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Abstract Article Info

Congo Red and Methylene Blue dye waste from the textile industry needs to Received 16 December
be treated before being discharged into water bodies. Adsorption is widely 2025

recognized as an effective method of contaminant removal. The use of CaO Received in revised 1
as an adsorbent has the advantages of high kinetic speed, efficient, low cost, February 2026
easily accessible, and abundant. To improve the performance of CaO, it is Accepted 5 February 2026

done by compositing CaO with Fe3;Os4 and SiO,. This study aims to Available Online 28
synthesize a CaO/Fe304/Si0; and apply it for the adsorption of Congo red February 2026
and Methylene blue dyes. The synthesis of CaO/Fe;O4 uses the

coprecipitation method and CaO/Fe;04/Si0O; is synthesized using the Stober

method by adding TEOS to CaO/Fe3Os. The results of XRD characterization

show that the synthesized CaO, CaO/Fe304, and CaO/Fe3;04/Si0O; have the

same 260 angle as the reference diffractogram data. The addition of SiO, was

shown to prevent agglomeration, which was indicated by a decrease in the

particle size of CaO/Fe3O4 from 70.07 to 52.42 nm in CaO/Fe;04/Si02. %

Adsorption efficiency for Congo Red was 86.49% Methylene Blue was

99.12%. The adsorption process of both dyes was spontaneous, following a
pseudo-second-order kinetic model. Congo Red adsorption followed the

Freundlich isotherm model, while Methylene Blue followed the Langmuir

isotherm model.

Keywords: CaO/Fe304/Si03, adsorption, Congo red, Methylene blue
Abstrak (Indonesian)

Limbah zat warna Congo red dan metilen biru dari industri tekstil perlu diolah sebelum dibuang ke perairan.
Adsorpsi diakui sebagai metode penghilangan kontaminan yang efektif. Penggunaan CaO sebagai adsorben
memiliki keuntungan kinetik yang tinggi, efektif, murah, mudah diakses, dan melimpah. Peningkatkan kinerja
CaO dilakukan dengan mengkompositkan CaO dengan Fe;Os4 dan SiO,. Penelitian ini bertujuan untuk
mensintesis CaO/Fe304/Si0; dan mengaplikasikannya untuk adsorpsi zat warna Congo red dan Metilen biru.
Sintesis CaO/Fe304 menngunakan metode kopresipitasi dan CaO/Fe304/SiO; disintesis menggunakan metode
Stober melalui penambahan TEOS pada CaO/Fe3;O4. Hasil karakterisasi XRD menunjukkan bahwa CaO hasil
sintesis, CaO/Fe;04, dan CaO/Fe3;04/Si0; memiliki sudut 20 yang sama dengan data difraktogram referensi.
Penambahan SiO, menunjukkan dapat mencegah terjadinya aglomerasi yang ditandai dengan adanya
penurunan ukuran partikel CaO/FesO4 70,07 menjadi 52,42 nm pada CaO/Fe304/Si0,. %Efisiensi adsorpsi
untuk Congo Red 86,49% Metilen Biru 99,12%. Proses adsorpsi kedua zat warna berjalan spontan, mengikuti
model kinetika pseudo orde dua. Adsorpsi Congo Red mengikuti model isotherm Freundlich sedangkan
adsorpsi Metilen Biru mengikuti model isotherm Langmuir.

Kata Kunci: CaO/Fe;04/5i0:, adsorpsi, Congo red, Metilen biru
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INTRODUCTION

The presence of dyes in wastewater originates
from various industrial sectors, including the paper,
textile, and printing industries [1]. In aquatic
ecosystems, dyes can interfere with light penetration,
slow down photosynthesis, and inhibit the
development of aquatic biota [2,3]. Among the dyes
frequently used are Congo red and Methylene blue.
Congo red is an anionic dye classified as an aromatic
compound that is toxic, carcinogenic, and difficult to
decompose [4]. Methylene blue is a cationic
substance widely used in various fields, such as for
dyeing cotton, wool, silk, paper and for medical
purposes [5-9]. Dye contaminants can be removed
using adsorption methods [10,11].

CaO is a material with a structure that has a high
surface area. The application of CaO as an adsorbent
has advantages because it has a high kinetic speed, is
effective, cheap, easily accessible, abundant, and safe
for humans [3,12-14]. CaO can be the main adsorbent
and is synthesized through calcination of calcium
carbonate (CaCOs3) from various sources of eggshells,
shells, fish bones and cow bones [2,3,12-20].
Scallops are an abundant source of CaO [12] which
has a shell weight percentage of 75-90%. The
composition of shells mostly consists of around 95%
CaO, while the other components consist of organic
matter and various other components [19].

Several studies have been conducted to improve
the performance of CaO as an adsorbent by
compositing CaO with Fe3O4 to form CaO/Fe3O4 and
applying it as an adsorbent for dyes and heavy metals
[3,12,13,21]. The results showed that the adsorption
capacity of the CaO/Fe;O4 composite was greater than
that of the CaO adsorbent and the separation of the
adsorbent could be done using an external magnet
without a filtration process. However, in its
application, Fe3Os4 can experience agglomeration.
Nano-sized Fe3Os has a very large surface area,
making it highly unstable and prone to agglomeration.
This agglomeration reduces the active surface area,
which drastically reduces adsorption capacity and
catalytic efficiency. Research limitations motivate the
use of substances that can prevent agglomeration. The
use of PDA polymers, SDS surfactants, SiO», alginate,
etc. can protect the material from agglomeration
[13,22,23].

Among oxides, SiO; (silica) coating is one of the
most commonly used approaches for surface
modification of nanoparticles, especially iron oxides
such as magnetite (Fe3Os). This is mainly determined
by the properties induced by the silica coating of
Fe;O4 nanoparticles, such as reducing aggregation
phenomena and thus increasing the stability of the
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resulting functional nanoparticles [24], but also
improving their biocompatibility [25-27]. There are
several methods that can be used for the conjugation
of SiO: to magnetite nanoparticles. The most
frequently encountered approach is the sol-gel (Stober)
method, which is based on the hydrolysis of
tetracthoxysilane (TEOS) in an alcoholic medium,
using ammonia as a catalyst [26,27]. This method is
popular due to its simplicity, but also due to the
ability to obtain monodisperse coated nanoparticles,
with controlled dimensions and shapes. Using this
approach, the chemical composition and structure, as
well as the magnetic properties of Fe3sO4 nanoparticles,
were maintained. Perez et al. (2018) used SiO; as an
adsorbent for methylene blue with an adsorption
capacity of 679.9 mg/g and a removal percentage of
80%, making it an excellent adsorbent for methylene
blue dye [28]. Therefore, it is expected that in
addition to preventing Fe3O4 agglomeration, SiO> can
also improve the performance of the composite as an
adsorbent.

This study developed a new CaO/Fe304/SiO:
composite expected to have superior adsorption and
separation capabilities. The composite's adsorbent
capabilities were tested against anionic and cationic
dyes.

MATERIALS AND METHODS
Materials

The research materials used were scallop shells,
FeCl,-4H,0, FeCls-6H,0, TEOS, Ethanol, ammonia,
NaOH, NaCl, HCIl, Congo red, Methylene blue,
distilled water. All analytical quality chemicals from
Merck. The instrumentation used is UV-Vis
spectrophotometry, XRD, BET, SEM-EDX, VSM,
FTIR, Sonicator.

Methods
Synthesis of CaO from Scallop Shell Waste
(Amisium pleuronectes)

Scallop shells were thoroughly washed using
distilled water, then dried in an oven at 105 °C for 3
hours. The dried scallop shells were ground and
sieved using a 200-mesh sieve, then calcined at
800 °C for 6 hours [12,13].

Synthesis of CaO/Fes04 Composite

The CaO/Fe304 composite was made with a mass
ratio of CaO:FesOs = 2:1. The synthesis of the
CaO/Fe;04 composite was carried out in the same
way as the FesOs4 synthesis method by mixing
FeCl;-6H,0 (4.66 g) and FeCl,-4H>O (1.718 g) then
dissolving it in 50 mL of deionized water and adding
4 g of CaO [12].
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Synthesis of Fe;04/Si0y/CaO Composite

The Stober method, adapted from Hariani et al.,
[29], is used for the synthesis of CaO/Fe;04/SiOs.
CaO/Fe304/Si0, synthesis was carried out by
dissolving 0.2 g of CaO/Fe304 in 50 mL of ethanol,
10 mL of distilled water, and 1.2 mL of ammonia
solution one hour. Then, 20 mL of a solution made
from 2 mL of TEOS diluted in 20 mL of ethanol was
slowly added. The sonication process was then
maintained for approximately one hour. The
precipitate was separated from the solution using an
external magnet. Next, the precipitate underwent a
thorough washing process involving distilled water
and ethanol. Finally, the precipitate was dried under
vacuum at 60 °C.

Material Characterization

The obtained materials (CaO/FesOs and
CaO/Fe304/Si0;) were characterized using XRD to
determine the phase type, BET to determine the
surface area, pore volume, and pore diameter, SEM-
EDX to determine the morphology and elemental
composition, VSM to determine the magnetic
properties and FTIR to identify the functional groups.
The pH of the CaO/Fe;04/SiO2 composites was
determined using NaCl solution as the electrolyte, and
NaOH and HCI to adjust the pH of the solution [30].

Determination of Optimum Adsorption Conditions
The optimum adsorption conditions for the
CaO/Fe304/Si02 composite on Congo Red and
Methylene Blue dyes were determined at contact
times of 15, 30, 45, 60, 75, and 90 minutes; various
concentrations of Congo Red (5, 10, 15, 20, and 25
mg/L) and Methylene Blue (5, 10, 15, 20, 25, 30, 35,
40, 45, and 50 mg/L); and various adsorbent weights
of 0.01; 0.05; 0.1; 0.15; 0.2; and 0.25 g; and
temperatures of 25, 30, 35, 45, and 50°C.

Data Analysis
Determination of Adsorption Kinetics

Adsorption kinetics studies are important to
conduct, as they will provide valuable information
about the reaction pathway and control mechanisms
of the adsorption process. Kinetic studies were
conducted to investigate the adsorption kinetics,
pseudo-first-order and pseudo-second-order kinetic
models. The pseudo- first-order kinetics for the
adsorption process is described by equation (1):

log (Q.-Q)=1log Q. - 2% £ oo (1)

where Qt is the amount of adsorbate adsorbed at time t
(mg/g), Qe is the equilibrium adsorption capacity
(mg/g), tis the time in minutes, and K1 is the first-order

DOI: 10.24845/ijfac.v11.i11.26

Indones. J. Fundam. Appl. Chem., 11(1), 2026, 26-40

rate constant. The linear form of the pseudo-second-

order kinetic model is expressed through equation (2):
t 1 t

Q K@ Q.

where Qt is the amount of adsorbate adsorbed at time t
(mg/g), Qe is the equilibrium adsorption capacity
(mg/g), t is the time in minutes, and K, is the second-
order rate constant [30-32].

Determination of Adsorption Isotherms

The Langmuir isotherm defines that the
maximum adsorbent capacity occurs due to the
presence of a single layer (monolayer) of adsorbate on
the surface of the adsorbent. The Langmuir isotherm
model is represented in equation (3):
Co L, |
Qe m QmKL
where Ce (mg L--1) is the concentration of solute in
the solution after adsorption equilibrium occurs, Qe
(mg g-1) is the amount of substance adsorbed per
gram of adsorbent, Qm (mg g-1) is the maximum
adsorption capacity and KL is the Langmuir
adsorption constant. The Freundlich equation is
shown in equation (4).

10g Qe=10g K <108 Ce oo @)

where Ky (mg L') is the adsorption capacity and n is
the adsorption intensity. Langmuir isotherm, K; can be
calculated from the intercept of the graph of the
relationship between Ce/Qe and Ce, while Qm is
calculated from the slope of the graph. Freundlich
isotherm, Ky can be calculated from the intercept of the
graph of the relationship between log Qe and log Ce,
while n is calculated from the slope of the graph [33-
35].

Determination of Adsorption Thermodynamics

Thermodynamics are studied from temperature
variation  during  adsorption. = Thermodynamic
parameters of adsorption include AG®, AS° and AH°
which can be calculated using Ce and Qe data from
temperature variations. Determination of adsorption
thermodynamics is done by making a curve between
1/T vs In (Qe/Ce). The regression equation obtained
shows a slope of - AH/RT and an intercept of AS/R,
so that the values of AH and AS can be calculated
from the slope and intercept [36].

RESULTS AND DISCUSSION
Synthesized Materials

The materials synthesized in this study were CaO,
CaO/Fe304, and CaO/Fe304/S10,. CaO was obtained
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by calcining scallop shells at 800 °C for 6 hours. The
reaction follows equation (5).

CaCOs3 (p) > CaO (p) + CO2(g)-evvvvvenrineenannnnn ®)]

The synthesized CaO was used for the synthesis of
CaO/Fe304 using the coprecipitation method, where
CaO was added to the Fe** solution and Fe?" solution
before adding the NaOH solution. The reaction that
occurred, according to equation 6.

CaO (s)+ Fe* (aq )+ 2Fe* " (aq) + 8OH (aq) — CaO/Fe304)
FAHIOM) c e (6)

The synthesized CaO/Fe;O4 was then wused to
synthesize CaO/Fe304/Si0; using the Stober method
with the addition of TEOS as a precursor to SiO»
according to reaction (7,8).

Si(OC2H5)4 +4H,0 — SI(OH)4 +4C,HsOH. . ... (7)

SI(OH)4 + 4C2H50H + CaO/Fe;O4 e
CaO/Fe304/Si02 + 2HoO..ovviiiiiiiiiiieen, ®

TEOS hydrolyzes in alkaline conditions (using
ammonia/NH4OH) to produce silanols and ethanol.
Silanol molecules bond with each other through a
condensation process to form a silica (SiOz) network
that coats the FesOa core in the CaO/Fe304 composite

XRD Characterization Results

XRD characterization aims to obtain the 20 angle
position, peak intensity and crystal phase obtained
from the synthesis results. The results of the XRD
characterization of CaO, CaO/Fes;04, CaO/Fe304/S10;

Indones. J. Fundam. Appl. Chem., 11(1), 2026, 26-40

synthesis results were compared with data from the
Joint Committee on Powder Diffraction Standards
(JCPDS) No. 82-1690 [12,13] for CaO, JCPDS No.
65-3107 [12,13] for Fe;04, JCPDS No. 29-0085 [37]
for SiO,. Figure 4 shows the diffraction pattern of
Ca0, CaO/Fe304, Ca0O/Fe304/Si0,. Figure 1 shows
diffraction pattern of CaO, CaO/Fe30a,
CaO/Fe304/Si0;.

SEM Characterization Results

SEM characterization aims to observe the surface
morphology of the composite. Materials with small
particle sizes such as nano-sized Fe304 in the
CaO/Fe304 composite tend to aggregate to reduce
surface energy. In addition, the occurrence of Van der
Waals forces causes the particles to attract each other
[38]. The SEM characterization results show that
there are differences in surface morphology in the
CaO/Fes04/Si02 composite and the CaO/Fes;Oa
composite. Figure 2 shows that at 500x or 1000x
magnification, the CaO/Fes04/SiO2 composite has a
smaller particle morphology compared to the
CaO/Fes04 composite. This indicates that the addition
of SiO: to the CaO/FesOs+ composite successfully
reduces the agglomeration that occurs in the
CaO/Fes04 composite caused by the ease of FesOa
agglomeration. This data corresponds to the particle
size value of the CaO/Fes04/SiO2 composite (52.42
nm) which is smaller than the CaO/FesO4 composite
(70.70 nm) obtained from the calculation results of
the 20 angle using the Debye Scherer formula (Table
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Figurel. Diffraction pattern of CaO, CaO/Fe304, CaO/Fe304/Si0x.
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Table 1. JCPDS reference and research material 20 angle and crystallite size
JCPDS Material Sudut 26

No. 82-1690 Cal 32.59°, 31757, 53547,

67 76"
30.15°, 35.52°, 43.32", 47127", B
53.71°, 57.21°, 62.94
208, 26,6, 36.5, 30.5, 501",
50.0
17,897, 23,11°, 28,657, 20 30",
31,460, 32,18, 33.97°, 36,047,
37.34°, 39,38, 43,147, 44.62°,
47,46°, 48 49°, 50,837, 53,85
57,407, 58,00°, 64.13°, 65,55
67.36°
23,08°, 29 40°, 30,20°, 31.42°,
35.,45¢, 359,38, 43,14°, 44.66°,
47 46°_ 48 49°, 57.40°, 62.54°,
65,58, 70.23°, 77,10°
21,16°, 23,04, 29.36°, 30.07°,
31,39¢ 35.42°. 39,38 43.11°,
47 46°, 48 45°_ 57.10°, 62_58",
6452

64.10°,

No. 65-3107 Fe:0y

No. 200083 S0

- Cal 56.90

a

a

- CalvFe: 0y 70.70

- Cal/Fe:04 510: 5242

B3 55¢

SEl 20kV W n 30 0
LAB TERPADU UN: DDD o8

x1.000  10pm
0000 09 Sep 2025

Figure 2. SEM with 500x and 1000x magnification: CaO/Fe;O; (left) and CaO/Fe;04/Si0; (right)

BET Characterization Results Fes04@Si0:2 materials, where silica acts as a

The BET analysis results showed that the
specific surface area of the CaO/FesO4 composite was
61.6355 m%g, while that of CaO/Fe;04/SiO. was
34.9289 m?*/g. The pore volume of each composite
was 0.204899 cm?/g and 0.127543 cm?/g, respectively.
The decrease in surface area and pore volume in the
composite with the addition of SiO: indicates that the
silica phase from TEOS fills and covers some of the
pores of the material. This phenomenon is common in

DOI: 10.24845/ijfac.v11.i11.26

supporting matrix that increases structural stability
but can reduce the specific surface area [42].

The average pore diameter based on the BJH
method for CaO/Fe:Os4 is 15372 nm and for
CaO/Fes04/S102 is 13.866 nm. This value indicates
that both composites are classified as mesoporous
materials based on the IUPAC classification (2-50
nm). The mesoporous structure is very advantageous
for adsorbent applications because it can facilitate the

30



Sari et al.

diffusion of adsorbate molecules into the pores
effectively [42]. From Table 2, it can be seen that the
surface area of the CaO/Fe;04/SiO2 composite
decreased compared to the CaO/Fe;O4 composite due
to the presence of SiO, occupying the CaO pores, so
that the pore volume decreased.

The decrease in specific surface area and pore
volume after silica coating is a common phenomenon,
where the silica layer tends to cover small pores
(micropores) or clog mesoporous pores in the base
material. Despite the reduced surface area, adsorption
efficiency often remains high or even increases.
Based on the principles of material chemistry, this

Indones. J. Fundam. Appl. Chem., 11(1), 2026, 26-40

occurs due to several main factors, namely an
increased number of active functional groups (Si-OH).
The SiOs coating introduces abundant silanol groups
(-OH) on the surface. These groups serve as highly
effective active sites for binding adsorbates through
hydrogen bonding or ion exchange. Another factor is
active site accessibility. Small pores covered by silica
may initially be inaccessible to adsorbate molecules.
Structured silica coatings can create more "open" and
accessible active sites on the outer surface (surface
chemistry modification), making the entire active
surface more efficient at binding substances.

Table 2. BET characterization of CaO/Fe;04 and CaO/Fe;04/S10;

Compostte BET Pore Adsorpstion Descrption BIH
Surface volume Average pore Average Aserage
area (m¥/g) {cm¥/g) diameter (nm) pore pore
diameter diameter
(nm) (nm)
Ca0/FesOy 61,6335 0,204892 14,606 9.025 15,372
Ca0/Fe:0¢'510; 34,9289 0,127543 13,297 8.370 13,866

VSM Characterization Results

The VSM characterization results showed that
the magnetic saturation value of the CaO/Fe3O4
composite was greater than that of the
CaO/Fe304/Si0O; composite, namely 57.499 emu/g
and 46.928 emu/g, respectively, as shown in Figure 3.
This can be explained by the higher percentage of
FesOs in the CaO/Fe3Os composite than in the
CaO/Fe304/Si0; composite. Hu et al. reported that the
saturation magnetization of FesO4 was 75.3 emu g'!
[39]. The results of this study are consistent with
research conducted by Hariani et al. [40]. In general,
compositing, including coating materials, tends to

reduce magnetic properties, as confirmed by Wei et al.

[41].
60
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= 20
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Figure 3. Graph of magnetic saturation values of
CaO/Fe304 and CaO/Fe;04/Si0;
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Results of pH Point Zero Charge (pHpzc)
Determination on CaO/Fe;04S8i0; Composite

Determination of pHpzc (pH Point of Zero
Charge) was performed to determine the neutral pH of
the adsorbent. This value was obtained by crossing the
initial and final pH curves for the CaO/Fe;04/Si0O;
adsorbent, as depicted in Figure 4.

6 7

Initial pH
Figure 4. pHpzc graph of the synthesized
CaO/Fe304/Si0, composite

In Figure 4, the pHpzc value of the
CaO/Fes04/Si02 composite is set at 8.3. This value
indicates that the composite surface is positively
charged when the pH is below 8.3, while at a pH
above this value the composite surface tends to be
negatively charged [12,13,17]. Congo red, which is an
anionic dye, has a solution pH of 6.1. Therefore, the
electrostatic interaction between the positive charge
of the composite and the negative charge of Congo
red will maximize the adsorption process when the
pH is below 8.3. This condition is in accordance with
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the pH of the Congo red solution, which is 6.1 so that
adsorption can occur optimally without the need for
adjustments to the solution pH. Methylene blue is a
cationic dye that is positively charged, so the
adsorption mechanism is more effective if the
composite surface is negatively charged. This can be
achieved under alkaline pH conditions, namely when
the solution pH is adjusted higher than the pHpzc
value. pH regulation is an important factor in
increasing the effectiveness of methylene blue
adsorption on CaO/Fes04/SiO2 composites, the
methylene blue adsorption process is carried out at pH
12 [17].

Determining Optimum Conditions for Congo Red
and Methylene Blue Adsorption

Optimum adsorption conditions were determined
by varying the contact time, dye concentration,
adsorbent weight, and temperature. The effect of each
independent variable on the adsorption efficiency
percentage was observed. The results of the study on
the effect of each variable on Congo red and
methylene blue dye percentage efficiency are shown
in Figure 5- 8.

120
100 @ & —s 5 &
80
40
20 —e—CR
0 —@— MB
0 20 40 60 80 100

Contact time (minutes)

Figure 5. The effect of contact time on % efficiency

120
100 ——o—0—0—0—0—8—0
80
60
40
20 —— CR
0 —a— MB
0 10 20 30 40 50 60

Concentration (mg/L)

Figure 6. The effect of concentration on %
efficiency
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120
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60
40
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Figure 7. The effect of adsorbent weight on %
efficiency
110
100 — 85— s—s
90
80
70 —e— CR
—g— MB
60
20 30 40 50 60

Temperature (° )
Figure 8. The effect of temperature on % efficiency

The results of the study showed that the optimum
conditions for adsorption of the CaO/Fe;04/SiO;
composite on Congo red dye were different from the
optimum conditions for adsorption of the
CaO/Fe;04/Si0, composite on Methylene blue dye.
This is because the Congo red dye has a different
structure, molecular weight and charge than the
Methylene Blue dye. The optimum conditions for
adsorption of the Congo red dye were at a contact time
of 15 minutes, a concentration of 20 ppm, an adsorbent
weight of 0.01 g and a temperature of 25 °C with an
efficiency of 86.49%. The optimum conditions for
adsorption of the Methylene blue dye were at a contact
time of 60 minutes, a concentration of 50 ppm, an
adsorbent weight of 0.25 g and a temperature of 35 °C
with an efficiency of 99.12%.

The molecular weight of Congo Red is about
696.7 g/mol, with the molecular formula being
C3H2»NgNaxO6Ss, while Methylene blue has a
molecular weight of about 319.85 g/mol with the
molecular formula being CisHisCIN3S. Congo red has
a much larger size than Methylene blue. Large
molecules may have complex spatial conformations
that not only limit access to the pores, but also take up
more space on the adsorbent surface, thereby reducing
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the total number of molecules that can adhere in a
single layer (monolayer). The ability of an adsorbate to
reach the active sites of an adsorbent depends heavily
on its molecular size. Low-molecular-weight molecules
have greater mobility and readily diffuse into deeper
pores, while high-molecular-weight molecules are
inhibited.

Congo red is an anionic dye so that at the initial
pH Congo red has a stronger interaction with the
CaO/Fe;04/Si0, composite compared to Methylene
blue dye. However, the results of the study showed
that the %efficiency of Methylene blue was greater
than Congo red, this indicates that the influence of
molecular size is more dominant in the adsorption
process between the CaO/Fe;04/SiO2 composite and
the dye compared to the ion-ion interaction between
the CaO/Fe304/Si02 composite and the dye. The final
results of the adsorption of Congo red and Methylene
blue dyes using the CaO/Fe;04/SiO; composite can
be seen in Figure 9. Sufficient contact time allows
the adsorbent to absorb as much adsorbate as possible.
After reaching the optimum time (saturation time), the
pores of the adsorbent are full, and additional time
can cause desorption (re-release of the adsorbate),

Indones. J. Fundam. Appl. Chem., 11(1), 2026, 26-40

reducing efficiency [43]. The optimum adsorption
conditions are shown in Table 3.

Figure 9. Adsorption of Congo red and methylene
blue dyes

Adsorption Kinetic of Dyes

The purpose of determining an adsorption kinetic
model is to understand the rate of the adsorption
process, identify the adsorption mechanism, evaluate
the performance of the adsorbent, determine the time
required to reach equilibrium, and obtain kinetic
parameters (such as rate constants) for optimizing
waste treatment applications. This model helps predict
how the adsorbent will interact with the adsorbate
over time. Kinetic models such as pseudo-first-order
and pseudo-second-order help determine whether the
adsorption rate is limited by diffusion (particle
movement) or chemical interactions at the adsorbent
surface.

Table 3. The optimum adsorption conditions of dyes

Optimum adsorption conditions

Dyes Contact . Weight Efficiency
. Concentration Temperature
time adsorben
Congo red 15 20 mg/L 0.1g 250C 86.49 %
Methylene blue 60 50 mg /L 0.1g 350C 99.12 %

Table 4. Kinetic model of dyes

I%iﬂ)eélecls Parameter Congo red Meltalil}lliene
Pseudo first R2 0.614 0.707
order K1 0.040 0.052

ge.calc 8.824 0.211
Pseudo R2 0.993 0.999
second order K2 0.050 0.637
ge.calc 2.876 5.030
ge.exp 3.358 5.058

Adsorption kinetic model can provide an
overview of the evaluation of adsorbent performance,
namely how quickly a material (adsorbent) can remove
pollutants (adsorbate), which is important for practical
applications such as water purification. The adsorption
kinetic model is used to determine the equilibrium
time, namely to predict how long the contact time is
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needed between the adsorbent and adsorbate for the
adsorption process to reach saturation (equilibrium)
[44-46].

The results of the study showed that the
adsorption kinetics of the CaO/Fe;04/Si0, composite
on Congo red and Methylene blue dyes followed a
pseudo-second-order kinetics model, as shown in
Table 4. The pseudo-second-order kinetics model is a
model that explains the rate of adsorption of
substances where the rate-limiting step is the chemical
interaction (chemisorption) between the adsorbate and
the adsorbent, not just the physical process, and this
rate depends on the adsorption capacity or the number
of active sites on the adsorbent surface, not just the
adsorbate concentration. This shows that the
adsorption that occurs between the CaO/Fe;04/Si0,
composite with Congo red and Methylene blue dyes
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involves chemical bonds or electron exchange
(chemisorption). The adsorption rate depends on the
number of active sites available on the adsorbent
surface and the adsorbate concentration at equilibrium
time (qe) [47,48].

Adsorption Isotherm of Dyes

The adsorption isotherm model is used to
understand the mechanism, capacity, and equilibrium
characteristics of the adsorption process of a
substance (adsorbate) onto the adsorbent surface at a
constant temperature, which is very important for
evaluating adsorbent performance and designing
industrial adsorption systems (such as water
treatment). This model helps predict how much
substance can be adsorbed and its physical
interactions  (physical/chemical, mono/multi-layer)
[49,50]. By knowing the adsorption isotherm model,
the adsorption mechanism can be known whether the
adsorption is physical (van der Waals force, multi-
layer) or chemical (formation of chemical bonds,
mono-layer). In addition, determining the adsorption
isotherm model can be used to determine the
maximum capacity ( ), by calculating the
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maximum amount of adsorbate that can be

accommodated by the adsorbent [34,35].
Tabel 5. Adsorption isotherm model of dyes

Isotherm Parameter Congored Methylene
Model blue
R2 0.361 0.859
Langmuir KL 0,250 2,506
qm 0.197 0.236
R2 0.898 0.632
Freundlich KF 0.294 0.009
n 4.000 0.133

The adsorption of CaO/Fe;04/Si0, composite on
Congo red dye follows the Freundlich adsorption
isotherm model, while on Methylene blue dye it
follows the Langmuir adsorption isotherm model
(Table 5). This shows that the adsorption of
Methylene blue dye is assumed to occur in a
monolayer and homogeneous adsorption, suitable for
chemical adsorption, while the adsorption of Congo
red dye is assumed to occur in a multilayer or
inhomogeneous surface adsorption. Table 6 shows
the adsorption capacity of various adsorbents that
have been used to adsorb Congo red and Methylene
blue.

Table 6. Comparison of adsorption capacity of various adsorbents

Adsorbent Dyes
Congo Bed Methvlene blus
Adzorption capacity (mg/z) Adsorption capacity

(mg/z)
Graphene magnetite [51] 43.82
DNPH-y-alumina [32] 328
Chaff [33] 20.3
Silloworm exuviae [34] 255
Poly (vimyl alcohel) [35] 13.80
Lava [36] 1032
CaQ J17] 3448
CalvsDs [17 5682
CalFe:0.[3] 4516
MgO-bentonite clay 112
nanocomposites [57]
Waste wood biomass [58] 3
Sawdust 286
[3%11
Eichormia crassipes biotmass 1449
[60]
Eaw chesthut peels [61] 432
Parkia higlobosa sawdust [62] 21.65
Sargassum latifolium [63] 2097
Spathodea campanulate leaves 12.67
[64]
CalFe:0u810: (Thiz study) 347 231

Thermodynamic Quantities of Dyes
The main purpose of  determining
thermodynamic quantities (such as Gibbs free energy,
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enthalpy, and entropy) in the adsorption process is to
understand the feasibility (spontaneity) and the
mechanism of interaction between the adsorbent
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(absorbent material) and the adsorbate (absorbed
substance). The value of the standard Gibbs free
energy change (AG®) indicates whether the adsorption
process will occur spontaneously or not. The standard
enthalpy change (AH®) provides information about
the nature of the energy or heat involved in the
process. The standard entropy change (AS°) measures
the level of disorder or randomness in the system
during adsorption [65]. The graph of the relationship
between 1/T and In (Qe/Ce) of the CaO/Fe;04/810;
composite against dye is shown in Figures 10 and 11.

Table 7 shows that the adsorption process of
Congo red dye has a AH® of -20.21 kJ/mol, AS® of -
0.066 J/K mol and AG°® negative value up to a
temperature of 30 °C and positive value above 30 °C.
While the adsorption process of Methylene blue dye
has a AH® of -2.92 kJ/mol, AS° of 0.01 J/K mol and
AG?® negative value at all temperature variations up to
a temperature of 55 °C. This shows that the adsorption
process of the two dyes is exothermic and occurs
spontaneously.

0.5

y=2431x - 8,014
0 R2=0,9781 g~

0.0029 0.003 0.0031 0.Q0632 0.0033 0.0034 0.0035

-0.5

In (Qe/Ce)

Figure 10. Plot of 1/T and In (Qe/Ce) of
CaO/Fe;04/Si0; toward Congo red

y =356x + 1,8386
R?=0,3227

In (Qe/Ce)
[

O T 1

T T T
0003 00031 50032 00033  0.0034
1T

Figure 11. Plot of 1/T and In (Qe/Ce) of
CaO/Fe3;04/Si0,  composites  against
Methylene blue

The adsorption process generally involves the
movement of molecules from the liquid/gas phase to
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the solid surface, which usually results in a decrease in
entropy (negative AS° value) due to increased order.

Tabel 7. Thermodynamic parameters for the
adsorption process of Congo Red and

Methylene Blue

Congo red Methylene blu
T (K) AHO AS° AGP AH® AS° AGP

(J mot (K @] (J mot (K @]
1) 1mol")  mol) D) 1mol")  mol?)

298 - - -0,55 - - -5,90
303 - - -0,23 - - -5,95
308 -20,21 -0,066 0,11 -2,92 0,01  -6,00
318 - - 0,77 - - --6,10
323 - - 1,10 - - -6,15

FTIR Characterization Results

FTIR analysis was performed to identify the
functional groups present in the CaO/Fe304/SiO»
composite before and after the adsorption process.
This analysis aimed to demonstrate the successful
synthesis of the CaO/Fe;04/SiO2 composite and the
adsorption of Congo red and methylene blue dyes by
the CaO/Fe304/SiO2 composite. The FTIR spectra,
adsorption area and bond type of the CaO/Fe3;04/SiO»
composite before and after the adsorption process are
shown in Figure 12 and Table 8.

The FTIR spectra of the CaO/Fe304/SiO;
composite show the presence of Ca-O bonds in the
absorption region of 875.68 cm-1, Fe-O functional
bonds at wave numbers of 576.72 cm-1 [3,12,13,52]
and indicate the presence of Si-O-Si functional groups
at wave numbers of 1087.85 cm-1 [66,67]. In addition,
there is also a Ca- OH functional group at 1431.18
cm-1 indicating that CaO has undergone hydration or
reacted with water to form calcium hydroxide
(Ca(OH),). The presence of O-H (hydroxyl)
functional groups in the wave number region of
342558 cm-1 in the FTIR spectrum of
CaO/Fes04/Si02 composites generally indicates the
formation of silanol groups (Si-OH) (3400-3500 cm-
1), adsorption of water by CaO with a broad peak in
the region of 3400-3600 cm™ or groups originating
from Ca(OH): which occurs because CaO tends to
react with air humidity [3,12,13,52,53].

FTIR analysis of CaO/Fe;04/Si0, composite after
adsorption of Congo red dye, did not show any increase
in spectrum so it can be concluded that Congo red
absorption was not detected due to the small
concentration of Congo red absorbed. FTIR analysis of
CaO/Fe;04/Si0, composite after adsorption of
Methylene blue dye showed an absorption peak at
wave number 2873.94 cm!. This indicates the presence
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of C-H (aliphatic) functional groups from Methylene
blue.

Indones. J. Fundam. Appl. Chem., 11(1), 2026, 26-40

Tabel 8. Adsorption area and bond type in CaO/Fe;04/SiO, composite before and after adsorption

Material Fe-O Ca-0 Ca-OH OH Si-0-5i C-H
(em™)  (cm?)  (cm™) (em™)  (em™)  (cm™)
CalFes0a/S10n 57672 87368 1431.18 342558 1087.85 -
CalFe:04/S10; - 57479 B73.68 142732 342558 1087.85 -
CE
Ca0iFe:0u/510- 57286 87568 1431.18 340243 108785 287394
NMB
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Figure 12. FTIR Spectrum of CaO/Fe;04/Si0; before and after adsorption

CONCLUSION

The CaO/Fe;04/Si0, composite was successfully
synthesized. The addition of SiO, successfully reduces
the particle size by 25.86%. The adsorption efficiency
percentages for Congo Red and Methylene Blue dyes
were 86.49% and 99.12%, respectively. The adsorption
process was spontaneous, followed a pseudo-second-
order kinetic model. The adsorption of Congo Red
followed the Freundlich isotherm model. The
adsorption of Methylene Blue followed the Langmuir
isotherm model.
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