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1. Introduction

Adsorption is the physical absorption of molecules of a substance that were previously in solution
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onto the surface of an adsorbent [1]. The specification between the adsorbent and substance being adsorbed

(adsorbate) determines adsorption. Adsorption can occur physically (when Van der Walls force exists) or

chemically (chemisorption). The specification between the adsorbent and adsorbate refers to the physical

and chemical properties influencing their interaction during adsorption. Adsorbent properties like surface
area, pore size, and surface chemistry affect its ability to attract and hold onto adsorbate molecules. Ad-
sorbate properties like molecular size, shape, polarity, and solubility also play a role in determining adsorp-
tion behaviour. Proper consideration of these specifications is important in designing and selecting effective
adsorption systems for various applications like environmental remediation and water treatment [2-6]. Ad-
sorption can be carried out using porous carbon. Because of its large surface area and high electrostatic
charge on its surface, porous carbon is one of the most unique and interesting materials [7]. Porous carbons
are carbon materials with interconnected pores and voids throughout their structure. These pores can range
in size from nanometers to micrometres and are typically formed through a combination of templating,
activation, and carbonization processes. Porous carbons' high surface area and porosity make them useful

in various applications, including gas separation, water purification, energy storage, and catalysis [6].

Carbon is an element that readily combines with various substances to form thousands of organic
compounds, composites, and minerals. Synthetic compounds are found in 90% of carbon, and the remaining

10% is present in every process of molecular transformation of living creatures, such as plants, animals,

fungi, and microorganisms [8]. Many studies have proven that synthetic carbon can be made from organic

materials such as leaves, fruit peels, seeds, and more (see Table 1). Thus, using natural resources as a

synthetic carbon-based material has many advantages, such as reducing air, water, and soil pollution be-

cause it uses natural materials with environmentally friendly technology [9]. Natural materials or waste can

be cheap adsorbents [10].

Using natural resources to make synthetic carbon materials can offer several advantages, including:

1. Sustainability: Natural resources are renewable and can be replenished over time, which means that the
production of synthetic carbon materials can be sustainable if appropriately managed. This can help to
reduce the environmental impact of the manufacturing process.

2. Cost-effective: Natural resources are often abundant and readily available, making them a cost-effective
option for producing synthetic carbon materials.

3. Tailor ability: Natural resources can be processed and modified to produce carbon materials with spe-
cific properties such as pore size, surface area, and chemical reactivity. This allows for the customiza-
tion of synthetic carbon materials for specific applications.

4. Reduced environmental impact: Natural resources can be used to make synthetic carbon materials with
a lower environmental impact than other materials, such as plastics or metals. For example, carbon

materials can be used instead of plastic in some applications, reducing plastic waste and pollution.
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Using natural resources to make synthetic carbon materials can provide a more sustainable and envi-

ronmentally friendly option for producing materials with tailored properties for various applications. In-

deed, this supports the current issues in the SDGs.

Table 1. Previous research on adsorbents

Waste Adsorbent
Sources  type s

Results

Ref

1 Coconut Carbon
shell

2 Banana Carbon

peel

3 Teak Carbon
leaves

4 Tea Carbon
dregs

5 Coffee Carbon
grounds

6 Bagasse Carbon

The highest adsorption efficiency was 83.57% after 509% KOH activation. The higher the
KOH concentration, the more efficient Cu metal absorption will be until the activated
carbon pores reach saturation at 60% KOH concentration. Beyond the 60% KOH
concentration, the efficiency of Cu metal absorption decreased due to the blockage of the
activated carbon pores by KOH particles. The results demonstrate the significance of
optimizing the activation process to achieve a given adsorbate's highest possible adsorption
efficiency.

The low-cost banana peel carbon (ABPC) adsorbent was used to remove Rhodamine B
(RHB) from the aqueous media. In both acidic and basic conditions, the synthesized ABPC
effectively removes RHB. The findings indicate that data adjustment and model parameter
estimation can be accomplished using the Freundlich and Langmuir models. Furthermore,
this research determined that the pseudo-second-order kinetic model (with R2>0.99)
provided the best fit for RHB adsorption on ABPC. An examination of intra-particle
models suggests that pore diffusion did not solely control the rate. Additionally, the
adsorption process demonstrates a preference for exothermic behaviour when the enthalpy
change falls within the negative range at temperatures between 40°C and 70°C.

Adsorption is achieved by blending activated carbon derived from teak leaves with used
cooking oil for three hours and then by analyzing the residual FFA levels. The
experimentation reveals that as the concentration of NaOH increases, so does the quantity
of absorbed FFA. The optimal adsorption of FFA is observed when activated carbon
sourced from teak leaves is activated with a 20% NaOH solution.

Adsorbents were produced by synthesizing chitosan and activated carbon from tea dregs.
Characterization outcomes indicate that activated carbon effectively captured 78.09% of
the carbon content present in a 1.02 mg/L Pb solution. Consequently, the introduction of
1.4 grams of activated carbon derived from tea waste successfully lowered the
concentration of Pb heavy metal, aligning it with the quality standards for Pb metal set by
the Indonesian Ministry of Environment.

Although the use of natural adsorbents chitosan and 1.4 grams of coffee grounds activated
carbon can reduce arsenic, it does not meet the arsenic metal quality standards specified in
Minister of Environment Regulation No. 12 of 2020. As a result, more research is needed
to improve the efficiency of reducing metal arsenic.

The optimum mass ratio of bagasse powder that can be used as an adsorbent is 0.7, with a

mixing time of bagasse powder and rubber waste of 6 minutes, and the resulting adsorption

[11]

[12]

[13]

[14]

[15]

[16]
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No Waste Adsorbent Results Ref
Sources  type s
value is 3.50235 g/g. The mass variation of filler material (2, 2.5, 3, 3.5, 4) g and the
contact time (30, 60, 90, 120, 150) minutes are used in the research.
7 Dregs Carbon  The tofu dregs waste-derived adsorbent has demonstrated its effectiveness in reducing the [17]
tofu copper metal content in silver industrial waste. Using a magnetic stirrer, the adsorbent was
brought into contact with the sample for varying durations. The atomic absorption detector
analysis revealed the presence of functional groups in tofu waste, including NH
(stretching), -OH, C=0, CH (aliphatic), CO, and -OH (bending vibrations). The resulting
copper metal content was measured at 19.5979 ppm. The optimal adsorption period was
determined to be 120 minutes, achieving an adsorption efficiency of 54.88%.
8 Rice Carbon  Rice husk is an excellent adsorbent for lead metal ions, with a maximum absorption [18]
husk efficiency of 99%.
9 Pineapple Carbon The adsorption equilibrium data exhibited the highest conformity with the Langmuir [19]
leaf adsorption isotherm, with an R? value of 0.969 and a maximum adsorption capacity (Cmax)
of 288.34 mg/g. This study underscores the utilization of pineapple waste biomass as a
cost-effective and efficient precursor material for manufacturing activated carbon,
primarily aimed at eliminating colour from wastewater. Notably, the nitrogen loading rate
in the ANAMMOX reactor during treatment, which stands at 2 kgN/m?3/d, is notably lower
compared to that in sludge digestion wastewater, where the rate is as high as 10 kgN/m?/d.
10 Chicken Carbon The bestadsorption conditions used chicken eggshells with an adsorbent mass of 11 grams,  [20]
eggshell a contact time of 60 minutes, and a pH of 1 with an adsorption percentage of 41.46%.
11 Clay Silica  For the manufacture of clay-based adsorbents, it was found that the greater the HCI [21]
concentration and the longer the activation time, the greater the SiO2/Al2Os ratio, that is,
at the HCIsN concentration with a contact time of 3 hours, the SiO2/AlOs ratio was
12.26%. Thus, the ratio increased compared to initial raw materials with a ratio of 5.59%.
12 Durian Carbon  Characteristics of activated charcoal from durian peels produced based on SNI 06-3730- [22]
peel 1995 where the water content and ash content still meet the standards while the volatile
matter content and carbon content do not meet the standards.
13 Eucalyptus Silica  Eucalyptus leaf waste can be used as an adsorbent without the carbonization process.; it [23]
leaves simply needs to be activated with an acid solution.
14  Water Silica  Adsorption using activated water hyacinth powder has an optimum contact time of 30 [24]
hyacinth minutes at a solution concentration of 100 ml/g of 57.175 ml/g
15 Bamboo Carbon Activation of bamboo charcoal affects the effectiveness of Pb metal adsorption. [25]

Nevertheless, there has been no prior investigation into the adsorption isotherm experiment for elim-

inating dye contaminants from aqueous solutions utilizing adsorbents sourced from Galangal Rhizomes.

Curcumin solution was selected as the representative dye pollutant in this case. Galangal Rhizomes were

chosen as the raw material for this study because they contain a significant amount of carbon compounds.

This means that the basic structure of a Galangal Rhizomes consists of cellulose, hemicellulose, lignin,
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starch, pectin, and fibre, which provide carbon. These carbon compounds make it a candidate for carbon-
based adsorbents because they contain specific functional groups that attract and retain adsorbates and op-
erational conditions that maximize these interactions [26]. Therefore, this research investigated the adsorp-
tion characteristic of Galangal Rhizomes in adsorbing curcumin solution. This research used experimental
data to determine monolayer, multilayer, and cooperative adsorption behaviours. These data were subjected
to calculations using ten different adsorption isotherm models, which included Freundlich, Langmuir, Hill-
Deboer, Dubinin Radushkevich, Jovanovic, Temkin, Harkin-Jura, Fowler-Guggenheim, Halsey, and Flory-
Huggins models. Each adsorption isotherm model was applied through a computational approach to derive
model parameters that elucidate adsorption phenomena based on adsorbate concentration and the quantity
of adsorbed solution per unit of adsorbent at equilibrium [26, 27]. Figure 1 shows the adsorption profiles,
Figures 1(a) and 1(b) represent the multilayer and monolayer adsorption models, respectively. Figure 1
shows a potential standard isotherm adsorption model, each presenting the concept of adsorption and an
example of adsorption.

The study is unique in that the adsorption characteristics of the Galangal Rhizomes-based adsorbent
are determined at multiple sizes. Here, size variations (i.e., 500, 1000, and 2000 pum) were used to analyze
the adsorption characteristics. By conducting this research, it is hoped that more and more people will
utilize waste, especially Galangal Rhizomes waste, for something useful, especially environmental hygiene.

[a] ’ .. | Free Adsorbate {b:l
9 Y Msorbed ®

Adsarbate ‘
’ ’ Adsarbed . B
adsorbate I ‘

, , ? ?' Carbon Particle . ‘

[ Surface L]

Multilayer Adsorption Maonolayer Adsorption

Figure 1. Illustration of the adsorption profile of (a) multilayer adsorption and (b) monolayer adsorption
types

2. Adsorption Isotherm Models

2.1. Langmuir
Throughout history, various biosorbents have been evaluated and juxtaposed using the Langmuir ad-

sorption isotherm, originally designed to elucidate the adsorption phenomenon between gas and solid
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phases, primarily activated carbon [27-28]. According to the Langmuir isotherm, maximal adsorption oc-
curs when a monolayer of adsorbate molecules is established on the adsorbent's surface. The Langmuir
model posits no migratory movement of adsorbate molecules, and adsorption exclusively transpires on a
stationary surface featuring uniform energy distribution [7]. The expression for the Langmuir isotherm
(Eq.) can be anticipated by employing Eq. 1 and 2.

1 1 1 1

R + D

Qe Qmax KL E Qmax

RL= — )

1+KL Ce

Within the Langmuir adsorption equation framework, the Langmuir adsorption constant is denoted
as KL, the adsorption capacity of the monolayer as Qmax (mg/g), and the separation factor as RL. The

importance of the RL parameter is elucidated in Table 2.

Table 2. The meaning of the R, parameter

Condition Explanation

RL>1 Adsorption is characterized by its unfavorability, which results from the occurrence of desorption.
R.=1 A linear adsorption process that does not depend on concentration.

R.=0 An irreversible adsorption process occurs when the adsorbate, common in chemisorption, cannot

undergo diffusion.

O0<R.<1 Adsorption is considered favourable when there is no occurrence of desorption.

2.2. Freundlich

The Freundlich isotherm, a well-established empirical model, represents a non-ideal and reversible
adsorption phenomenon that extends beyond monolayer formation, allowing for multilayer adsorption on
heterogeneous surfaces characterized by varying adsorption heats and affinity distributions [28,29]. The
Freundlich isotherm assumes heterogeneous adsorption sites, physical adsorption in multiple layers, and
weak links. According to this hypothesis, the energy on each surface is not equal. [7]. The Freundlich

isotherm model can be expressed using Eq. 3.

log Qe = logkf + %log Ce 3)

The equation incorporates several parameters: n, representing the degree of nonlinearity; kf, the
Freundlich constant; Ce, the equilibrium adsorbate concentration (mg/L); and 1/n, signifying the adsorption
strength. The specific interpretations of the parameters n and 1/n are detailed in Table 3.

Here's a breakdown of 'n' values and their interpretations: 1/n < 1: Normal adsorption; 1/n > 1: Co-

operative adsorption; 1 < 1/n < 0: Favorable adsorption or no desorption; 0 < 1/n < 1. Adsorption on a
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heterogeneous surface, with values closer to zero indicating increased heterogeneity of adsorbent surface.

Table 3. The meaning of the n and 1/n parameters.

Condition Explanation

n<1l Characteristics of the chemisorption adsorption process

n=1 A linear adsorption process with an independent partition, uninfluenced by concentration.
n>1 Attributes of the physisorption adsorption process

lin<1 The typical adsorption process

in>1 Markers of cooperative adsorption behaviour

1<1/n<0 Indicative of a beneficial adsorption process due to the absence of desorption

0<1ln<l Adsorption process occurring on varied surfaces (An approximate 1/n value close to 0

suggests heightened adsorbent surface heterogeneity).

2.3. Temkin Isotherm Model
In line with the Temkin isotherm model, all molecules have a linear decline in adsorption heat as the

adsorbent surface coverage expands. A consistent dispersion of binding energies defines this particular
adsorption process, reaching its peak binding energy [28, 30]. Equation 4 is the tool for calculating the

adsorption heat for all molecules within the multilayer.
ge = BT (InCe) + (BTInAT) 4)

The equilibrium constant for the Temkin isotherm model is denoted as Ar, and the parameter BT
defines the Temkin isotherm itself. A detailed explanation of the St parameter can be found in Table 4.

Table 4. The meaning of the fr parameter

Condition Explanation
Br <8 kJ/mol Physical adsorption
Br > 8 kJ/mol Chemical adsorption

2.4. Dubinin—Radushkevich Isotherm Model

To explain how micromaterials absorb adsorbate through a pore-filling mechanism, the Dubinin-
Radushkevich isotherm model was developed. It is commonly used on heterogeneous surfaces to describe
the Gaussian energy distribution adsorption mechanism [28, 31]. The adsorption potential can be used to
explain the adsorption equilibrium relationship for specific adsorbate-adsorbent combinations independent
of temperature. According to this model, Adsorbent size is proportional to micropore size. The Dubinin-

Radushkevich adsorption equation is shown in Eqg. 5.

Inge = Ings — Be&? (5)
In the context of the Dubinin-Radushkevich isotherm, S represents the isotherm constant, & corre-

sponds to the Polanyi potential relative to the given conditions, and gs stands for the theoretical saturation
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capacity (measured in mg/g). The Polanyi potential and the calculation of adsorption energy are provided

in Equations 6 and 7, respectively.

e=RTIn[1+ (6)
-1
E=75 (7)

Within this context, E symbolizes the adsorption energy, indicating the free energy of sorption
(expressed in kJ/mol) linked to the movement of individual sorbate molecules from the bulk solution to the

solid surface. You can refer to Table 5 for precise E values.

Table 5. The meaning of the E parameter

Condition Explanation
E < 8 kJ/mol Adsorption through physical means
E > 8 kJ/mol Adsorption through chemical means

2.5. Flory—Huggins Isotherm Model

The Flory-Huggins isotherm addresses the degree of adsorbate surface coverage on the adsorbent.

Equation 8 provides the formula for calculating the Flory-Huggins Isotherm Model.

logc% = log Kpy + nlog(1 — 6) (8)

The Flory-Huggins isotherm model [28, 32] is utilized to elucidate the viability and spontaneity of
the adsorption process, signifying the reduction in the surface coverage degree from the adsorbate to the
adsorbent. Here, 0 denotes the extent of surface coverage, whereas KFH and nFH stand as the equilibrium
constant and adsorption site, respectively. Equation 9 pertains to the equilibrium constant, KFH, which is
employed to ascertain the free Gibbs energy of spontaneity.

AG® = —RTInKpy 9)

A negative value for AG® indicates the spontaneous nature of the adsorption process, which is also

influenced by temperature.

2.6. Fowler Guggenhim Isotherm Model

The Fowler-Guggenheim isotherm describes the lateral interactions among adsorbed molecules,
which are contingent on the heat of adsorption that can either increase or decrease as load changes. If the
interaction energy aligns positively with the force of attraction, the adsorption heat rises with loading.
Conversely, there is a reduction in loading when it involves the energy repulsion of adsorbed molecules.

Equation 10 provides the linear representation of this model.
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6 2.0.w
KroCe = 17500 () (10)

Here, W signifies the interaction energy (in kJ/mol) among the adsorbed molecules, while Ce
represents the equilibrium constant, and Krg corresponds to the Fowler-Guggenheim equilibrium constant.

For a comprehensive understanding of the W value, please refer to Table 6.

Table 6. The meaning of the W parameter

Condition Explanation

W > 0 kJ/mol There is an exothermic attraction between the adsorbed molecules and the adsorption process.
W < 0 kd/mol An endothermic repulsion occurs between the adsorbed molecules and the adsorption process.
W =0 kJ /mol There is no interaction among the adsorbed molecules.

2.7. Hill-Deboer Isotherm Model
The Hill-de Boer isotherm characterizes dynamic adsorption and mutual interactions among adsorbed

molecules, relying on model parameter values. According to this model, adsorption is a collaborative pro-
cess where the capacity of one site to capture an adsorbate molecule impacts the potential of other binding

sites on the same macromolecule [28, 33]. Equation 11 delineates the linear representation of this model.

0 0  K,0
Ki.Co = exp (25— %) (11)
where K1 (L/mg) and K> (kJ/mol) are the energy constant of contact in the adsorbed molecular and

the Hill-de Boer model, respectively. The K> value is described in Table 7.

Table 7. The meaning of the K, parameter

Condition Explanation

K2 >0 kJ/mol The attraction process among the adsorbed molecules is thermodynamically driven.

K2 < 0 kJ/mol The repulsion between the adsorbed molecules and the adsorption process is endothermic.
K2 =0 kJ/mol There is no interaction among the adsorbed molecules.

2.8. Jovanovic Isotherm Model
The Jovanovic isotherm considers the potential for mechanical contact between the adsorbate and the
adsorbent, incorporating the events described in the Langmuir model. The linear representation of this
model is detailed in Eq. 12.
nQe = nQmax — KiC. (12)
In this equation, Qe represents the equilibrium adsorbate amount within the adsorbent (measured in

mg/g), Qmax signifies the maximum adsorbate uptake, and K; denotes the Jovanovic constant.

2.9. Harkin-jura Isotherm Model

The multilayer adsorption process described by the Harkins-Jura isotherm depends on the heteroge-

neous pore distribution. The linear form of this model is described in Eq. 13.
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L _Bu_ (1
A (A) logC, (13)

The S value is correlated with the specific surface area of the adsorbent, while 44, represents the

constants associated with the Harkin Jura isotherm.

2.10. Halsey Isotherm Model

Adsorption by multilayered adsorption processes was evaluated using the Halsey isotherm. The linear

form of this model is described in Eq. 14.

Q. = - lnky — () Inc, (14)
where Ky dan n are the Halsey model constants.

Following adsorption theory, the process encompasses the creation of physical energy, known as
physisorption, and chemical energy, termed chemisorption. Physisorption occurs when adsorbate molecules
are attracted to the surface through weak forces like van der Waals interactions or other physical bonding
mechanisms. These forces are generally weaker and more temporary, and the adsorbate molecules can be
removed from the surface relatively easily. Physisorption typically occurs at low temperatures and low
pressures. Chemisorption, conversely, entails a more robust chemical interaction between the adsorbate and
the adsorbent surface. In this case, the adsorbate molecules form chemical bonds with the surface atoms,
resulting in a stronger and more permanent attachment. Chemisorption typically occurs at higher tempera-
tures and pressures [34]. Figures 2(a) and (b) depict the interactions between the adsorbent surface and the
adsorbate molecules in the cases of physisorption and chemisorption, respectively. Table 8 presents the

fitting curve findings along with the calculation of individual adsorption isotherm parameters.

Free Adsorbate
(a) 6 Adsorbed ' O (b)
’ Adsorbate
O Binding site _

Carbon Particle
Surface

Physical Adsorption Chemical Adsorption

]I[

Figure 2. lllustration of the surface adsorbent-adsorbent interaction mechanism on the types of
physisorption (a) and chemisorption (b)
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Table 8. Adsorption isotherms fitting data, calculation, and their parameters

. Plotting
Isotherm Model Linear Eq. - - Parameters
X-AXis y-AXis
* 3 = intercept
. i _ 1 i 1 1 1 max

LangmUIr Qe - QmaxKy, Ce Qmax /Ce /Qe 1
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. 1
Freundlich InQ, = Ink; + —InC, InC, InQ. 1
n e = slope
e B =slope
. e BrlnA; = intercept

Temkin qe = BrInA; + BrlnCe InC, Q.

e B RT
T p

. = Kpr = slope

Dubinin-Radush p bR P

In e = In qs — (ﬁgz) g ane 1

kevich

V2XKpR

0 0
Flory Huggins logC— = logKpy +nlog (1 —0) log (C ) log(1—0)
e

0

ngy = slope

kpy = intercept

AG? = RTIn(kgy), 6=1- (g_;)

] (Ce(l - 9)) 6 e W = slope
n _
FowIer-Gug- (7] 1-06 p | [Ce(l — 9) ° —anFG = intercept
Y A
genheim 2W60 0 ] 2we C
:_anFG—FW . a(slope)=?,9=1—(c—;
—Ink; = intercept
C,(1—6) 0 C.(1-6)
n[E0=9) i [0=0)
) 0 1-06 0 o a(slope) ==
Hill-Deboer 0 RT
- —Ink K,0 0
I Ty 1-6 e 9=1-(%
Co
. e K; =slope
Jovanovic Ing, = Inqpax — K;Ce C. nQ,
o Ing,qx = intercept
1
1 B 1 1 * A e
Harkin- — === (5)tgc —
arkin-Jura 2-a 1 0gC, logC, p7 o
e — = intercept
AH
° 1 l
. — = slope
Halsey InQ, = —InKy ——InC, InC, nQ,
ny n

% InKy = intercept

Journal of Studies in Science and Engineering. 2024, 4(2), 21-47. https://doi.org/10.53898/josse2024422

https://engiscience.com/index.php/josse


https://doi.org/10.53898/josse2024422
https://engiscience.com/index.php/josse

A. Nandiyanto et al., 2024 32

3. Materials and Method

3.1. Materials

In this study, the raw materials used to make carbon particles were Galangal Rhizomes (purchased at
the local market in Cilimus, Bandung, Indonesia), amidic distilled water (purchased in Cilimus, Bandung,

Indonesia), and curcumin (purchased in Cilimus, Bandung, Indonesia).

3.2. Equipment or Tools for the Adsorption Process

Some equipment is used to make a simple circuit for testing the concentration of the solution,
including black cardboard (2 pcs), flashlights, vials, and the lux meter application (Android version
downloaded from PlayStore). Then, the adsorption isotherm model is calculated using simple programming

using Microsoft Excel software.

3.3. Carbon-based Galangal Rhizomes Preparation

The preparation of carbon particles from Galangal Rhizomes is almost the same as in previous
research [7]. Galangal Rhizomes, as much as 100 grams was prepared for carbonization. Before
carbonization, the Galangal was washed first, sliced thinly, and dried in the sun for 6 hours until the material
dried. After that, the Galangal was carbonized in the electrical furnace at 250°C for 9 hours. The carbonized
Galangal has a particle length of 2.3 cm (23 mm). After carbonization, the carbonized Galangal Rhizomes
were grounded using a saw-milled (PHILIPS 2L HR2222/30) for 5 minutes until they became powder.
Furthermore, the Galangal Rhizomes powder was placed in the ASTM D1921 sieve shaker apparatus
(Niaga Kusuma Lestari, Indonesia) to obtain a specific and homogeneous size. Carbon-based Galangal
Rhizomes particles with particle sizes of 500, 1000, and 2000 um were obtained using sieving (PT
Rumah  Publikasi  Indonesia, Indonesia) with hole sizes of 55, 74, 100, 125, 200, 500, 1000, and 2000
um (that were placed in the sieve shaker). The prepared carbon particles were then cleaned from their
impurities using a centrifugation (TG16WS High-Speed Benchtop Centrifuge, Zhengzhou Hepo
International Trading, Co., Ltd., China; 11,000 rpm for 5 minutes) and dried in an electrical

furnace at the temperature of 80°C to remove the physically adsorbed water.

3.4. Physicochemical Characterization

Upon preparing carbon derived from Galangal Rhizomes, a subsequent phase was involved
comprehensive physical and chemical characterization. Diverse analytical methods were applied,
encompassing morphological examination for particle size evaluation using a Digital Microscope (BXAW-
AX-BC, China) and functional group analysis performed via Fourier Transform Infrared (FTIR) analysis

using FTIR-4600 equipment from Jasco Corp, Japan, to scrutinize chemical constituents.
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3.5. Batch Adsorption Process

The adsorption approach used in this study was a batch method in which 60 mL of curcumin solution
was used as a model for dye solution. Curcumin solutions were prepared with different concentrations of
dye molecules (100, 80, 60, 40, and 20 ppm). This study added 0.03 grams of carbon particles (as adsorbent)
to 60 mL of curcumin solution (as adsorbate). The curcumin solution was then decanted for 24 hours (until
the carbon settled to the batch's surface). The adsorption was conducted at room temperature, pressure, and
pH (about 7). The mixture of adsorbate and adsorbent is then filtered to separate it from the adsorbent
particles. Next, the adsorbate solution samples were analyzed for concentration using a lux meter (measure
the maximum light intensity between the range of 3500-1000 Lux) using Lambert-Beer calculations [34].
This research was conducted on carbon-based Galangal Rhizomes sizes 500, 1000, and 2000 pum, respec-

tively. An illustration of determining the concentration of a solution is depicted in Figure 3.
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Figure 3. The carbon adsorption test involves determining the concentration of the solution after the
adsorption process

4. Results and Discussion

4.1. Physicochemical Characterization of Carbon Particles

Figures 4(a) and 4(b) are images of the physical appearance of carbon using a digital microscope and
ferret analysis of the particle size distribution, respectively. Figure 4(a) shows carbon particles had a
heterogeneous surface. Figure 4(b) shows the carbon has sizes ranging from 89 to 2000 um. The carbon
from Galangal Rhizomes has an average size of 1058.40 pm and a standard deviation of 23.94 um. Particle

size distribution was analyzed using Ferret analysis [35].
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Figure 4. Digital microscopy was utilized for particle characterization of carbon (a). Ferret analysis was
employed to determine particle size (b)

The findings from the FTIR analysis of carbon particles derived from Galangal Rhizomes are

presented in Figure 5. Based on the data, it is possible to conclude that the structure of the carbon particles

produced is identical for various particle sizes. The carbon particles exhibit a composition that comprises

numerous functional groups. Among these, the hydroxyl group (OH) appears within the 3404 - 3401 cm-1

range, while functional groups associated with carbonyl compounds (including ketones and carboxylic

acids) are observed between 1707 - 1718 cm™. Notably, the spectrum displays three peaks spanning the

1000 to 1750 cm range, indicating the presence of Si-O-C. Additionally, absorption bands emerge at 468,

1103, and 1419 cm™, corresponding to saturated and unsaturated compounds.
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Figure 5. FTIR analysis of carbon particles of various sizes extracted from Galangal Rhizomes
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The prepared particles were in carbon materials, according to FTIR analysis. Based on the FTIR
results, the treatment of particle size variations does not affect the FTIR results. Material crystallinity does
not play a role in the adsorption process; instead, the adsorption processes depend entirely on the structural
characteristics of carbon particles.

The current study focuses on establishing a basic understanding of the material through digital
microscopy and Fourier transform infrared spectroscopy. This approach was chosen because both
techniques provide important and direct information related to the physical and chemical properties of
materials that are key in adsorption. The focus on the theoretical aspects allows the establishment of a
strong theoretical foundation for an in-depth understanding of surface dynamics and molecular interactions
that identifies new strategies to improve adsorption efficiency, such as modifying the adsorbent surface or
regulating process conditions. Indeed, it is important to integrate additional materials characterization
techniques such as surface area analysis, elemental analysis, and pore size distribution measurements to
gain a more comprehensive understanding of the physicochemical properties of the materials studied so

that characterization will be performed in the future.

4.2. Characteristics of Adsorption of Carbon Particles Based on Isotherm Models

Employing the adsorption isotherm methodology analyses the adsorption mechanism and reveals the
adsorbent's attributes and traits. The adsorption isotherm fit comparison data were compared based on the
correlation coefficient (R?) and other relevant parameters of each isotherm model against the experimental
data. The correlation coefficient (R?) value plays a pivotal role in assessing adsorption characteristics, with
a higher R? value signifying a closer alignment of the adsorption isotherm model with the actual adsorption
behavior. In summary, analyzing the fit of the adsorption process through R? values of adsorption isotherm
models is a common approach to understanding how adsorbates interact with adsorbents. By comparing the
R? values of various isotherm models, we can determine which model best describes the observed
adsorption system. R? values close to 1 indicate that the model represents the experimental data well. To
explore this further, the adsorption data was graphed against four linear adsorption isotherm models,
including Freundlich, Langmuir, Dubinin-Radushkevich, and Temkin. The Fowler Guggenheim, Flory
Huggins, Jovanovic, Hill Deboer, Halsey, and Harkin Jura models were employed to fit the adsorption data,
examining their compatibility with adsorption properties. A significant match between adsorption

properties and the models was established when the R? value surpassed the threshold of 0.70. Table 9
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comprehensively presents the outcomes derived from the adsorption analysis, including the correlation
coefficient value (R?) and various isotherm parameters. These findings were meticulously juxtaposed
against ten different adsorption isotherm models.

A series of repeated experiments for each sample was conducted to ensure the accuracy and reliability
of the adsorption isotherm analysis results. This approach enabled the identification and minimisation of
data variability that may arise from fluctuations in experimental conditions or measurement errors. After
performing this analysis several times per sample, the data set that showed the best consistency was used
in the isotherm data matching process. A simple data linearisation process described in Table 8 was
performed to facilitate linear regression analysis and improve understanding of adsorbate-adsorbent
interactions. This linearisation was performed based on mathematical transformations appropriate for each
isotherm model tested, such as Langmuir, Freundlich, and Temkin. This process made it possible to apply
the linear regression method, widely recognized for its practicality in evaluating the fit of isotherm models
to experimental data.

Table 9 displays the correlation coefficient values for each adsorption isotherm model. The following
is a detailed explanation of the results of the adsorption isotherm model. The Langmuir isotherm model
was obtained from the results of plotting 1/Ce and 1/Qe (see Table 8) using Eq. 1. The Langmuir model
adequately represents the suitability of the adsorption equilibrium experimental data on adsorption systems
with adsorbents that have relatively large particle sizes (1000 and 2000 um) because R? > 0.70, which
confirms that the adsorption occurs via monolayer formation. The formation of a monolayer indicates that
the adsorption process occurs on a homogeneous surface [36]. The Langmuir adsorption model did not
show suitability for an adsorption system with an adsorbent having a particle size of 500 um because the
R? value < 0.70, indicating that the adsorption did not follow the formation of a monolayer. In the adsorbent
system using a particle size of 500 pm, the adsorption process is multilayer, in which the multilayer appears
to be primarily controlled by the degree of surface roughness characteristic of the microporous adsorbent.
Langmuir parameter values for all adsorption systems (that is, Qmax, Re, and K.) are listed in Table 9.
Maximum adsorption capacity (Qmax) and binding energy constant (K.) values were estimated from the
Langmuir model for adsorption systems with adsorbent sizes of 500, 1000, and 2000 pm are 0.2632, 0.2315
and 0.1908 mg/g, and 11.058, 10.482 and 8.853 L/mg, respectively. K. quantifies the adsorbate's attraction

to the adsorbent, with a high K. value signifying a strong affinity between the adsorbate and the adsorbent
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surface [36]. The R. value within the Langmuir model confirms that the adsorption process is advantageous
(typical adsorption) for all the adsorption systems.

Equation 3 was employed within the framework of the Freundlich model, which was established by
plotting InC. against InQe adsorption data, as detailed in Table 8. The parameter values for the Freundlich
model (Kr, nr, and 1/n) are presented in Table 9.

The Freundlich model is designed to elucidate how adsorption results in layered formations, attributed
to the heterogeneity of adsorbent surfaces possessing diverse energy distributions. It is important to note
that the Freundlich isotherm model does not align with the experimental adsorption data for the 500 um
adsorbent system, as indicated by the lower R? value (R? < 0.70). However, this model effectively explains
adsorption systems' appropriateness for 1000 and 2000 um adsorbents.

Based on these findings, it can be inferred that the Freundlich model assumes that the adsorption
process at relatively large adsorbent particle sizes (1000 and 2000 um) follows a multilayer formation,
whereas it does not exhibit a multilayer formation for adsorption processes involving relatively smaller
particle size adsorbents (500 um). Furthermore, the experimental observation of 1/n < 1 confirms the
favourable nature of the adsorption process. The Kr parameter indicates adsorption capacity, whereas a low
value indicates low adsorption capacity and vice versa [37]. The nr value obtained in this study was more
than one, indicating the role of physical processes in adsorption.

The linear fitting of the Temkin isotherm model was obtained from the InCe vs Q¢ plot (see Table 8)
according to Eq. 4, which describes the Temkin isotherm, which postulates that the heat of adsorption
diminishes linearly throughout the adsorption process, leading to a consistent dispersion of binding energy
[38]. It is worth noting that the Temkin isotherm model is not well-suited for depicting experiments in
adsorption systems characterized by relatively small particle sizes (500 um) due to an R? value of less than
0.70. However, Temkin's model is compatible with adsorption systems using relatively large adsorbents
(1000 and 2000 pm). Due to fitting this model, it was confirmed that the adsorption system using relatively
large adsorbent particle sizes (1000 and 2000 um) exhibits energetic heterogeneity of the adsorption sites.
That is, adsorption occurs at heterogeneous sites. Parameter values indicating maximum bond energy
indicate physical adsorption (Bt < 8 kJ/mol, physisorption) [39].

The Dubinin-Radushkevich model was derived from fitting the adsorption data using Eqg. 5. This

isotherm expresses the adsorption mechanism onto a heterogeneous surface. Experimental data with 1000
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and 2000 pum adsorbents showed a very good fit with this isotherm model based on the R? value compared
to the adsorption system using relatively small particle sizes (500 um). Consequently, the adsorption to
surface energy heterogeneity with the 1000 and 2000 um adsorbents followed the pore volume filling
mechanism. Analysis of the E values revealed that E < 8 kJ/mol, confirming that this type of adsorption
occurred via a physical process [38].

The Flory-Huggins isotherm model anticipates a stratified adsorption process contingent upon the
adsorbent pore surface, as represented by Equation 8. When examining the value of R? in the context of the
Flory-Huggins model, it is observed that for particle sizes of 500 and 2000 pum, the value remains below
0.70. This suggests that the adsorption process primarily occurs in a multilayer fashion.

In contrast, at a particle size of 1000 um, the R? value surpasses 0.70, signifying that the adsorption
process unfolds in a multilayer manner. In this scenario, the adsorbate occupies more than one adsorbent
zone, and the adsorption process transpires spontaneously, as corroborated by the negative value of the ngy
parameter.

The Fowler-Guggenhim model, represented by Eq. 10. The Fowler-Guggenheim isotherm, dependent
on the heat of adsorption and can change positively or negatively with loading, is used to determine the
lateral contact of the adsorbed molecule. The Fowler-Guggenhim model is known to be inversely
proportional to the Harkin-Jura model when viewed from the R? value. In the Fowler-Guggenhim model,
it is known that the value of R? at a particle size of 500 and 1000 pum is more than 0.70, indicating that
adsorption occurs in a monolayer manner. Meanwhile, adsorption occurs in a multilayer condition at a
particle size of 2000 pm at the value of R2 < 0.70. The interactions shown in the Fowler-Guggenhim model
between the adsorbed molecules are repulsive, indicating that the interactions are endothermic, which is
confirmed by the negative value of W.

The Hill-Deboer model, represented by Eq. 11, is only compatible with adsorption systems studied
using large particle sizes (1000 and 2000 um), indicating that adsorption interactions are bilateral
(multilayer) [40]. The adsorption mechanism occurs in a monolayer in two adsorption systems that use
carbon with a relatively small (500 um). The adsorbate-adsorbent interaction, represented by the value of
K2 in all adsorption systems, namely K, < 0, indicates a repulsive interaction between the adsorbed
molecules.

The Jovanovic model was derived from fitting the Ce vs InQe data (see Table 8) using Eq. 12. The

Journal of Studies in Science and Engineering. 2024, 4(2), 21-47. https://doi.org/10.53898/josse2024422 https://engiscience.com/index.php/josse


https://doi.org/10.53898/josse2024422
https://engiscience.com/index.php/josse

Carbon Particle Size from Galangal Rhizomes as the Sustainable Adsorbent: Synthesis and Mathematical Calculation Analysis ... 39

Jovanovic model is similar to the Langmuir isotherm model, which includes interactions on a homogeneous
surface. The Jovanovic isotherm, which describes the adsorption of lateral interactions, was found to be
most suitable for adsorption systems using 1000 and 2000 um adsorbents. For the other adsorption systems
(500 um), on the other hand, it represents heterogeneous adsorption.

The Harkin-Jura model is obtained using Eq. 13. In Table 3, based on the Harkin-Jura model, it can
be seen that the R? value at 500 um is 0.04826, at 1000 um is 0.93849, and at 2000 pum is 0.85916. Based
on the R? value, it is known that the adsorption process on 500 um particles occurs in a monolayer.
Meanwhile, particle sizes of 1000 and 2000 um occur through the formation of multilayers.

The Halsey model is obtained from the InC. vs InQe plot of Eq. Figure 14 shows the suitability of
adsorption systems using relatively large adsorbent particle sizes (1000 and 2000 pm) because the R? value
is more than 0.90. However, this model is unsuitable for adsorption systems using relatively small adsorbent
particle sizes (500 um). Utilizing the Halsey isotherm model, one can assess a multilayer adsorption system,
particularly for the adsorption of curcumin occurring at a considerable distance from the surface [41]. The
efficacy of the Halsey isotherm model in matching the experimental data stems from the heterogeneous
distribution of activation sites and the multilayer adsorption process of carbon in systems employing
relatively larger particle sizes [37].

Table 9. Models of isotherm adsorption in this study

Particle size (um)

Model Parameter Notes
500 1000 2000
R, 0.0083 0.0260 0.0312 The adsorption is favorable
mg 0.2632 0.2315 0.15312 The maximum adsorption capacity of the ad-
Qmax (_)
9 sorbent
L . KL (L/mg) 11.058 10.399 1.7601 The weak interaction between adsorbate and
angmuir
g adsorbent is shown by the small value of the
Langmuir constant.
R? 0.0274 0.96277 0.93886 R? > 0.7 is monolayer
R? < 0.7 is multilayer
Ke 1.6918 1.51481 1.0569 The adsorption capacity of the adsorbent
0.055 0.41529 0.5076 Close to 0, indicating favorable adsorption
Ng
Freundlich . .
ng 2.3025 2.40796 0.9911 above 1, shown Physisorption
R? 0.0444 0.97126 0.93645 R? > 0.7 is multilayer
R? < 0.7 is monolayer
Temkin St (I/mol) 2.2228 0.32200 0.15891 Physisorption (fr < 8 kJ/mol)
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Particle size (um)
Model Parameter Notes
500 1000 2000
Ar (L/g) 88.0487 78.30132 -2132.871  Temkin equilibrium binding constant
Homogenous adsorbate in the adsorbent sur-
R? 0.04543 0.96472 0.92432
face (R? < 0.90)
B (Kpr) 0.0002 0.1165 0.0175 The constant of the Dubinin-Radushkevich
Dubinin- isotherm
Radush- E 0.0496739 0.0422355 0.04082482  Physisorption (E < 8 kJ/mol)
kevich R? 0.06148 0.83162 0.94684 R? > 0.7 is multilayer
R? < 0.7 is monolayer
Npy -0.2330 -1.0187 -0.5932 Under 1, the adsorbate takes more than one
adsorbent zone
Flory-Hug- Kpy 0.0071 0.00071 0.0111 The constant of the Flory-Huggins isotherm
gins AG° -121.429 -176.771 -300.3857 Under 0, the adsorption process is spontaneous
R? 0.0049 0.95257 0.02712 R? > 0.7 is monolayer
R? < 0.7 is multilayer
Krg 1.4 x107°8 8.7 x 1071 0.00063081  The constant of the Fowler-Guggenheim iso-
Fowler- therm . .
Guggen- W -1.0205 -32.209 -4.7118 Under 0, interactions between the adsorbed
heim molecules repulsive are endothermic
R? 0.93749 0.96358 0.05131 R? > 0.7 is multilayer
R? < 0.7 is monolayer
ko -1.145 -4.174 -0.6885 Under 0, interactions between the adsorbed
Hill- molecules repulsive is endothermic
Deboer R? 0.62279 0.91379 0.80524 R? > 0.7 is multilayer
R? < 0.7 is monolayer
K 0.0521 0.0397 0.0392 The constant of the Jovanovic isotherm
. Qmax 165.5231 121.7594 54.9724 Maximum absorption of adsorbate
Jovanovic
R? 0.28091 0.86641 0.91799 R? > 0.7 is multilayer
R? < 0.7 is monolayer
Ay -1.2574 -1.5858 -1.2098 The constant of the Harkin-Jura isotherm.
Harkin- By 0.0000345 0.0000929  0.00015 Correlated to the surface area of the adsorbent
Jura R? 0.04826 0.93849 0.85916 R? > 0.7 is multilayer
R? < 0.7 is monolayer
ny 2.5678 2.4079 0.9911 The isotherm constant of Halsey
Halsey Kn 8.8002 5.1487 5.905 The constant of the Halsey isotherm
R? 0.0444 0.97126 0.93645 R? > 0.7 is multilayer

R? < 0.7 is monolayer

Based on the previous explanation, in detail, the suitability of each isotherm adsorption model is

summarised in Table 10. The model suitable for each size variation of the adsorbent is marked with a

"match" word.
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Table 10. Detailed suitability of each adsorption isotherm model

Particle Size
Model Note
2000 1000 500
_ e Large-size carbon (2000 and 1000 pm) follows monolayer formation

Langmuir match Match -

e  Small-size carbon (500 um) follows multilayer formation

e Large-size carbon (2000 and 1000 um) follows multilayer formation
Freundlich Match Match -

e  Small-size carbon (500 um) follows monolayer formation

e Large-size carbon (2000 and 1000 um) follows monolayer formation
Temkin Match Match -

e  Small-size carbon (500 pum) follows multilayer formation
Dubinin-Radush- The pore-filling mechanism in the adsorbent surface (multilayer for-

) Match Match - . .
kevich mation) for large-size adsorbent
) e  Only adsorbent with 1000 um follows multilayer formation

Flory-Huggins - Match -

e Particles of 2000 and 500 um follow the monolayer formation

e  Medium and small-size carbon (1000 and 500 um) follows monolayer
Fowler-Guggen- .
hei - Match  match formation

eim

e Large-size carbon (2000 um) follows multilayer formation

e Large-size carbon (2000 and 1000 um) follows multilayer formation
Hill-Deboer - Match  match

e  Small-size carbon (500 um) follows monolayer formation

] e Large-size carbon (2000 and 1000 um) follows monolayer formation

Jovanovic Match Match -

e Small-size carbon (500 um) follows multilayer formation

e Large-size carbon (2000 and 1000 um) follows multilayer formation
Harkin Jura Match Match -

e  Small-size carbon (500 um) follows monolayer formation

e Large-size carbon (2000 and 1000 um) follows multilayer formation
Halsey Match Match -

Small-size carbon (500 um) follows monolayer formation

Finally, we can summarise the adsorption mechanism of curcumin on Galangal Rhizomes-based car-

bon adsorbents for small-sized adsorbents following the formation of monolayers. Meanwhile, the adsor-

bents with medium and large sizes follow the formation of multilayers. Furthermore, the adsorption mech-

anisms for large particle size adsorbent studied systems are favourable adsorption and pore filling and at-

tractive interactions between adsorbates through physical force (physisorption). The adsorption mechanism

for adsorption systems using adsorbents with relatively small particle sizes also follows favorable adsorp-

tion and attractive interactions between adsorbates through physical force. However, the adsorption mech-

anism does not follow pore filling. Monolayer formation occurs without interacting with adsorbed mole-

cules and involves uniform energy distribution on the surface, resulting in no adsorbate transmigration [38].
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Conversely, multilayer adsorption occurs due to the heterogeneous energy distribution at the active
sites of the adsorbent [42]. All weak electrostatic interactions, including van der Waals forces, dipole-dipole
interactions, and London dispersion forces, fall under the category of physisorption. The energy needed to
establish these weak physisorption interactions between the adsorbate and substrate typically ranges from
0.2 to 4.0 kJ/mol, representing the lowest and most easily disrupted interactions. Adsorption that occurs
beyond monolayer and multilayer formation results from the binding energy associated with physisorption
characteristics, primarily driven by Van der Waals forces. The primary contributors to monolayer formation
are geometric irregularities and energy disparities within the surface profile. A detailed proposed adsorption

mechanism based on the adsorption isotherm model is illustrated in Figures 6(a) and (b).

Adsorbent Surface Adsorbent Surface

Figure 6. Illustration of adsorption process for small particle (a) and large particle (b)

The results of this study also revealed that particle size influences adsorption ability. In theory,
smaller particles should have greater adsorption effectiveness than larger ones [43]. This is because smaller
particle size directly promotes greater surface area, which results in better adsorption ability [38]. However,
experimental results show that carbon particles with a diameter of 500 m are less efficient at adsorption
than larger carbon particles (1000 and 2000 um). Small particle collisions and aggregation pose significant
challenges. Such aggregation tendencies result in larger particles [44], which have a lower surface area and
adsorption capacity and thus act as impurities in the adsorption system (as evidenced by the incompatibility
of most isotherm models). The reduced size of the carbon makes the subsequent separation process more
difficult, resulting in impurities.

Each of these adsorption isotherms has advantages and disadvantages, primarily because each
isotherm is tailored to describe specific adsorption phenomena, allowing for accurate adsorption
characteristics. For instance, the Langmuir and Freundlich isotherms, two widely used two-parameter

models, exemplify this concept. The Langmuir isotherm is suitable for describing monolayer adsorption
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occurring on homogeneous sites, while the Freundlich isotherm applies to multilayer adsorption on

heterogeneous sites. Therefore, analyzing other parameters, such as energy interactions between adsorbates

and pores, requires using other isotherm models. Therefore, in this study, we modelled ten adsorption
isotherms.

Indeed, this study asserts that the effectiveness of this material in adsorbing dyes from aqueous solu-
tions should be evaluated as a first step in exploring its possible applications in wastewater treatment. Based
on this study, carbon particles from galangal rhizomes show significant potential for applications in colour
effluent removal, mainly due to their properties, such as large surface area and availability of functional
groups that can interact with dye molecules [26]. This is promising for applications in the textile industry,
where colour effluents constitute a significant problem, and in other sectors that use dyes and pigments.
This research may have limitations in some scenarios, including:

(i) Stability: In its natural form, Galangal Rhizomes have a higher tendency to decompose, which may
limit their application and effectiveness as an adsorbent. However, the natural transformation to the
activated carbon form marks a substantial increase in the material's stability, making it more resistant
to decomposition and increasing its adsorptive application potential under various environmental con-
ditions. This change in stability is attributed to the carbonization and activation processes that alter the
structure and chemical composition of Galangal Rhizomes. This process results in a material with high
porosity, large surface area, and, most importantly, significant resistance to decomposition and other
external factors. In addition, studies examining the stability of adsorbents under various operational
and environmental conditions, including pH, time, temperature, adsorbate concentration, and adsorbent
dosage, are important steps in validating their effectiveness and applicability in real-world scenarios.

(if) Regeneration: This regeneration potential and the previously discussed stability place Galangal Rhi-
zomes-based carbon adsorbent as a promising candidate for practical and sustainable waste treatment
applications.

(iii) Adsorbent Performance under Real Conditions: This study also simplified the complexity of real-world
applications as the adsorption process was carried out by adopting turmeric as a model adsorbate since
it is based on the suitability of its molecular size (1.4 nm) with various types of dye molecules com-
monly used in industry. Real effluent mixtures can contain various dye molecules with different char-
acteristics [45]. However, the choice in this experiment made it possible to specifically explore and

understand the adsorption mechanisms present, providing a solid foundation for broader adsorption
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theory and practice.
Based on some of the limitations that have been revealed, it becomes a direction for further research

that can be carried out.

5. Conclusion

This study aimed to conduct adsorption isotherm experiments using carbon microparticles derived
from Galangal rhizomes. Utilizing Galangal rhizomes as a source of carbon not only provides a sustainable
adsorbent material and offers environmental benefits. The carbon particles derived from these rhizomes
effectively remove dyes from curcumin solutions, resulting in clearer and purer outcomes. We employed
the batch reactor technique to investigate the adsorption isotherm model, with curcumin as the model dye.
The findings suggest that adsorption occurs differently based on the size of the carbon substrate: larger
substrates facilitate multilayer formation, while smaller ones lead to monolayer formation. The multilayer
creation is due to the heterogeneous surface of the adsorbent, stemming from the pore-filling process,
whereas the monolayer formation is based on the adsorbent's surface structure.

All adsorption systems operate through normal adsorption with physical interactions. Given its
carbon content, Galangal rhizome-based carbon demonstrates significant potential as an adsorbent. While
this study focused on removing dyes from curcumin solutions, future research could explore its efficacy in
removing other dye types, broadening its applications. Optimizing contact time, adsorbent dosage, pH, and
temperature could enhance adsorption efficiency. Characterizing the adsorbent’s surface area, pore size
distribution, and chemical composition would provide insights into the adsorption mechanism. Overall, the
versatility of the adsorption process makes Galangal rhizome-derived carbon a promising candidate for
wastewater treatment, with further exploration needed for other potential raw materials and their

characteristics.

Declaration of Competing Interest: The authors declare they have no known competing interests.
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