitate
chemical adsorption by forming covalent bonds or other attractive forces with heavy metal ions, enhancing
adsorption capacity. Electrostatic interactions depend on pH; negatively charged activated carbon attracts
positively charged metal ions (e.g., Pb2+, Cd2+, Hg2+), with higher pH levels further strengthening this effect
by reducing the carbon’s positive charge. In chelation, specific functional groups act as ligands, forming stable
complexes with metal ions, increasing their retention while reducing solubility and mobility in water. These
combined mechanisms make activated carbon highly effective in removing heavy metals from water and
industrial waste [4]. Additionally, it efficiently adsorbs organic compounds [5,6] and remains cost-effective,
as it can be produced from biomass waste materials [7,8].

A variety of biomaterials containing cellulose or hemicellulose can be used to produce activated carbon.
Cellulose, naturally found in plants, vegetables, and fruits, is primarily located in plant cell walls, particularly
in stems, stalks, and woody materials [9]. Agricultural waste, such as lemongrass plant waste (Cymbopogon
sp.), is a natural resource that can be converted into activated carbon.

Lemongrass waste, including its leaves, is an often-unused organic byproduct. Rich in hemicellulose,
lignocellulose, cellulose, flavonoids, terpenoids, and essential oils, it serves as a viable carbon source [10].
Consequently, agricultural byproducts from lemongrass plants (Cymbopogon sp.) hold significant potential
for conversion into activated carbon. Despite this, lemongrass waste remains largely underutilized, par-
ticularly in activated carbon production and the application of microwave technology in its processing.
Therefore, this study aims to repurpose lemongrass waste as a raw material for activated carbon production.

Activated carbon is a processed form of carbon with a high adsorption capacity for substances in
both liquid and vapor phases. It can be derived from carbon-rich materials of either organic or inorganic
origin [11]. The activation process occurs through chemical or physical methods. Chemical activation
involves immersing charcoal in an activating agent, while physical activation is achieved by heating it
with nitrogen injection at high temperatures. This process enhances pore formation and increases porosity,
thereby improving adsorption capacity [12]. Several activation methods are commonly used in activated
carbon production, including:

a. Chemical Activation: Involves breaking carbon bonds in organic compounds using chemical agents.
b. Physical Activation: Utilizes heat, steam, and CO2 to break carbon bonds in organic compounds.

Microwave technology can also be employed in activated carbon production. According to Menén-
dez, etc. [13], microwave heating is a promising alternative to conventional high-temperature methods.
Microwaves were first developed in 1952 and gained popularity as household cooking appliances in the 1980s
and 1990s due to their fast cooking times and energy efficiency. Over time, their domestic use facilitated
their adoption in industrial applications, including material processing, which gained traction before the
1990s [13]. Microwave heating offers several advantages over conventional methods, including faster and
more controlled heating, selective energy absorption, smaller equipment size, and reduced waste. Also
known as dielectric heating, this process converts electromagnetic energy into heat, allowing for deep
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material penetration and volumetric heating, unlike external heat sources [14]. Microwave-assisted activated
carbon exhibits improved characteristics, such as a higher pore count, larger pore size, and cleaner pores
compared to untreated lemongrass waste. Additionally, the uniform activation achieved through microwave
heating enhances its effectiveness in adsorption process [15].

Several studies have explored the use of microwave heating in dye waste removal in Table 1. For example,
activated carbon was produced from Eupatorium adenophorum using a microwave-assisted KOH activation
process at 700 W for 15 min. BET-BJH characterization revealed a surface area, total pore volume, and average
pore diameter of 3.918 m2/g, 2.383 mL/g, and 2.43 nm, respectively [16].

Table 1: Previous research on activated carbon obtained from biomass

Method Surface area Ref.
Chemical: KOH, 25 min, 450○C 1091 m2/g [17]

Chemical-Microwave: H3PO4 (4 h, 110○C), 700 W,
12.5 min

1552 m2/g, 1103 m2/g [18]

Chemical-Physical: ZnCl2–HCl
(24 h), CO2 gas (24 h, 600○C)

1779 m2/g [19]

Chemical: KOH and H3PO4 (1 h, 1073 K), steam
(1 h, 1123 K)

1375 m2/g for KOH; 466 m2/g for
H3PO4

[20]

Chemical-Physical: Phosphoric (V) acid (24 h,
30○C); Nitrogen (1 h, 400○C) dan CO2 (3 h, 800○C)

Nitrogen = 269.8–464.2 m2/g,
CO2 = 407.8–720.9 m2/g

[21]

Physical-Chemical: Steam (878○C, 45 min); KOH
(1 h, 300○C)

Steam: 2541 m2/g; CO2: 700 m2/g [22]

Chemical: H3PO4 and NaOH (24 h, 105○C) 561.60 m2/g, 265.00 m2/g and
395.40 m2/g

[23]

Chemical-Physical: ZnCl2 (24 h), nitrogen (1 h,
650○C)

995.799 m2/g [24]

Microwave: 400 W, 10 min 1367.03 m2/g [25]

2 Materials and Methods

2.1 Equipment and Materials
The tools utilized in this research include a crusher, an oven dryer (Memmeth DIN 12880-KI), a furnace

(SX-2.8-12 Boc Huanghua Faitful Instrument Co., Ltd.), a tubular furnace, a microwave, an analytical balance
(Shimadzu AW-220), and a screening system (sieve tray with an 850-micron mesh size). The device used
for microwave-assisted activated carbon production is an Electrolux microwave (The Electrolux microwave
model EMM20K22BA is manufactured in China by Electrolux (Hangzhou) Domestic Appliances Co., Ltd.,
located in Hangzhou, Zhejiang Province). The microwave activation setup is illustrated in Fig. 1.

The raw material used for producing activated carbon is lemongrass plant waste (Cymbopogon sp.)
sourced from South Kalimantan. The FeSO4 and MnO2 solutions utilized in the activated carbon application
were obtained from Merck.
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Figure 1: Microwave activation system configuration

2.2 Analysis Method
2.2.1 Analysis of Functional Groups, Surface Morphology, Structural Patterns, and Activated Carbon Surface

Area
The obtained activated carbon was analyzed for functional groups, surface morphology, structural

patterns, and surface area using the following techniques:

a. Scanning Electron Microscopy-Energy Dispersive X-ray (SEM-EDX) was employed to examine the
surface morphology and pore size of the activated charcoal. The procedure involved coating the sample
with platinum, placing it in the SEM device, capturing surface images, and identifying the material’s
elemental composition. The analysis was conducted using a JEOL JSM-6360LA.

b. BET and BJH (Barrett-Joyner-Halenda) methods were used to assess the surface area, which corre-
sponds to the space occupied by a single adsorbate or solute molecule and is directly related to the
sample’s total surface area. The total surface area, pore volume, and pore size of the material were
determined using a Micromeritics TriStar II 3020 instrument.

2.2.2 Proximate Analysis
The subsequent characterization involves proximate analysis, which evaluates moisture content, volatile

matter, ash content, fixed carbon, and iodine adsorption capacity (iodine number). Further characterization
is also conducted to assess these same parameters.
Water Content

A 2-g sample (dry basis) is placed in a pre-weighed porcelain crucible and heated in an oven at 105○C
for 3 h. The sample is then cooled in a desiccator and repeatedly weighed until a stable weight is achieved:

Water Content (%) = Sample weigth (Before −After) Drying
Initial sample weight

× 100% (1)

Flammable Matter
A 2-g dried sample is placed in a pre-weighed porcelain crucible and heated in a furnace at 950○C for

10 min. After heating, the crucible is cooled in a desiccator for one hour before being weighed. To minimize
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sample loss during combustion, the crucible should be tightly sealed and, if necessary, secured with wire. If
combustion occurs, the process must be repeated:

Flammable matter (%) = Lost sample weight
Initial sample weight

× 100% (2)

Ash Level
A 2-g sample is placed in a pre-weighed, dry porcelain crucible and heated in an electric furnace at

750○C for 6 h. After heating, the sample is cooled in a desiccator for one hour before being weighed repeatedly
until a stable weight is achieved:

Ash Level (%) = Sample weight after combustion in the furnace
Initial sample weight

× 100% (3)

Fixed/Residual Carbon
In activated carbon, the carbon component is part of the solid fraction formed during pyrolysis,

excluding ash (inorganic substances) and any residual essential oils trapped in the charcoal’s pores. The fixed
carbon content is determined using the following formula:

Fixed Carbon (%) = 100% − (ash level + volatile matter content) (4)

Iodine Number
A 0.2-g dried sample is placed in a 250 mL Erlenmeyer flask, followed by the addition of a 0.1 N iodine

solution. The mixture is shaken for 25 min at room temperature and then immediately filtered. A 10 mL
portion of the filtrate is taken and titrated with a 0.1 N Na2S2O3 solution until a pale yellow color appears.
A few drops of a 1% starch solution are then added as an indicator, and the titration continues until the blue
color completely disappears:

Iodine number (gI2/100g) = [10 − (mL ×NNa2S2O3)] × 126, 93 × fp
Sample weight (gram) (5)

Variables in the formula:

• Iodine adsorption capacity (g I2/100 g) = Also known as the iodine number, this represents the amount
of iodine that can be adsorbed by activated carbon, expressed in mg per g of activated carbon.

• 10 = A constant factor used in the calculation (typically referring to the standard volume of the iodine
solution).

• mL =The volume of sodium thiosulfate (Na2S2O3) solution used in the titration of the activated carbon
sample (in milliliters).

• N Na2S2O3 =The normality of the sodium thiosulfate solution used in titration.
• 126.93 =The molecular weight of iodine (g/mol), used as a conversion factor in the calculation.
• fp =The dilution factor, applied if the solution undergoes dilution before titration.

Sample weight (g) =The mass of activated carbon used in the analysis (in g).
Brief Explanation of the Formula:
Iodine Adsorption by Activated Carbon:

• Activated carbon is mixed with an excess iodine solution, allowing the iodine to be adsorbed by
the carbon.
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Titration of Residual Iodine:
• The solution containing unadsorbed iodine is titrated with sodium thiosulfate (Na2S2O3) to determine

the amount of iodine that remains unabsorbed.
• Calculation of the Iodine Number
• The expression 10− (mL×N Na2S2O3) represents the amount of iodine adsorbed by the activated carbon.
• This value is then multiplied by 126.93 (the molecular weight of iodine) to obtain the amount of iodine

in mg.
• The dilution factor fp is applied if the solution was diluted before titration.

Finally, the result is divided by the mass of activated carbon used to determine the iodine adsorption
capacity in g I2/100 g.

2.3 Production Process of Activated Carbon
Agricultural waste, particularly lemongrass waste, undergoes an initial cleaning process to remove dirt

and impurities. It is then cut into smaller pieces and crushed using a crusher to achieve a size of approximately
1–2 cm. The material is subsequently dried in an oven at 105○C for 24 h. After drying, the waste is placed in
a furnace (SX-2.8-12 Boc Huanghua Faitful Instrument Co. Ltd.) and subjected to carbonization at 300○C
for 2 h. The resulting carbon is analyzed for moisture content, ash content, volatile matter, fixed carbon,
and iodine number. Its quality is then assessed by comparing it with the Indonesian National Standard (SNI
01-1682-1996) for coconut shell carbon. Next, the carbon is processed in a microwave (Electrolux model
EMM20K22BA) at 400 W for 10 min. Activated carbon produced at this power level exhibits larger, cleaner,
and more abundant pores than those processed at 500 and 600 W. Additionally, it has a higher carbon (C)
content compared to samples treated at higher power levels. The adsorbent used consists of technical-grade
activated carbon, which constitutes 10% of the total mass processed in the microwave [25]. Before activation
begins, nitrogen gas flushing is performed to prevent oxidation during the process.

2.4 Application of Activated Carbon in Acid Mine Drainage Treatment, Adsorption Isotherm Analysis,
and Adsorption Kinetics Study
Activated carbon that meets quality standards is used as an adsorbent for AMD treatment. The process

involves incorporating activated carbon derived from agricultural waste into wastewater samples in varying
amounts of 2, 3, 4, 5, 6, and 7 g. Each 100 mL wastewater sample initially contains 127.20 ppm FeSO4 and
37.00 ppm MnO2 and is placed in an Erlenmeyer flask. The mixture is agitated using a rotary shaker at
50 rpm for 60 min, a duration determined to be the equilibrium time. After shaking, the wastewater and
activated carbon mixture is filtered using Whatman 42 filter paper. The filtrate is then analyzed for metal
ion content using atomic absorption spectroscopy (AAS), with the initial metal ion concentration measured
using the same method. The amount of adsorbed metal ions, expressed in mg/g, is calculated based on
these measurements. This data is further used to evaluate adsorption isotherms and adsorption kinetics. The
analysis determines the final concentrations of FeSO4 and MnO2 after adsorption, establishing a relationship
between the adsorbate concentration and adsorption capacity. The results are then applied to the Langmuir
and Freundlich models to characterize the isothermal adsorption behavior of the adsorbent.

The following equation was utilized to calculate the amount of Fe and Mn ions adsorbed (Qe) in each
experimental trial.

Qe =
(C0 − Ce)V

W
(6)
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Within this equation:
Qe (mg/g) represents the adsorption capacity,
C0 (mg/L) denotes the initial concentrations of Fe and Mn,
Ce (mg/L) represents the equilibrium concentrations of Fe and Mn,
V (L) refers to the volume of acid mine water, and
W (g) indicates the mass of the applied adsorbent.
Eq. (2) describes the condition of the Langmuir isotherm model.

q = qmax (KL
Ce

1 + KLCe
) (7)

In this equation, q (mg/g) represents the quantity of heavy metal ions adsorbed per unit mass of the
adsorbents, KL the Langmuir equilibrium constant associated with the affinity of the binding sites, Ce denotes
the equilibrium concentration of Ni2+ ions, and qmax signifies the theoretical maximum adsorption capacity
of the monolayer [26].

The Freundlich isotherm model proposes that adsorption occurs on a heterogenous surface, leading to
a distinguishable condition [26]:

qe = KF C
1
n
e (8)

In this context, qe refers to the adsorption capacity (mg/g), Ce indicates the concentration of the
adsorbate in the solution (mg/L), while KF and n are empirical constants that define the adsorption capacity
and the intensity of the process.

The adsorption kinetics are determined by treating AMD with 4 g of activated carbon derived from
agricultural waste, added to the wastewater sample. The stock solution contains 127.20 ppm FeSO4 and
37.00 ppm MnO2 in a 100 mL volume in each Erlenmeyer flask. The mixture is then agitated using a rotary
shaker at 50 rpm for time intervals of 15, 30, 45, 60, 75, and 90 min. Afterward, the mixture is filtered
through Whatman 42 filter paper. The filtrate is analyzed for metal ion content using atomic absorption
spectrophotometry, and the initial metal ion concentration is measured using the same method. The amount
of adsorbed metal ions is then calculated and expressed in mg/g.

2.4.1 Pseudo-First Order Reaction Model
The PFO kinetic model is derived from Lagergren’s rate equation, first introduced in 1898 for liquid-

solid adsorption, emphasizing the solid’s adsorption capacity. This equation is widely used to describe the
adsorption of solutes from liquid solutions. The PFO model assumes that the adsorbate concentration
is significantly higher than the number of available active sites on the adsorbent’s surface. It is typically
represented by the following equation:

dq

dt
= k1 (qe − qt) (9)

By integrating the equation above with the boundary conditions t = 0, t0 = t, and qt = 0 to qt = t, the
following equations are obtained:

ln( qe

qe − qt
) = k1t (10)
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2.303 log qe

qe − qt
= k1t (11)

log qe

qe − qt
= k1

2.303
(12)

log qe − log (qe − qt) =
k1t

2.303
(13)

log (qe − qt) = log qe −
k1t

2.303
(14)

y = log qe
k1t

2.303
(15)

By plotting Eq. (12) as a straight line of log (qe − qt) vs. t, the slope of the line corresponds to the value
of k1, while the intercept at log qe provides the calculated value of qe.

2.4.2 Pseudo-Second Order Reaction Model
The PSO model, introduced by [27], assumes that the adsorption capacity is directly proportional to the

number of available active sites on the adsorbent. This kinetic model is influenced by the adsorption capacity
of the solid phase [27]. The equation for the PSO model is expressed as follows:

dqt

dt
= k2 (qe − qt )2 (16)

where k2 represents the adsorption kinetic constant (g/mg⋅min). By integrating this equation with the
boundary conditions t = 0 to t = t and qt = 0 to qt = qt, the following results are obtained:

1
qe − qt

= 1
qe
+ k2t (17)

t
qt
= 1

k2q2
e
+ 1

qe
(18)

Plotting t/qt vs. t results in a straight line, where the slope corresponds to 1/qe and the intercept to 1/kqe
2.

The symbols qe and qt represent the quantity of adsorbed ions at equilibrium and at time t, respectively,
while k1 and k2 denote the rate constants for PFO and PSO adsorption. The kinetic model that best fits the
experimental data is the one with the highest R2 value, where:

qt = Adsorption capacity at time t (mg/g)
qeq = Equilibrium adsorption capacity (mg/g)
t = Time (min)
k1 = Rate constant of PFO (min−1)
k2 = Rate constant of PSO (g/(mg min))
Each variation of this experiment was conducted twice.
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3 Results and Discussion

3.1 Properties of Activated Carbon
3.1.1 Activated Carbon Proximate Analysis

Proximate analysis is conducted to evaluate the characteristics and quality of activated carbon, following
the SNI 06-3730-1995 standards for technical-grade activated carbon. The results of the proximate analysis
are presented in Table 2.

Table 2: Proximate analysis results of carbon derived from lemongrass waste

Parameter Unit Result SNI 01-1682-1995
Water content % 7.88 Max 15

Ash level % 5.51 Max 10
Flammable matter % 6.96 Max 25

Fixed carbon % 75.79 Min 65
Iodine number g iodine/100 g 790.97 Min 750

According to Table 2, activated carbon derived from lemongrass waste exhibits a water absorption
capacity of 7.88%. The moisture content test evaluates its hygroscopic properties, indicating its ability to
absorb and release water. The measured ash content is 5.51%, with lower ash levels signifying higher-quality
activated carbon. The minimal ash content results from exposure to air during activation, which promotes
further combustion and converts some carbon into ash. Excessive ash content can reduce the adsorption
efficiency of activated carbon for gases and solutions, as the mineral components (metal oxides) in the ash
disperse within the carbon structure, blocking its pores.

The volatile matter content is recorded at 6.96%, determining the proportion of material that evaporates
when the sample is heated to a specific temperature. In activated carbon, lower volatile content facilitates the
entry of other molecules (adsorbates), thereby enhancing its adsorption potential.

The fixed carbon content is 75.79%, representing the amount of pure carbon remaining after activation.
A higher fixed carbon content indicates increased purity, which is likely attributed to the lower volatile matter
and ash content.

The iodine number, measured at 790.97 g iodine/100 g, reflects the pore volume capacity of the activated
carbon. The number of pores is directly related to the total internal surface area of the carbon particles.
Since the adsorption capability for iodine is linked to surface area, a higher iodine number corresponds to a
greater ability to adsorb dissolved substances or adsorbates. The iodine number test evaluates the efficiency of
activated carbon in capturing small-diameter molecules, with higher values indicating superior adsorption
capacity for adsorbates or solvents [28].

Additionally, this finding is supported by research [29], which reported an iodine number of
224.90 ± 0.50 for fluted activated carbon (FAC) and 200.36 ± 0.30 for commercial activated carbon (CAC).
As shown in Table 2, activated carbon obtained from lemongrass waste meets all the criteria outlined in SNI
01-1682-1995 for technical activated carbon standards.

3.1.2 Surface Morphology and Elemental Content Analysis of Activated Carbon
Fig. 2 illustrates that the activated carbon contains a high number of large, clean pores. This is

primarily attributed to the significant influence of microwave power on the produced activated carbon. As
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microwave power increases, the temperature rises, accelerating the activation process and promoting pore
formation [30]. The pore structure develops progressively with increasing power; however, excessive power
can lead to carbon burnout, altering the pore structure and reducing adsorption capacity, ultimately affecting
the efficiency of adsorption [30].
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Figure 2: (a) SEM image of lemongrass waste activated at 400 W with a magnification of ×1000; (b) SEM image at
a magnification of ×5000; (c) Elemental composition of activated carbon derived from lemongrass waste activated
at 400 W

During microwave heating, the emitted microwaves are absorbed by the material, facilitating heat
transfer through the interaction between dielectric molecules and microwave waves. The induced energy is
released as heat via molecular friction, resulting in more uniform heat distribution and reducing activation
energy due to the high atomic mobility within the crystal structure [31]. Unlike conventional heating
methods, microwaves enable rapid, uniform, and direct heating without the limitations of heat transfer
through solid walls [31].
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According to Cheng et al. [32], as microwave power increases, the resulting temperature rises, causing
more non-carbon materials to evaporate. Similarly, Liu et al. [31] found that the temperature of the raw
material is directly influenced by microwave power—higher power leads to higher temperatures, accelerating
the formation of activated carbon. Increased microwave power supplies more energy to the raw material,
promoting pore formation while reducing yield percentage. However, excessive heating (overheating) can
degrade the quality of activated carbon by reducing its mesopores and micropores [33]. Other studies indicate
that as carbonization temperature rises, the yield of activated carbon decreases, whereas the fixed carbon
content increases [34].

As shown in Fig. 2, the elemental composition of activated carbon derived from agricultural waste
(lemongrass), analyzed using EDX, exhibits varied content. A more detailed breakdown is provided
in Table 3:

Table 3: Adsorbent analysis results using EDX

Element Mass (%)
Carbon (C) 75.57
Oxygen (O) 21.91

Potassium (K) 1.71
Copper (Cu) 0.23

Zirconium (Zr) 0.47
Sulfur (S) 0.12

Table 3 shows that the elemental composition of lemongrass waste includes C, O, K, Cu, Zr, and S, with
carbon and oxygen being the most abundant. The high carbon content of activated carbon derived from
lemongrass waste confirms that materials rich in carbon are suitable for activated carbon production [35].
In this study, activated carbon is utilized for metal adsorption in AMD.

The formation of pores results from the aggregation of agricultural waste particles interacting with acid
and base particles through hydrogen bonding and induced dipole-dipole interactions. This process creates
pores of specific sizes. According to the International Union of Pure and Applied Chemistry (IUPAC), pores
are classified into three categories: micropores (diameter < 2 nm), mesopores (2–50 nm), and macropores
(>50 nm). As noted in [32], mesopores (2–50 nm) and micropores (<1 nm) cannot be detected or observed
using SEM. Therefore, to accurately determine the mesopore and micropore sizes in agricultural waste-based
activated carbon, the nitrogen gas adsorption method based on BET-BJH principles should be used.

The key property of activated carbon is its ability to adsorb substances, which stems from its solid
structure, large surface area, and high porosity. Adsorption efficiency is closely linked to the activation level,
as higher-quality activated carbon requires a larger surface area for optimal performance [36]. The surface
area of activated carbon typically ranges from 300 to 3000 m2/g, depending on its pore structure. Porosity
plays a crucial role in adsorption capacity, with highly porous materials exhibiting greater adsorption
efficiency. Microwave heating enhances the development of activated carbon by increasing surface area and
improving porosity [37]. However, excessively high heating temperatures—associated with higher power
levels—can lead to the complete decomposition of cellulose and lignin, as noted by Cimò et al. [38]. Studies
also indicate that as carbonization temperature increases, the yield of activated carbon decreases, while the
fixed carbon content rises.
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3.1.3 Results of Total Surface Area, Pore Volume, and Pore Size Characterization Using BET-BJH
The results of the BET and BJH analyses are as follows: The BET surface area (specific

surface area) of activated carbon derived from lemongrass waste is 818.2 m2/g. The BJH
cumulative pore volume (desorption BJH cumulative pore volume) for pores ranging from
1.70 nm to 300 nm in diameter is 0.77 cm3/g. The BJH adsorption average pore diameter (4V/A) is 1.91
nm. Before undergoing microwave activation, the BET surface area (specific surface area) of carbon from
lemongrass waste was 369.7 m2/g. The cumulative pore volume obtained from BJH adsorption (desorption
BJH cumulative pore volume) for pores within 1.70 to 300 nm was recorded at 0.31 cm3/g, while the BJH
adsorption average pore diameter (4V/A) was 0.88 nm. These findings indicate that microwave-assisted
activation significantly increases both the pore size and surface area of activated carbon. A larger surface
area enhances adsorption capacity, as adsorption occurs on the surface of the adsorbent [39]. Based on these
results, the activated carbon from lemongrass waste is characterized as microporous, with pore diameters of
less than 2 nm, in accordance with the IUPAC classification.

3.2 Effect of Activated Carbon Mass on Removal of Fe and Mn Metals in Acid Mine Drainage
Activated carbon that meets quality standards after the improvement process is then used as an

adsorbent for treating AMD (containing Fe and Mn). This is achieved by mixing activated carbon derived
from agricultural waste into the wastewater. The applied activated carbon is subsequently tested using AAS
to measure the concentration of metals present in the AMD after undergoing adsorption.

The results of the AAS analysis for activated carbon from lemongrass waste in the removal of Fe and
Mn from AMD, at a mixing time of 60 min, are presented in Table 4 below:

Table 4: AAS analysis results for Fe and Mn parameters

Parameter Activated carbon mass (g) Results (mg/L)
Fe Initial solution 127.20

2 23.07
3 16.52
4 14.31
5 13.87
6 13.40
7 12.92

Mn Initial solution 37.00
2 36.05
3 21.63
4 10.81
5 10.70
6 10.28
7 10.19

The results of the analysis of Fe and Mn metal removal from AMD, when plotted in a graph, can be
depicted as follows (Figs. 3 and 4):
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Figure 3: Impact of lemongrass waste-based activated carbon mass on Fe removal
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Figure 4: Impact of lemongrass waste-based activated carbon mass on Mn removal

Referring to Figs. 3 and 4, the highest removal efficiency for Fe and Mn is observed at an optimal
adsorbent dose of 4 g. Beyond this point, any further increase in removal efficiency becomes minimal,
stabilizing due to the inherent properties of the adsorbent [40]. Figs. 3 and 4 further illustrate that the
percentage of metal removal increases with a higher adsorbent mass. This is primarily due to the expansion
of adsorption sites and surface area, which enhances metal removal at higher doses. However, an excessive
adsorbent dose may lead to aggregate formation, reducing the total available surface area and, consequently,
the removal efficiency [32]. Additionally, a greater adsorbent mass improves the adsorption rate of heavy
metals. A higher quantity of adsorbent allows for more adsorption interactions, capturing more cations in
the solution. Essentially, a higher adsorbent-to-contaminant ratio increases the effectiveness of pollutant
removal [25].

These results align with the BET-BJH analysis, which indicates that an increased surface area enhances
adsorption by allowing more adsorbate to adhere to the carbon surface. The results of the BET and BJH
tests are as follows: The BET surface area (specific surface area) of activated carbon from lemongrass waste
is 818 m2/g. The BJH cumulative pore volume (desorption BJH cumulative pore volume) for pores with
diameters ranging from 1.70 nm to 300 nm is 0.77 cm3/g, while the BJH adsorption average pore diameter
(4V/A) is 1.91 nm. Before undergoing microwave activation, the BET surface area (specific surface area) of
lemongrass waste was recorded at 369.7 m2/g. The BJH cumulative pore volume (desorption BJH cumulative
pore volume) for pores within 1.70 nm to 300 nm was 0.31 cm3/g.
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3.3 Impact of Contact Time with Activated Carbon on Removal of Fe and Mn from Acid Mine Drainage
Contact time is a critical factor in the adsorption process, as it affects both the reaction rate and

concentration changes over time. Determining the optimal contact time in batch adsorption is essential for
identifying the ideal mixing duration, allowing the adsorbent to capture the maximum amount of adsorbate
before reaching saturation [41]. The results of Fe and Mn removal from AMD can be illustrated graphically
as follows (Figs. 5 and 6):
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Figure 5: The influence of activated carbon mixing duration from lemongrass waste on Fe
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Figure 6: The influence of activated carbon mixing duration from lemongrass waste on Mn

The study findings indicate that the duration of the adsorption process significantly affects the reduction
of Fe and Mn concentrations in AMD, demonstrating that a longer contact time allows more metal ions to
be captured by activated carbon. In this batch adsorption process, extending the contact time enhances the
transfer of Fe and Mn molecules onto the surface of activated carbon derived from lemongrass waste.

As illustrated in Figs. 5 and 6, the standard deviation values for qt in the adsorption process are
approximately 2.467 for Fe and 0.5474 for Mn. The standard deviation (σ) reflects the extent of variation
or dispersion in the qt values (the amount of substance adsorbed per unit mass of adsorbent) from the
mean. For Fe, a standard deviation of 2.467 indicates greater variability in qt values, suggesting fluctuations
in Fe adsorption capacity. These variations may result from differences in experimental conditions or the
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properties of the adsorbent material. For Mn, a standard deviation of 0.5474 indicates more consistent qt
values with less variation around the mean, suggesting that Mn adsorption is more stable than Fe adsorption
under the same conditions. In general, a smaller standard deviation signifies more consistent adsorption
results, whereas a larger standard deviation suggests greater variability in the process.

As depicted in Figs. 5 and 6, adsorption increases significantly within the initial 15–60 min before
stabilizing beyond 60 min. The highest adsorption of Fe and Mn occurs at the 60-min mark. This trend
suggests that adsorption capacity rises substantially between 15 and 60 min before reaching equilibrium. The
observed pattern occurs because, as contact time extends, the active sites of the adsorbent gradually become
saturated with adsorbate. Consequently, at the longest contact time of 90 min, the adsorption rate declines
due to the full occupation of active sites. Additionally, once the activated carbon reaches its saturation point,
prolonged contact time may induce desorption, causing previously adsorbed metal ions to be released back
into the solution [25].

Figs. 5 and 6 presents the adsorption capacity as blue bars and standard deviation as an orange line. The
error bars reflect the degree of variation from the mean values, with longer bars indicating higher uncertainty
or inconsistency. The largest error bar is observed at 60 min, indicating that although the adsorption capacity
was highest at this point, the repeatability of the results was lower compared to other time points. This could
be attributed to possible saturation effects or external influences on the adsorption process during extended
contact time. Beside, the vertical error bars displayed on each bar indicate the standard deviation (SD) of the
qt measurements. Standard deviation reflects how much the data points differ from the mean value at each
contact time and longer error bars suggest a higher level of variation among the replicate measurements.

To evaluate whether the differences in qt values across the six contact times were statistically significant,
a one-way ANOVA test was performed using simulated data based on the reported standard deviations
and an assumed triplicate measurement (n = 3). The statistical results are as follows: F-statistic: 4.86 and
p-value: 0.013 for Mn adsorption. Since the p-value is less than 0.05, the null hypothesis (no difference
between groups) is rejected. This confirms that contact time has a statistically significant effect on Mn adsorp-
tion capacity. A post-hoc Tukey Honestly Significant Difference (HSD) test was conducted to determine
which time points differed significantly. The results showed that the 60-min contact time was significantly
different (p < 0.05) from all other time intervals, while no significant differences were observed among the
other groups. This reinforces the conclusion that 60 min represents a distinct and optimal point for Mn
adsorption under the tested conditions. Regarding Fe adsorption, the one-way ANOVA analysis yielded an F-
value of 0.527 and a p-value of 0.752, indicating that no significant difference (p > 0.05) was observed in the Fe
adsorption capacity (qt) across contact times ranging from 15 to 90 min. This implies that changes in contact
time did not notably affect the adsorption performance under the experimental conditions. As a result,
extending the contact time beyond 90 min is unlikely to lead to a meaningful improvement in adsorption
efficiency. These results suggest that further increasing the contact duration would not substantially enhance
the Fe adsorption process within the parameters of this study.

3.4 Isothermal Adsorption
The isothermal adsorption values, based on the Langmuir and Freundlich equations, along with the

adsorption kinetics parameters, were determined through calculations and by graphing the equations for
each model to generate curves that accurately represent the research data (curve fitting). These results are
presented in Table 5 below.
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Table 5: Computed isothermal adsorption results using the Langmuir and Freundlich models for Fe and Mn in the
adsorption process

Metals Langmuir equation Freundlich equation

qmax (mg/g) KL (mol/L) R2 KF (mol/L) 1/n R2

Fe 32.01 43.32 0.97 31.99 0.00001 0.97
Mn 12.62 43.78 0.96 12.60 0.0000001 0.95

The removal of Fe and Mn from AMD using lemongrass waste followed the Langmuir and Freundlich
isotherm models, as presented in Table 5. The Langmuir model demonstrated a better fit compared to the
Freundlich isotherm. According to the Langmuir adsorption model, the maximum adsorption capacity
(qmax) of activated carbon derived from lemongrass waste was 32.01 mg/g for Fe and 12.62 mg/g for Mn.
This adsorption capacity is likely attributed to the saturation of the outer layer of the activated carbon with
adsorbed molecules, which prevents further adsorption of additional metal ions. As the concentration of
metal-laden wastewater increases, the frequency of molecular collisions and interactions with the adsorbent
also rises, enhancing the adsorption process. The porosity of the adsorbent plays a crucial role in its adsorp-
tion capability, with higher-porosity adsorbents exhibiting superior adsorption performance compared to
those with lower porosity [32].

The Freundlich adsorption isotherm is commonly used to fit experimental data across a broad concen-
tration range. This model accounts for surface heterogeneity and the exponential distribution of active sites
along with their energy levels [42]. Based on the calculated 1/n values, all values were found to be greater
than 0 but less than 1. The condition 0 < KL < 1 signifies that the adsorption process is favorable, indicating
efficient and effective adsorption. This balance between adsorbent-adsorbate interactions facilitates optimal
adsorption. These findings suggest that the adsorption of activated carbon derived from agricultural waste
through a chemical process aligns more closely with the Langmuir isotherm. Furthermore, the correlation
coefficient (R2) values were closer to 1 [43], confirming that the removal of Fe and Mn from AMD using
activated carbon from agricultural waste (lemongrass waste) via microwave-assisted activation follows a
homogeneous adsorption pattern. In this process, the adsorbate forms a monolayer on the adsorbent surface.
In the Freundlich model, surface heterogeneity refers to variations in the properties of the adsorbent surface,
including uneven adsorption energy and the presence of diverse active sites. Unlike the Langmuir model,
which assumes a uniform surface, the Freundlich model acknowledges that adsorption sites do not share the
same energy level [44]. The key features illustrating surface heterogeneity in this model include [44]:

• Lack of monolayer saturation: Unlike the Langmuir model, the Freundlich model suggests that
adsorption can continue indefinitely without reaching a saturation point.

• Variation in adsorption energy: Adsorption sites possess different energy levels, causing molecules to
first adhere to higher-energy sites before occupying those with lower energy.

• Nonlinear adsorption equilibrium: The Freundlich isotherm equation is empirical and describes a
nonlinear correlation between the amount of adsorbed substance and its concentration in solution.

3.5 Adsorption Kinetics
Adsorption kinetics describe the changes in the concentration of an adsorbed substance over time as

it interacts with the adsorbent surface. To determine the adsorption kinetics of AMD on activated carbon
derived from agricultural waste, different contact times were applied. In this study, the contact time variations
used were 15, 30, 45, 60, 75, and 90 min.
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The variation in contact time was analyzed to assess the speed of the adsorption process. Since time is
a key factor, the adsorption rate depends on the duration of adsorption. As the adsorption time increases,
a larger amount of Fe and Mn metals is captured, leading to variations in adsorption rates at different
time points. This study examines the kinetics of Fe and Mn adsorption using activated carbon prepared via
microwave-assisted activation, applying the PFO and PSO models.

The adsorption kinetics rate and reaction order were determined using the PFO and PSO models, with
variations in adsorbent mass and contact time. The adsorption kinetics parameters were derived by plotting
the equations for each model, generating curves that accurately represent the research data (curve fitting),
as illustrated in Figs. 7 and 8, along with Table 6 below.
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Figure 7: (a) The pseudo-first-order (PFO) adsorption process of Fe metal; (b) The pseudo-second-order (PSO)
adsorption process of Fe metal

Figs. 7a and 8a illustrate the PFO kinetics plot for the adsorption of Fe and Mn ions using activated
carbon derived from lemongrass waste. These graphs display key parameters, including qe and qt, which
represent the amount of metal adsorbed onto the adsorbent (mg/g) at equilibrium and at a specific
time t, respectively. Additionally, they present the rate constants k1 for PFO and k2 for PSO, measured in
g/mg⋅min. Figs. 7b and 8b depict the PSO kinetics plots, demonstrating the adsorption behavior of Fe and
Mn metals. Table 6 summarizes the adsorption kinetics parameters obtained for Fe and Mn ions on activated
carbon derived from lemongrass waste.
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Figure 8: (a) The pseudo-first-order (PFO) adsorption process of Mn metal; (b) The pseudo-second-order (PSO)
adsorption process of Mn metal

Table 6: Kinetics of activated carbon adsorption for Fe and Mn retention

Parameter PFO PSO

qe (mg/g) ke Re qe (mg/g) ke Re

Mn 7.9888 43.2785 0.92 10.6517 1.6818 0.85
Fe 21.9288 43.3053 0.91 21.9350 16.4992 0.89

The experimental data were analyzed using the PFO and PSO kinetic models, as shown in Table 6.
When incorporated into the calculations, the standard deviation values for activated carbon derived from
lemongrass waste in Fe adsorption are 0.0585 for the PFO model and 1.4628 for the PSO model. Similarly,
for Mn adsorption, the standard deviation is 0.0326 in the PFO model and 2.0877 in the PSO model. These
values indicate that the standard deviation for Fe (0.0585) and Mn (0.0326) in the PFO model is relatively
low, suggesting minimal variation or dispersion in the adsorption data. This implies greater data stability and
a closer alignment with the average. In contrast, the higher standard deviation values for Fe (1.4628) and Mn
(2.0877) in the PSO model reflect greater fluctuations in the adsorption data compared to the PFO model.
Generally, a lower standard deviation signifies more consistent and reliable data, whereas a higher standard
deviation indicates greater variability in adsorption results [45]. These variations are critical in determining
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the most suitable model for accurately representing the adsorption behavior of Fe and Mn using activated
carbon from lemongrass waste.

The obtained R2 values suggest that the results align more closely with the PFO model, which exhibits
a stronger correlation coefficient (R2) than the PSO model. Consequently, metal adsorption from AMD is
better described by PFO kinetics. This finding also indicates that a larger surface area enhances the adsorption
rate. Additionally, key adsorbent properties affecting adsorption efficiency include particle size and surface
area, as smaller adsorbent particles lead to a faster adsorption process, while a larger surface area allows
for the adsorption of more adsorbate molecules [24,46]. The most crucial characteristic of activated carbon
is its adsorption capacity, which is attributed to its solid structure with an extensive surface area and well-
developed pores. The adsorption performance of activated carbon is directly linked to its surface properties,
with high-quality activated carbon requiring a large surface area for optimal adsorption efficiency [36].
With a surface area of 818 m2/g and a pore size of 1.91 nm, the activated carbon produced is classified
as microporous. Consequently, smaller pore sizes result in a larger surface area, creating more available
sites for adsorbate interaction. The presence of tiny pores enhances the interaction area, thereby increasing
adsorption capacity [47].

Based on the data, thermodynamic calculations yield the following values: ΔG2 = −4578.6
J/mol = −4.579 kJ/mol, ΔH = 24,719.3 J/mol = 24.72 kJ/mol, and ΔS = 0.0907 kJ/mol⋅K = 90.7 J/mol⋅K. These
results indicate that [48]:

• ΔG < 0, confirming the adsorption process occurs spontaneously.
• ΔH > 0, indicating that the adsorption process is endothermic.
• ΔS > 0, suggesting an increase in system disorder after adsorption due to the positive entropy change

(ΔS), a characteristic of physisorption (physical adsorption).

Benefits of physisorption include its reversibility, which allows for easy desorption of adsorbed
molecules and enables repeated use. It preserves the structure of the adsorbent, such as activated carbon,
which can be reused multiple times, making it ideal for gas filtration and air purification. For instance,
activated carbon can absorb water vapor or toxic gases. On the other hand, physisorption has limitations,
such as weak interactions (Van der Waals forces), which make the adsorbate easily detachable and unsuitable
for processes requiring permanent chemical reactions [49].

4 Conclusion
This study demonstrates the potential of agricultural waste, specifically lemongrass waste, as a cost-

effective adsorbent for heavy metal removal using isothermal models with microwave-assisted activation.
Characterization results indicate that activated carbon produced at 400 W exhibits a water absorption
capacity of 7.88%, an ash content of 5.51%, volatile matter of 6.96%, a fixed carbon content of 75.79%, and an
iodine number of 790.97 g iodine/100 g. SEM analysis confirms the formation of larger, cleaner, and smoother
pores, enhancing porosity and increasing pore size. EDX analysis reveals that carbon (75.57%) is the
predominant element in lemongrass-derived activated carbon, alongside O, K, Cu, Zr, and S. Additionally,
the BET surface area (specific surface area) reaches 818 m2/g, with an average pore diameter of 1.91 nm.

The rapid activation process (10 min) enables efficient heating, uniform heat distribution, and the
development of a well-structured porous network, contributing to improved adsorption performance. The
adsorption isotherm follows the Langmuir model, indicating monolayer adsorption, while the adsorption
kinetics align with the PFO rate equation. These findings highlight the suitability of microwave-assisted
activated carbon from lemongrass waste as a promising and sustainable adsorbent for heavy metal removal.
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Future research should focus on optimizing activation parameters and evaluating the performance
of this adsorbent in real wastewater treatment applications. Large-scale application for mining wastewater
treatment requires further study due to high operational costs and production challenges. Additionally,
its lifespan must be considered, as continuous use leads to saturation. Research on regeneration is also
essential, as it may be less cost-effective than ion exchange resins and requires stability assessment in
real-world applications.
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