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One of the urgent global problems demanding effective mitigation strategies is the pollution caused by organic
dyes and metal ions like methylene blue and lead (II) ions. In recent times, the increasing applications of nickel
oxide nanoparticles in biomedicine, catalysis, sensors in optoelectronic materials, and the prevention of envi-
ronmental pollution have attracted researchers’ interest across the globe. Herein, Psidium guajava leaves extract
was utilized to synthesize green nickel oxide nanoparticles (PG-NiONPs). Surface and analytical techniques were
employed to characterize PG-NiONPs and were thereafter applied to remove methylene blue and lead (II) ions
from wastewater. The results revealed the quantified presence of phytochemicals such as alkaloids, phenols,
tannins, flavonoids and saponins in the Psidium guajava leaves extract. The prepared PG-NiONPs revealed a
crystalline phase, functional groups, mesoporous and microstructural arrangements typical of nickel oxide
nanoparticles. The surface area of PG-NiONPs was obtained as 85.40 m?/g. The best ultrasonic-assisted
adsorption of MB and Pb(II) ions was achieved at pH values of 6 and 5 for MB and Pb(II), a contact time of
60 min, an adsorbent mass of 40 mg/L, and a temperature of 50 °C, respectively. The maximum MB and Pb(II)
adsorption capacities of 495.58 and 508.56 mg/g were evaluated. The experimental data corroborated with the
pseudo-second-order and Toth isotherm models. The adsorption of MB and Pb(II) over green PG-NiONPs was a
thermodynamically spontaneous process. The PG-NiONPs indicated good recyclability with high stability even
after 8 adsorption cycles. Overall, the PG-NiONPs is a potential adsorbent for improved toxic dyes, metal ions and
other scavengers removal from wastewater.

Sagadevan et al., 2022). According to a recent study, roughly 10,000
different types of commercial dyes totalling 700,000 tons are manu-

1. Introduction

The health of the global environment is heavily burdened by
industrialization and population increase. Consequently, there is an
alarming increase in the discharge of untreated developing contami-
nants such as dyes and metal ions into water sources from the textile,
battery, electroplating, and ceramic industries (Kovo et al., 2023;

factured worldwide each year (Noukelag et al., 2021; Tran et al., 2022).
Dyes and metal ions discharged into the environment from textile and
battery industries, including methylene blue (MB) and lead (Pb)(Il), are
highly toxic, environmentally persistent, carcinogenic, and mutagenic,
thereby endangering the ability of aquatic animals to reproduce and
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thrive (Lingamdinne et al., 2020, 2016; Sagadevan et al., 2022). Dye-
contaminated wastewater hinders direct sunlight penetration and in-
creases surface waters’ abnormal coloration (Egbosiuba, 2022a; Egbo-
siuba, 2022¢; Lingamdinne et al., 2018). Skin and eye injuries can result
from exposure to MB while ingesting it directly can induce a fast heart
rate, vomiting, digestive problems, tissue necrosis, and nausea (Adel
et al., 2022; Egbosiuba et al., 2020a; Egbosiuba et al., 2020b). On the
other hand, wastewater containing heavy metal ions, such as Pb(Il),
seriously pollutes the environment. Chronic exposure to lead pollution
can have negative effects on human health, including nervous disorders,
memory loss, plumbism, nausea, diarrhea, convulsions, cardiovascular
problems, brain abnormalities, and even death (Egbosiuba et al., 2022;
Lingamdinne et al., 2023; Lingamdinne et al., 2022). Therefore, it is
critically necessary to enhance wastewater treatment technology to
effectively separate MB and Pb(II) from wastewater.

Several purification techniques, including improved oxidation
(Khare et al., 2021), ion exchange (Khare et al., 2021), membrane
technology (Mustapha et al., 2023), coagulation (Onukwuli et al., 2021),
photocatalysis (Tijani et al., 2022; Tijani et al., 2021), biodegradation
(Ahmed et al., 2021), and adsorption (Sagadevan et al., 2022) approach,
have been reported for the efficient removal of organic dyes and heavy
metals from wastewater. Given their affordability, ease of reuse, and
environmental friendliness, adsorption is the most extensively utilized
method (Roy et al., 2022). The development of an adsorbent with a good
adsorption performance, practical application potential, high stability,
and significant regeneration capacity is very vital in adsorption tech-
nology (Kavand et al., 2020). Particularly, the limited adsorption ca-
pacity of the adsorbents lengthens the removal time and increases the
costs of operation. In addition, the lack of adsorption site availability on
the adsorbent surface surrounding is the primary limiting factor
resulting in low adsorption capacity (Uko et al., 2022). Before now,
biochar, activated carbons, zeolites, metal-organic frameworks, nano-
particles, and nanocomposites are just a few of the effective materials
that have been developed by researchers to remove dyes molecules and
metal ions by adsorption processes (Egbosiuba, 2022a; Egbosiuba,
2022¢c; Gomez-Avilés et al., 2022; Tao et al., 2022). These adsorbents
have recorded good adsorption performance, but a certain amount of
hazardous chemicals are needed for the synthesis of the adsorbent ma-
terials, thus raising the danger of secondary pollution (Tran et al., 2022).
Consequently, the environmentally friendly production of nanoparticles
has drawn a lot of interest (Tran et al., 2022). Numerous studies sug-
gested that natural components of plant extracts could function as
reducing and stabilizing agents during the synthesis of nanoparticles (Ali
et al., 2022; Riaz et al., 2022).

Psidium guajava (Guava) plant belongs to the Myrtaceae family and is
grown principally in tropical areas such as India, Indonesia, South
America, Pakistan, and Nigeria due to its different medicinal and
nutritive benefits. Different parts of the guava plant, including leaves,
roots, stems, bark, shoots, and fruits, have been employed for ethno-
medicinal purposes, especially in treating dysentery, hypertension,
stomach ache, diabetes, gastroenteritis, diarrhea, and pain relief (Eke-
leme et al., 2017). Psidium guajava leaves are characteristically dark
green in colour, with an oval, elliptical, and obtuse-type apex. Among all
the parts of Psidium guajava, leaves are the largest accumulators of
bioactive compounds of secondary metabolites. Although Psidium gua-
java leaves are considered agricultural waste, their extracts are a rich
source of phytochemicals. Furthermore, the phytochemical screening
undertaken by previous researchers has disclosed that Psidium guajava
contains bioactive compounds such as alkaloids, flavonoids, tannins,
phenolics, saponins, terpenoids and glucosides (Kumar et al., 2021;
Oncho et al., 2021). In nanotechnology applications, the biomolecules
serve as a reducing and stabilizing agent in the green synthesis of
metallic nanoparticles. For instance, Psidium guajava leaf extract was
used to synthesize silver nanoparticles for antibacterial activity (Ven-
ugopal, 2017). In 2021, Zayed et al. (Zayed et al., 2021) prepared zinc
oxide nanoparticles using Psidium guajava leaves extract which was

Environmental Nanotechnology, Monitoring & Management 20 (2023) 100818

subsequently doped with chitosan for the coating of cotton fabrics. In
addition, a monoclinic symmetry of copper oxide nanoparticles with a
particle size of ~ 33 nm was prepared using Psidium guajava leaves
extract (Varughese et al., 2020).

At the moment, the production of nickel oxide nanoparticles through
a green method is increasingly attracting interest. Even though different
plant extracts were used to make green nickel oxide nanoparticles, their
specific uses were either not described or were only briefly mentioned in
the literature. For instance, Zhang et al. (Zhang et al., 2021) prepared
cubic and spherical nickel oxide nanoparticles of 9.1 nm from Eichhornia
crassipes extract for fermentative hydrogen production. In another study,
nickel oxide nanoparticles of 9.6 nm average size were synthesized by a
green procedure using medicinal flower extract of Clitoria ternatea for
antibacterial and photocatalytic degradation application (Prabhu et al.,
2022). Also, nickel oxide nanoparticles were developed by an environ-
mentally friendly method using orange leaf extract for biomedical ap-
plications and antibacterial activity (Khodair et al., 2022). Another
study prepared cubic structural spherical nickel oxide nanoparticles of
an average diameter of 10 to 15 nm using Zea mays lea silk aqueous
extract for electrochemical energy storage device applications (Nwanya
et al., 2020). However, these studies utilized the prepared nickel oxide
nanoparticles for photocatalytic, biomedical, antibacterial and electro-
chemical sensing purposes. As a result, expanding the applications of
green synthesized nickel oxide nanoparticles in the adsorptive removal
of dyes and metal ions from the environment is critical. To the best of
our knowledge, this is the first study to report the green synthesis of
nickel oxide nanoparticles using Psidium guajava leaf extract for the
mitigation of methylene blue and lead (II) ions from wastewater.

In this study, the phytochemical constituents of Psidium guajava leaf
extract were determined qualitatively and quantitatively for the bioac-
tive compound’s capacity as a reducing, capping, and stabilizing agents.
The Psidium guajava leaves extract was used to facilitate the green syn-
thesis of nickel oxide nanoparticles in the present work. The bio-
molecules such as alkaloids, phenols, tannins, flavonoids, saponins and
terpenoids prevent the aggregation of nickel oxide nanoparticles and
enhance the surface area and functionality of the nanoparticles. The
prepared nickel oxide nanoparticles were also characterized using X-ray
diffraction, Fourier transform infrared spectroscopy, high-resolution
scanning electron microscopy, Energy-dispersive, high-resolution
transmission electron microscopy, Thermogravimetric, and Brunauer
Emmett Teller methods. In the adsorptive removal of methylene blue
and lead (II) ions, the effect of pH, contact time, nanoadsorbent mass,
and temperature were investigated. The nature of the dye and metal ion
adsorption was clarified using the kinetic, isotherm, and thermodynamic
models. The recyclability and the stability of the nanoadsorbent were
also evaluated, while the adsorption mechanisms were also proposed in
this work.

2. Materials and methods
2.1. Materials

The chemicals used in this study are sodium hydroxide (NaOH),
tetraoxosulphate (VI) acid (H3SO4), nitric acid (HNOs), nickel chloride
hexahydrate (NiCly-6H50), methylene blue (MB) and lead (II) ions,
purchased from Sigma Aldrich, Lagos Nigeria. All the chemicals were of
analytical grade (percentage purity range of 95-99.9 %) and were used
as received without further purification. Distilled water was used in this
study for all solution preparations. Guava (Psidium guajava) leaves were
obtained from Neni, Anaocha Anambra State, Nigeria.

2.2. Methods
The detailed experimental techniques used in the biosynthesis of

nickel oxide nanoparticles, characterization of the nanoparticles, eval-
uation of Methylene blue (MB) and lead (II) ions concentration in
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wastewater and batch adsorption study to effectively remove the dye
molecules and metal ions pollutants from wastewater are described in
the following section.

2.2.1. Preparation of Psidium guajava (PG) leaves extract

Fresh guava leaves, Psidium guajava (PG, 100 g), were cleaned with
deionized water to eliminate dust and surface pollutants before being
dried in the laboratory for 14 days at ambient temperature (25 to 30 °C).
An electric blender (Century, 1406) was used to grind the dried PG
leaves into powder before the determination of the phytochemical
constituents of PG leaves extract. Biomolecules such as flavonoids, sa-
ponins, alkaloids, steroids, tannins, and terpenoids that function as
reducing and stabilizing agents were evaluated qualitatively and quan-
titatively using standard procedures reported elsewhere with minor
modifications (Bouabid et al., 2020; Egbosiuba et al., 2021a; Kunatsa
et al., 2020).

To make the PG leaf extract, 25 g of powdered PG leaves samples
were weighed into a 1000 mL conical flask with 250 mL deionized water
and heated on the magnetic stirrer (150 rpm) for 20 min at 80 °C to
liberate the phytochemicals from the leaves tissues. After that, the
sample was allowed to cool to ambient temperature before being filtered
through the Whatman number 1 filter paper. The filtrate was labelled
PG-extract and kept refrigerated until further use to avoid any detri-
mental effects on the extract.

2.2.2. Green synthesis of nickel oxide nanoparticles

Initially, 5.94 g nickel chloride hexahydrate (NiCly-6H20, 0.1 M) was
measured into a 500 mL conical flask holding 250 mL deionized water to
make nickel oxide nanoparticles. To obtain a homogeneous solution, the
mixture was repeatedly agitated. The salt solution was then placed on a
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magnetic stirrer (150 rpm) at 60 °C to reach a consistent temperature
before adding 25 mL of PG-extract. The pH of the iron salt and PG-
extract mixture was then adjusted to 8 by adding 5 mL NaOH (0.5 M)
dropwise and allowing it to stable for 30 min. Following that, the color
of the reaction mixture changed from dark green to brown, suggesting
the formation of nickel oxide nanoparticles. After cooling to ambient
temperature, the mixture was washed numerous times with ultra-pure
water and ethanol to produce a pH of approximately 7. Finally, the
mixture was filtered using Whatman no. 1 filter paper, and the resulting
residue was dried in an oven at 105 °C for 12 h. To eliminate residual
moisture, impurities, and chlorides, the dried nickel oxide nanoparticles
were calcined in a muffle furnace at 600 °C for 6 h. The produced nickel
oxide nanoparticles were labelled PG-NiONPs and stored in an airtight
bottle until they could be characterized and used in adsorption tests. The
preparation procedures for PG-NiONPs are schematically described in
Fig. 1.

2.2.3. Characterization of PG-NiONPs

The structure and phase of PG-NiONPs were determined by X-ray
diffraction (XRD) examination on a Shimadzu Scientific, 6000 utilizing
Cu-Ka radiation at 1.5406 nm. In addition, the functional groups present
on the PG-NiONPs were determined using Fourier transform infrared
spectroscopy (FTIR, PerkinElmer, UK). Using high-resolution scanning
electron microscopy (HRSEM, Zeiss Auriga, UK) and high-resolution
transmission electron microscopy (HRTEM, Zeiss Auriga, UK), the sur-
face morphological and microstructural features of the PG-NiONPs were
further evaluated. Thermogravimetric analysis was used to determine
the thermal stability of the generated iron oxide nanoparticles (TGA,
Q600, USA). The surface areas and porous architectures of the PG-
NiONPs were also investigated using the Brunauer Emmett Teller
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Fig. 1. Schematic representation of the green synthesis of PG-NiONPs. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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(BET, NOVA4200e, Quantachrome UK) method.

2.2.4. Analysis of MB and Pb(II) ion

Herein, textile and battery industry wastewater were procured from
the industrial clusters at Nnewi, Anambra, Nigeria. The MB and Pb(II)
concentrations in the wastewater were determined as 52 and 34 mg/g
using a PerkinElmer UV-Vis spectrophotometer at a wavelength of 664
nm and atomic adsorption spectrometry (AAS, PG 990, PG Instruments,
UK). In addition, a 1000 mg/L stock solution of MB and Pb(II) ions was
prepared to achieve serial dilutions to the initial concentrations of 20,
50, and 100 mg/L used in this study. Overall, the supernatants were
prepared in the ultrasonic bath (SB25-12DT, Scientz) before being
filtered through the Whatman grade 1 filter paper. Thereafter, the re-
sidual concentrations of the MB and Pb(II) in the filtrate were assessed
using a UV-Vis spectrometer and the AAS technique.

2.2.5. Batch adsorption study

Using the following approach, the ultrasonic-assisted adsorption
performance of PG-NiONPs for MB and Pb(II) ions was investigated
under the influence of pH, contact time, nanoadsorbent mass, and
temperature. By measuring 5 mg/L of PG-NiONPs into a conical flask of
250 mL containing 100 mL of the MB/Pb(II) solution at a contact time
and temperature of 20 min and 25 °C, the pH of the solution was
adjusted in the range of 2 to 10 using 1 M HCl and 1 M NaOH. The
mixture was agitated using an ultrasonic bath (250 rpm) to achieve an
adequate adsorption process. Thereafter, the PG-NiONPs were removed
from the solution, filtered using Whatman grade 1 filter paper, and the
filtrate was analyzed using a UV-Vis spectrophotometer and AAS
method for the residual concentrations of MB and Pb(II) ions, respec-
tively. Specifically, Eq. (1) was used to calculate the removal efficiency
(R, %) of PG-NiONPs towards MB/Pb(II), whereas Eq. (2) was used to
calculate the equilibrium adsorption capacity (qe, mg/g) (Bhaumik
et al., 2021).

R (%) = (COC_ Ce)x 100 )

0

q. (mg/g) = <ﬁ) xV 2

m

where Cy (mg/L) and C. (mg/L) are the initial and equilibrium con-
centrations of MB and Pb(II), respectively, and V (mL) and m (mg/L) are
the volume of MB/Pb(II) solution used and the amount of PG-NiONPs,
respectively.

The effects of other adsorption parameters, such as contact time (10,
20, 30, 40, 50, 60, 90, 120, 180, and 240 min) at various initial con-
centrations of MB/Pb(II) solution (50, 75, and 100 mg/L) and nano-
adsorbent mass (5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 mg/L) at
different temperatures (30, 40, and 50 °C) on the adsorption process,
were also investigated using the same procedure reported earlier The
adsorption data were replicated three times for each parameter adjust-
ment to ensure repeatability.

Adsorption kinetic (pseudo-first order, pseudo-second order, and
Elovich) models, adsorption isotherm (Langmuir, Freundlich, and
Temkin) models, and adsorption thermodynamics were used to match
the data from batch tests.

2.2.6. Recyclability and stability

The cycle performance of nickel oxide nanoparticles was assessed
using adsorption—-desorption assays, which involved introducing 40 mg/
L of PG-NiONPs to a 100 mg/L of MB/Pb(II) solution and stirring
continuously at 150 rpm for 3 h at 50 °C. To evaluate the cycle perfor-
mance, the reusability of nickel oxide nanoparticles was tested using 1 M
each for both NaOH and HCl with 8 repetitions. The desorption effi-
ciency (DE) of the nanoadsorbents was calculated using Eq. (S1) (Tao
et al., 2022).
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2.2.7. Statistical data analysis

The coefficient of determination (RZ) and the chi-square (y?) are
mathematically indicated in Egs. (3) and (4) (Wang and Guo, 2020)
were used to further validate and compare the accurate fitting of the
experimental data to the isotherm and kinetic models.

RZ — Z (qmcan _ qcal)2 (3)
3 (Gea = Gmean)” + 3 (Gear = Gesy)
2 _ (qexp - qca])2
= @
cal

3. Results and discussion
3.1. Phytochemical study of Psidium guajava

The PG extracts were subjected to qualitative and quantitative
phytochemical screening as shown by the results presented in Table 1.
According to the results, the phytochemical analysis indicates that crude
PG-extracts contain biomolecules such as alkaloids, phenols, tannins,
flavonoids, terpenoids and glucosides. Carbohydrates, phytosterol and
steroids were not present in the PG extract (Table 1). A higher compo-
sition of phenols (90.16 + 0.03) was identified, followed by saponins
(90.16 £ 0.03), flavonoids (28.55 4 0.03), alkaloids (25.48 + 0.01),
tannins (16.22 + 0.02) and terpenoids (5.40 + 0.02). Phytoconstituents
found in biomolecules such as alkaloids, phenols, flavonoids, saponins,
tannins, and terpenoids found in Psidium guajava leaves extracts work as
reducing and stabilizing agents. Plant leaf extract plays a significant part
in metal and metal oxide synthesis because it contains a variety of
phytochemicals which are important for initiating, accelerating, and
completing the green synthesis of nanoparticles. Similar functions had
earlier been reported in the literature on the phytochemicals of plant
extracts (Doan et al., 2020; Fernandez et al., 2020; Karpagavinayagam
et al., 2020).

3.2. Characterizations of PG-NiONPs

3.2.1. Crystalline structure analysis

The crystalline structure and phase characteristics of PG-NiONPs
nanoadsorbents were examined by X-ray diffraction (XRD) technique
and shown in Fig..2a. The results of the experimental diffractogram of
PG-NiONPs were matched with the database of XRD. According to
Fig..2a, the characteristic diffraction peaks were identified at the 2 Theta
of 37.26°, 43.26°, 62.93°, 75.63° and 79.74° which were assigned to the
crystal planes (111), (200), (220), (311) and (222).

Overall, the PG-NiONPs indicated face-centred cubic (FCC) crystal-
line structure of nickel oxide (Bunsenite) nanoparticles(JCPDS Card no.
047-1049) (Ezhilarasi et al., 2020; Gebretinsae et al., 2019). It is evident
from the characteristic peaks of the XRD patterns that impurities such as
Ni(OH); were detected, thereby indicating the formation of pure
monophasic nickel oxide nanoparticles. Particularly, the Debye-Scherrer

Table 1
Phytochemical analysis of Psidium guajava leaves extract.

Phytochemical Qualitative Quantitative (mg/g)
Alkaloids ++ 25.48 + 0.01
Phenols +++ 90.16 + 0.03
Carbohydrates - Nd

Tannins ++ 16.22 + 0.02
Phytosterol - Nd
Flavonoids +++ 28.55 + 0.03
Saponins +++ 30.62 + 0.01
Terpenoids + 5.40 + 0.02
Steroids - Nd
Glucosides + 2.42 +0.04

Key: Present = +; Absent = -; Nd = Not determined.
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equation shown in Eq. (S2) was applied to evaluate the average crys-
tallite of the PG-NiONPs (Lingaraju et al., 2020). The result revealed that
the average crystallite size of 21.20 nm was confirmed, indicating the
nanoscale dimensions of the nickel oxide nanoparticles.

3.2.2. Functional group analysis

The functional group spectrum present on the PG-NiONPs was con-
ducted using FTIR Spectroscopy to validate the nature and purity of the
nanoparticles as shown in Fig. 2b. The results indicate the occurrence of
absorption peaks within the range of 400 to 4000 cm™'. Overall, the
FTIR peaks were detected at 470, 1092, 1600, 3172 and 3668 em ™},
respectively, indicating the vibrational modes in the produced nano-
particles. Correspondingly, the peak occurrence at 470 cm™' was
assigned to the stretching vibration of Ni-O, which indicate the nano-
scale range of the width of crystals of bunsenite nickel oxide nano-
particles phase (Fernandez et al., 2020; Ghazal et al., 2020). The broad
absorption peak at 1092 cm ™! showed correspondence to the stretching
vibration of C-O bonds due to the presence of the phenolic groups from
the PG extract and the precursor salt (Goel et al., 2020). Particularly, the
peak occurrence at 1600 cm ™! may be attributed to the C = O stretching
and H-O-H bending that is associated with the carbonyl groups and
chloride ions absorption from water in the air during the calcination
process (Ghazal et al., 2020). The vibration band identified at 3172
cm ™! was linked to the O-H stretching of the carboxyl groups. Similarly,
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the FTIR peak at 3668 cm ™! corresponds to the stretching vibrations of
O-H attributed to the hydroxyl groups due to the presence of water
molecules (Fernandez et al., 2020; Goel et al., 2020).

3.2.3. Morphological analysis

The structural morphology of PG-NiONPs was conducted using
HRSEM and the result is shown in Fig. 2c. As can be seen from the result,
a cylindrical and rod-like surface shape was obtained. The obtained
morphology may be influenced by numerous parameters such as solvent
preference, capping agents, and experimental conditions of temperature
and time, which may be related to the reaction mechanism (Fernandez
et al., 2020). The self-aggregation of nickel oxide nanoparticles may be
due to the collective behaviour of electrostatic interactions and Vander
Waals forces (Zahra and Ahmad, 2020). The form and size of the nickel
oxide nanoparticles may be impacted by the nature of the extract and the
concentration of the capping agents (Ezhilarasi et al., 2020; Goel et al.,
2020). Therefore, the green synthesis approach and the utilized PG
extract favoured the successful synthesis of nickel oxide nanoparticles
with a rod-like and cylindrical architecture. The morphological repre-
sentation of the PG-NiONPs revealed an average particle size of 20.96
nm which aligned in the nanoscale range. Notably, the result of PG-
NiONPs particle size obtained from the HRSEM showed agreement
with the XRD analysis in Fig. 2a. Furthermore, elemental distributions
present in the produced PG-NiONPs were established using energy
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dispersive X-ray spectrometer (EDX) analysis as shown in Fig. 2d.
Overall, the EDX result showed the elemental compositions of Ni
(55.57%), O (33.41%), C (10.50%) and K (0.52%). Hence, the appear-
ance of Ni and O was predominant, followed by C and K. The EDX result
of the elemental analysis confirmed the fabrication of smooth, layered,
aggregated and irregularly dispersed nickel oxide nanoparticles. In all,
particle sizes of 16 and 23.21 nm were reported by Ghazal et al. and
Karpagavinayagam et al. for nickel oxide nanoparticles (Ghazal et al.,
2020; Karpagavinayagam et al., 2020).

3.2.4. Microstructural analysis

The produced nanoparticles powder was slightly agglomerated with
a degree of sharp edges, as seen in a typical HRTEM image of PG-NiONPs
in Fig. 3a. Surprisingly, the SAED pattern of PG-NiONPs displayed in
Fig. 3b exhibited multiple strongly defined diffraction rings attributed to
the distinct crystallographic planes of (111), (200), (220), (311), and
(312). (222).

This observation was verified by the XRD data, which showed that
the generated PG-NiONPs had a high degree of polycrystallinity. In
Fig. 3c, the results of the particle size distribution of PG-NiONPs are
shown, with an average mean particle size of 21 + 0.52.
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3.2.5. Thermal stability tests

Thermogravimetric analysis (TGA) and derivative mass (DTA) loss
were used to determine the thermal stability of PG-NiONPs, as shown in
Fig. 3d.

The given results showed that mass loss happened in three stages in
the temperature ranges of 50 to 300 °C, 300 to 352 °C, and 352 to
485 °C. The first 2.29% weight loss happened quickly between 50 and
300 °C, with a concentrated endothermic peak at 100 °C that corre-
sponds to the volatilization of water (Du et al., 2022b). Weight loss of
28.06% was found between the temperatures of 300 and 352 °C, with a
centred endothermic peak at 334 °C. The thermal disintegration of Ni
(OH); in line with Ni(OH); — NiO + H,0 was attributed to the weight
loss at this temperature zone (Fernandez et al., 2020). At the centred
endothermic peak of 441 °C during the last decomposition stage (352 to
485 °C), a mass decomposition of 43.51% was observed. The identified
loss in mass may be attributed to the decomposition of different oxygen-
containing groups on the surface of nickel oxide nanoparticles (Du et al.,
2022b; Fernandez et al., 2020). Besides, mild weight loss in the range of
485-900 °C might be related to the degradation of more stable func-
tional groups of samples.
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Fig. 3. (a) HRTEM image of PG-NiONPs; (b) SAED image of PG-NiONPs; (c) particle size distribution of PG-NiONPs; (d) TGA of PG-NiONPs and (e) N, adsorp-

tion—desorption isotherms of PG-NiONPs with the pore size distribution.
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3.2.6. Surface properties

The N adsorption approach was used to get the specific surface areas
(BET), pore volume, and pore size of PG-NiONPs to better understand
their surface architecture. In Fig. 3e, the nitrogen adsorption-desorption
isotherms of PG-NiONPs suggested a type IV isotherm. The hysteresis
loop was also visible without parallel representation at intermediate
high pressure, which corresponded to the mesoporous structure of PG-
NiONPs. The two branches of the nickel oxide nanoparticles’ hystere-
sis loop were separated, indicating efficient surface qualities appropriate
for adsorption experiments. PG-NiONPs had a surface area of 85.40 m?/
g, a pore volume of 0.37 cm®/g, and a pore size of 18 nm, respectively.
By improving the removal of dyes and heavy metals contaminated
wastewater, the surface characteristics of nanoparticles give informa-
tion on the availability of interfacial area and binding sites for the
occurrence of nanoadsorbent-adsorbate interaction (Bhaumik et al.,
2021). Importantly too, the obtained pore size for PG-NiONPs is in the
range of 2 to 50 nm, indicating that the prepared nanoparticles are
mesoporous. Overall, the XRD, FTIR, HRSEM, and HRTEM results
corroborated the surface properties characterization results of the PG-
NiONPs, indicating successful green synthesis of nickel oxide nano-
particles using PG-extract.

3.3. Adsorption studies

In this adsorption study, the adsorption performance of MB and Pb
(II) ions was systematically conducted using PG-NiONPs. The batch
experiments examined the influence of various parameters such as; so-
lution pH, contact time, nanoadsorbent mass and temperature on the
removal of MB molecules and Pb(II) ions by PG-NiONPs in a conical flask
using the working volume of 100 mL. The data from these experiments
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were utilized for the kinetics, isotherm and thermodynamics analysis.

3.3.1. Impact of solution pH

Overall, pH is a key adsorption parameter influencing the removal of
dyes and heavy metals by introducing change in the nanoadsorbents
surface charge, ionization degree of functional groups and adsorbate
speciation (Egbosiuba and Abdulkareem, 2021). Under various pH
conditions, PG-NiONPs exhibited different MB and Pb(II) adsorption
capacities, indicating that the existence of the adsorbates in aqueous
solutions shows a close relation to pH values. As displayed by the so-
lution pH results shown in Fig. 4a, the adsorption capacity of MB by PG-
NiONPs increased from 52.40 to 205.22 mg/g in the pH range of 1 to 6.
Further increment in the pH beyond 6 progressively declined the
adsorption capacity to 171.20 mg/g at pH 10. On the other hand, Pb(II)
adsorption capacity increased from 75.25 to 226.45 mg/g at the pH
range of 1 to 5. Beyond the pH of 5, the adsorption capacity of Pb(II)
decreased significantly to 205.25 mg/g at a pH of 10. The trend of the
observed results of MB and Pb(II) adsorption at lower pH values may be
linked to the competition for the active sites of adsorption between the
adsorbates and the protons (H) (Yimin et al., 2018). However, as the
pH increases, the formation of hydroxide (OH") ion enhances electro-
static attraction between the adsorbates and the nanoadsorbent.

The determination of the pH point of zero charges (pHpzc) was
conducted to explore the reason for the variation of adsorption capacity
with pH using the method reported elsewhere with a little modification
(Mustapha et al., 2022) and the result shown in Fig. 4b. Accordingly, the
corresponding pHpyzc was obtained as 4.0, indicating that PG-NiONPs is
positively charged at pH lower than 4.0 and negatively charged at pH
higher than 4.0. Thus, the positive surface charge of the PG-NiONPs at
low values of the pH inhibits the uptake of MB and Pb(II) due to
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protonation leading to electrostatic repulsion between the positively
charged nanoadsorbent and the adsorbate (Uko et al., 2022). However,
at a higher pH value above 4.0, the adsorption of MB and Pb(II)
increased significantly due to the deprotonation of functional surface
groups (Wang et al., 2022a). As such, higher adsorption of MB and Pb(II)
may be attributed to the electrostatic attraction between the negatively
charged surface of PG-NiONPs and the positively charged adsorbates.
The observed adsorption capacities of 171.20 and 205.25 mg/g for MB
and Pb(II) at pH of 10 indicate that electrostatic attraction is not the only
adsorption mechanism, but others such as pore filling, hydrogen
bonding and 7n-n interaction may also be responsible. In the current
study, further MB and Pb(II) adsorption experiments were performed at
optimal pH values of 6 and 5 were used.

3.3.2. Impact of contact time

At varying MB and Pb(II) concentrations of 50, 75, and 100 mg/L,
the influence of contact duration on the adsorption capacity of MB and
Pb(II) by PG-NiONPs was investigated from 5 to 300 min. The results
shown in Fig. 4c indicate that the MB and Pb(II) adsorption increased
quickly during the first 30 min, then gradually increased until 60 min
when equilibrium was reached. Particularly, the adsorption capacity of
PG-NiONPs for MB increased from 118.50 to 227.50 mg/g, 165.20 to
311.15 mg/g and 204.50 to 394.00 mg/g at the initial dyes concentra-
tions of 50, 75 and 100 mg/L. On the other hand, the adsorption of Pb(II)
ion onto the PG-NiONPs at the initial metal ion concentrations of 50, 75
and 100 mg/L further increased from 139.43 to 270.88 mg/g, 183.00 to
358.50 mg/g and 264.15 to 438.00 mg/g, respectively. The observed
increase in the adsorption capacities of MB and Pb(II) may be ascribed to
the surface area of PG-NiONPs, increased diffusion of MB/Pb(II) and the
binding sites accessibility of the MB and Pb(II) (Yan et al., 2022).
Remarkably, there was no noticeable increase in the adsorption capacity
of the MB/Pb(II) with a further increase in contact time up to 240 min.
This may be linked to the possible occupation and saturation of
adsorption sites on the PG-NiONPs surface (Egbosiuba, 2022b). Partic-
ularly at each contact time, the adsorption capacity of the adsorbates by
the nanoadsorbent increased as the concentration of the MB/Pb(II) so-
lutions of 50, 75 and 100 mg/L. The equilibrium time was obtained as
60 min and was used to carry out further adsorption experiments, while
the concentration of the adsorbates was regulated at 100 mg/L.

3.3.3. Impact of nanoadsorbent mass

In consideration of the treatment effectiveness of MB and Pb(II) by
PG-NiONPs, nanoadsorbent mass is a major factor that needs to be
optimized. For this purpose, the effect of nanoadsorbent mass on the
adsorption capacity of MB and Pb(II) was explored in the range of 5 to
50 mg/L at different temperatures of 30, 40 and 50 °C, respectively. The
results presented in Fig. 4d revealed that increasing the dose of PG-
NiONPs from 5 to 40 mg/L enhanced the adsorption capacity of MB
from 132.50 to 426.50 mg/g, 208.30 to 461.62 mg/g and 272.22 to
483.64 mg/g at the temperatures of 30, 40 and 50 °C, respectively. On
the other hand, the adsorption capacity of Pb(II) at the temperatures of
30, 40 and 50 °C improved visibly from 174.31 to 443.05 mg/g, 229.25
to 473.50 mg/g and 302.10 to 495.22 mg/g using PG-NiONPs mass of 5
to 40 mg/L. At 50 °C in this work, MB and Pb(II) removal efficiencies
were 96.50% and 99.00%, respectively. The availability of a significant
number of adsorption sites may be related to the efficiency of PG-
NiONPs in the removal of MB and Pb(II) (Tran et al., 2022; Yan et al.,
2022). However, it was found that the MB and Pb(II) solutions’
adsorption capacity remained constant beyond a concentration of 40
mg/L, indicating that the concentration gradient between the nano-
particles and MB/Pb(II) solutions was split as effectively as possible
(Aragaw and Alene, 2022). This may also be due to the saturation of the
adsorption limit brought on by increasing the mass of the nano-
adsorbent, which results in an inverse relationship between the
adsorption capacity per gram and the nanoadsorbent mass at a fixed
adsorbate concentration (Yadav and Dasgupta, 2022). Pb(II) ion
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displayed higher adsorption capacity values than MB at a different mass
of the nanoadsorbent and temperatures, which might be related to the
ion’s divalent nature and electronegative characteristics (Sellaoui et al.,
2019). The adsorption studies that followed employed the ideal nano-
adsorbent mass of 40 mg/L.

3.3.4. Impact of temperature

To explore the effect of temperature on the adsorption phenomenon
of MB and Pb(II) by PG-NiONPs, the study was carried out in the tem-
perature range of 25 to 50 °C and the results are displayed in Fig. 4e. As
can be seen from the results, the adsorption capacity of the MB and Pb
(II) manifested a significant increment with temperature increase.
Typically, the adsorption capacity of MB increased from 320.13 to
483.50 mg/g, while that of Pb(II) increased from 352.05 to 495.40 mg/g
in the temperature range of 25 to 50 °C. In general, this may be ascribed
to the increment in the speed of MB/Pb(II) movement in solution as the
temperature increases, thereby enhancing the diffusion of the adsor-
bates on the nanoadsorbent charged surface due to the availability of
abundant energy (Hashemzadeh et al., 2022). In all, the adsorption
process in this study is more effective at elevated temperatures.

3.3.5. Adsorption kinetics

The study of the adsorption kinetics is important to understand the
adsorption rate and the prediction of the cost-effective adsorption
mechanism of wastewater treatment design. For the adsorption of MB
and Pb(II) by PG-NiONPs, the experimental data were fitted to the
pseudo-first-order (Eq. (5)), pseudo-second-order (Eq. (6)), Elovich (Eq.
(7)) and intraparticle diffusion (Eq. (8)) models (Abdulkareem et al.,
2023; Aliyu et al., 2023; Gomez-Avilés et al., 2022; Jain et al., 2022) for
the kinetic data analysis.

q = qe(l — e”‘") 5)
kzqzl
= —~fe 6
e 1 + kog.t ©®
1
q = B In(1+ apt) 7
q = kpt* +C (8)

where q t and q e (mg/g) represent the amounts of MB and Pb(II) ions
adsorbed at equilibrium over a set length of time. The constant rates for
pseudo-first order, pseudo-second order, initial adsorption rate, and
intraparticle diffusion are denoted by the symbols k; (1/min), ko (mg/g
min), « (g mg~! min~2) and kip, respectively. The values, p (mg g *
min~) and C (mg/g) represent the intercept and surface coverage de-
gree related to the activation energy of chemisorption.

The kinetic data for the adsorption of MB and Pb(II) on PG-NiONPs
were fitted to the pseudo-first order, pseudo-second order, Elovich and
intraparticle diffusion models for the understanding of the reaction
dynamics of MB/Pb(II) adsorption and the adsorption rate definition at
the initial MB and Pb(II) concentrations of 50, 75 and 100 mg/L as
shown in Fig. 5(a,b), while Table 2 specifically presents the evaluated
kinetic parameters and the correlation coefficients. The pseudo-second-
order kinetic model fitted the adsorption data of PG-NiONPs for MB and
Pb(II) adsorption better, indicating that the adsorption process is
chemisorption controlled and the adsorption rate defined by the number
of binding sites on the surface of the nanoadsorbent (Jain et al., 2022;
Wang et al., 2022a; Wang et al., 2022b). Furthermore, the theoretical
adsorption capacities of PG-NiONPs for MB and Pb(II) adsorption
approached the actual adsorption capacities, thereby further validating
that the behaviour of the adsorption process was best represented by the
pseudo-second-order kinetic model. Correspondingly, the pseudo-
second-order kinetic model presented the highest correlation coeffi-
cient (R?) close to unity and the lowest error values evaluated using the
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X? and SSE, respectively as shown in Table 2. The adsorption fitness
trend of the experimental data to the kinetic model followed the order;
pseudo-second order > pseudo-first order > Elovich > intraparticle
diffusion models.

More significantly, the k; and kg values decreased as the starting
concentrations of MB and Pb(Il) increased from 50 to 100 mg/L,
showing that chemisorption was not the only rate-limiting factor and
that both physisorption and chemisorption were responsible for con-
trolling the adsorption process. For the Elovich model, the parameter 1/
f suggests the available number of active sites for the adsorption of MB
and Pb(II) from wastewater. Observably from Table 2, the available
active sites increased with the elevation in adsorbate concentration.
Generally, the solid-liquid adsorption process involves three basic
stages (i) adsorbate transport from the bulk solution to the nano-
adsorbent surface, (ii) intraparticle diffusion for porous media and (iii)
film (boundary layer) diffusion for nonporous media due to the external

B VB
I Po(1D)

Electrostatic attraction

Fig. 5. Kinetic data fitting of (a) MB and (b) Pb(II)
at different initial concentrations to pseudo-first
order, pseudo-second order, Elovich and intra-
particle diffusion kinetic models at the pH (6 and
5 for MB and Pb(Il)), contact time (60 min),
nanoadsorbent mass (40 mg/L) and temperature
(30 °C); Fitting of isotherm data of (c) MB and (d)
Pb(II) at different temperatures to the Langmuir,
Freundlich, Toth, Sips and Redlich-Peterson
isotherm models (pH = 6 and 5 for MB and Pb
(II), contact time = 60 min, nanoadsorbent mass
= 40 mg/L and temperature = 30 °C).

mass transport (Jain et al., 2022; Wang et al., 2022a; Wang et al.,
2022b). The results on the intraparticle diffusion revealed a significant
correlation coefficient and a non-zero intercept value, thus indicating
that this model may not suitably define the kinetics and rate-controlling
mechanism of MB and Pb(II) adsorption by PG-NiONPs. Noticeably, the
demonstration of the multi-linear plots of the kinetic data suggests that
the external mass transport of boundary layer diffusion influenced the
early stages of the adsorption process, while the later progressive
adsorption stage was dominated by an intraparticle diffusion process.

3.3.6. Adsorption isotherm

Adsorption isotherms provide important information relating to the
surface properties of the nanoadsorbent, the adsorption mechanisms and
the nanoadsorbent-adsorbate interaction. The MB and Pb(II) adsorption
isotherms on PG-NiONPs were investigated at temperatures of 30, 40
and 50 °C, respectively. In addition to the two-parameter models,
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Table 2
Estimated kinetic model parameters of MB and Pb(II) ion adsorption using PG-NiONPs.
Adsorbate
Kinetic model Parameters MB Pb(II)
Initial dye concentration (ing/L) Initial metal ion concentration (mg/L)
50 75 100 50 75 100
e, exp (Mg/8) 227.88 £+ 0.06 311.50 £+ 0.07 394.47 £+ 0.05 271.15 + 0.08 351.24 £+ 0.04 438.10 £+ 0.10
Pseudo-first order Qe, cal (Mg/g) 245.43 £ 0.09 336.73 £ 0.08 425.67 + 0.09 294.44 £+ 0.05 388.69 + 0.06 466.01 £+ 0.09
K; x 10% (1/min) 5.15 £+ 0.02 3.47 £ 0.02 2.89 + 0.01 4.28 + 0.02 2.84 £ 0.01 3.31 £ 0.03
X2 115.54 170.20 318.25 232.441 180.16 170.66
SSE 1039.89 1531.78 2864.24 2091.97 1621.47 1535.93
R? 0.977 0.982 0.979 0.968 0.985 0.990
Pseudo-second order qe (mg/g) 226.67 + 0.03 310.11 £+ 0.04 392.57 £+ 0.08 272.12 £+ 0.06 356.34 + 0.07 433.96 + 0.08
Kz (g mg_1 min~1) 0.08 £ 0.02 0.07 £ 0.01 0.07 £ 0.03 0.08 £+ 0.03 0.07 £ 0.02 0.09 £ 0.01
x2 2.15 18.35 7.26 17.61 11.76 52.42
SSE 19.36 165.19 65.32 158.50 105.88 471.80
R? 0.999 0.998 0.999 0.998 0.999 0.997
Elovich a(g mg71 minfz) 691.70 + 0.08 640.64 + 0.10 1033.58 £ 0.13 844.65 + 0.12 547.64 + 0.09 3695.16 + 0.11
p (mg g71 minfl) 0.04 £ 0.01 0.02 + 0.01 0.02 £ 0.01 0.03 £ 0.01 0.02 £ 0.01 0.02 £ 0.01
1/ 28.57 + 0.02 41.60 + 0.04 52.63 + 0.07 34.48 + 0.04 50.00 + 0.05 66.60 + 0.08
X2 398.42 655.98 1152.14 681.47 806.55 880.00
SSE 3585.82 5903.84 10369.29 6133.22 7258.93 7920.00
R2 0.919 0.929 0.923 0.906 0.934 0.950
Intraparticle diffusion Kip (mg/g.mino's 11.73 £ 0.01 16.39 £+ 0.02 20.47 + 0.04 13.98 + 0.02 19.20 £+ 0.03 21.90 + 0.02
C (mg/g) 98.77 + 0.02 130.43 £+ 0.05 169.03 + 0.08 119.02 £+ 0.07 145.76 + 0.08 199.96 + 0.09
X2 2393.69 4184.85 7028.98 3594.84 5275.15 8661.73
SSE 21543.24 37663.65 63260.83 32353.57 47476.38 77955.55
R? 0.518 0.548 0.528 0.503 0.571 0.508

Langmuir (Eq. (9)) (Egbosiuba et al., 2021b) and Freundlich (Eq. (10))

(Tran et al., 2022) that are most frequently employed, several three- q. = % (C)]
parameter isotherms (Toth, (Eq. (11) (Gomez-Avilés et al., 2022), Sips +KCe
(Eq. (12) (Zhang et al., 2022) and Redlich-Peterson (Eq. (13) (Wang K. 10)
et al., 2022a; Wang et al., 2022b)) were examined to explore the e = Brle
mechanism and interaction between the nanoadsorbent and the adsor- 4, K.C
bate using the following mathematical representations. g = ——— an
(I+(KCe)")
Table 3
Evaluated isotherm model parameters for MB and Pb(II) ion adsorption onto PG-NiONPs.
Adsorbate
Isotherm model MB Pb(II)
Parameters Temperature (°C)
30 40 50 30 40 50
Qum, exp (ME/8) 426.42 + 0.04 461.31 + 0.03 483.03 + 0.06 443.43 + 0.08 473.22 + 0.06 495.64 + 0.08
Qqm (mg/g) 557.22 + 0.05 543.51 £+ 0.04 537.24 + 0.03 539.09 + 0.05 546.54 + 0.04 541.48 + 0.09
Ky, (L/min) 0.08 + 0.01 0.14 + 0.02 0.23 + 0.01 0.11 + 0.03 0.17 + 0.01 0.28 + 0.03
Langmuir . 0.12 + 0.02 0.06 + 0.01 0.03 + 0.02 0.79 + 0.01 0.44 + 0.03 0.21 + 0.02
x?2 253.23 87.53 91.88 146.55 110.06 60.79
SSE 2279.08 787.78 826.93 1318.92 990.53 547.13
R? 0.987 0.996 0.996 0.993 0.995 0.997
Kg (mg/g) 104.54 + 0.03 164.62 + 0.05 234.28 + 0.01 139.19 £+ 0.03 189.76 + 0.01 262.20 + 0.05
ng 2.62 £+ 0.02 3.57 +£ 0.04 5.03 £ 0.03 3.18 +£ 0.02 4.00 £+ 0.04 5.72 £ 0.02
Freundlich x? 1017.66 688.24 647.43 834.37 763.12 528.34
SSE 9158.89 6194.17 5826.87 7509.30 6868.12 4755.14
R? 0.949 0.967 0.970 0.958 0.965 0.976
qm (mg/g) 441.01 £+ 0.07 487.44 £+ 0.09 495.58 + 0.05 462.25 + 0.06 491.20 £ 0.05 508.56 + 0.08
k; (L/mg) 0.06 + 0.02 0.10 + 0.03 0.14 + 0.01 0.08 + 0.02 0.11 + 0.03 0.17 + 0.02
Toth n 1.26 + 0.03 1.10 £ 0.01 1.09 + 0.04 1.09 + 0.01 1.05 + 0.02 1.02 + 0.01
x2 8.98 14.52 5.62 8.25 4.03 5.03
SSE 71.84 116.18 44.93 65.99 32.21 40.27
R? 0.999 0.999 0.999 0.999 0.999 0.999
Qqm (mg/g) 78.11 £ 0.03 152.01 £+ 0.07 233.09 + 0.08 150.67 + 0.06 255.19 £+ 0.08 215.36 + 0.09
ks (L/mg) 26.43 + 0.02 12.60 + 0.03 1.20 + 0.03 —~11.48 + 0.01 —65.43 + 0.02 46.85 + 0.03
Sips m 0.98 + 0.01 0.98 + 0.02 0.92 £+ 0.01 0.92 £+ 0.02 0.95 £+ 0.01 0.98 £+ 0.02
x?2 1144.86 774.27 728.36 938.66 858.51 594.39
SSE 9158.89 6194.17 5826.87 7509.30 6868.12 4755.14
R? 0.943 0.963 0.966 0.953 0.960 0.973
Kgrp (L/mg) —77.62 + 0.05 —29.70 + 0.03 —13.81 + 0.01 —72.84 £ 0.02 -23.02 £+ 0.01 —10.54 + 0.01
o 37.33 £ 0.01 114.39 £+ 0.07 154.16 £+ 0.09 136.45 £+ 0.05 124.82 £ 0.04 179.34 £ 0.08
Redlich-Peterson i 0.95 + 0.02 0.92 + 0.01 0.92 + 0.01 0.99 + 0.01 0.95 + 0.01 0.94 + 0.01
x?2 72.51 44.13 81.805 61.849 84.114 57.660
SSE 580.07 353.03 654.439 494.792 672.912 461.280
R? 0.996 0.998 0.996 0.997 0.996 0.997
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where g, and q,,, both expressed in mg/g, stand for the amount of MB
and Pb(II) ions removed at equilibrium and the maximum adsorption
capacity for the monolayer distribution on the surface of PG-NiONPs,
respectively. Overall, the concentration of MB/Pb(II) at equilibrium,
the Langmuir adsorption constant at equilibrium, the separation factor,
the Freundlich adsorption constant, and the Freundlich parameter
associated with heterogeneity (n1) are represented by C. (mg/L), Ky, (L/
mg), Ry, Kr and n. Additionally, K; (L/mg), K (L/mg), Kgp (L/mg) stand
for the isotherm model constants for the Toth, Sips, and Redlich-
Peterson, respectively, while n, m, a and p stand for the exponents for
the Toth, Sips, and Redlich-Peterson, respectively.

Fig. 5(c,d) shows how the experimental data from the isotherm
adsorption experiments were fitted to the isotherm models, and Table 3
contains the evaluated isotherm parameters, correlation coefficient (Rz)
and error values. Toth isotherm model fits the experimental data better
than Langmuir, Freundlich, Sips, and Redlich-Peterson isotherm models
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for both MB and Pb(II) adsorption, as shown by the results. Remarkably
in Table 3, the Toth isotherm model had the lowest values for the X2 and
SSE while also having R? values that were closer to unity than those of
the other four models for both MB and Pb(II) adsorption by PG-NiONPs.
As a result, the Redlich-Peterson, Langmuir, Freundlich, and Sips
isotherm models were shown to be less consistent with the MB and Pb(II)
adsorption process than the Toth isotherm model. Table 3 shows the
maximum adsorption capacity obtained from the Toth isotherm model
as 495.58 and 508.56 mg/g for MB and Pb(II). As shown in Table 4, the
adsorption capacity of PG-NiONPs was higher compared to the
adsorption capacity of other nanoadsorbents reported in the literature.

For the Langmuir isotherm model, the isotherm constant (K;) shows
proportionality to the pore volume and surface area, thereby indicating
that an increment in the surface properties results in the enhancement of
the adsorption capacity (Wang et al., 2022a; Wang et al., 2022b). The
determined separation factor (Ry) was in the range of zero to one for
both adsorbates, indicating that the adsorption was a favourable process
(Tran et al., 2022). Importantly too, the Ry, values were higher in Pb(II)
ion adsorption at different temperatures compared to MB indicating that
PG-NiONPs were more favourable towards Pb(II) adsorption. According
to Freundlich isotherm, the ng values fall in the range of 1 to 10, indi-
cating a favourable interaction between the nanoadsorbent and the MB/

Table 4
Comparison of PG-NiONPs for MB and Pb(II) adsorption with the different nanoadsorbents over the literature.
Adsorbent Surface Adsorption Isotherm Kinetic  Initial pH Contact Adsorbent Temp. Reusability  Reference
area capacity (mg/g) model model Conc. time mass (mg/L) (K)
(m?/g) (mg/L) (min)
MB Pb(I1)
S-ZrON - 23.26 nd Langmuir PSO* 20 10 300 300 313 3 (Alagarsamy et al.,
2022)
NayTi30; 159.63 250.62 nd Langmuir PSO 50 nd 10 10 RT nd (Reyes-Miranda
et al., 2021)
CP-ACFs 1826 461.80 nd Langmuir PSO 1000 7 180 50 298 nd (Liu et al., 2021)
CuO-NPAC 262.35 464.20 nd Sips PSO 50 9 180 4000 318 7 (Prajapati and
Mondal, 2020)
Fe-BP 57.30 28.10 nd Langmuir PSO 5 nd 48 2500 318 nd (Catlioglu et al.,
2021)
L2-MNP nd 234.27 nd Langmuir PSO 150 7 1440 750 298 10 (Du et al., 2022a)
FeMn-HNTs nd 96.47 nd Langmuir PSO 100 7 120 1000 303 5 (Zhang et al., 2020)
Nano GO nd 429.49 nd Freundlich PSO 5 8 15 10 313 nd (Soudagar et al.,
2022)
MFMPAC 458 437.78 182.45 Freundlich PSO 50 7 60 20 298 6 (Ebadollahzadeh
and Zabihi, 2020)
Fe304,@Al-B 117.53 18.59 29.88 nd PSO 10 5 MB(30)Pb MB(0.50)Pb 298 3 (Ghohestani et al.,
(I (In) 2022)
(60) (0.83)
APHGS nd 249.33  345.93  Langmuir PSO MB MB 1440 1000 313.15 5 (Tang et al., 2022)
(100) @)
Pb(II) Pb
(200) (I
5)
DES/GO- nd nd 120.50 Freundlich PSO 150 - 180 1 293 nd (Mehrabi et al.,
Fe304 2020)
BC-MnO3 181.90 nd 351.37 Langmuir PSO 150 4.5 1440 25 298 7 (H. Zhang et al.,
2020)
SrCoyFe;6027 nd nd 0.01 Temkin PSO 10 9 90 2 298 1 (Varnosfaderani
et al., 2022)
Fe30,4@TiO,- nd nd 92.60 Langmuir PSO 250 6 60 40 318 7 (Mousavi et al.,
CN 2019)
HT-NPs nd nd 169.49 Langmuir PSO 700 7 10 5000 298 5 (Kim et al., 2021b)
Fe304-FP 85.69 nd 27.86 Freundlich PSO 20 7 15 4 298 4 (Karami et al.,
2022)
CSC@SDBC 53.16 nd 228.69  Redlich- PSO 50 5.5 60 nd 303 5 (Ifthikar et al.,
Peterson 2020)
IL@MSN 1073 nd 256.40 Freundlich PSO 50 6 90 1000 298 nd (Firmansyah et al.,
2022)
PG-NiONPs 85.40 495.58 508.56  Toth PSO 100 MB 60 40 323 8 This study
(6)
Pb
an
5)

NB: * refers to Pseudo-second order and nd indicate not determined.
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Pb(ID). In this study, the three parameters models, such as Toth, Sips and
Redlich-Peterson a combined form of both Langmuir and Freundlich
isotherm models that represents both monolayer and multilayer
adsorption characteristics (Jain et al., 2022). It was observed that the
exponents of the Toth, Sips and Redlich-Peterson were close to one, thus
indicating that the adsorption of MB and Pb(II) ion by PG-NiONPs was
more Langmuir in nature (Jain et al., 2022).

3.3.7. Adsorption thermodynamics

The nature of MB and Pb(II) adsorption by PG-NiONPs was investi-
gated through the variations of the equilibrium conditions at the tem-
peratures of 298, 303, 308, 313, 318 and 323 K to provide relevant
information on the temperature dependence of the adsorption process
and the thermodynamics parameters such as a standard change in Gibbs

120
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energy (AG®°, kJ/mol), enthalpy (AH°, kJ/mol), and entropy (AS°, kJ/
mol K). The calculation of the AG°, AH°, AS° and K. was explored by
Egs. (14), (15), (S3) and (S4) (Egbosiuba et al., 2020a; Egbosiuba et al.,
2020b; Salvestrini and Bollinger, 2022; Tang et al., 2022; Tao et al.,
2022; Tran et al., 2022).

AG = —RTInK, 14

AH' 1 AS’
InK. = - (T) Tt (TS) as)

where T (K) refers to the absolute temperature, R (J/mol/K) denotes the
universal gas constant, K. represents the thermodynamic constant at
equilibrium. The values of the AH® and AS° were determined from the
Van’t Hoff plot of In K. vs 1/T, as the slope (— (AS"/R)) and intercept

(2)

—

S

=)
T
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Fig 6. Recycling of PG-NiONPs for the adsorption of MB and Pb(II); (b) Proposed adsorption mechanism for the removal of MB and Pb(II).
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(AS’/R).

The obtained fitting curve of In K. vs 1/T is presented in Fig. 4f, while
the corresponding thermodynamic parameters for the adsorption of MB
and Pb(II) by PG-NiONPs are presented in Table S1. As can be seen in
Table S1, all the values of AG® are negative (AG® < 0) at various tem-
peratures for both MB and Pb(II) adsorption, suggesting the favorability,
the spontaneity and the practicability of the adsorption process. In
addition, the observed decreasing values of AG® as the temperature in-
crease is an indication of favourable adsorption of MB and Pb(II) at
elevated temperatures using PG-NiONPs. The positive values of AH® and
AS° infer the endothermic nature of the adsorption process and the
randomization increment at the nanoadsorbent-adsorbate interface
during the removal of MB and Pb(II) ion. Remarkably too, the AH°
values of 108.62 and 81.74 kJ/mol obtained for MB and Pb(II) ion was
higher than the recommended range of 1 to 40 kJ/mol for physisorption
controlled adsorption process (Egbosiuba et al., 2020a; Egbosiuba et al.,
2020Db). Therefore, the adsorption of MB and Pb(II) ion by PG-NiONPs in
this study was chemisorption controlled.

3.3.8. Recyclability and stability

Recyclable nanoadsorbents are desirable in practical applications
due to the reduction in production cost, disposal of waste and generation
of secondary pollutants (Tao et al., 2022). Due to the importance of
desorption effectiveness in the regeneration of adsorbents, various elu-
ents including NaOH, HCl, acetone and ethanol have been widely
employed to desorb adsorbates from the adsorbent (Tran et al., 2022). In
this study, the recyclability of PG-NiONPs was examined through the
successive adsorption—desorption experimental cycle using mixtures of
NaOH (1 M) and HCl (1 M) as the desorption media due to their
desorption effectiveness, cost efficiency and simplicity. According to the
reusability results shown in Fig. 6a, the synthesized PG-NiONPs main-
tained MB and Pb(II) adsorption rates of over 85 and 90 % after eight
adsorption cycles. Above all, the observed decrease in the adsorption
efficiency of the PG-NiONPs after each desorption may be attributed to
the residual Pb(II) and MB that occupied the few adsorption sites (Tao
et al., 2022). The results indicate that PG-NiONPs possess remarkable
recyclability for MB and Pb(II) adsorption.

Furthermore, the stability of PG-NiONPs was investigated by
obtaining the surface properties of the reused nanoadsorbents by XRD
and HRSEM techniques. As can be seen in Fig. S1, the major XRD
diffraction peaks of PG-NiONPs were maintained after eight adsorp-
tion-desorption cycles, except for the weaker intensity of the peaks and
the appearance of two smaller peaks at 20.62° and 26.90°, respectively.
According to Fig. S2, the surface morphology of the PG-NiONPs did not
show any noticeable variation after the eight adsorption-desorption
cycles, revealing that the surface properties of the nanoadsorbents did
not undergo any significant change after the reusability evaluation.
Therefore, it can be concluded that green synthesized PG-NiONPs
remain a potentially highly reusable and stable nanoadsorbent for the
removal of MB and Pb(II) from wastewater.

3.3.9. Comparison of nanoadsorbents and limitations

To compare the adsorption performance of green PG-NiONPs with
previous similar nanoadsorbents, some parameters and experimental
conditions such as BET surface area, adsorption capacity, initial adsor-
bate concentration, pH, equilibrium contact time, adsorbent mass,
temperature and reusability were considered as presented in Table 4. It
was noticed that green PG-NiONPs exhibited enhanced adsorption ca-
pacity compared to different other nanoadsorbents such as metallic
nanoparticles composites, functionalized metallic nanoparticles, func-
tionalized carbon nanotubes, graphene oxide and metal-organic
frameworks from previous studies. Also, the nanoadsorbent mass of 40
mg/L was relatively small compared to higher amounts of 5000, 4000,
2500, 1000 and 750 mg/L reported previously (Catlioglu et al., 2021; Du
et al., 2022a; Kim et al., 2021a; Prajapati and Mondal, 2020; Tang et al.,
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2022), thus practically saving the quantity of nanoadsorbents usage.
Particularly, the reusability capacity of PG-NiONPs up to 8 adsorption
cycles implies the cost-effectiveness of the nanoadsorbents compared to
so many other materials. Importantly too, the equilibrium contact time
for the MB and Pb(II) adsorption by green PG-NiONPs was just 60 min,
indicating a minimized time-consuming treatment time for the adsor-
bates. From the comparative results, it can be justifiably recommended
that PG-NiONPs is a potential nanoadsorbent for the MB and Pb(II)
treatment in real wastewater.

On the other hand, several potential study limitations can be dis-
cussed here. This research is currently in the first stages of laboratory-
scale tests. It is recommended that the pilot experiments on the appli-
cation of green PG-NiONPs nanoadsorbent be conducted to assess the
viability, applicability, and overall cost of the real treatment process.
Additionally, there isn’t a thorough discussion of what happens to PG-
NiONPs after the final reuse. The most popular technique for
disposing of spent PG-NiONPs nanoadsorbents to prevent secondary
pollution may be incineration, although other approaches including
conversion to new catalysts and new electronic materials based on the
circular economy are also possible. Finally, it is anticipated that future
research will enhance the performance of PG-NiONPs as reliable nano-
adsorbents and broaden their applications as catalysts, sensors, and
systems for drug delivery.

3.3.10. Adsorption mechanism

The chemical characteristics of MB and Pb(II) make them cationic
dyes and metals, which means that positively charged ions are produced
when dissolved in water. The point of zero charges (pHpzc) can be
determined to clarify if these cations interact electrostatically with the
surface of the PG-NiONPs. The surface charge property of PG-NiONPs
prepared using Psidium guajava leaves extract was measured by the
pHpzc technique and a value of 4.0 was shown in Fig. 6b. Specifically,
the result indicates that PG-NiONPs revealed a positively charged sur-
face at pH lower than 4.0, but negatively charged at pH values greater
than 4.0. Therefore, PG-NiONPs can interact electrostatically with the
cations of MB and Pb(II) by increasing the effectiveness of adsorption.
The best results at pH 6 and 5 for MB and Pb(I) in Fig. 4a provide strong
support for this theory. However, the observed decline in the adsorption
capacity of MB and Pb(II) beyond pH 6 and 5 indicate that electrostatic
interactions are insufficient to account for this result and additional
mechanisms outside electrostatic interactions may also play a major
role.

The adsorption of MB and Pb(II) can be influenced by the presence of
certain factors, such as hydrogen bonding, surface complexation and
pores filling. One or more organic molecules may be present on the
surface of PG-NiONPs due to their synthesis using natural compounds in
Psidium guajava leaves extract. Some functional groups, including
carboxyl groups (-COOH), hydroxyl groups (-OH) and carbonyl groups
(C-0) were discovered following FTIR spectra. Through hydrogen
bonding, these functional groups may interact with the functional
groups of the adsorbate for possible adsorption. The MB and Pb(II)
molecules can interact with the porous active surfaces of PG-NiONPs
through pores adsorption and surface complexation. However, subse-
quent research should thoroughly examine the adsorption mechanism of
MB and Pb(II) over PG-NiONPs.

3.4. Conclusion and future directions

In this study, natural phytochemicals isolated from Psidium guajava
leaves extract were successfully used to synthesize green PG-NiONPs for
the adsorption of MB dye and Pb(II) ions in wastewater. Using XRD,
FTIR, HRSEM, EDX, HRTEM, and N, adsorption-desorption isotherm
measurement, green PG-NiONPs were thoroughly characterized for
functional groups, crystal structure, morphological structure, micro-
structures and surface properties. MB and Pb(II) ions adsorption was
optimized at pH (6 for MB and 5 for Pb(Il)), contact time (60 min),
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nanoadsorbent mass (40 mg/L) and temperature (50 °C). Toth isotherm
model best fitted the experimental data ahead of the Redlich-Peterson,
Langmuir, Freundlich and Sips model. The kinetics revealed a match-
ing fitting of the pseudo-second-order kinetic model compared to the
pseudo-first-order, Elovich and intraparticle diffusion kinetic model.
The maximum adsorption capacity for MB and Pb(II) adsorption by
green PG-NiONPs was determined as 495.58 and 508.56 mg/g, respec-
tively. Green PG-NiONPs have a high adsorption capacity than and can
be recycled for at least eight times. The possible MB and Pb(II)
adsorption mechanisms were identified as electrostatic interaction,
pores filling, hydrogen bonding, surface complexation and n-r interac-
tion. Based on outstanding dye and metal ions adsorption effectiveness,
good stability and reusability capacity, the study investigates the enor-
mous potential of green PG-NiONPs to effectively remove dyes and
metal ions contaminants from wastewater. In addition to helping to
fabricate next-generation nanoadsorbents, this study also paves the way
for a promising future research directions.
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