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ARTICLE INFO ABSTRACT
Keywords: Potable water availability is becoming increasingly challenging due to increasing level of global population and
Graphene oxide industrial revolution. The disproportionate use of methylene blue (MB), particularly in industrial applications, is
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Selective adsorption

Response surface methodology

a growing concern due to its high resistance to biodegradation and propensity to taint aquatic environments. In
this study, we developed novel eco-friendly calcium oxide nanoparticles from eggshells and fishbones (CaONPs-
ES and CaONPs-FB) and decorated them on graphene oxide (GO) surfaces. Both nanocomposites (CaONPs-
ES@GO and CaONPs-FB@GO) were characterized using state-art-instruments and used for the removal of MB
from aqueous solutions. transmission electron. Additionally, the adsorptive performance of CaONPs-ES@GO and
CaONPs-FB@GO and their mechanisms of interaction with MB were investigated. BET, SEM/EDX, and XPS re-
sults revealed that the CaONPs-ES@GO and CaONPs-FB@GO were predominantly mesoporous, with surface
areas of 112 m?/g and 108 m?/g, respectively. The temperature-dependent adsorption isotherms and kinetics of
CaONPs-ES@GO and CaONPs-FB@GO towards MB were consistent with Redlich-Peterson and pseudo-second-
order models, respectively. The Redlich-Peterson model demonstrated an adsorption similarity to the Freund-
lich model more than the Langmuir model, suggesting the dominance of a heterogeneous multilayer mechanism.
The synthesized nanocomposites exhibited high reusability and stability for MB adsorption (>70%) even after 10
successive adsorption-desorption cycles. Thermodynamic evaluations revealed that the adsorption process was
spontaneous, endothermic, and physically driven. The nanocomposites exhibited an outstanding selective
adsorption behaviour towards MB from the mixture containing MB/RhB and MB/MO with separation efficiency
of 99.10% and 77.34% for CaO-ES@GO, and 61.23% and 47.81% for CaO-FB@GO respectively. The particulate
interaction mechanisms within the nanocomposites primarily involved n-n interaction, hydrogen bonding, pore-
filling, and electrostatic attraction. The cost analysis revealed that the developed nanocomposites are more
economical for treating MB in a large-scale application. Based on the statistical analysis using response surface
methodology (RSM), the contributing effects of temperature and adsorbent dosage, as well as the single effect of
pH, had the most significant impact on MB removal. The nanocomposites demonstrate a promising potential for
sustainable MB treatment.

1. Introduction freshwater resources are polluted due to the increasing global popula-
tion, urbanization, and industrialization, with various types of domestic
Freshwater is an essential component of human life. However, these and industrial effluents (Bhagat et al., 2023). According to the
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AQUASTAT report of the United Nations Educational, Scientific and
Cultural Organization (UNESCO), approximately 56% of global fresh-
water withdrawal is discharged as household, agricultural, and indus-
trial wastewater. Moreover, about 70% of wastewater is discharged into
the natural environment without prior treatment (Peramune et al.,
2023). In recent years, wastewater contaminated with synthetic dyes has
garnered significant attention worldwide due to its persistence, low
biodegradability, and potential for environmental and health hazards
due to their carcinogenic, mutagenic, and toxic nature (Dahlan et al.,
2023). Furthermore, these dyes impede sunlight penetration, negatively
impacting photosynthesis and plant growth, increasing chemical and
biochemical oxygen demand, and subsequently diminishing the
aesthetic quality of water bodies (Obayomi et al., 2023a). Additionally,
dyes can exacerbate respiratory issues and cause skin irritation (Dan
et al.,, 2023). Owing to the recalcitrant nature of these dyes in the
environment, their removal from water bodies necessitates the devel-
opment of novel treatment strategies (Ahmadian and Jaymand et al.,
2023). Consequently, the urgent demand for innovative, cost-effective,
eco-friendly, and sustainable wastewater treatment strategies has
become increasingly crucial for ensuring the long-term availability of
clean water.

Among the various approaches for dye treatment, adsorption tech-
niques are widely accepted (Liu et al., 2022). Recently, researchers in
wastewater remediation have shifted their focus to the use of adsorbent
materials based on sustainability, rapid adsorption rate, economic
feasibility, and high adsorptive performance (Vo et al., 2022). A limited
number of notable materials, such as activated carbon (Vasiraja et al.,
2023), metal-organic frameworks (MOFs) (Hu et al., 2023a), metal
oxide nanoparticles (Sachin et al., 2023), and carbon nanomaterials
(Qasem et al., 2022), have been explored for dye-contaminated water
treatment. However, adsorbent-based graphene oxide (GO) nano-
composites have garnered considerable interest due to their impressive
adsorptive performance compared to other reported adsorbents.

Over the past few years, the ability of GO to adsorb pollutants from
aqueous solutions has been extensively studied, owing to its high surface
area and hydrophilicity (Shaheen et al, 2023). GO contains
oxygen-containing functional groups, such as carboxylic, hydroxyl,
carbonyl, and epoxide groups, which provide reactive sites for modifi-
cation and facilitate strong interactions, such as electronic attraction,
between the adsorption of positively charged cationic dye molecules and
the GO surface (Moradi et al., 2022a). However, GO exhibits an
edge-to-center distribution of hydrophilic and hydrophobic domains due
to the presence of oxidized groups and unoxidized graphitic lattice,
respectively (Lotfy et al., 2023). Additionally, GO can agglomerate in
water, resulting in a reduction of its surface area and a decrease in its
pollutant removal capabilities. GO agglomeration can also hinder rapid
mass movement due to the reassembly of graphene nanosheets as a
result of strong n—n stacking interactions, making its separation from
wastewater after pollutant adsorption difficult and costly (Anuma et al.,
2021; Obayomi et al., 2023b). In order overcome these limitations, GO
can be chemically modified to enhance its separation capabilities,
maintain its adsorption behavior, and reduce van der Waals interactions
between GO sheets to increase its surface area by minimizing undesired
GO sheet stacking (Januario et al., 2022).

Recently, the use of metal oxide nanoparticles (NPs) as adsorbent
materials in wastewater treatment has gained significant attention due
to their large surface area and small size (Pai et al., 2023). Factors that
make nanoparticles effective adsorbents include enhanced permeability,
small size, mechanical properties, and numerous active sites with high
surface area. The reactivity of a nanomaterial increases relative to its
bulk state as its size decreases. These characteristics facilitate their use
in wastewater treatment, resulting in improved water quality, recycling,
reuse, and purification (Shahraini et al., 2022). Researchers have re-
ported the utilization of various metal NPs, such as zinc oxide (Asjadi
et al., 2022), silver (Princy et al., 2023), and titanium oxide (Rheima
et al., 2022), iron oxide (Hammad et al., 2022) for dye treatment.
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Among other NPs, calcium oxide nanoparticles (CaONPs) have attracted
the most attention due to their unique properties and potential appli-
cations in diverse industries. Calcium oxide (CaO) is particularly
appealing because it is cost-effective, highly basic, non-corrosive, eco--
friendly, and easy to handle compared to homogenous base catalysts.
Moreover, due to their distinctive qualities and environmentally friendly
properties, CAONPs are increasingly favored as a method of choice for
environmental applications, especially in wastewater treatment. The
green synthesis of CaONPs offers numerous advantages in nanoscience
and technology, particularly for wastewater treatment applications.
Additionally, waste shells, such as eggshells (ES) and fishbones (FB), are
significant sources of CaO, which constitutes 95% of calcium carbonate
(CaCOg3). Consequently, discarded shells represent a considerable
amount of waste (Kumar et al., 2022). The green synthesis of CaO using
bio-waste materials is an eco-friendly, cost-effect, sustainable and sim-
ple process (Sree et al., 2020). Therefore, decorating the GO surface with
CaONPs not only combines the advantages of both materials but also
introduces novel features and enhances stability.

The adsorptive performance of GO was enhanced by decorating its
surface with CaONPs derived from eggshells and fishbones (CaONPs-
ES@GO and CaONPs-FB@GO). The novelty of this work lies in the
method design for CaONPs preparation from waste eggshells and fish-
bones incorporated on the GO surface for methylene blue (MB) dye
treatment from an aqueous environment, which, to the best of our
knowledge, has not been reported previously. This study focuses on: (1)
synthesis of novel and sustainable CaONPs-ES@GO and CaONPs-
FB@GO nanocomposites via the green route, and characterization of
the nanocomposites using advanced techniques such as thermogravi-
metric analysis (TGA), X-ray diffraction (XRD), transmission electron
microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), X-
ray photoelectron spectroscopy (XPS), scanning electron microscopy
with energy dispersive spectroscopy (SEM/EDS), Brunauer-Emmett-
Teller analysis (BET), and atomic force microscopy (AFM); (2) investi-
gation of the effect of contact time, adsorbent dosage, pH, MB initial
concentration, temperature, and ionic strength on the adsorptive per-
formance of the developed nanocomposites toward MB in a batch sys-
tem; (3) Fitting the adsorption experimental data using various isotherm
(Langmuir, Freundlich, Temkin, Dubinin-Radushkevich (D-R), Jova-
novic, Harkins-Jura, Halsey, and Redlich-Peterson (R-P)) and kinetic
(pseudo-first order, pseudo-second order, Elovich, intraparticle diffu-
sion, and Boyd) models, and evaluating the adsorption thermodynamics;
(4) Gaining a better understanding of the mechanisms governing the
interaction between MB and the nanocomposites; (5) Studying the
recyclability and reusability of the nanocomposites toward MB dye after
successive cycles, assessing their performance in real-life samples, and
evaluating nanocomposites production cost and large-scale MB treat-
ment efficacy; and (6), employing the central composite design (CCD) as
an aspect of response surface methodology (RSM) to optimize variables
such as temperature, adsorbent dosage, and pH to maximize the targeted
response (MB removal).

2. Materials and method
2.1. Materials

Hydrogen peroxide (H0,, 30%), potassium permanganate
(KMnOy), graphite (99%), sodium nitrate (NaNOgs), hydrochloric acid
(HCl, 37%), methylene blue (MB), sulfuric acid (H2SO4, 98%), and so-
dium hydroxide (NaOH, 98%) and of analytical grade were purchased
from Sigma-Aldrich and Merck Chemicals. Malaysia.

2.2. Synthesis of calcium oxide nanoparticles (CaO))
The calcium oxide nanoparticles (CaO) was synthesize using the sol-

gel method as described in the previous study of Obayomi et al. (2023c).
The eggshells (ES) and fishbones (FB) employed in this study were
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obtained from Curtin University, Malaysia Kitchen. In order to eliminate
dirt and detach the inner membrane from the shell, ES were washed
multiple times with distilled water and then immersed in 1% HCI
overnight. Thereafter, the ES were sieved, and washed again using water
(distilled), dried in an oven for 2 h at 108 °C, crushed to powder, and
stored finally in an airtight plastic bag. In order to get rid of undesirable
materials, for 30 min, the washed FB were left to boil and thoroughly
washed using distilled water, it was then dried in an oven for 12 h at
80 °C, crushed to powder, and placed in a plastic bag for storage.
Thereafter, ES and FB powder (20 g each) was dissolved separately in
500 mL beakers that contains 37% of 1 M HCIl (400 mL). The solutions
were allowed until effervescence stopped (about 6 h), demonstrating the
establishment of calcium chloride (CaCly). Then, 1 M of 98% NaOH
(300 mL) was added in a dropwise manner via a burette, which led to the
formation of precipitate of calcium hydroxide (Ca(OH),). It was then
centrifuged for 20 min at 3000 rpm. The resulting Ca(OH)»-ES and Ca
(OH),-FB were washed with water (distilled), and dried for 3 h at 80 °C.
Finally, Ca(OH)»-ES and Ca(OH)»-FB were subjected to calcination for 1
h at 900 °C, and 1000 °C to develop white calcium oxide nanoparticles
(CaONPs-ES, and CaO-FB). The as-synthesized materials were kept in a
plastic bag.

2.3. Synthesis of graphene oxide (GO)

The hummer’s method reported by obayomi et al. (2023c) in pre-
vious study was also followed without modification to develop GO.
Here, 90 mL sulfuric acid, 2.5 g sodium nitrate, and 2.5 g graphite
powder were taken in a 250 mL beaker and constantly stirred in an ice
bath at 10 °C for 2 h to obtain a homogeneous mixture. In order to keep
the temperature e of the reaction below 10 °C, potassium permanganate
(30 g) was gradually introduced to the mixture in the ice bath at specific
time intervals. The mixture was stirred continuously in an ice bath for 2
h. Then, water (150 mL) was gradually added to the brown paste,
causing an exothermic reaction to occur that generated heat and brought
the temperature of the reaction mixture to approximately 98 °C. Then,
mixture was left at room temperature to cool, and afterwards 50 mL

Graphene Oxide

58 ¢

Modified Hummer’s method

CaO0-GO nanocomposite

1lydrothermal Impregnatioin
at 120°C 12h

Calcination
at 900°C (ESP)
at 1000°C (FBP)

Sol gel method
( IM HCI1+ IM NaOH)

Calcuim Oxide NPs

Graphite powder + NaNO, + H SO, + KMNO,
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hydrogen peroxide was added to it in drops till a golden yellow color-
ation was observed. Thereafter, mixture underwent centrifugation and
washed severally times with distilled water and 5% HCI solutions.
Following a wash, it was then filtered, dried overnight in an oven at
60 °C, and as-prepared GO was stored in an airtight container for later
usage.

2.4. Synthesis of GO incorporated-CaO

Briefly, CaO-ES (4 g) was measured and added into 100 mL distilled
water placed in a 250 mL beaker and was stirred constantly using a
magnetic stirrer at room temperature. Thereafter, GO (2 g) was weighed
and transferred to the mixture under constant stirring, and the resulting
mixture was vigorously stirred for a 3 h period and then placed in an
ultrasonicator for 2 h. Following the ultrasonication process, stirring of
the mixture continued for additional 2 h to guarantee a homogeneous
mixture. Subsequently, the mixture was treated hydrothermally by
transferring it to a 100 mL autoclave (Teflon-lined autoclave) for 18 h at
120 °C. Following the procedure, the mixture was kept cooling properly
at room temperature before washing numerous times with water (ultra-
pure) and transferred for drying in an oven for 24 h at 70 °C. Finally,
organic materials and impurities were eliminated from the dried sample
by calcining it in a muffle furnace for 2 h at 550 °C. The same procedure
was repeated for the prepared CaO-FB. The GO incorporating CaO-ES
(CaO-ES@GO) and CaO-FB (CaO-FB@GO) nanocomposites were
stored in a sealed plastic bag. Moreover, the schematic diagram showing
the summary of the preparation is as presented in Fig. 1. The charac-
terization of the developed nanocomposites using state of art techniques
to examine their physiochemical properties have been discussed in the
supplementary section.

2.5. Batch adsorption studies
Batch adsorption system was carried out at varying temperatures

ranging from 298, 308, and 318 K via numerous 250 mL Erlenmeyer
flasks containing various MB concentrations (10-50 mg/L). 50 mg of

Collection of
Fishbones

Collection of
Eggshells

Graphite powder

Sieving

Fish-bone Powder (FBP) «
212pm

- Grinding
Egg-shell Powder (ESP)

Fig. 1. Pictorial diagram showing the synthesis of CaO-ES@GO and CaO-FB@GO nanocomposites.
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Ca0O-ES@GO and CaO-FB@GO was introduced into each of the flasks
while maintaining the MB dye solutions initial pH value. In order
facilitate the adsorption process between adsorbents and MB molecules,
the mixture was placed on a shaker (isothermal) at 160 rpm shaker
speed for 180 min at constant temperature. The MB samples were ana-
lysed at various time intervals before equilibrium was attained using a
UV-VIS spectrophotometer (Shimadzu UV-1601 spectrophotometer,
Japan) set at 664 nm. Eqs. 1-3 were used to calculate the amount of
adsorbed adsorbate at time (t) and at equilibrium, as well as the MB
percentage removed at various intervals of time.

%MB  removal = <¥> x 100 (€))
(CO - Ce) 14

e = 2

q W ()
_(G-C) Vv

g = W 3)

Where C¢ represents the final MB dye concentration while C, stands for
the initial MB dye concentration in mg/g; W denotes the adsorbents
weight (g), V indicates the volume of the dye solution (L), C; stands for
the equilibrium concentration at time, t (mg/g) while C. stands for the
equilibrium concentration.

2.6. Selective adsorptive experiment

The selective sequestration performance of CaO-FB@GO and CaO-
ES@GO composites towards cationic and anionic dye was explored.
The selective adsorption experiment was conducted using binary
mixture of MB/Rhodamine B(RhB) and MB/Methylene orange (MO) at
equilibrium conditions. A mixture of RhB and MO (50 mg/L, 50 mL
each), was prepared and mixed with 50 mL MB solution in several
beakers (250 mL) to form a bi-component dye mixture. Thereafter,
0.04 g/L of the nanocomposites were gradually introduced to the
mixture. The mixtures were then positioned and shaken in an isothermal
shaker at 160 rpm and 318 K for 60 min. Finally, the absorbance of the
binary mixture after and before adsorption were measured using the
UV-vis spectrometer at different wavelength (300-800 nm). Further-
more, the separation efficiency () of MB in the binary dye mixtures was
calculated using Eq. 4:

C

A
Cs

x 100
Cy+

a (%)= @
where C,andCy are the remaining dye concentrations in the solution

after adsorption.
2.7. Optimization of MB removal

In this research, a subdivision of the response surface methodology
(RSM), specifically the central composite design (CCD), amongst others,
was employed to investigate the interactions between contributing
variables on MB adsorption and to optimize the adsorptive performance
of CaO-ES@GO and CaO-FB@GO nanocomposites. The three factors
characterizing the CCD are: six centre runs (6 points), two factorial runs
(8 points), and two axial runs (6 points), all together leading to 20
experimental runs. The quadratic equation model (optimal predictor), as
suggested by the design given in Eq. 5, was employed to correlate the
variables and the responses (MB removal).

k k
y=p5+ Z piXi+ ZﬂiiXiz + Zﬂz’/Xin )
P p

i<j

where y stand for the response, f, stands for the coefficient constant, f;,
Bii» Bj, denote linear, quadratic, and interactive coefficients. The using
Design Expert statistical software was employed to carry out the
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regression analysis in order to measure the statistical significance of the
equations obtained from the experimental data. The response variability
was estimated using probability value (P-value, with a confidence level
of 95%), Fisher’s value (F-value), and the correlation coefficient (R?).
Table S1 presents the values of the independent variable range and their
coded levels.

3. Results and discussion
3.1. Characterization

3.1.1. TGA/DTG analysis

The weight losses of 4.4% (25-470 °C) and 4.08% (25-452 °C) for
Ca0-ES@GO and CaO-FB@GO from derivative thermogravimetric
(DTG) analyses and thermogravimetric (TGA) are displayed in Fig. 2(a-
b), possibly brought on by the breakdown of volatile organic matter and
desorption of adsorbed water molecules on the surfaces of CaO-ES@GO
and CaO-FB@GO (Liu et al., 2008; Sangon et al., 2021). A temperature
rises to 712 and 752 °C resulted in weight losses of approximately
10.5%, and 18.9% respectively for CaO-ES@GO and CaO-FB@GO.
These findings may potentially underscore the thermal decomposition
of numerous oxygen-containing groups (Zaki et al., 2022). In addition,
the CaO-ES@GO and CaO-FB@GO nanocomposites exhibited weight
losses of 16.1% and 13.3% between 712-920 °C, and 752-943 °C
respectively, due to CaCO3 decomposition (Saleh and Taufik, 2019). The
DTG curve of CaO-FB@GO demonstrated the highest decomposition
temperature at 712 °C and a series of smaller peaks at 452 and 920 °C,
while the maximum decomposition peak temperature of CaO-ES@GO
was at 692 °C, with smaller peaks at 445 and 950 °C. The peaks corre-
spond to the decomposition of organic and volatile matters present on
the surfaces of CaO and GO (Hussain et al., 2022). The overall loss in
weight of CaO-ES@GO and CaO-FB@GO nanocomposites was 30.7%
and 36.6% respectively. Collectively, the data suggest that CaO incor-
poration might have greatly enhanced the thermal stability of
CaO-ES@GO and CaO-FB@GO nanocomposites (Maruthupandy et al.,
2020).

3.1.2. XRD analysis

The XRD pattern for CaO-ES@GO demonstrates the formation of
additional peaks at 25.5°, 27.7°, 38.6°, and 50.8° upon the fusion of
CaO-ES onto the surface of GO. Additionally, the result shows that the
GO phase peak (100) has slightly shifted from 42.8° to 43.2°, indicating
that CaO-ES was deposited satisfactorily on the GO surface (Obayomi
et al., 2023). Furthermore, the disappearance of the GO major phase
(001) from the XRD pattern of CaO-ES@GO may be accredited to the
small quantity of GO introduced into the mixture or due to the presence
of interfacial interactions and favourable spread of GO nanoparticles
within the matrix (Sajjad et al., 2022). The XRD pattern for CaO-ES@GO
demonstrates the presence of peaks at 25.5°, 27.7°, 38.6°, and 50.8°
after the deposition of CaO-ES onto the GO surface. It was also noted that
the GO phase peak slightly shifted from 42.8° to 43.2°, indicating that
CaO-ES had been successfully deposited on the GO surface (Zheng et al.,
2023). Furthermore, comparing the XRD patterns of CaO-FB and GO
with CaO-FB@GO, a significant change in some peaks was observed,
resulting in new peaks formation. The formation of new diffraction
peaks at 36.0°, 47.1°, 48.4°, 57.5°, 60.8°, 62.6°, and 64.2° may be due to
the hydrothermal synthesis of CaO-FB@GO (Kasirajan et al., 2022).
Additionally, the GO sharp peak at 11.58° (002) shifted to 14.7°, while
the peak at 42.8° remained unchanged, suggesting the effective loading
of CaO-FB in the GO matrix (Singh et al., 2022). The XRD pattern of FB,
ES, GO, CaO-ES and CaO-FB have been discussed extensively in the
supplementary section (SI).

3.1.3. FTIR analysis
The FTIR spectra of ES, CaO-ES, GO and CaO-ES@GO nanocomposite
is shown in Fig. 2(e). The observed FTIR spectra of CaO-ES@GO, in
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Fig. 2. (a-b) TGA/DTG, (c-d) XRD, and (e-f) FTIR analysis of CaO-ES@GO and CaO-FB@GO nanocomposites.

comparison with GO and CaONPs, confirm the successful deposition of
CaO0-ES on the GO surface. After deposition, the peaks at 868 em™?,
3468 cm™!, 3641 cm ™! and 1797 cm™! corresponding to Ca-O stretch-
ing, C=C, O-H groups in the CaO were detected after the synthesis of
Ca0-ES@GO nanocomposite (Obayomi et al., 2023c). The absorption
bands at 1630, 1416, and 1149 cm ! allotted to C=0, C=C, C-OH, and
C-0O on the GO were also confirmed to be present in the nanocomposite
spectra, corroborating a successful CaO-ES deposition on the surface of
GO (Rasheed et al., 2023). The FTIR spectra of FB, CaO-FB, GO, and
CaO-FB nanocomposite is represented in Fig. 2(f). The peak located at
1662 cm™! is linked with the C-H bending vibration. The band sited at
1068 cm™! could be allotted to C-N stretching, validating
non-degenerate symmetric stretching of the phosphate groups and the
existence of amine groups (Obayomi et al., 2023b). The absorption band
at 567 cm ! confirms the P-O degenerate bending mode while the peak
positioned at 721 cm ™! could be ascribed to Ca-O stretching, ratifying
the existence of CaO. Comparing the IR spectra before and after the
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thermal decoration of the GO surface with CaO-FB (CaO-FB@GO), slight
modifications in the material functional groups were observed, with
some peaks retained, shifted, or disappeared (Zhu et al., 2023). The
peaks at 3468 and 3641 cm ! assigned to the functional group O-H on
GO and CaO-FB spectra, were retained in the CaO-FB@GO spectrum.
The GO spectrum peaks situated at 1630 and 1149 cm ™, corresponding
to the stretching vibrations due to C=C bonds of the unoxidized carbon
skeleton and the C-O epoxide group, remained after the synthesis of
CaO-FB@GO, confirming the presence of GO on the surface of the
nanocomposite (Singh et al., 2022). Furthermore, peaks related to
CaO-FB were retained, while others shifted. The peaks at 2519 (shifted),
1662, and 1081 cm™ ! (shifted), corresponding to the carbon dioxide
group, C-H bending, and amine groups, were detected on the surface of
the nanocomposite (Sharma et al., 2022). The new peak at 1450 cm_l,
which formed as a result of the decoration of CaO-FB on GO, could be
credited to the C=C bond. The presence of CaO on the CaO-FB@GO
surface was confirmed from the peaks located at approximately 871,
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775, 660, and 602 cm ™! (Rasheed et al., 2023). The discussion on FTIR
spectra of FB, ES, GO, CaO-ES, and CaO-FB have also been discussed in
the supplementary section.

3.1.4. SEM/EDX analysis

The SEM image of ES, depicted in Fig. 3(a), clearly reveals an
irregular, rough, large crystal-like structure with numerous micropores
on the surface. The FB exhibits a rough and coarse surface (Fig. 3(b)).
The micrograph of CaO-ES in Fig. 3(c) displays an irregular, rough, and
flower-like structure with mild agglomeration, while CaO-FB in Fig. 3(d)
presents a composition of particles with various spherical masses,
aggregated, and porous. The agglomeration of particles can be credited
to the calcination of Ca(OH), during the preparation step. The GO
micrograph, as shown in Fig. 3(e), exhibits a rough, flaky structure and
wrinkled surfaces. The wrinkling on the GO surface could be as a result
of the interaction between hydrophobic regions within the sheet (Yang
et al,, 2022). The SEM images of CaO-ES@GO and CaO-FB@GO
obtainable in Fig. 3(e-f), demonstrate that the nanocomposites possess
a flake-like structure with CaO homogeneously distributed over the
surface of GO. The elemental composition of the composites, as depicted
in Fig. 3(h-i), shows the presence of C, Ca and O, signifying the suc-
cessful fusion of CaONPs onto the surface of GO.

3.1.5. TEM/AFM analysis

The TEM images of synthesized CaO-ES, CaO-ES@GO, CaO-FB, CaO-
FB@GO, are shown in Fig. 4. The SEM micrographs of CaO-ES, and CaO-
FB displayed in Fig. 4(a-b), demonstrate that the particles are made up of
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weak agglomeration and spherical shape which could results from
particle-particle interaction. As revealed in Fig. 4(c-d), the agglomerated
surfaces of CaO-ES and CaO-FB diminished after impregnation with GO,
while the presence of spherical CaO that was uniformly dispersed on the
surface suggests that CaO-ES@GO and CaO-FB@GO were successfully
synthesized. The average particle size of CaO-ES@GO and CaO-FB@GO,
were calculated to be 38.1 nm and 30.6 nm, respectively. The CaO-
ES@GO and CaO-FB@GO nanocomposites surface roughness is pre-
sented in Fig. 2(e-f). The AFM images revealed that the CaO-ES@GO
(Fig. 2e) surface was smoother than CaO-FB@GO (Fig. 2 f). The sur-
face roughness of CaO-FB@GO may be attributed to the diameter of the
pores and surface porosity, owing to CaO distribution on the GO surface
(Khalili et al., 2022). The average roughness of CaO-ES@GO and
CaO-FB@GO are 110.7 and 224.4, respectively.

3.1.6. BET analysis

The N, adsorption-desorption isotherm measurement of CaO-ES,
CaO-FB, CaO-ES@GO, and CaO-FB@GO are, presented in Fig. 5. The
BET surface area of CaO-ES, CaONPs-FB, CaO-ES@GO and CaO-FB@GO
were 61.88, 47.43, 121.14, and 108.23 mz/g; pore volume of 0.00311,
0.00551, 0.0901, and 0.0411 cmg/g; and pore diameter of 4.90, 4.55,
3.21, and 3.72 nm, respectively. The improved pore volume and surface
area of CaO-ES@GO and CaO-FB@GO could be ascribed to the loading
of CaO-ES and CaO-FB onto the surface of GO. The pore diameter values
indicate that the materials are predominantly mesoporous (2-50 nm),
based on pore classifications. Furthermore, the isotherm curve displayed
in Fig. 5 reveals that the nanomaterials exhibit a type IV isotherm curve
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Fig. 3. SEM micrographs of (a) ES, (b) FB, (c) CaO-ES, (d) CaO-FB, (e) GO, (f) CaO-ES@GO, (g) CaO-FB@GO and the elemental composition of (h) CaO-ES@GO, and

(i) CaO-FB@GO.

134



K.S. Obayomi et al.

Process Safety and Environmental Protection 184 (2024) 129-150

b

T T T T

—= Sum

Fig. 4. TEM analysis of (a) CaO-ES, (b) CaO-FB, (c) CaO-ES@GO, and (d) CaO-FB@GO, and AFM analysis of (e) CaO-ES@GO, and (f) CaO-FB@GO nanocomposites.

and H3 hysteresis, based on the IUPAC classification, suggesting that the
composite materials are non-porous and rich in mesopores, which are
distributed between cracks and corners (Yadav et al., 2022; Mechnou
et al., 2023).

3.1.7. XPS analysis

The XPS spectra of CaO-ES@GO and CaO-FB@GO are shown in Fig. 6
(a-b) reveal the presence of calcium, carbon, and oxygen elements,
suggesting a successful distribution of CaO-ES and CaO-ES on the GO
surface. The deconvolution of the C 1 s peaks for CaO-ES@GO (Fig. 5d)
and CaO-FB@GO (Fig. 6¢) shows three subpeaks at 284.8, 288.8 and
286.4 eV, corresponding to C-C, C=0 and C-O bonds, respectively
(Garcia-Soriano et al., 2022). The peak at 284.4 eV reveals the presence
of graphene nanosheets in the synthesized composites (CaO-ES@GO and
CaO-FB@GO) with the presence of hybridized sp? C atom (Chandraraj
and Xavier et al., 2023). The O 1 s deconvoluted peaks at 535.7 and
539.4 eV for CaO-ES@GO, (Fig. 5e), correspond to the COO- (formed by
oxidation of limited-oxygen) and C=O bonds. The CaO-FB@GO
deconvoluted peaks at 533.2 and 531.6 eV (Fig. 5f), could be assigned
to C-OH and O-C=O, respectively (Vinayagam et al., 2023). The
occurrence of Ca-OH, Ca-O-C, C=0, and COO- bonds in the O 1 s spectra
of CaO-ES@GO and CaO-FB@GO may be ascribed to the existence of
lattice oxygen atoms, adsorbed surface water, and enhanced structural
stability of the fabricated materials (Ibrahim et al., 2023a). The O-spe-
cies presence in the developed nanocomposites (CaO-ES@GO and
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CaO-FB@GO) can be attributed to the thermal treatment (Garcia et al.,
2022). The Ca 2p for CaO-ES@GO reveals two peaks at 347.8 and
349.5 eV (Fig. 5g), while CaO-FB@GO shows peaks at 347.4 and
351.0 eV (Fig. 5h), which are attributable to a strong double spin-orbit
Ca 2p3/2 and Ca 2pl/2. The existence of Ca 2p3/2 and Ca 2p1/2 in
CaO-ES@GO and CaO-FB@GO suggests the presence of Ca-OH and Ca-O
(Kumar et al., 2022).

3.2. Adsorptive performance

Various adsorption parameters, such as pH, contact time, adsorbent
dosage, MB initial concentration, and temperature, influenced the up-
take ability of CaO-ES@GO and CaO-FB@GO nanocomposites towards
MB removal. The findings are illustrated in Fig. 7(a-b). A rapid increase
was observed in the percentage removal values and sorption capacities
of nanocomposites towards MB within the first 25 min. These values
could be attributed to the presence of more sites for adsorption on the
CaO-ES@GO and CaO-FB@GO surfaces that might become saturated as
time progressed (Yadav et al., 2023). As time progressed beyond this
point, the adsorbents had insufficient active sites to adsorb MB mole-
cules, leading to a slow reduction in the adsorption capacity and per-
centage removal until equilibrium was attained at 60 min, suggesting
that the adsorbents’ active sites were saturated (Jawad et al., 2023). The
MB removal of 79.8% and 77.2% and sorption capacities of 409.3 mg/g
and 395.9 mg/g and 409 mg/g onto CaO-FB@GO and CaO-ES@GO
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Fig. 5. N, adsorption-desorption isotherm of (a) CaO-ES, (b) CaO-FB, (c) CaO-ES@GO, and (d) CaO-FB@GO.

were recorded after the equilibrium position was achieved.

The impact of initial MB concentration on MB removal and adsorp-
tion capacity onto CaO-ES@GO and CaO-FB@GO nanocomposites at
varied concentrations (10-50 mg/L), 60 min contact time, constant pH
8, and temperature 318 K was examined and shown in Fig. 7(c-d). It is
evident from the plots that increasing the MB initial concentrations
resulted in a rise in the adsorption capacities and a reduction in the
percentage removal of methylene blue onto CaO-ES@GO and CaO-
FB@GO nanocomposites. The plots show that MB removal of 98.6%
and 95.3% and adsorption capacities of 112.6 mg/g and 101.6 mg/g
were observed atCo = 10 mg/L. However, a decrease in percentage
removal (79.8% and 77.2%) and significant adsorption capacities
(409 mg/g and 395.9 mg/g) were observed atCo = 50 mg/L. The high
MB uptake at lower concentrations can be attributed to more active sites
on the adsorbent surface ready to adsorb MB dye molecules, while at
high concentrations, the active sites are rapidly saturated with a limited
number of adsorption sites, leading to their inability to adsorb the MB
molecules (Ma et al., 2023; Zhao et al., 2023). Furthermore, the
adsorption capacity increase with initial MB increase can be elucidated
on the basis that at higher concentrations, driving forces are built up to
overcome mass transfer resistance between MB molecules and the
CaO-ES@GO and CaO-FB@GO (Jia et al., 2023).

The zeta potential was measured to determine the charges on the
nanocomposite surfaces before and after MB adsorption, as shown in
Fig. 7(e~f). The values for the pH point of zero charge (PZC) obtained for
CaO-ES@GO and CaO-FB@GO were 5.67 and 5.10, respectively.
Moreover, the adsorbent surface becomes positively charged when the
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pH<PZC and negatively charged when the pH>PZC (Alizadeh and Sal-
imi, 2023). At pH < 5.67 and 5.10, the surfaces of the adsorbents
experienced the distribution of positive charges due to the protonation
of hydrogen ions and the existence of functional groups such as
carbonyl. However, at pH > 5.67 and 5.10, the CaO-ES@GO and
CaO-FB@GO surfaces became charged negatively as a function of the
deprotonation of functional groups, including carboxyl and hydroxyl
(Rostamian et al., 2022). Furthermore, after MB adsorption, the PZC
values increased to 7.39 and 6.82 for CaO-ES@GO and CaO-FB@GO,
respectively. The increase could be attributed to strong electrostatic
interactions between the adsorbents and the MB molecules, which
support the findings that the sorption performance of CaO-ES@GO and
CaO-FB@GO towards MB molecules is greatly influenced by pH
(Obayomi et al., 2023d).

The effect of pH on the MB sorption capacity and percentage removal
on CaO-ES@GO and CaO-FB@GO were examined, and the plots are
shown in Fig. 7(g-h). The pH was varied from 2-11 under optimum
conditions (adsorbent dosage = 0.4 g/L, temperature = 318 K, constant
time = 60 min, and initial MB concentration = 50 mg/g). The results
exhibited an increase in MB adsorption capacity and percentage removal
as the pH increased. The MB adsorption capacity and percentage
removal on CaO-ES@GO improved steadily from 62.5% and 320.4 mg/g
at pH 2 to 98.3% and 503.8 mg/g at pH 8, respectively. The sorption
capacity and percentage removal of MB onto CaO-FB@GO increased
steadily from 60.2% and 308.4 mg/g at pH 2 to 97.0% and 497.0 mg/g
at pH 8, respectively. This is because at lower pH (pH<PZC), the ad-
sorbent’s surfaces are protonated due to the hydrogen ions and carbonyl
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Fig. 6. (a-b) XPS spectra, (c-d) C 1s, (e-f) O 1's, and (g-h) Ca 2p of CaO-ES@GO and CaO-FB@GO nanocomposites.

groups, resulting in more competition amongst the positively charged
adsorbent surface and positively charged cationic MB for adsorption site
interaction, thereby encouraging electrostatic repulsion forces between
the MB molecules and nanocomposites, resulting in a significant
reduction in MB adsorption capacity and percentage removal (Ullah
et al.,, 2022; Hu et al., 2023b). However, deprotonation of the adsor-
bent’s surfaces was observed at higher pH (pH>PZC) as a result of the
existence of oxygen-containing functional groups such as hydroxyl and
carbonyl groups, thereby making the adsorbent’s surfaces more nega-
tively charged and promoting electrostatic attraction between the
positively charged MB molecules and negatively charged adsorbents,
thus resulting in a significant increase in MB adsorption capacity and
percentage removal (Ndagijimana et al., 2022). In addition, the MB
adsorption capacities and percentage removal decreased at low pH due
to n-n stacking between the MB aromatic rings and GO as well as
hydrogen bond formation between the hydrogen atoms of epoxy, hy-
droxyl, and carboxyl groups of CaO-ES@GO and CaO-FB@GO and the N
atom of MB molecules (Rostamian et al., 2023; Li et al., 2023a). The
findings imply that the electrostatic interaction is not the sole mecha-
nism responsible for the adsorption process of MB onto CaO-FB@GO and
CaO-ES@GO nanocomposites.

The impact of CaO-FB@GO and CaO-ES@GO dosage on MB removal
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and sorption capacity was examined by fluctuating the adsorbent dosage
from 0.1-0.6 g/L under optimal conditions (constant time = 60 min, pH
= 8, initial MB concentration = 50 mg/g, and temperature = 318 K),
and the findings are depicted in Fig. 7(i—j). The results revealed that with
increasing CaO-ES@GO and CaO-FB@GO and dosage from 0.1-0.4 g/L,
the MB percentage removal experienced a significant increase (98.02%
and 97.4%), with the optimal dosage being 0.4 g/L. This observation
could be due to the gradual increase on the adsorbent’s surfaces, which
gradually increased as the adsorbent dosage was gradually elevated
(Demirezen et al., 2023). However, as the adsorbent dosage gradually
increased beyond 0.4 g/L, there was no significant rise in the percentage
removal of MB, which might be due to active site saturation or less
utilization of the active sites at the specified MB concentration (Wu
etal., 2023). Furthermore, increasing the CaO-ES@GO and CaO-FB@GO
dosages resulted in a decrease in MB adsorption capacity. This could be
attributed to the following reasons; Firstly, the increased sites for
adsorption enhanced sorption competition throughout the process of
adsorption, and secondly, the stacking effect caused by numerous CaO
particles led to some of the adsorption sites on CaO-FB@GO and
CaO-ES@GO not being fully contacted by the MB molecules (Liu et al.,
2023a).

The influence of adsorption temperature was studied at varied
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temperatures from 298-338 K on MB removal efficiency and capacity
under optimal conditions (initial MB concentration = 50 mg/g, constant
time = 60 min, pH = 8, and adsorbent dosage = 0.4 g/L), as depicted in
Fig. 6(k-1). The values obtained revealed that increasing the adsorption
temperature resulted in a rise in the removal and sorption capacities of
MB onto CaO-ES@GO and CaO-FB@GO, thereby signifying the endo-
thermic nature of the sorption process. The increase in MB adsorption
capacity and removal as the temperature is increased may be attributed
to the increase in kinetic energy, decreasing the solution viscosity, and
promoting the mobility of the molecules of methylene blue on the sur-
faces of the adsorbent (Pandey et al., 2022).
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3.3. Adsorption kinetics

In this study, the adsorption kinetics of MB sorption onto CaO-
FB@GO and CaO-ES@GO were examined to identify the mechanism
of adsorption and the rate-limiting steps by applying several models,
including pseudo-second order, intraparticle-diffusion pseudo-first
order, and Elovich and Boyd with their various equations presented in
Table S2. The results presented in Table 1 and Fig. S1(a—e) revealed that
the adsorption behaviors of CaO-ES@GO and CaO-FB@GO towards
cationic MB are more consistent with the pseudo-second-order kinetics
than with other models based on higher R? and smaller standard error
(SE) values. In addition, the experimentally measured adsorption
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% 4 Eo 838388338 5355538=268% presented in Table 2 revealed that the sorption process of MB onto CaO-
g 8 g|e®eeeaaeeeneenYge®ewes ES@GO and CaO-FB@GO could be best explained using the R-P model
S based on their R? (closer to unity) and smaller SSE and HYBRID values in
2 comparison to other studied models. The Redlich-Peterson model in-
g = f corporates aspects of the Freundlich and Langmuir models, leading to a
é T: TE E g hybrid model that may be employed in both homogeneous and hetero-
Al ~ E s _ T £ geneous systems, displaying significant adaptability. However, based on
Q g R = . g ‘z 2 o D the (<1) values, the MB uptake onto CaO-ES@GO and CaO-FB@GO was
< £ g § ~E:N m s §3’: o m & 3, B oam Teom majorly dominated by multilayer adsorption mechanisms, and this was
< | & IR characterized by the adsorption behavior of the Freundlich model. The
g multilayer adsorption behavior assumes that the number of MB mole-
E 5 5 cules adsorbed is not limited by surface area, but molecule stacking may
g g % é also occur. The multilayer adsorption mechanism based on the R-P
3 8 E E model was further supported by the Harkins-Jura and Halsey models.
£ é’ § g Furthermore, the MB adsorption capacity calculated based on the
I g é § é g & - Langmuir model at varying temperatures (298, 308, and 318 K) for CaO-
% 2 S ;‘5 &’ 2 E é‘ ES@GO (500.0, 532.9, and 621.02 mg/g) surpassed that of CaO-FB@GO
= (454.6, 510.2, and 570.8 mg/g). The high sorption capacity of CaO-
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Table 2
Adsorption isotherm parameters for MB adsorption on CaO-ES@GO and CaO-FB@GO.
Isotherms Parameters CaO-ES@GO CaO-FB@GO
Temperature (K) Temperature (K)
298 308 318 298 308 318

Langmuir Qm (mg/g) 500.000 532.91 621.026 454.55 510.20 570.83
K, (L/mg) 0.148 0.182 0.581 0.319 0.809 2.497
R? 0.947 0.975 0.955 0.968 0.977 0.986
SSE 0.0798 0.0533 0.0467 8.242 5.699 2.988
HYBDRID 11.233 10.678 8.766 11.662 10.783 8.456

Freundlich Kr (mg/g) (L/mg)l/n 98.331 110.986 192.983 141.429 180.418 276.503
1/n 0.589 0.593 0.365 0.444 0.423 0.259
R? 0.990 0.998 0.968 0.984 0.993 0.997
SSE 0.00431 0.000995 0.00132 0.00458 0.00274 0.00118
HYBDRID 1.412 1.898 1.991 0.0891 0.0561 0.0234

Temkin Kr (L/mg) 1.724 1.973 2.718 4.326 7.514 12.114
bt (J/mol) 18.956 19.298 30.967 24.788 25.701 41.420
R? 0.965 0.978 0.926 0.957 0.966 0.976
SSE 0.269 0.207 0.383 48.515 43.468 36.448
HYBDRID 12.441 15.676 10.789 13.331 12.677 12.213

D-R qs (mg/g) 312.283 333.323 318.120 307.988 338.841 360.146
Kaa (mol2/J2) 1077 4.391 3.684 0.473 1.560 0.878 0.158
E (kJ/mol) 1.0670 1.165 3.250 1.790 2.387 5.623
R? 0.873 0.909 0.818 0.841 0.889 0.916
SSE 3838.297 2767.461 9973.750 49.322 44.231 39.195
HYBDRID 20.0211 18.678 14.440 25.678 22.812 19.768

Jovanovich Qm, Jv (Mg/g) 105.0840 111.193 128.779 123.657 137.674 155.156
Kjy (L/8) -0.143 -0.159 -0.190 -0.136 -0.173 -0.224
R? 0.978 0.973 0.983 0.984 0.993 0.997
SSE 0.0490 0.0637 0.0393 0.0752 0.0561 0.0142
HYBDRID 5.616 5.221 2.898 2.671 1.701 1.691

Harkins-Jura Apy (gz/L) 12671.637 13486.0675 23386.999 18071.386 20228.501 36356.894
By (mgz/L) 1.00499 0.944 0.905 1.00592 0.859 0.781
R? 0.986 0.971 0.997 0.991 0.980 0.972
SSE 0.00507 0.00209 0.00144 5.830 1.147 1.479
HYBDRID 3.556 3.455 3.111 6.701 6.432 6.110

Halsey Ky (mg/L) 2428.904 2818.415 182562.886 6907.265 22279.159 26935.347
ny 1.699 1.687 2.743 2.250 2.370 3.862
R? 0.990 0.998 0.969 0.984 0.993 0.997
SSE 0.000229 0.000128 0.000108 0.00663 0.00413 0.00324
HYBDRID 0.981 0.771 0.645 1.0451 0.964 0.7896

R-P Prp 0.411 0.407 0.635 0.556 0.578 0.741
A (L/g) 98.330 110.986 192.983 141.431 180.419 276.503
R? 0.980 0.995 0.990 0.990 0.997 1.00
SSE 0.0000153 0.00000575 0.0000120 0.000349 0.000145 0.0000624
HYBDRID 0.212 0.511 0.641 0.0454 0.0233 0.0221

ES@GO could be attributed to the presence of more negatively charged
carboxyl and hydroxyl groups, which are responsible for the adsorption
of more cationic MB molecules via strong electrostatic attractions. In
addition, CaO-ES@GO had a larger pore volume than CaO-FB@GO,
which promoted more MB molecules adsorption to diffuse and have
access to more of the pores of CaO-ES@GO, thereby promoting higher
adsorption capacity towards the cationic MB molecules (Li et al.,
2023b). Further, the MB adsorption energies (E) values were 1.067,
1.165, and 3.250 kJ mol-1 for CaO-ES@GO and 1.790, 2.387, and
5.623 kJ/mol for CaO-FB@GO, respectively. This demonstrates that the
sorption behavior of MB was ruled majorly by physical adsorption
(E < 8 kJ/mol) through a weak van der Waals force between the
adsorbate and adsorbent (Kim et al., 2023).

3.5. Thermodynamics evaluation

The adsorptive performance of CaO-ES@GO and CaO-FB@GO to-
wards MB were evaluated at various temperatures (298-318 K) to
determine the adsorption character. The thermodynamic parameters
such as standard Gibbs free-energy change (DG°), enthalpy change
(DH°), and entropy change (DS°) were evaluated from the temperature-
dependent plots presented in Fig. 8(a-b). The DG is equation given as;

AG = AG’ + RTInK7}, (6)

Equilibrium

Since, the free energy change (AG) becomes insignificant as the
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adsorption process reaches equilibrium, Equ. 6 therefore becomes;
—AG” = RT]nKunilibrium (7)

The connection between AG®, AS° and AH° can be defined as:
AG°= AH° -TAS° (8)

) AH® AS°
0K iibriam = — T TR )
K; x M,, x 1000) x [C°
K quitibrium = LY )] 10
4
where Kgiprim Stands for the dimensionless thermodynamic equilib-

rium constant, K; stands for the Langmuir constant, K; (L/mg), M,
stands for the MB molecular weight (319.85 g/mol), [C]° represents the
standard concentration of the MB (1 mol/L) and y is the coefficient ac-
tivity of MB in solution (dimensionless). Since the MB dye solution was
much diluted, the activity of coefficient (y) is considered unitary. The
values of the thermodynamic parameters summarized in Table 3,
showed that the adsorption behaviour of CaO-ES@GO and CaO-FB@GO
towards MB was feasible and spontaneous judging from the negative
AG° values obtained at various temperatures (Chen et al., 2020; Lv et al.,
2022). The positive values of AH° demonstrate the endothermic char-
acter of the sorption process. However, AH® values < 40 kJ/mol suggest
physical adsorption but AH° values > 40 kJ/mol predicts chemical
adsorption. The AH° values of MB adsorption on CaO-ES@GO and
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Fig. 8. Plots of (a-b) thermodynamics, (c-d) ionic strength, and (e-f) reusability studies of MB removal by CaO-ES@GO and CaO-FB@GO.

Table 3

Adsorption thermodynamic parameters for MB adsorption on CaO-ES@GO and CaO-FB@GO.

Adsorbent T (X InKg, AG° (kJ mol ™) AHC (kJ mol ™) AS° Jmol 'K
298 10.765 -26.343
Ca0-ES@GO 308 10.972 -28.962 21.680 261.825
318 12.133 -31.580
298 11.533 -28.592
CaO-FB@GO 308 12.464 -32.161 27.761 356.889
318 13.591 -39.302

CaO-FB@GO were 27.761 and 21.68, suggesting a physical adsorption,
which was supported by the D-R model. Finally, the randomness in-
creases in the MB concentration at the adsorbate-adsorbent interface
was supported by the positive AS® values (Ibrahim et al., 2023b).

3.6. Effect of ionic strength

The impact of ionic strength on the adsorption capacity and per-
centage removal of CaO-ES@GO and CaO-FB@GO on methylene blue
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were tested using different concentrations of NaCl salt at optimum
conditions of adsorbent dosage (0.4 g/L), initial MB concentration
(50 mg/L), pH (8), contact time (60 min), and temperature (318 K). The
results depicted in Fig. 8(c—d) for the adsorptive performance of CaO-
ES@GO and CaO-FB@GO towards MB revealed a significant reduction
in the sorption capacity and removal efficiency with increasing NaCl
concentration. The finding suggests that dissolving NaCl in water
resulted in the formation of Na', and as the NaCl concentration
increased, more Nat was formed. As a result, the competition between
the interfering Na™ ions and cationic MB molecules on the surfaces of
negatively charged CaO-ES@GO and CaO-FB@GO became greater,
resulting in a significant decrease in MB removal efficiency and
adsorption capacity (Yu et al., 2023). The existence of NaCl salts in MB
solution during the adsorption process interfered with the establishment
of electrostatic interaction between CaO-ES@GO and CaO-FB@GO
surfaces and MB molecules (Alotaibi et al., 2023).

3.7. Stability study

The reusability study of CaO-ES@GO and CaO-FB@GO towards MB
was examined to properly utilize their industrial application and cost
effectiveness after several adsorption-desorption cycles. The CaO-
ES@GO and CaO-FB@GO nanocomposites were regenerated after
adsorption studies by desorbing MB from CaO-ES@GO and CaO-FB@GO
surface after adsorption using an ethanol solution mixed with 5% acetic
acid to boost the solvent polarity so it could destroy the electrostatic
force between the MB and the nanocomposites. The mixtures were
ultrasonicated for 10 min, washed repeatedly five times with distilled
water, centrifuged at 2800 rpm, and dried in an oven for 3 h at 105 °C
before being used for the next adsorption-desorption cycle. The results
of the adsorptive performance of CaO-ES@GO and CaO-FB@GO towards
MB during 10 successive cycles are shown in Fig. 8(e-f). As observed, the
MB removal in the first cycle was 96.11% and 94.22% for CaO-ES@GO
and CaO-FB@GO, respectively. However, between the second and tenth,
a decrease in the MB removal from 91.22-75.01% for CaO-ES@GO and
90.67-72.09% for CaO-FB@GO (< 25%) was recorded. The outstanding
reusability of the nanocomposites after 10 cycles can be attributed to the
CaO containing GO, which were well preserved during the successive
adsorption-desorption cycles. Furthermore, owing to their rapid
adsorption kinetics, high stability, outstanding percentage removal, and
suitability for MB adsorption, CaO-ES@GO and CaO-FB@GO may be a
sustainable choice for the remediation of wastewater containing dye in
water.

3.8. Practical application in real wastewater

In order to examine the practical application of CaO-ES@GO and
CaO-FB@GO in real water samples, different water samples were
collected from wastewater obtained from agricultural sources, sea
water, distilled water, and tap water and spiked with MB solution
(50 mg/L). The sorption process was carried out in a batch study at an
adsorbent dosage of 0.4 g/L, pH = 8, MB initial concentration of 50 mg/
L, contact time = 60 min, and volume of solution = 100 mL at 318 K
(which are optimum conditions). The results demonstrated MB removal
of 100%, 100% 98.88%, and 80.31% in tap water, distilled water,
agricultural wastewater, and seawater for CaO-ES@GO, while 100%,
100%, 96.46%, and 76.34% were recorded for CaO-FB@GO, respec-
tively. The lower MB percentage removal recorded for seawater could be
attributed to the presence of soluble salts like calcium chloride and so-
dium chloride, which, when dissociated in aqueous solution, form
positively charged cations (Mg?" and Ca?"). These positively charged
cations compete for adsorption sites with the cationic MB on the surfaces
of negatively charged CaO-ES@GO and CaO-FB@GO, leading to a
decrease in MB removal.

142

Process Safety and Environmental Protection 184 (2024) 129-150
3.9. Selective adsorption study

The needs to develop a highly selective adsorbent materials with
high adsorptive performance for the simultaneous adsorption of cationic
and anionic dyes from complex wastewater arises from the advantages
of the materials. The adsorptive performance of CaO-ES@GO and CaO-
FB@GO towards MB, RhB, and MO in a single component batch
adsorption study is depicted in Fig. 9. In comparison of the dye color
solutions after and before adsorption as presented in Fig. 9(a), it was
observed that after adsorption, the color of MB was almost colorless,
while a little change in color was observed for RhB and MO, demon-
strating that the nanocomposites have strong affinity towards MB (Qiu
etal., 2023). As depicted in Fig. 9(b), the CaO-ES@GO and CaO-FB@GO
nanocomposites show good performance towards MB with uptake rates
of 98.9% and 96.6%, respectively. In disparity, the adsorptive perfor-
mance toward RhB and MO exhibits a noteworthy decrease under the
same optimal conditions. This finding could be a result of electrostatic
repulsion within the negatively charged dye structure and the negative
adsorbent surface. Furthermore, during the sorption process, electro-
static attraction was promoted between the positively charged dyes and
the negatively charged adsorbent surface (Yu et al., 2024). The signifi-
cant decrease in the percentage removal of RhB could be attributed to
their amphoteric nature, possessing both negative and positive charges
(Meng et al., 2022). Moreover, under acidic conditions, the -COO™
present in RhB is protonated (—-COOH) and the cationic form
(N*(CaHs)p) is left in the solution, thereby promoting electrostatic
attraction between the positive charges of RhB. However, as the pH is
increased (pH 8), a decrease in the RhB removal efficiency is observed.
This observation can be attributed to the improved ionization of RhB at
higher pH, resulting in the formation of more negatively charged ions,
thereby leading to electrostatic repulsion between RhB and negatively
charged adsorbent surfaces (Kohzadi et al., 2023).

The results of the binary mixture conducted to test the adsorptive
selectivity of CaO-ES@GO and CaO-FB@GO towards cationic MB (target
molecule), and RhB and MO as the competing molecules are as depicted
in Fig. 10. The pictorial views in Fig. 10 (a, b, e, and f) demonstrate the
binary mixtures of MB/RhB and MB/MO before and after adsorption
onto CaO-ES@GO and CaO-FB@GO. A careful observation revealed that
after adsorption, the color of MB in the solution disappeared, leaving
behind the color that are in line with those of pure MO and RhB in the
solutions (Zhang et al., 2023). This suggests the complete capture of
cationic MB by CaO-ES@GO and CaO-FB@GO in the binary system. The
plot of absorbance against wavelength for the two mixtures after and
before adsorption by CaO-ES@GO and CaO-FB@GO is reported in
Fig. 10 (c, d, g, and h). The maximum adsorption peaks related to MB
were found to alter significantly following adsorption, while a small
change was observed for RhB and MO, suggesting that CaO-ES@GO and
CaO-FB@GO could favorably adsorb cationic MB (Thakkar et al., 2023).
Finally, the separation efficiency of MB in the mixture of MB/RhB and
MB/MO were 99.10% and 77.34% for GO@CaONPs-. ES and 61.23%
and 47.81% for GO@CaONPs-FB, respectively, demonstrating that the
CaO-ES@GO and CaO-FB@GO composites exhibited a higher adsorption
selectivity towards cationic MB.

3.10. Adsorption mechanism

The interaction mechanisms governing the adsorptive behavior of
Ca0-ES@GO and CaO-FB@GO towards methylene blue were investi-
gated by comparing the BET, SEM, AFM, XRD, FTIR, and XPS analyses
after and before the sorption process. The BET surface area measure-
ment decreased for CaO-ES@GO and CaO-FB@GO after MB adsorption
from 121.14 m2/g to 72.81 m2/g; and 108.23 m2/g to 41.11 m2/g and,
respectively. This decrease may be a result of the blockage of the
adsorption active sites by MB molecules, suggesting the involvement of
pore-filling mechanisms. The SEM images depicted in Fig. 11(a-b) in
comparison showed the morphological structure of CaO-ES@GO and
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Fig. 9. (a) The pictorial view of MB, RhB, and MO before and after adsorption onto CaO-ES@GO and CaO-FB@GO in a single system and (b) MB, RhB, and MO

removal on CaO-ES@GO and CaO-FB@GO nanocomposites.

CaO-FB@GO as not damaged after MB adsorption, indicating the
occurrence of physical adsorption. The comparison of the AFM analysis
before and after MB sorption for both composites as shown in Fig. 11(c-
d), revealed that after MB sorption, the surface roughness of CaO-
ES@GO and CaO-FB@GO had increased with increased average
roughness from 110.7 nm to 210.2 nm, and 224.44 nm to 385.19 nm,
respectively, suggesting the effective MB uptake of MB on the nano-
composite’s surfaces.

The XRD pattern of CaO-FB@GO and CaO-ES@GO before and after
uptake of methylene blue dye, as shown in Fig. 11(c), also revealed that
there were no noticeable changes on the diffraction peaks. However,
some sharp peaks were detected to have decreased in intensities after
MB sorption, confirming that adsorption of MB on the surfaces of CaO-
ES@GO and CaO-FB@GO is a surface phenomenon and, as supported by
findings of SEM analysis and the D-R model, that the sorption process is
directed and majorly dominated by physical adsorption (Yao et al.,
2023). The FTIR spectra of CaO-ES@GO and CaO-FB@GO after and
before adsorption with MB molecules, as presented in Fig. 11(d),
demonstrated that there was no formation of new peaks and no peaks
shifted. Moreover, the only change that was observed was that after MB
adsorption onto CaO-ES@GO and CaO-FB@GO, the sharp and longer
peak at 1149 cm™ !, which was attributed to C-O, was observed to be
smaller. This observation could be due to the interaction between the
carboxyl (C=0) and hydroxyl (O-H) with polar MB, resulting in the
development of hydrogen bonding. The full XPS analysis spectrum of
Ca0-ES@GO and CaO-FB@GO after and before MB adsorption is
depicted in Fig. 11(e). The results revealed the presence of carbon, ox-
ygen, and calcium before adsorption, while sulphur and nitrogen were
detected after adsorption, suggesting that MB molecules were adsorbed
successfully onto the nanocomposite’s surfaces (Ahmed et al., 2023a).
The N 1 s high-resolution spectra of CaO-ES@GO and CaO-FB@GO after
MB adsorption are presented in Fig. 11(f). The peak at 339.0 eV could be
assigned to tertiary amine (-N =), while the visible peaks at 400.5 eV
and 400.4 eV indicate the presence of quaternary ammonium (N + )
(Liu et al., 2023b). Thus, the MB adsorption on CaO-ES@GO and
CaO-FB@GO surfaces could be defined by an electron transfer process
involving an N atom, governed by electrostatic attraction (Li et al.,
2021). Furthermore, the S 2p high-resolution shown in Fig. 11(g)
revealed peaks at 164.4 eV and 162.8 eV for CaO-ES@GO and also at
163.9 eV and 162.7 eV for CaO-FB@GO assigned to the spin-orbital of S
2p1/2 and S 2p3/2. The peaks formed between 164.4 eV and 163.7 eV
could be as a result of hydrogen bond formation and C-S-S bond
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formation of MB molecules after the adsorption process (C-S-H),
whereas the peaks located between 162.8 eV and 162.7 eV suggest the
bond between the S-atom of MB molecules and the CaO-ES@GO and
CaO-FB@GO oxygen atoms (Boughrara et al., 2022). The involvement of
n -1 interaction could result from the interaction between CaO-ES@GO
and CaO-FB@GO surfaces and the aromatic rings of MB. In addition,
the PZC of CaO-ES@GO and CaO-FB@GO by zeta potential were 5.10
and 5.6 before adsorption, while after MB adsorption, the PZC were
observed to be 7.39 and 6.82 for CaO-ES@GO and CaO-FB@GO,
respectively (Fig. 6(a-e)). The increased PZC after adsorption could be
credited to the negatively charged adsorbent surfaces with increasing
pH (pH>PZC), thereby promoting a strong electrostatic interaction be-
tween the positively charged cationic MB dye and negatively charged
adsorbent surfaces (Ahmed et al., 2023b). These results revealed that the
MB uptake towards CaO-ES@GO and CaO-FB@GO involve electrostatic
interaction (Xie et al., 2023). Finally, interaction mechanism between
MB molecules and CaO-ES@GO and CaO-FB@GO surfaces, as depicted
in Fig. 12, is governed by the & -n interaction, electrostatic attraction,
pore-filling, physical adsorption, and hydrogen bonding.

3.11. Comparative study

The adsorptive performance of CaO-ES@GO and CaO-FB@GO and
their ability to remove MB were examined by comparing the absorption
capacities with various reported adsorbents. The results (Table 4)
revealed that the maximum sorption capacities of the developed nano-
composites towards MB were higher than those of some of the already
reported adsorbents, suggesting their suitability and practical applica-
tion in wastewater treatment in an aqueous environment.

3.12. Cost evaluation study

The various applications of sustainable nanocomposites for water
remediation have prompted the necessity for cost evaluation to examine
nanocomposites economic viability (GadelHak et al., 2023). As a result,
the cost evaluation for the synthesis of CaO-ES@GO and CaO-FB@GO
per gram for treatment of MB was calculated using several steps, such
as the electricity cost consisting of the cost of heating, oven drying,
ultrasonication, centrifugation, sample collection, etc. It was noticed
from the results that CaO-ES@GO and CaO-FB@GO have a total pro-
duction cost of approximately US$1.20/g and US$1.13/g, respectively
(see Table S3). However, the material cost for treating 50 g/L MB in
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Fig. 10. The pictorial views and UV-vis adsorption spectra of MB/MO and MB/RhB binary mixtures before and after adsorption on CaO-ES@GO (a-d), and CaO-

FB@GO(e-h).

100000 L of MB-containing wastewater was only US$48.00 and US
$45.20, respectively. Nevertheless, with the utilization of CaO-ES@GO
and CaO-FB@GO for 10 consecutive cycles with little usage and chem-
ical costs for reuse, the cost will definitely drop to $4.80 and $4.52,
respectively. This cost-benefit analysis demonstrates that the nano-
materials are sustainable, cost-effective, and have a high potential for
use in real-life applications for the remediation of MB from an aqueous
media. (Deb et al., 2022). The total production cost per gram in this
study was relatively cheaper when compared with the work of Babakir
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et al. (2022), who reported the synthesis of P3ABA/GO/CoFe204 (Us
$2.96/g) for Congo red treatment.

3.13. Process optimization

3.13.1. Analysis of variance (ANOVA)

The experimental results depicted in Table S4 demonstrated that the
lowest and highest percentages of MB removal were obtained in runs 3
and 10, which translated into 35.62% and 98.38% for CaO-ES@GO and
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Fig. 11. SEM (a-b), AFM (c-d), XRD (e), FTIR (f), and XPS (g-i) analysis of CaO-ES@GO and CaO-FB@GO towards MB before and after adsorption.

32.94% and 96.80% for CaO-FB@GO, respectively. The ANOVA was
engaged to evaluate the significance and consistency of the model. The
ANOVA analysis for the adsorptive behavior of CaO-ES@GO and CaO-
FB@GO towards MB is presented in Table S5. The quadratic model F-
value and low P-value of 121.33 and < 0.0001 for CaO-ES@GO and
90.24 and < 0.0001for CaO-FB@GO suggest the significance of the
model with P-values < 0.005. The lack of fit was observed to be insig-
nificant, with P-values of 0.0510 and 0.1731 (> 0.05) for CaO-ES@GO
and CaO-FB@GO, demonstrating the validity and suitability of the
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model. The model coefficient of variance (CV), adjusted RZ, regression
coefficient (R?), adequate precision, predicted R%, standard deviation,
and mean values for CaO-ES@GO and CaO-FB@GO are tabulated in
Table S6. The R? of 0.991 and 0.983 suggest that the quadratic model
selected can accurately predict approximately 99.1% and 98.3% of the
experimental data, respectively. Further, the difference between the R2-
adjusted and R?-predicted for CaO-ES@GO and CaO-ES@GO, which are
< 0.15, suggests the applicability and reliability of the quadratic model
(Kanani et al., 2022). The selected model was suggested to have high
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Fig. 12. Plausible adsorption mechanism of CaO-ES@GO and CaO-FB@GO towards MB adsorption.

Table 4

Maximum adsorption capacities of various adsorbents towards MB.
Adsorbent Qmax (Mg/g) References
GO/CNF aerogel 111.2 Wang et al. (2021)
p-CD/GO 76.4 Yang et al. (2021)
Agar/GO/ZnO 33.3 Moradi et al. (2022b)
PGS-CS-GO 179.0 Rostamian et al. (2022)
KGM/GO/ZIF-67 219.8 Qiang et al. (2022)
MGO@Cellulose@Lipase 66.8 Mahmoud et al. (2022)
CaO-ES@GO 621.02 Present study
CaO-FB@GO 570.83 Present study
GOHNC 312.7 Sharma et al. (2022)
MSGO-4 260.9 Zhu et al. (2023)
GO-PLA 332.5 Nouri et al. (2023)
Fe304 @GO@AHSA 286.6 Alsohaimi et al. (2023)

precision and significant reproducibility judging from their CV values of
3.13% and 3.84% (10%) and adequate precision values of 36.62 and
33.5 (4.0) for CaO-ES@GO and CaO-FB@GO, respectively (Zalipour
et al, 2022). In addition, the model suggests that among all the
contributing variables under study for MB removal onto CaO-FB@GO
and CaO-ES@GO, pH (69.90% and 71.04%) was observed to have the
most significant effect, followed by temperature (27.55% and 26.62%)
and adsorbent dosage (2.15%) and 2.34%). The quadratic regression
model equations between the optimized variables and their corre-
sponding responses is represented by Eqs. 10-11.

Ca0 —ES@GO = + 86.37 + 6.69A — 1.85B + 10.58C + 3.64AB + 1.78AC
—2.37BC +3.734% — 12.01B% — 20.86C>
an

CaO —FB@GO = + 80.23 + 6.74A — 2.00B + 11.02C + 4.00AB + 1.20AC
—2.03BC + 6.84A% — 11.55B% — 22.05C2
12)

The model power transformation was investigated using the Box-Cox
plots as depicted in Fig. S3(a-b). A model transformation is recom-
mended if the current lambda (1) values lie outside of the high- and low-
confidence intervals (CI) (Miyah et al., 2021). The results obtained from
the plots revealed that model transformation is not necessary since the
current values of CaO-ES@GO (—0.15 and 1.67) and CaO-FB@GO
(—0.38 and 1.33) lie between the confidence intervals. The plots of
normal probability against internally and externally studentized re-
siduals in Fig. S3(c-f) were observed to be distributed randomly, sug-
gesting that the quadratic model for the adsorptive ability of
CaO-FB@GO and CaO-ES@GO towards MB is very efficient in explain-
ing and presenting real data.
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3.13.2. Three-dimensional plots: impact of contributing variables

The 3-D plots presented in Fig. 10 demonstrate the combined
contribution of pH, adsorbent dosage, and temperature to the uptake of
MB by CaO-ES@GO and CaO-FB@GO. The synergistic effect of tem-
perature and adsorbent dosage at constant pH on the removal of
methylene blue by CaO-ES@GO and CaO-FB@GO is presented in Fig. 13
(a-b). The interaction temperature and adsorbent dosage on the sorption
of MB on CaO-ES@GO and CaO-FB@GO offered the most significant
contribution when compared to other interactions, as seen in the large F-
values presented in Table S5. From the 3-D plots, maximum MB removal
onto CaO-ES@GO and CaO-FB@GO was achieved with increasing
temperature and adsorbent dosage. The rise in MB adsorption with a rise
in temperature could be attributed to MB molecules diffusion and
mobility increasing, which lowers the viscosity of the solution, sug-
gesting an endothermic sorption process. The rise in the temperature of
adsorption could also improve the porosity of CaO-ES@GO and CaO-
FB@GO pores and enhance the accessibility of more active sites. How-
ever, further increases in adsorbent dosage beyond 0.4 g/L led to a
decrease in MB sorption, and this could be elucidated by active site
saturation at higher temperatures.

The interactive influence of temperature and pH at a fixed adsorbent
dosage is presented in Fig. 13(c—d). As shown in the 3-D plots, the
adsorptive behavior of CaO-ES@GO and CaO-FB@GO and MB removal
increased with increased pH and temperature. As earlier reported, the
PZC of CaO-ES@GO and CaO-FB@GO were 5.67 and 5.10, respectively.
However, at PZC > pH, the surface of CaO-ES@GO and CaO-FB@GO
becomes negatively charged, thereby enhancing an electrostatic
attraction between the adsorbents and the positively charged MB at
higher temperatures. The rise in temperature promoted the development
of the adsorbent surface area and pores, which contributed to the
sequestration of MB. The contribution of adsorbent dosage and pH at a
constant temperature was demonstrated in Fig. 13(e-f). The results
show that maximum uptake of MB on CaO-ES@GO and CaO-FB@GO
was attained at an adsorbent dosage of 0.4 g/L and a pH of 8. This
could be because the adsorbent surfaces are negatively charged with the
presence of more active sites, which then attract the cationic MB mol-
ecules. However, increasing the pH and adsorbent dosage beyond this
point resulted in a reduction in MB removal. This could be attributed to
adsorbent particle aggregation and the competition of more H+ and
cationic MB molecules in binding the COO- and OH- on the surfaces of
CaO-FB@GO and CaO-ES@GO.

3.13.3. Process optimization

The desirability function is a powerful tool for process optimization
studies because it allows multiple variables to be optimized simulta-
neously to achieve a specific response. This saves time, reduces costs,
and avoids common challenges encountered when optimizing multiple
variables independently. In this study, the desirability function was used
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Fig. 13. Surface response plots for CaO-ES@GO and CaO-FB@GO towards MB removal: effect of (a-b) adsorbent dosage and temperature (c-d) pH and temperature

(e-f) pH and adsorbent dosage.

to optimize the percentage removal of methylene blue dye on CaO-
ES@GO and CaO-FB@GO. The design expert software was used to
select the optimal conditions for the process, which were determined to
be a pH of 8.55, an adsorbent dosage of 0.42, and a temperature of
318 K. The desirability of the process was set at 0.980. The MB removal
onto CaO-ES@GO and CaO-FB@GO under these optimal conditions was
found to be 96.79% and 93.82%, respectively. To confirm the applica-
bility and suitability of the process, confirmatory experimentation was
done in triplicate using the selected optimal variables. The values ob-
tained for the percentage MB removal by CaO-ES@GO and CaO-FB@GO
were 97.42% and 94.75%, respectively. The good synergy between the
percentage MB removal values as predicted by the software and the
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experimental value under optimum conditions suggests the applicability
of CCD for MB adsorption.

4. Conclusions

This study confirms the successful preparation of effective and sus-
tainable eggshell and fishbone calcium oxide nanoparticles (CaONPs-ES
and CaONPs-FB) loaded onto graphene oxide (CaONPs-ES@GO and
CaONPs-FB@GO) via sol-gel and hydrothermal methods for the treat-
ment of MB in aqueous environments. The successful loading of CaONPs
on the GO surface was confirmed by SEM/EDX, XRD, FTIR, BET, and
XPS techniques. SEM/EDX analysis revealed well-distributed CaO
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nanoparticles on the GO surface. The mesoporous BET surface areas of
synthesized CaONPs-ES@GO and CaONPs-FB@GO were 121 and
108 m?/g, providing abundant adsorption sites for MB remediation.
Various isotherm models were fitted to the equilibrium adsorption data
of MB onto CaONPs-ES@GO and CaONPs-FB@GO, but the Redlich-
Peterson model best represented the adsorption process, suggesting a
combination of monolayer and multilayer adsorption predominantly
dominated by multilayer adsorption on heterogeneous surfaces. The
adsorption process behavior followed the pseudo-second order kinetic.
Thermodynamics revealed that the adsorption process was primarily
physical, spontaneous, and exothermic. Adsorption mechanism studies
suggested that MB interaction with CaONPs-ES@GO and CaONPs-
FB@GO was governed by n-n interaction, hydrogen bonding, pore-
filling, and electrostatic interaction. Reusability tests revealed that
nanocomposites demonstrated good performance (>70%) for MB
treatment even after 10 successive cycles, making them suitable for
practical applications. Cost analysis showed that CaONPs-ES@GO and
CaONPs-FB@GO nanocomposites are economically viable for large-
scale MB treatment applications. Optimum variables of temperature
(318 K), adsorbent dosage (0.42 g/L), and pH (8.55) predicted by the
model resulted in MB removal percentages of 97.42% and 94.75% for
CaONPs-ES@GO and CaONPs-FB@GO, respectively. The agreement
between predicted and experimental MB removal demonstrated the
suitability of employing CCD, an aspect of RSM, for statistical analysis.
In conclusion, synthesized CaONPs-ES@GO and CaONPs-FB@GO
exhibited good thermal and structural stability, regenerability, reus-
ability, and cost-effectiveness, making them promising and sustainable
adsorbents recommended for industrial applications.
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