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Abstract

This research aims to determine the optimum conditions for the synthesis of CaO nanoparticles using the
coprecipitation method, determine the characteristics of the CaO nanoparticles synthesized, and determine
the effect of the performance of CaO nanoparticles as an adsorbent for indigo carmine dyes. CaO
nanoparticles were successfully synthesized using the coprecipitation method at the optimum conditions of
1 M NaOH concentration and formation temperature of 400+200°C with the highest % yield reaching
74.56%. The successful formation of CaO nanoparticles was proven by the appearance of a 2-theta diffraction
peak of 23.12°; 39.2°; 57.9°; and 67.2° which is identical to the lattice structure of CaO with hkl indices
(200), (311), (422) and (600) and a crystal size of up to 4.96 nm. SEM images support the formation of CaO
nanoparticles with an average particle size of 98.1 nm and a varying size distribution. The IR spectrum of
the formation of CaO nanoparticles with the appearance of Ca-O peaks at wavelengths of 3640, 1400, 860,
and 791 cm™. The adsorption capacity of indigo carmine on CaO nanoparticles was greatest at an adsorbent
dose of 10 mg, adsorbate concentration of 100 ppm and a contact time of 50 minutes. The most appropriate
adsorption isotherm model and adsorption kinetics model was the Koble-Corrigan model and the pseudo

second order model, respectively.
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1 Introduction

Wastewater can be generated from various
sources such as households, industry, and other
public places, that is harmful to living things.
Some undesirable substances in wastewater can be
the main cause of contamination in the water, soil,
and air environment [1]. Recently, a very rapid
increase in the textile industries in Indonesia up to
10.45% is of a great challenge in term of industrial
waste management due to [2], larger water
consumption for various wet processing
procedures, specifically, various of chemicals for
instance acids, alkaline, dyes, hydrogen peroxide,
starch, surfactants, dispersing agents and metal-
based soaps are found in the textile industry
wastewater [3].

Many types of commercial dyes are
commonly used in textile industry processes. such
as direct dyes, process dyes, reactive dyes, and
other dyes [4]. Most of them are carcinogenic,
toxic and resistant to decomposition by microbial

action [5]. One of the synthetic organic dyes with
acidic properties that can cause pollution to
aquatic ecosystems is indigo carmine. Indigo
carmine has been used for more than two centuries
because of its promising coloring ability on textile
materials, especially denim fabric [6].

However, the use of synthetic textile dyes
creates new challenges because the waste is
difficult to decompose naturally. The textile dye
wastewater must be treated before it is discharged
into the aquatic environment [7], since it causes
dangerous pollution and eutrophication with
undesired byproducts such as oxidation reactions,
hydrolysis, or other chemical reactions as well as
the harmful effect to human and living organisms
[8].

Among wastewater treatment technologies,
adsorption is considered as one of effective
methods for dyes removal. In particular, the use of
metal oxide nanoparticle as adsorbents [9,10]
becomes promising due to its distinctive
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properties for instance higher aspect ratio,
nanoscale size, outstanding optical, electrical, and
magnetic properties [11]. Several studies report
that calcium oxide nanoparticles (CaO NPs) can
be used as adsorbents for various dye solutions
such as coralene dark red [12], basic red 46 [13],
acid blue 9 [14], and neutral red [15].

To date, the investigation on the effect of
precursor concentrations on the synthesis and
characteristics of CaO NPs. The concentration
ofprecursor’s solution essentially determines the
reaction rate in nanoparticle synthesis owing to the
improved collision frequency between the two
reactants. The higher concentration the more
collisions will occur [16]. Moreover, the
application of CaO NPs in adsorption of indigo
carmine (IC) dye discharged from textiles,
pharmaceuticals and medicine industry is merely
reported [17].

Therefore, this study aims to synthesis and to
characterize CaO NPs under various conditions. In
particular, the synthesis of CaO NPs was carried
out by mean of hydrothermal method. The
synthesized CaO NPs was characterized by X-ray
diffraction techniques, FTIR spectroscopy, and
scanning electron microscopy. Furthermore,
adsorption studies of IC dyes in wastewater on
CaO NPs was systematically conducted.

2 Method
2.1 Materials

All reagents and chemicals used are of
analytical grade (99.5%). Calcium chloride

anhydrous (CaCly), sodium hydroxide (NaOH), and
indigo carmine dye (CigHsN2Na»OsS;) were
purchased from Merck, Germany, used as received
without any further treatment. Deionized water is
used throughout all experiments.

2.2 Procedures

A total of 100 mL of 0.5 M CaCl; and 100 mL
of NaOH at different concentrations of 0.5 M; 0.8 M;
1 M were used. The CaCl, and NaOH solutions were
heated at 80°C. A The CaCl; solution was dropped
gradually into NaOH solution under stirring (1000
rpm) until homogeneous suspension obtained.
Hereafter, the suspension was centrifuged at 11,000
rpm and followed by washing using distilled water
until reach pH neutral. The wet solids were collected
and dried at 100°C. The dried solid was grinded and
then heated using furnace at 400°C. The synthesized
CaO NPs were denoted as CaO 10; CaO 8; CaO 5
correspond to variation in NaOH concentration of 1
M; 0.8 M; and 0.5 M, respectively. Apart from that,

there are also CaO nanoparticles with additional
temperature (400+ 200°C) which are called CaO 10",
The yield percentage (%) of synthesized CaO NPs at
various NaOH solution concentrations was
calculated using Equation (1), where W, and W; as
the mass of CaO NPs in grams before and after
heating using a furnace, respectively.

Wo-wt
Wo

Yield(%) = x 100 1)
2.3 Characterization of CaO NPs

The structure and functional groups of CaO
NPs were characterized by FTIR spectroscopy
(FTIR-Shimadzu DTG 60H) at a wavelength of
4000-400 cm. The lattice structure and crystallinity
of CaO NPs were examined by Powder X-ray
Diffraction (XRD) (PANalytical Type X’Pert PRO
Pw 3040/xo, Netherlands) at 40 kV and 40 mA for
monochromatized Cu Ka (A=1.5418 A) radiation.
Scanning Electron Microscopy (SEM)
measurements were carried out on a Gemini 300
(ZEISS, German) SEM at magnification 5,000x and
10,000x to investigate the morphology of CaO NPs.

2.4 Adsorption Study in Indigo Carmine

The performance test of CaO nanoparticles
(NPs) was conducted by preparing a stock solution
of 500 mg indigo carmine (IC) in 1 liter of distilled
water. Batch adsorption experiments  were
performed using 10, 20, 30, and 40 mg of CaO NPs
placed in IC solution with a concentration of 100
ppm in a dark glass bottle at neutral pH. The
adsorption isotherm study was conducted with I1C
solution concentrations of 10, 30, 50, 80 and 100
ppm. All mixtures were stirred mechanically, then
centrifuged at 11,000 rpm. The equilibrium
concentration of IC was determined
spectrophotometrically at a maximum wavelength
(Amax) of 322 nm using a Shimadzu UV-Mini 1240
spectrophotometer.

Kinetic studies were carried out with an IC
concentration of 30 ppm over a period of 1 to 60
minutes (at 10-minute intervals). The amount of IC
adsorbed on the CaO surface in each experiment was
calculated using Equation (2) [18]

(Co=CelV
Qe = OT 2
Where Q. is the adsorption capacity at

equilibrium, Q; is the adsorption capacity at a
specific time (mg/g), Co is the initial concentration
(mg/L), Ce or Ctis the equilibrium concentration at a

g,&g: 41



Maharani, B.S., et al./J. Kartika Kimia, Mei 2024, 7, (1), 40-49

specific time (mg/L), m is the mass of the adsorbent
(9), and V is the volume of the solution (L).

3 Result and Discussion
3.1 Structure and Crystallinity

The X-ray diffraction technique is useful for
providing information on the lattice structure and
crystallinity of CaO nanoparticles [19]. Figure 1
shows the X-ray diffractogram of CaO NPs
synthesized at various NaOH concentrations. The
obtained diffractograms were compared with the
JCPDS CaO No. 00-004-077 [20] and JCPDS
Ca(OH)2 No. 72-0156 [21]. Specifically, the CaO
NPs synthesized at 400 + 200°C (CaO 10" exhibit
typical diffraction peaks at 23.15°, 39.2°, 57.9°,
and 67.2°, corresponding to the Bravais lattice
planes (200), (311), (422), and (600), respectively.
These peaks are in good agreement with the
JCPDS CaO data. However, three peaks in
diffractogram (C) corresponding to the Ca(OH).
lattice structures (001), (111), and (103) at 26
18.2°, 54°, and 65° still appeared.
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Figure 1. X-Ray Diffractogram of CaO NPs: (A) CaO
from JCPDS No. 00-004-077; (B) Ca(OH), from
JCPDS No. 72-0156; (C) CaO 10'; (D) CaO 10; (E)
CaO 08; (F) CaO 05

On the other hand, Figure 1 (d-f) show typical
X-ray diffractograms of Ca(OH), indicating that
its conversion to CaO NPs have not been
completely carried out. These results inferred that
heating treatment at 400°C was the effective
method to convert Ca(OH). into CaO NPs,
perfectly. Further heat treatment of CaO 10 was
the optimum condition to form CaO NPs with high
crystallinity. In particular, the crystal size of CaO
NPs was calculated using the Debye-Scherrer
formula [22] as presented in Equation (3).

b= B cos6 (3)

D is the average crystal size (nm), k is
Scherrer's constant (0.98), Cu Ko radiation (A =
1.54060 A), B is the width of all diffraction peaks
(FWHM), and 6 refers to the Bragg angle
corresponding to the maximum intensity peak.
Accordingly, it was found that the average crystal
size of CaO NPs at optimum condition was of 4.96
nm.

The FTIR spectra can provide the
information of the transformation of Ca(OH): into
CaO NPs by identification of its functional groups
to support the X-Ray diffraction data, since this
spectroscopy relies on electromagnetic radiation
interference on the surface of the nanoparticles
[19]. Figure 2 represented the FTIR spectra of
synthesized CaO NPs at various NaOH
concentrations, where four typical CaO NPs peaks
at wavenumbers 3640, 1400, 860 and 710 cm™
correspond to bending Ca-O, stretching vibration
Ca-O and symetric vibration Ca-O-Ca
respectively, were clearly observed [23].
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Figure 2. IR Spectra of CaO Nanoparticles: (A) CaO

from [23] (B) CaO 10' (C) CaO 10 (D) CaO 08 (E) CaO

05

The second spectrum shows that CaO 10’
(temperature 400 + 200°C) has the IR peak most
like the reference. The four peaks indicate the
presence of Ca-O bonds, Ca-O stretching
vibrations and Ca-O-Ca bonds [24]. Meanwhile,
spectra 3, 4 and 5 still show the presence of O-H
stretching bonds at a wave number of 3400 cm?,
which shows that there are still many O-H groups
trapped in these nanoparticles. This indicates that
increasing the CaO heating temperature will
further optimize the conversion of Ca(OH), to
CaO. Apart from that, there are CO3", C=C, C=0
and C=C bonds which indicate the presence of
CaCOs; due to the absorption of CO; particles by
CaO in the atmosphere at wave numbers 2500,
2015, 1700 and 1640 cm?, respectively. This
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could be due to the transition of carbonate
formation during heating or contamination of the
sample when it is analyzed using FTIR.

3.2 Morphology

Figure 3 is the result of morphology and
texture analysis of CaO nanoparticles using SEM.
It was revealed that CaO has a sponge-like
morphology with large and small lumps. The
bright part is the surface of the CaO nanoparticles
which reveals high electron emission when
exposed to the electron beam from the SEM
instrument [26].

A particle can be called a nanoparticle if its
size is 1 to 100 nanometers [27]. The large particle
size can be caused by an agglomeration event in
the CaO particles, resulting in a larger particle
size. The factor that causes this agglomeration
may be due to the absence of surfactant in the
nanoparticle manufacturing process so that there
is no part that can resist agglomeration between
particles [28]. However, this agglomeration also
reveals the polycrystalline character of CaO
nanoparticles which makes them spherical in

shape [29]. Comparison of SEM images in Figure
3 between CaO particles with respective NaOH
concentrations: 1 M (a, d); 0.8 M (b, e); 0.5M (c,
f) a difference can be seen. Figure 3a shows less
agglomeration of CaO particles compared to
Figures 3b and 3c. This can show that the
concentration of NaOH can influence the
agglomeration properties of CaO.

In addition, particle size distribution data
analysis was carried out using the Imagel
application. The PSD graph in Figure 4 shows a
polydispersed distribution curve [30]. In addition,
the data shows that only CaO NPs 10 have reached
nanometer sizes with an average value of up to
98.1 nm. The size distribution graph for CaO NPs
10 nanoparticles has a positively skewed shape,
where the nanoparticle size below 100 nm is more
than the size above 100 nm. Meanwhile, in CaO
05 and CaO 08, the particles have not yet reached
nano size, with the average particle sizes being
4357 and 3839 nm, respectively. The
nanoparticle size distribution graphs are both
positively skewed and symmetrically normal [31].

Figure 3. SEM images of (a, d) CaO 10; (b, €) CaO 08; (c, f) CaO 05; (a, b, ¢) magnification 5,000x;
and (d, e, f) magnification 10,000x.
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Figure 4. Particle size distribution (PSD) of CaO nanoparticles



Maharani, B.S., et al./J. Kartika Kimia, Mei 2024, 7, (1), 40-49

3.3. Effect of Base Solution Concentration

The vyield of CaO NPs increased with
increasing NaOH concentration (Table 1), due to
stoichiometry relation of two hydroxyl ion (OH")
are required to react with calcium ion (Ca?") to
produce calcium hydroxide (Ca(OH).) precipitate
[32]. Sodium ions (Na*) are more reactive than
Ca?" ions due to the electronic configuration of
their outer cells. Therefore, Na* ions in solution
can attract Cl ions resulting in precipitated sodium
chloride (NaCl) as shown by Equation (5).

CaCl, + 2NaOH — Ca(OH), + 2NaCl (5)

The residual NaCl was removed from the
Ca(OH), precipitate by washing with deionized
water. The white precipitate Ca(OH), was
transformed to calcium oxide (CaO) by furnace at
400°C (Equation (6)).

CQ(OH)Z (s,wet) = CClO(S) + HZO(g) (6)

Table 1. CaO NPs vyield at various NaOH
concentration.
[NaOH] (M) CaO NPs Yield (%)
0.5 68.27
0.8 74.26
1.0 74.56

3.4 Adsorption Study
3.4.1 Effect of adsorbent dosage to the IC removal

3.4.2 1sotherm Adsorption Study

By varying the adsorbate concentration, the
value of the adsorption capacity (Qe) of
nanoparticles was obtained at various
concentrations of standard indigo carmine (IC)
solution. The greater the IC concentration, the
greater the adsorption capacity of CaO
nanoparticles.

In this variation, plotting was carried out
using adsorption isotherm modeling. In this study,
six adsorption isotherm models were used, such as
the Langmuir, Freundlich, Temkin, Redlich-
Peterson, Sips, and Koble-Corrigan isotherms
shown in Figure 5 and Table 3 which were fitted
using non-linear equations [34]. From the six
models, it was found that the Koble-Corrigan
adsorption isotherm model was the best model.
with a coefficient of determination (R?) of 0.99
and a chi-square value of 0.38 (Table 4). The
theory of this modeling reveals that the adsorbent
has a homogeneous adsorption surface with
various active sites to absorb dye molecules. This
also proves the existence of an electrostatic force
of attraction between the adsorbate (indigo
carmine) and the adsorbent (CaO) which supports
the previous adsorption mechanism theory [35].

Table 3. Non-linear equations for Langmuir,
Freundlich, Temkin, Sips, Redlich-Peterson, and
Koble-Carrigan isotherm models [39-43].

Isotherm Model Non-linier Equation

percentage
For variations in adsorbent dose, based on

Table 2, it can be concluded that the best removal
percentage of the CaO nanoparticle dose was at a
dose of 10 mg which reached 38% with a Q. value
of 11.53 mg/g. This could be caused by the
presence of the adsorbent active site which was
able to absorb the whole OH group in indigo
carmine dye. So, if the dose is increased, the
number of remaining OH groups will decrease
[33]. Therefore, in adsorption tests at varying dye
solution concentrations and contact times, an
adsorbent dose of 10 mg will be used, because it
has the best number of active sites.

Table 2. Removal Percentage (%) of CaO
Nanoparticles at Varying Adsorbent Doses
Adsorbent Q. (Myg/g) %Removal
dose (mg) (%)
10 11.526 38
20 4973 33
30 2.439 24
40 1.566 21

_ QOKLCe
Q=777
1+K,C,
Langmuir Separation factor:
R = 1
YT 14K,
1
Freundlich Q. = bC,"™
RT
Temkin Qe = - In(KrCe)
_ cos
SIpS Qe — Qmsas eB
1+ a,C.”
. KrCe
Redlich-Peterson Qe = 3
1+aC,
0. = AiCl
Koble-Carrigan e~ 1+ B, C?

Apart from that, Table 4 also shows several
parameters from other adsorption isotherm
modeling which can explain several theories of the
adsorption mechanism that occurs in indigo
carmine through CaO.
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Table 4. Adsorption isotherm modeling parameters

Model Parameter Value
Langmuir Qo (Mg/g) 41.34489

Kc (L/mg) 2.7622

x? 1.6111

RL 0.18

R? 0.86808

Freundlich Ke (L/mg) 0.04702
n 0.46189

x? 1.4766

R? 0.87054
Temkin RT/b 25.60153
Kr (L/mg) 0.13686

x? 1.5528

R? 0.87287

Redlich-Peterson K (L/mg) 1.0564
a (L/mg) 2.23695

B 0.55328

X2 1.4766

R? 0.87911

Sips

Qms (Mg/lg)  154.77996

as (L/mg) 4.72006

Ce 155.63474
Bs 1.00249
R2 0.91812
Koble-Corrigan Ax 1.721
Bk 6.2434
p 9.99211
X2 0.38459
R2 0.99685

Qe (mg/g)

| ™ CaONPs10
s Langmuir
L ]
g.
E
s "
A '
0 5 w15 om
Ce (mg/L)
s CaONPs 10
*] ——Sips
_w
4
E
3

CaO NPs 10|

= Cal
® Freun

dlich

. W w M W HE— b
Ce (mg/L) Ce (mg/L)

w .
= CaONPs 10 1= CaONPs10
= Redlich Peterson ] == Koble Corrigan

In modeling the Langmuir isotherm, an R
(separation factor) value is obtained with a value
of 0 < R_ < 1. This value reveals that this model is
preferred, and the adsorption process occurs in a
monolayer manner. In addition, the active site on
the adsorbent is homogeneous and the adsorption
energy used is constant (does not change) [36].

In modeling the Freundlich isotherm, the
value of n is less than one (0.46), so the adsorption
process occurs chemically. Meanwhile, the value
of 1/n is more than one (2.71), which indicates that
the Freundlich modeling theory is less suitable for
the indigo carmine adsorption process. by CaO
that the process occurs through heterogeneous
sites and the energy distribution is not constant.
The Temkin isotherm model reveals that the
amount of adsorption energy used is 25.6 kJ/mol
or more than 8 kJ/mol, which shows that the
adsorption process occurs chemically. In this way,
Freundlich's theory has been validated by Temkin
that this adsorption process occurs chemically
[37].

The Redlich and Sips isotherm modeling
supports Langmuir theory, that the adsorption
process occurs in a monolayer through high
concentrations. This is proven by the Redlich f
value approaching 1 and the Sips n value more
than 1 [38].

3.4.3 Kinetics Adsorption Study

By varying the adsorption contact, the value
of the adsorption capacity (Q:) of the nanoparticles
at a certain adsorption time is obtained. The longer
the adsorption time, the greater the adsorption
capacity of CaO nanoparticles. In this study, the
adsorption contact time has not reached the
optimum time, which indicates that CaO 10 can
still adsorb indigo carmine if the time continues to
be added.

= CaONPs10
| == Temkin

Qe (mglg)

Qe (mg/g)

2 i

' Le(mgfl) ’
Figure 5. Adsorption isotherm modeling plotting (A) Langmuir; (B) Freundlich; (C) Temkin; (D) Sips;
(E) Redlich-Peterson; and (F) Koble-Corrigan
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In this study, plotting was also carried out on
various adsorption kinetic models such as pseudo
first order, pseudo second order, and intra-particle
diffusion which are shown in Figure 6. Based on
the parameters of the three adsorption kinetic
models (Table 5), it was found that the pseudo first
order and pseudo second order models orders have
a coefficient of determination (R?) of 0.99.
However, pseudo second order has a calculated Q.
value of 11.041 mg/g which is closer to the
experimental Qmax value of 5.42 mg/g as shown in
Table 6. This indicates that the adsorption process
depends on the adsorption capacity [44].
Meanwhile, in pseudo first order, the calculated Qe
value is -86.21 mg/g. The Qe value is negative,
which indicates that this modeling adsorption
process will be difficult to carry out due to the
presence of lateral repulsion forces in the
adsorption process being carried out [45].

The parameter data from the Intraparticle
Diffusion model shows a K; value > 0, namely
0.63, indicating that the adsorption process of
indigo carmine dye occurs through intra-particle
diffusion through the pores in CaO nanoparticles
[46]. The K value < 1 indicates that the adsorption
process does not only occur intraparticles but also
occurs externally [47].

Table 5. Non-linear equations for pseudo first order,
pseudo second order, and intra-praticle diffusion
adsorption kinetic models

Kinetic Model Non-linier Ref.
Pseudo firstorder Q, = Q. (1 — e~¥1t)

Pseudo second Q2k,t

order Q= 1+ Q,kyt [44]
Intra-particle o5

diffusion Qe=Ht™+C

Table 6. Adsorption kinetic modeling parameters

Model Parameter Value
Pseudo first Qe (mmol g?) -86.21102
order ki (mint) -0.00121
R? 0.99765
Pseudo Qe (mmol g1 11.041
second order  k, (g mmol™* min™t) 8.7559
R? 0.99749
Intra-particle  K; (mmol g'* min-5) 0.63478
diffusion C 3.889
R? 0.85959

= CaONPs10
Pseudo First Order

Qt (mg/g)

Qg

A

El

Time (menit)

= CaQ NPs 10
Pseudo Second Order

3
Time (menit)

= CaOQNPs
Intraparticle Diffusion

_ Qmgiy

Time (menit)

Figure 6. Modeling of CaO nanoparticle adsorption kinetics (A) pseudo first order; (B) pseudo second
order, and (C) intraparticle diffusion

4 Conclusion

CaO nanoparticles were  successfully
synthesized using the coprecipitation method at an
optimum concentration of 1 M NaOH and a
heating temperature of 400£200°C.
Characterization of crystallinity, functional
groups, structure, and morphology confirmed the
formation of CaO nanoparticles. Adsorption
studies also showed that CaO nanoparticles can
optimally adsorb indigo carmine (10 mg, 100
ppm, and 50 minutes). The Koble-Carrigan
adsorption isotherm model was found to be the
most suitable, with an R2 value of 0.99 and a chi-
square value of 0.39. Meanwhile, the pseudo-

second-order model was the best fit for adsorption
kinetics, with an R2 value of 0.99.
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