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Potent and Versatile Biogenically Synthesized Alumina/Nickel Oxide
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ABSTRACT: In the present work, an extract of Salvia officinalis
leaves was used to synthesize an alumina/NiO nanocomposite by
the coprecipitation method. First, the shape and surface content of
the synthesized adsorbent were determined. Scanning electron I

. . . Alumina/nickel oxide
microscopy images showed the production of nanospheres and nanocomposite _—_— _—lﬁa
nanorods with sizes between 35 and 50 nm. X-ray diffraction )) )) @
measurement revealed strong, high-intensity peaks, confirming the . L3
preparation of a highly crystalline alumina/nickel oxide nano- 3": Adsorbont § B Brinking water
composite. Then, the pure nanoalumina, nickel oxide, and ‘g‘ ) )
functionalized alumina/nickel oxide nanocomposite for water
defluoridation were investigated under various conditions, for loaves Extraction

example, stirring period, pH, and initial fluoride concentration.
Defluoridation with greener alumina, nickel oxide, and alumina/
nickel oxide nanocomposite lasted 120 min at adsorbent dosages of 0.8 g/L in a pH 7 solution. The adoption process for the three
sorbents matches the Langmuir adsorption isotherm. The process dynamics were explored using pseudo-second-order and first-order
kinetics. The water quality after treatment met drinking water requirements, proving the viability of using nanoparticles for drinking
water defluoridation. This work confirmed effective water defluoridation in the crystalline phase using synthesized nanoalumina,
nickel oxide, and their nanocomposite, which highlights their importance for future drinking water defluoridation.

1. INTRODUCTION also providing design and scale-up flexibility.'”'" Metals and
metal oxides, carbon-based, natural and synthetic polymers, and

Water contamination is one of the world’s main issues today. ) ) °
Because of their toxicity, accumulation in the food chain, and biomaterials have all been described as adsorbents for water
) ) <

presence in nature, heavy metals in water pose a serious hazard defluoridation.™*"?

to both people and animals." There is a severe drinking water Adsorbent-based alumina is commonly used for removal of
scarcity, with about 42% of the global population without access fluoride from water because fluoride has high electronegativity
to clean and safe drinking water.” In many developing nations, and affinity to alumina. Alumina is also a cost-effective solution
groundwater is used for residential purposes, mostly in rural since it is abundant or quickly synthesized and may be employed
areas. However, depending on the geographical location, in water treatment.'* In nano dimensions, elemental structural
groundwater contains significant concentrations of minerals quality would be improved."> The procedures employed to
such as fluoride ions, making it dangerous to drink.”* Fluoride is create nanoparticles (NPs) influence their chemical and physical
an anionic main pollutant in many developing nations. It causes characteristics.'® Inorganic substances can be oxidized using
fluorosis of bone, dental fluorosis, Alzheimer’s disease, and NPsasa catalyst.”’18 Ultrafine NiO particles of the same size are
cancer in many impoverished individuals who are unable to treat widely employed in a variety of sectors, including the fabrication

their drinking water to suggested allowable limits.”® The WHO 19-21
has defined the permissible fluoride concentration in drinking
water as 1.5 mg/ L, and drinking water above this limit for an
extended period of time can lead to fluorosis, a condition that
primarily affects bones and teeth and, in severe cases, results in
neuro-degenerative diseases.”

Water defluoridation procedures such as ion exchange,
adsorption, nanofiltration, electrocoagulation, and membrane
separation have all been documented.” Adsorption is still a
common approach for water defluoridation because it is a cost-
effective way of producing high-quality treated effluent while

of films, magnetic components, ceramics, and batteries.
Nanosized metal oxides have drawn attention from
researchers because of their various technological applications
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Scheme 1. Schematic Diagram for General Illustration of the Proposed Study
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and properties. The chemical and physical characteristics of the
synthesized NPs will depend on the particle shape.”” With a
wide band §ap of 3.6—4.0 eV, NiO NPs are p-type semi-
conductors.” Since NiO NPs have a large surface area and can
be used as catalysts and carriers, they are desirable absorbers.”* It
is possible to regulate the mobility of polluted ions in the
environment using the NiO adsorbent. The adsorption capacity
of nickel oxide NPs is appropriate for the removal of heavy
metals, organic compounds, and anions from aqueous solutions
due to their high surface area, low production cost, and inherent
porosity.25

Furthermore, Al,O; NPs and NiO NPs are among the most
completely investigated metal oxides for water purification due
to their mechanical robustness, high sorption capability, and
wide surface area.””>* Green chemistry-based NP synthesis
using plant extracts takes place at room temperature and pH,
making it more cost-effective and environmentally friendly than
damaging chemical or physical procedures.” Plant extracts are
employed in biosynthesis, also known as green synthesis, to
create metal oxide NPs from metal salts.”’

The literature search revealed that several reports have
described the green synthesis of alumina nanocomposites as
potential sorbents for water treatment. These reports include
green synthesis of iron—aluminum nanocomposites, aluminum
alginate beads doped with metal oxides, a 3D hydrogel based on
alumina and GO cellulose, and bionanocomposites based on
fungal hyphae for fluoride removal from water.”' ~**

This work investigates the removal of fluoride from
contaminated water using Salvia officinalis leaf extract and
synthesized alumina NPs and NiO NPs. Sage (S. officinalis L) is a
member of the mint family (Lamiaceae). Sage includes
phenolics (rosmarinic, ferulic, caffeic, and vanillic acids),
terpenoids, and flavonoids (quercetin, apigenin, and luteolin)
among other bioactive components.** These phytocomponents
function as reducing and stabilizing agents in the production of
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alumina NPs and NiO NPs, allowing for more control over the
size and structure of the NPs. Metal organic chemical vapor
deposition, polymer precursor method, high-energy milling,
electrochemical treatment technique, and sol—gel technique are
some of the methods used to synthesize Al,0; NPs and NiO
NPs.***” The physical approach, as we all know, is both
expensive and time-consuming. Numerous recent investigations
have revealed that the coprecipitation method may produce NPs
as small as 100 nm. This method is inexpensive, simple, and
capable of manufacturing high-quality NPs.***’

The principal novelty of this project is to use the sage extract
which contains a large number of phytochemical components as
a green reducing, capping, and stabilizing source to prepare
AlL,O; NPs and NiO NPs with unique and extraordinary
chemical and physical characteristics. Then, these nanomaterials
were extensively characterized using various microscopic and
spectroscopic methods to confirm the formation of nanoscale
particles. The formation of nanocomposite from the presynthe-
sized metal oxide NPs enhanced the efficiency of removing
fluoride from contaminated water. Starting fluoride content,
contact time, pH, and sorbent dosage as well as the investigation
of sorption—desorption kinetics and isothermal processes were
all taken into account in the defluoridation of polluted water
(Scheme 1).

2. MATERIALS AND METHODS

2.1. Materials and Experimental Method. Alumina NPs
(AL, O;NPs) were prepared in the laboratory using a green
technique mediated by coprecipitation and sage extract.
Analytical-grade aluminum nitrate nonahydrate [AI(NO;);-
9H,0, 99.9%], nickel nitrate hexahydrate [Ni(NO;),-6H,0],
and sodium hydroxide (98.0%) were supplied by Sigma-Aldrich
(Hamburg, Germany). For the environmentally friendly
preparation of metal oxide nanostructures, the coprecipitation
method is a faster and easier method than others (micro-

https://doi.org/10.1021/acsomega.3c09076
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Scheme 2. Schematic Illustration for the Preparation Steps of Alumina/NiO Nanocomposite from S. officinalis Leaf Extract
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emulsion, hydrothermal, and microwave). In this work,
deionized water (resistivity > 18.2 M cm) was used. S. officinalis
leaves were purchased from local markets in Riyadh, Saudi
Arabia.

2.2. Preparation of S. officinalis Leaf Extract. The S.
officinalis leaves were cleaned with deionized water and air-dried
for 12 h. The dried and cleaned leaves were ground into fine
powder for 60 s. Approximately, 25 g of produced S. officinalis
powder was extracted for 2 h at 80 °C using a deionized water
solvent (250 mL) and continual stirring (200 rpm). Following
extraction, the mixture was filtered through Whatman filter
paper no. 1 and stored in a tight and clean container at 4 °C for
future research.*’

2.3. Biogenic Synthesis of Alumina NPs. At 80 °C for 30
min, the required aluminum nitrate nonahydrate concentration
(2.0 mol L™!, 50 mL) and 20 mL of the previously prepared S.
officinalis leaf extract were mixed with constant stirring. During
the next 30 min, a few drops of sodium hydroxide (1.0 mol L™")
were carefully added. The coprecipitated NPs were precipitated
overnight. To remove any water moisture, the yellowish
precipitate of Al,O; NPs was filtered and air-dried at 100 °C
for 12 h. Finally, the formed nanomaterials were crushed into a
fine powder and stored in a clean, tightly sealed container for
later confirmation and use.”'

2.4.Biogenic Synthesis of Nickel Oxide NPs. With minor
adjustments, the green preparation of NiO NPs followed the
previous literature.*” After 30 min of continuous stirring, 20 mL
of S. officinalis leaf extract was added to 100 mL of nickel nitrate
hexahydrate (2.0 mol L™"). A greenish-colored precipitate was
formed. After centrifugation at 2500 rpm for S min, the NPs
were filtered and stored in the dried and cleaned bottles for
further experiments.

S. officinalis extract plays an important part in the synthesis
process since it has a high proportion of essential oils due to the
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presence of glandular structures that are responsible for the
creation of volatile oils such as a mixture of monoterpenes and
sesquiterpenes as well as triterpenoids. S. officinalis also contains
bioactive substances, such as salvianolic acids, caffeic acid,
carnosol, carnosic acid, rosmarinic acid, cinnamic acid,
chlorogenic acid, methyl rosmarinate, and quinic acid. This
plant contains flavonoids such as apigenin, quercetin, ferulic
acid, and others. During the production of nanomaterials, all of
these phytochemical components serve critical roles as natural
reducing, capping, and stabilizing materials.*

2.5. Grinding Synthesis of Alumina/NiONP Nano-
composites. The alumina/NiO nanocomposite (NCS) was
obtained by mixing 1.0 g of the previously prepared alumina and
NiO NPs and directly grinding them in a mortar to prepare the
nanocomposite. The synthesis procedures are illustrated in
Scheme 2.

2.6. Characterization. The shape, crystallite size, and
surface morphology were confirmed by various spectroscopic
and microscopic techniques. The surface shape and appearance,
as well as the elemental composition of the synthesized
nanomaterials, were determined using a JEOL scanning electron
microscope in conjunction with energy-dispersive X-rays (SEM,
JEOL, Tokyo, Japan). An X-ray diffractometer (Thermo
Electron, Ecublens, Switzerland) was used to confirm the purity
of the formed nanomaterials and their crystalline phases.
Transmission electron microscopy (TEM, JEOL-1400, Tokyo,
Japan) was also used to study the shape and size of the NPs.
Fourier transform infrared (FT-IR, PerkinElmer, Llantrisant,
United Kingdom) was used to confirm the functional groups
observed on the surface of the nanomaterials during the
fabrication process.

2.7. Fluoride Sorbent Experiments. Batch experiments
were used to study fluoride adsorption on alumina/NiO NCS at
room temperature (25 = 2 °C). Approximately, 100 mL of
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fluoride solution with different initial concentrations (S to SO
mg/L) was shaken with a predetermined dose of 0.8 g of
adsorbent at 150 rpm (Remi CIS4BL orbital shaker). The
samples were filtered with Whatman filter paper no. 4, and the
filtrate was analyzed for residual fluoride concentration. An
indicator, Eriochrome Black T, was added, and the samples were
measured at 544 nm using a spectrophotometer (Shimadzu,
Kyoto, Japan).

The World Health Organization recommends a fluoride level
of 0.5—1 ppm in drinking water.” However, the industrial water
effluents for dental paste products present in water may elevate
up to more than 100 ppm. Therefore, in this study, the
calibration graph was plotted covering a wide range from 0.1 to
100 mg/L. To boost the accuracy of the reading, a 1:1 ratio of
total ionic strength adjustment buffer solution was employed
with the sample solutions for the detection to avoid any
interferences present in the analyte solution. The amount of
adsorbed fluoride was determined using the following eq 1**

=ﬁxv
M (1)

where these values represent g, (the equilibrium concentration
of F ions, mg/g), C, and C, (the initial and equilibrium
concentrations), V (the volume of the solution, L), and M (the
mass or dosage of the synthesized adsorbent, g/L), respectively.
All batch experiments were repeated, and the mean of the values
was used as the error bar in the findings and discussion, with the
standard deviation acting as the standard deviation.

1.

3. RESULTS AND DISCUSSION

3.1. Sorbent Characterization. To investigate the
existence or absence of phytochemicals in S. officinalis L.,
some standard chemical tests were carried out according to the
previously reported procedures in the literature.”™*" These
include Dragendroff reagent in the presence of hydrochloric acid
for alkaloids, ferric chloride for gallic and catechic tannins,
sodium hydroxide for coumarins, foam test for saponin,
bromothymol blue for organic acids, sulfuric acid for
unsaturated sterol, hydrochloric acid for condensed tannins,
Keller Kilian test for glycosides, Libermann Burchard for
steroids, and Salkowski’s test for terpenoids. The obtained
results are summarized in Table 1.

The synthesized alumina NPs, NiO NPs, and alumina/NiO
NCS were stabilized by the biogenic active moieties presentin S.
officinalis extract. The FT-IR spectra of S. officinalis extract
(Figure la) revealed various absorption peaks related to the

Table 1. Qualitative Assay for Preliminary Phytochemical S.
officinalis Extract

phytochemicals chemical test positive indication sign
alkaloids Dragendroff reagent® orange or red precipitate
steroids Libermann Brachard®®  red color

blackish blue color

greenish color

ferric chloride (1%)*
ferric chloride (1%)*°
sodium hydroxide*
sulfuric acid*®
bromothymol blue*®
hydrochloric acid*®

gallic tannins

catechic tannins
coumarins yellow fluorescence
unsaturated sterols red color
organic acids canary yellow

condensed tannins red color

saponin foam test”’ foam more than 1 cm
terpenoids Salkowski’s test*” reddish-brown precipitate
glycosides Keller Kilian test* red color

presence of polyphenols, flavonoids, essential oils, and other
bioactive molecules. The presence of bands observed at 3751
and 3413 cm™' was due to the existence of strong O—H
stretching vibration of phenols, alcohols, and the N—H of amine
compounds, respectively; these bands are related to sesquiter-
pene alcohol and viridiflorol components that are commonly
present in S. officinalis extract.” The bands appeared at 2927 and
2857 cm™! due to the characteristic C—H/CH, or CHj,
stretching vibration of aliphatic compounds.”® The band at
2092 cm™ ' is related to the strong N=C==S stretching vibration
of isocyanate. The bands at 1735 cm™" (strong C=0 stretching
vibration that can be related to the presence of thujone and
camphor), 1619 cm™' (an intermediate C=C stretching
vibration of the aromatic ring), 1376 cm™ (an intermediate
O—H stretching vibration of the alcohol), 1256 cm™" (a strong
C—O stretching vibration of the aromatic ester), and 1058 cm™"
(astrong CO—O—CO stretching vibration of the anhydride) are
also observed. Furthermore, the band found at 774 cm™ is
owing to the presence of trisubstituted strong C—H bending,
while the bands at 619 and 481 cm™" are related to the presence
of alkyne C—H bending and aryl disulfide (S—S stretching).

Several significant FT-IR bands of alumina NPs (Figure 1b)
are observed at 3549, 3472, and 3412 cm™" due to the presence
of the O—H stretching of alkyne alcohol and phenols and the
medium N—H stretching of primary and secondary amines.
However, the bands at 2428 cm™' (S—H stretching of thiol),
2084 cm™' (a strong N=C=S stretching of isothiocyanate),
and 1619 cm™ (a strong N—H bending of alkenes, primary
amines, and amides) were observed. Furthermore, the
absorption bands at 1543 and 1381 cm™, 1104, 834, and 612
cm™" are due to the presence of a strong N=0 stretching of
nitro compounds (N—O), a strong C—O stretching of
secondary alcohol, a strong C—ClI stretching vibration of the
halo compound, and Al-O NPs.*'

The FT-IR spectrum of NiO NPs (Figure 1c) shows different
absorption bands at 3429, 2362, 1635, 1468, and 1379 cm™~! due
to the existence of a strong broad O—H starching vibration of
alcohol, a strong O=C=O starching vibration of carbon
dioxide, a medium C==C stretching vibration of alkene, a
medium C—H bending vibration of alkane, and a medium C—H
bending of aldehyde, respectively. In addition, the bands at 1103
and 986 cm™! are related to a strong C—O starching of second
alcohol and a strong C=C bending vibration of alkene,
respectively. The bands at 660 and 619 cm™ are due to a
strong halo compound, and the band at 469 cm™" is for Ni—O
NPs.”*

Moreover, the bioactive compounds such as polyphenols,
flavonoids, alkaloids, essential oils, and others present in the S.
officinalis extract act as bioreducing capping and stabilizing
natural materials for the alumina/NiO nanocomposite. The FT-
IR spectrum (Figure 1d) shows the presence of various
functional groups expressed by 3412 cm™' (medium N—-H
stretching of primary amine), 2428 cm™' (strong O=C=0
stretching of carbon dioxide), 1633 cm™' (medium C=C
stretching of the aromatic ring), 1470 and 1375 cm™' (medium
C—H bending of proteins), 1100 cm™" (strong C—O stretching
of secondary alcohol), 986 cm™ (strong N—H of primary and
secondary amines), 657 and 620 cm™' (strong C—Cl halo
compound), and 463 cm™! (Al-O and Ni—O NPs).>*

TEM was used to investigate the surface shape of the
synthesized alumina NPs, NiO NPs, and alumina/NiO NCS.
The images were picked at magnifications of 250 000, 150 000,
and 150 000 for the above nanomaterials, respectively. It was

https://doi.org/10.1021/acsomega.3c09076
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Figure 1. FT-IR analysis of (a) S. officinalis, (b) alumina NPs, (c) NiO NPs, and (d) alumina/NiO NCS measured at 4000—400 cm™".

observed that a majority of the NPs are spherical and well
dispersed. The average particle sizes for the three nanomaterials
are 25 + 12,27 + 1.1, and 35 + 1.6 nm for alumina NPs, NiO
NPs, and alumina/NiO NCS, respectively (Figure 2a—c).

The surface morphologies of alumina NPs, NiO NPs, and
alumina/NiO NCS were studied using scanning electron
microscopy (SEM)/atomic force microscopy (AFM) 3D images
at a magnification of 50 000X for nanoscale materials. The
microscopic images of the studied alumina NPs and NiO NPs
samples show spherical particles with remarkable pores and an
average particle size of around 35 nm (Figure 3a—c) TEM and
SEM show that the majority of the NPs are spherical in shape
with an average particle size of around 35 nm. AFM images show
a good distribution and size between 20 and 60 nm.

A scanning electron microscope connected with an energy-
dispersive X-ray (EDX) spectrometer was used to investigate the
elemental composition of the green synthesized metal oxide
nanomaterials (alumina NPs, NiO NPs, and alumina/NiO
NCS). According to the findings, the weight and atomic % were
found for Al (26.47 and 17.61%) and for O (73.51 and 82.39%),
respectively. For NiO NPs, the weight and atomic % were Ni
(54.88 and 24.89%) and O (45.12 and 75.11%), respectively.
Meanwhile, the EDX spectrum of alumina/NiO NCS showed
weight and atomic % of O (49.22 and 62.77%), Ni (34.43 and
32.96%), and Al (16.35 and 4.27%), respectively (Figure 4a—c).

Mapping in X-ray microanalysis refers to the accumulation
and evaluation of X-ray spectra point by point to identify the
concentration of particular preset chemical components. Each
elemental map produced reflects the two-dimensional concen-
tration distribution of the corresponding element throughout
the sample surface.”* The elemental mapping results show that
the alumina NPs, NiO NPs, and alumina/NiO NCS were
successfully formed (Figure Sa—c).
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To identify and determine diverse crystalline structures in
materials, analytical methods such as X-ray diffraction (XRD)
are utilized. This investigation was carried out with the aid of a
Cu-k XRD diffractometer (k = 1.5406 A). The XRD diffraction
study of alumina NPs (Figure 6a) shows remarkable diffraction
peaks at 26 values of 22.93, 29.49, 32.51, 38.99, 46.52, 62.45,
67.21, 86.73, and 87.41° corresponding to (114), (012), (22
0),(110),(400),(422),(440),(300),and (62 0) face-
centered cubic of alumina. These peaks are matched with those
of alumina obtained from JCPDS Card no. 79-1558.>

The NiONPs XRD spectrum (Figure 6b) revealed strong and
distinct peaks at 26 = 37.20, 43.20, 62.87, 75.18, and 79.22° that
correspond to (1 1 1),(200),(220),(311),and (222)
crystalline planes, respectively. These NiONP diffraction
measurements corroborated the formation of a spherical
crystalline phase of NiO and corresponded to the JCPDS map
of NiO 04-0835.>°

Different significant peaks were found in the alumina/NiO
NCS XRD spectrum (Figure 6¢), indicating the existence of
alumina NPs and NiO NPs, validating the creation of the
nanocomposite.

However, Debye—Scherrer’s eq 257 was used to calculate the
average crystallite size of green-synthesized alumina NPs, NiO
NPs, and alumina/NiO NCS.

D = (0.944/ cos 0) (2)

These values represent D (the particle size nm), 0.94
(constant), 4 (X-ray light wavelength with value 1.54 X
1071, g (full width at half-maximum, fwhm), and 6 (Bragg
angle, degree), respectively. The calculated average crystallite
sizes of alumina NPs, NiO NPs, and alumina/NiO NCS were
determined to be 19.14 + 2.4, 17.7 + 2.1, and 20.64 + 2.6 nm,
respectively.

https://doi.org/10.1021/acsomega.3c09076
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Figure 2. TEM images with a J-image of particle size of (a) alumina NPs, (b) NiO NPs, and (c) alumina/NiO NCS.

The chemical states of alumina and NiO NPs were
characterized by X-ray photoelectron spectroscopy (XPS).
The Al 2p spectra were split into a metallic and an oxide
component by fitting in the binding energy ranges of 70—80 eV.
The fitted spectra show the presence of an oxide peak at a
binding energy of 76.36 eV (Figure 7a). The O(1s) region in
(Figure 7b) shows a peak at 534.50 eV attributed to oxygen in
Al,O; and another peak at 532.3 eV attributed to oxygen in
combination with the OH™ in aluminum hydroxide.>®

In contrast, for the NiO NPs, the Ni 2p region, the 2p3/2
main peak, and its satellite are at 858.99 and 862.07 eV, and the
Ni 2p1/2 main peak and its satellite are at 865.85 and 876.68 eV,
respectively (Figure 7d). The O(1s) region is attributed to the
surface hydroxyl groups at 535.51 eV and two peaks originating
from the lattice oxygen at 534.09 eV and adsorbed water at
536.29 eV (Figure 7e).”

The characteristic of the C 1s region of the alcohol type (C—
OH) ~ 286 eV, carboxyl (C=0) ~ 288 eV, and carbonate (O—
C=0) ~ 290 eV is observed (Figure 7c,f).

3.1.1. Surface Area and Pore Diameter. The Barret—
Joyner—Halenda (BJH) pore size distribution diagrams of
alumina NPs, NiO NPs, and alumina/NiO NCS were examined
in conjunction with the N, adsorption/desorption isotherms. At
a relative pressure (P/P,) in the range of 0.1—1.0, the three

samples exhibit a typical IV pattern of the IUPAC isotherm type
with a prominent hysteresis loop, where a narrow hysteresis loop
in the low-pressure area suggested the existence of open-
structured mesopores (Figure 8a—c).

The Brunauer—Emmett—Teller (BET) method was used to
analyze surface area, and the results showed that for alumina
NPs, NiO NPs, and alumina/NiO NCS, respectively, the surface
areas were 148.4 + 0.7, 128.5 + 0.2, and 187.6 + 0.3 m> g~' with
pore volumes of 0.49, 0.62, and 0.86 cm® g_l. The total pore
volume of the nanocomposite sample was found to have
increased, suggesting that the two metal oxides were used to
improve the morphological structure of the nanocomposite by
increasing the specific surface area and pore volume of alumina/
NiO NCS.

3.2. Factors Influencing Adsorption Potential. 3.2.7. Ef-
fect of Sorbent Dose. The effects of the presynthesized
adsorbents alumina NPs, NiO NPs, and alumina/NiO NCS
on the adsorption of F~ ions were studied with adsorbent
dosages of 0.1—2 g/L. Figure 9a shows the percent elimination
of the F~ ions. The percent removal of F~ ions increases
dramatically with adsorbent dose, which can be attributed to an
increase in the number of active sites.*’ Adsorption was found to
be uniform at adsorbent doses greater than 0.8 g/L.
Consequently, an adsorbent dose of 0.8 g/L was established as

23225 https://doi.org/10.1021/acsomega.3c09076

ACS Omega 2024, 9, 23220-23240


https://pubs.acs.org/doi/10.1021/acsomega.3c09076?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09076?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09076?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09076?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
(@)

Alumina NPs

100 nm

80

60

40

20

0.0
100 nm NiO NPs

80

60 10 100 nm

0.0
0.5
40 0.5 1.0
20

0.0

Alumina/NiO NCS
100 nm

80 100 nm

60 0.0

40 1.0/ 0.5
20

0.0

Figure 3. SEM/AFM micrographs of (a) alumina NPs, (b) NiO NPs, and (c) alumina/NiO NCS measured at a magnification of S0 000X
magnification.
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Figure 4. EDX analysis of (a) alumina NPs, (b) NiO NPs, and (c) alumina/NiO NCS synthesized using S. officinalis extract.
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Figure S. Mapping of (a) alumina NPs, (b) NiO NPs, and (c) alumina/NiO NCS synthesized using S. officinalis extract.
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Figure 6. XRD patterns of (a) alumina NPs, (b) NiO NPs, and (c) alumina/NiO NCS.

the optimal dose for generally acceptable F~ jon removal
efficiency in all future experiments. When alumina NPs, NiO
NPs, and alumina/NiO NCS were compared, the nano-
composite was found to be more efficient than alumina or
NiO NPs in removing F~ ions from water.
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3.2.2. Effect of Contact Time. Contact time is an important
parameter because it influences sorbate kinetics at a given
starting concentration.’’ Using an equilibrium dose of alumina
NPs, NiO NPs, and alumina/NiO NCS, the impact of contact
time was investigated by varying the time period from 0 to 360
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min. Figure 9b depicts the fast adsorption of F ions in 90 min.
After that, the process slows down and approaches equilibrium
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after 120 min. Adsorption did not increase much (less than 1%)
as the contact time was increased up to 6 h, indicating that
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adsorption may be finished within 2 h. As a result, more
investigations were conducted during a 2 h period.

3.2.3. Effect of Initial Fluoride Concentration. To determine
the effect of initial F concentration on adsorption quantity, 0.8
g/L alumina NPs, NiO NPs, and alumina/NiO NCS was
dispersed individually in 5—50 mg/L fluoride solution for 2 h.
Figure 9c¢ depicts the findings. According to reports, the
adsorption rate is quick initially and subsequently slows down as
the fluoride concentration increases. As fluoride concentration
rises, so does competition for active adsorption sites, and the
adsorption process slows.”” The adsorption capability of
alumina/NiO NCS is greater than that of alumina NPs or
NiO NPs. This is because alumina/NiO NCs have a surface
area/volume ratio that is higher than that of individual NPs. In
subsequent trials, the appropriate starting fluoride concentration
was 20 mg/L.

3.2.4. Effect of Initial pH Values and Sorption Mechanism.
The pH of the medium has a significant effect on the adsorption
process, and experiments were conducted with a pH range of 5—
10 (Figure 9d) at a constant fluoride content of 20 mg/L. At a
pH of 7, all nanomaterials eliminated the maximum percentage
of fluoride. The 2% improvement in fluoride removal up to pH 7
is due to alumina’s positively charged surface attracting
negatively charged fluoride ions up to pH 7, which is lower
than its pH,,. Owusu-Agyeman et al. (2017) state that®’
fluoride ions altered when the pH of the medium changed. F~
ions react with H' ions at extremely low pH to form HF*~, HF,
H,F,, and other species, and the concentration of these species
in the aqueous medium is indicated by their thermodynamic
equilibrium constants (pK,), according to George et al., 2010.%*
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At acidic pH, F~ is present mainly (90%) as HF, although it
dissociates to F~ at a pK, of 3.2. When the pH of a solution
altered from neutral to acidic, the concentration of hydrogen
ions increases and HF acid is produced, which is no longer
accessible for adsorption and diminishes adsorption capacity. At
pH more than 6.0, fluoride ion quantities r%present about 100%
of the total fluoride in aqueous medium.” Above pH 7, the
adsorption capacity is reduced, which might be attributed to
hydroxyl ions competing for active sites in the solution.
Furthermore, the adsorbent surface becomes negatively charged
and repels fluoride anions.”® At pH 7, the percentage removal of
F~ ions was estimated under constant experimental conditions
(adsorbent dosage of 0.8 g/L), a contact time of 2 h, a
temperature of 25 °C, and initial F~ concentrations of 20 mg/L
to be 67, 85, and 94% for alumina NPs, NiO NPs, and alumina/
NiO NCS, respectively.

The distribution coefficient K, is a parameter that may be
used to evaluate the affinity of the adsorbent surface for an
element and can be computed using the following eq 3%’

C.
KD [
Cw 3)

where C; and C,, represent the concentration of fluoride in the
adsorbent (mg/g) and the residual fluoride concentration (mg/
L), respectively. Figure 10a shows the obtained K, values as a
function of pH. It is critical to remember that the higher the K,
value, the better the binding capability of the target pollutant.®”

The surface charge of the adsorbent is zero at the point of zero
charge (pHZPC). The surface charges of alumina NPs or NiO NPs
generated from aluminum or nickel oxide and alumina/NiO
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NCS are measured by the pH,,. of the adsorbent and the fluoride ions. The pHp,. of the synthesized nanomaterials is 6.8
isoelectric point of the aqueous medium in the presence of + 0.1 demonstrating that below this pH value, the surface charge
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Figure 12. Kinetic plots of (a) pseudo-first order, values g, and g, (mg/g), and (b) pseudo-second order for the fluoride ion removal using alumina

NPs, NiO NPs, and alumina/NiO NCS.

of the nanomaterials is positive and above this pH value, it is
negative. It can be noticed that above pH 6.8, there is strong
electrostatic repulsion between fluoride ions and the negatively
charged nanomaterials. The following mechanisms can explain
fluoride adsorption between the pH ranges of 2—10. At pH less
than pH,,, the adsorption mechanism is primarily electrostatic/
Coulombic attraction or the anion-exchange reaction. Because
of variations in the availability of positive charge surface, the
adsorption capacity drops in the pH range of 3.5—5 (below
pH,,. value), suggesting that the adsorption mechanism now
follows the ion-exchange process between positively charged
adsorbents and the negatively charged fluoride ions. Adsorption
capacity is reported to decrease dramatically at pH values higher
than pH,,.. This is due to the fact that at pH greater than pH,,,
the adsorbent’s surface is effectively negatively charged, resulting
in repulsion between the negatively charged binary oxide nano
adsorbent surface and the negatively charged fluoride anion. At
higher pH, the abundantly available OH™ and F~ compete for
active adsorption sites, resulting in lower adsorption capacity.
The results reveal that alumina NPs, NiO NPs, and alumina/
NiO NCS are all effective at eliminating F~ ions from water
samples. It is also highlighted that the K}, versus pH plots of
alumina/NiO NCS increase considerably with increasing pH,
suggesting that NCS is more pH-sensitive than alumina NPs and
NiO NPs. The variation in absorbance with regard to the
original pH of the solution can be explained by the adsorbent’s
zero-point charge. A plot of the beginning pH of the fluoride
working solution vs the end solution pH was used to determine
the zero point of alumina NP, NiO NPs, and alumina/NiO
NCS. The results reveal that at pH 7, alumina NP, NiO NPs, and
alumina/NiO NCS have the same zero-point charge.
Furthermore, at 25 °C, the adsorbent’s greatest sorption
capacity was determined to be 2.4, 2.8, and 3.3 mg/g
respectively (Figure 10a,b).

3.2.5. Effect of Competing Anions. The influence of co-ions
in contaminated water such as iodide, iodate, chloride, sulfate,
and hydroxide on defluoridation capability was investigated.
The anion concentrations were varied 10, 50, 100, and 200 mg/
L, whereas the fluoride content remained constant at 20 mg/L at
room temperature. As shown in Figure 1la—c, the removal
efficiency of F~ ions was calculated using alumina NPs, NiO
NPs, and alumina/NiO NCS adsorbents in the presence of other
competing anions at pH 7 and constant adsorption conditions
(150 rpm agitation speed, 25 °C temperature, and contact time 2
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h). The adsorption capacity was found to decrease significantly
with an increase in the concentration of these competing anions.
It might be due to competition for locations on the sorbent
surfaces, which is determined by the concentration, charge, and
size of the anions. Fluoride adsorption by alumina NPs, NiO
NPs, and alumina/NiO NCS adsorbents is significantly affected
by the presence of competing anions such as hydroxide ions.
Fluoride removal reduces in the alkaline pH range due to
hydroxyl ions competing for active sites in the solution. The
amounts of competing anions in this investigation were far
greater than those found in groundwater. Thus, even at
extremely high concentrations of the competing anions utilized
in this work, alumina NPs, NiO NPs, and alumina/NiO NCS
adsorbents were able to remove fluoride from drinking water at
pH ranging from 3.5 to 7. These results are in aégreement with
those obtained in the previously reported study.””

3.2.6. Effect of Different Temperatures. Temperature affects
the adsorption process in two ways. As the viscosity of the
solution decreases, it is known that an increase in the
temperature increases the rate of diffusion of adsorbed
molecules through the outer boundary layer and the inner
pores of the adsorbent particles. Moreover, temperature changes
the equilibrium capacity of the adsorbent for a given
adsorbate.”” Figure 11d shows the effect of temperature on
fluoride removal by alumina NPs, NiO NPs, and alumina/NiO
NCS. The graph shows that as the temperature increases, the
amount of adsorbed fluoride ions increases. By increasing the
temperature from 10 to 60 °C, the percentage of fluoride
elimination increases dramatically to 46.9, 67.4, and 86.7% for
the above-mentioned nanomaterials, respectively. The outcome
suggests that the reaction is endothermic. Temperature
increases the mobility of fluoride ions as well as produces a
swelling effect inside the internal structure of nanomaterials,
allowing fluoride ions to penetrate farther.”' Consequently, the
adsorption capacity should be mainly determined by the
chemical interaction between the functional groups on the
surface of the nanomaterials and the fluoride ions and should
increase with increasing temperature. Since diffusion is an
endothermic process, this can be explained by an increase in the
diffusion rate of the fluoride ions into the pores.””

3.3. Adsorption Kinetics. Adsorption kinetic models are
critical for understanding the relationship among adsorption
time, concentration, and equilibrium adsorption capacity. The
following pseudo-first-order eq 4”> may be used to understand
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Table 2. Adsorption Isotherm Parameters Using Langmuir and Freundlich Isotherms for the Adsorption of Fluoride Ions on the

Surfaces of Alumina NPs and FA-Alumina/CuONPs

Langmuir isotherm

Freundlich isotherm

S. no. adsorbents Qunax (mg/g) Ky (L/mg) R, (L/mg) R? Kp (mg/g) 1/n R?
alumina NPs 12.53 5.764 0.0178 0.9975 2.006 1.3187 0.9925
2 NiO NPs 11.49 1.466 0.0329 0.9910 3.709 0.9528 0.9952
2 alumina/NiO NCS 16.58 2.201 0.0222 0.9974 1.186 2.4946 0.9376
() ®) 2, .
1.2 - - Langmuir isotherm
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Figure 13. Langmuir adsorption isotherm of fluoride ions on the surfaces of (a) alumina NPs, (b) NiO NPs, and (c) alumina/NiO NCS.

the control stages of the adsorption rate of alumina NPs, NiO
NPs, and alumina/NiO NCS

ln(qe - qt) =Inq, — Kt (4)

The kinetic of fluoride adsorption on the surface of alumina
NPs, NiO NPs, and alumina/NiO NCS was also studied using
eq 5™ of pseudo-second order.

t 1 1
—=— + — Xt
9 kaxa 4 (s)

The values g, (mg/g) and q, (mg/g) represent the adsorption
capacity of alumina NPs, NiO NPs, and alumina/NiO NCS on
F~ at adsorption equilibrium and at a specific time point.
Meanwhile, the K; (h™") and K, (g/mg-h) represent the first-
order pseudorate constant and the pseudo second-order rate
constant.”

The linear graphs of the kinetics models based on pseudo-first

order In(g, — g,) and pseudo-second order L vs time are shown
9%
in Figure 12a,b.
The intercepts and slopes were used to calculate the kinetic
parameters of the adsorption of F~ ions on the surface of alumina
NPs, NiO NPs, and alumina/NiO NCS. The kinetics of fluoride
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adsorption onto nanomaterials were studied using two models:
pseudo-first order and pseudo-second order. Table 2 summa-
rizes the parameters that were computed. The best-fit model was
chosen from the three based on the correlation coeficient (R?)”°
and numerical agreement between the experimental and
computed g, values. According to the results, the pseudo-
second-order kinetic model for the above sorbents better
explains the experimental data. The adsorption capacities were
found to be 40.15, 60.32, and 78.29 mg/g for alumina NPs, NiO
NPs, and alumina/NiO NCS, respectively. Moreover, these
results are confirmed by the correlation coefficients R?, which
have values of 0.9963, 0.9958, and 0.9985, all close to 1.

3.4. Adsorption Isotherms. Adsorption isotherms are
essential for understanding the adsorption system between the
adsorbate and the adsorbent.”” To further understand the
interaction among F~, alumina NPs, NiO NPs, and alumina/
NiO NCS in the adsorption process, Langmuir and Freundlich
isotherm models were created to assess the adsorption data. The
study was conducted by applying the following formulas:

Formula 6 represents the Langmuir adsorption isotherm

model”®
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Figure 14. Freundlich adsorption isotherm of fluoride ions on the surfaces of (a) alumina NPs, (b) NiO NPs, and (c) alumina/NiO NCS.

C 1

_e e + —
Q, QK (6)

9.
Another parameter, Ry, can explain the adsorption according
to Langmuir as eq 7

R =1/(1+ K, x Cp) (7)

Based on the Ry value, the adsorption is favorable when Ry,
tends to zero (R, — 0) or unfavorable when R; tends to one (R;,
— 1). Formula 8 represents the Freundlich adsorption isotherm
model”

1
log q, log K + nlog C, ®)
where C, (mg/L), Q. and Q,, (mg/g), and K (L/mg) are the
equilibrium concentration of fluoride ions, the adsorption
capacity and saturation adsorption capacity, and the Langmuir
constant, respectively. Kz (L/mg) is a constant that might
represent the saturated adsorption quantity in the Freundlich
adsorption isotherm model; and 1/7 is an empirical parameter
that reflects the adsorption intensity. Adsorption intensity
changes with material heterogeneity in the Freundlich
adsorption isotherm model.*” The adsorption isotherm model
is widely used to study the adsorption mechanism throughout
the sorption process. The adsorption effect is strongly
influenced by the temperature of the adsorption environment.
Langmuir model fitted plots are more similar to experimental
graphs than the Freundlich adsorption isotherm model. Table 2
summarizes the obtained data. The slope and intercept of the
linear graphs were computed (Figure 13a—c). For alumina, NiO
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NPs, and alumina/NiO NCS, the values of Q,,,, were found to
be (12.53, 11.49, and 16.58 mg/g) constant K; (2.764, 1.466,
and 2.202 L/mg), and R; (0.0178,0.0135, and 0.022 L/mg) was
obtained. Correlation regression coefficients for the two
adsorbents were 0.9975, 0.9910, and 0.9974, respectively. The
greater the value of the Langmuir correlation coefficient, the
better the Langmuir isotherm model matches the adsorption of
fluoride ions on the surface of alumina NPs, NiO NPs, and
alumina/NiO NCS, respectively.

For the Freundlich adsorption isotherm model, for alumina
NPs, NiO NPs, and alumina/NiO NCS, the values of K were
found to be (2.006, 3.709, and 1.186 mg/g), 1/n (1.3187,
0.9528, and 2.4946), and correlation coefficients were 0.9925,
0.9952, and 0.9376, respectively (Figure 14a—c).

As shown in Table 2, the Q,, derived from the Langmuir
isotherm of alumina/NiO NCS was 16.58 mg/g and the pore
volume was 0.86 cm® g, The capacity of adsorbents to absorb
F~ ions varies, depending on their composition and textural
properties. This capacity is linked to the pore diameter of the
adsorbent. The alumina/NiO NCS had the highest F~ ion
removal capacity, while the samples with smaller pore diameters
had lower F~ ion removal capacities.®'

Traditional adsorbents have progressively shown their
particular application value and limitations during lengthy
periods of usage and development. In contrast to the use of new
adsorbents, research has mainly focused on synthesizing
complexes of two or more adsorbents to create synergistic
fluoride adsorption. Because different metal oxide adsorbents
have different strengths and limitations for fluoride removal,
current research investigations have used multimetal oxide. In
comparison to ordinary metal oxides, multimetal oxides
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frequently include several valence cations, offering additional
chemisorption sites.®” The tunability of each element’s
chemistry ensures an abundance of active sites, and the
components can be adjusted to each other, possessing different
outstanding properties and thus having unique quantum
coupling effect and synergistic effects, resulting in high
adsorption capacity.

3.5. Thermodynamic Studies. Temperature is an
important factor in adsorption. In this scenario, the influence
of temperature is investigated at five distinct temperatures: 298,
308, 318, and 328 K. Temperature affects the effect of alumina
NPs, NiO NPs, and alumina/NiO NCS on the removal of
fluoride ions in drinking water, which is explained by
thermodynamic factors. The changes in Gibbs free energy
(AG®, kJ/mol), enthalpy (AH®, kJ/mol), and entropy (AS°, kJ/
mol) are evaluated to determine whether adsorption is
spontaneous, endothermic, or exothermic.

The formulas of adsorption thermodynamics are 9—11%

AG®° = —RT In(K,) 9)
AS° AH°
In(K) = ——
n(K) R RT (10)
K. = 2.
C (11)

R, T, and K, are the molar gas constant (8.314 J K mol™"),

temperature (K), and thermodynamic constant, respectively.
Figure 15 illustrates the thermodynamic graphs for fluoride

ion adsorption on the surface of alumina NPs, NiO NPs, and

¢ Alumina NPs « NiO NPs « Alumina/NiO NCS

25 -
2 4 -
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Figure 15. Thermodynamic plots of fluoride adsorption on the surfaces
of alumina NPs, NiONPs, and alumina/NiO NCS.

alumina/NiO NCS. The slope and intercept of the provided
graphs were used to estimate the values of AH® and AS°, and the
data are summarized in Table 3.

The parameter AG° was used to study the physical adsorption
or chemisorption in the process. Adsorption occurs sponta-
neously when AG°® value is negative. Positive AH® values
indicate that the process is endothermic. Positive AS® values
indicate an increase in disorder at the solid—liquid interface
during adsorption.** The nature of the adsorption process is
described by the AH° value. AH® in the current study
corresponded to 6.127, 4.369, and 2.011 J/mol for alumina
NPs, NiO NPs, and alumina/NiO NCS, respectively, indicating
a physicochemical adsorption process rather than a purely
physical or chemical adsorption mechanism. The AS® values in
this study were 26.88S, 26.642, and 24.333 (J K™' mol™).
Endothermic and random adsorptions are indicated by positive
AH? values. The maximum AG?° values of —2.813, —4.342, and
—5.989 J/mol indicate a physical adsorption process with
electrostatic interaction between sorption sites and fluoride ions.

3.6. Probable Adsorption Mechanism. To verify the
adsorption mechanism of F~ ions on the surface of
presynthesized nanosorbents, a series of confirmatory analyses
were performed using alumina/NiO NCS as an example. FT-IR
analysis was performed before and after the adsorption of F ions
on the surface of alumina/NiO NCS. A strong and broad peak at
3450 cm ™! was observed, which was attributed to the stretching
vibration of the O—H absorption of Al (OH);. The peak of bent
H—O-H was observed at 1641 cm™. A sharp peak was
observed at 1020 cm ™' corresponding to the Al-O—H bonding.
However, the sharp peak at 605 cm™ was attributed to the
formation of Al-F—AI*" (Figure 16a). The XRD patterns of the
sample before and after adsorption were essentially identical,
indicating good stability, and the crystalline structure of the
nanocomposite was not changed after the F~ jon adsorption
process (Figure 16b,c). The SEM spectra of alumina/NiO NCS
after adsorption did not change, indicating good stability of the
crystalline structure of the nanosorbents (Figure 16d).

The XPS analysis was also performed after the process of
adsorption of the F~ ions. Scanning XPS examination of the
samples before and after the adsorption of fluoride and
regeneration shows the presence of a fluoride peak at 690 eV
after adsorption, while the peak disappeared after regeneration
of the sample (Figure 17a). The binding energies of the two
alumina/NiO NCS before and after the adsorption of fluoride
were calculated. The results showed the atomic % of C 1s (30.67
and 23.98%), O 1s (42.04 and 36.24%), Al 2p (18.09 and

Table 3. Thermodynamic Parameters of Fluoride Adsorption of the Surface of Alumina NPs, NiO NPs, and Alumina/NiO NCS

adsorbents C, (mg/L) T (K) AG® J/mol AH® J/mol AS°J K mol™ R?
alumina NPs 20 298 —1.960 6.127 26.885 0.9846
308 —2.275
318 —2.534
328 —2.813
NiO NPs 20 298 —3.560 4.369 26.462 0.9512
308 —-3.871
318 —4.149
328 —4.342
alumina/NiO NCS 20 298 —5.289 2.011 24.333 0.96675
308 —5.527
318 —5.767
328 —5.989
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Figure 16. (a) FT-IR, (b,c) XRD patterns, and (d,e) SEM/AFM images before and after adsorption of F ions on the surface of alumina/NiO NCS.

17.20%), and Ni 2p (9.20 and 9.05%) after and before the
adsorption process, respectively. In addition, the F ions were
found to be 13.53% after adsorption. The fitted spectra show the
presence of an oxide peak at binding energies of 75.19 and 76.22
eV, which could be attributed to aluminum oxide and aluminum
hydroxide, respectively. Since aluminum fluoride has formed,
the binding energy of 77.44 eV can be seen at this point (Figure
17b—d). The mechanism of adsorption by aluminum hydroxyl
can be confirmed by this bond between aluminum fluoride. The
highly electronegative electrostatic adsorption between the
protonated functional groups and the fluoride favors this
mechanism. In other words, according to Pearson’s principle
of hardness and softness of acid and base, hard acids
preferentially coordinate with hard bases. Ni** was characterized
as borderline, F~ was a hard acid, and AI’** was a hard acid
(Figure 1’7e—g).

3.7. Application of Contaminated Water Samples and
Regeneration of Adsorbents. Six water samples with a
fluoride concentration of 20 mg/L were analyzed. The results
showed that alumina NPs, NiO NPs, and alumina/NiO NCS
were effective in removing fluoride. In addition, the regeneration
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of the proposed adsorbents was also tested. The adsorbent used
was filtered and sonicated with 5 mL of ethanol for 5 min and
then S mL of deionized water was added, filtered, and dried in an
oven at 100 °C for 1 h. The initial removal efliciency was
assumed to be 100%, and the subsequent performance was
approximated. The average efficiencies of alumina NPs, NiO
NPs, and alumina/NiO NCS were 92.93, 95.59, and 98.61%,
with RSD values 0f0.17, 0.19, and 0.22%, respectively. However,
the lowest efficiencies were 72.5, 86.7, and 89.4% for the above
sorbent, respectively. These results indicate that the penetration
of fluoride ions into the internal sorbent sites was easy and
hindered the recovery (Figure 18).

A comparative study was conducted between the green
synthesized nanosorbents and the previously developed
alumina-based sorbents, and the comparative data are
summarized in Table 4. The results of the present work under
optimal experimental conditions (298 K temperature, 2 h
contact time, and pH 7) confirmed that the proposed sorbents
with a low dose of 0.8 g/L enable efficient removal of fluoride
ions with removal efficiencies 92.93, 95.59, and 98.61% for the
synthesized alumina NPs, NiO NPs, and alumina/NiO NCS,
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Table 4. Comparison between the Synthesized Nanomaterials and the Previously Reported Alumina-Based Sorbents for the

Removal Efficiency of Fluoride Ions

adsorption conditions

initial C- contact
adsorbents (mg/L) pH Temp. (K) time (min)
B-CD@AIFuMoF 30 2 303 120
activated alumina 10 6—8 318 120
nano y alumina 8 4 303 120
Fe—Al bimetallic 10 7 303 45
metal—organic-framework
heterogeneous AI** modified 10 7 303 60
mine-waste
Cu®* engrafted MgAl,O, 10 7 300 45
aluminum fumarate MOF 30 7 293 60
alumina NPs 20 7 298 120
NiO NPs 20 7 298 120
alumina/NiO NCS 20 7 298 120

sorbent isotherm removal regeneration
dosage (g/L) model efficiency (%) cycles ref
0.75 Langmuir 94.5% 7th 86
2.0 Freundlich 87.6% 87
1.0 Freundlich 96.0% Sth 88
1.0 Langmuir 95.6% 8th 89
Freundlich
10 Langmuir 84.0% 90
LS Langmuir 97.0% 3rd 91
0.75 Freundlich 100% 92
0.8 Langmuir 92.93% 6th current
study
0.8 Langmuir 95.59% 6th
0.8 Langmuir 98.61% 6th

respectively. The experimental conditions of the present work
are consistent with the other described methods**™" with
respect to the Langmuir adsorption isotherm model. The
advantage of the current method is that the removal efficiency
can be carried out in a wide pH range of 2—8. Therefore, the
synthesized alumina NPs, NiO NPs, and alumina/NiO NCS can
be used as ideal adsorbents for the removal of fluoride from
groundwater runoft even if the water is alkaline.

4. CONCLUSIONS

This study aimed to remove F~ ions from drinking water by
using green nanosorbents (alumina NP, NiO NP, and alumina/
NiO NCS). The adsorption process was found to be influenced
by the initial pH of the solution, the dose of the adsorbent, and
the concentration of fluoride ions, according to the results.
Consequently, at neutral pH = 7, the removal effectiveness of
alumina-NP, NiO-NP, and alumina/NiO NCS was the highest
(67, 85, and 94%, respectively) when the adsorbent dose (0.8 g/
L) and initial fluoride content (Co, 20 mg/L) increased. The
adsorption isotherm of fluoride by alumina NP, NiO NP, and
alumina/NiO NCS was effectively characterized by the
Langmuir isotherm with Qp,, values (12.53, 11.49, and 16.58
mg/g). Fluoride adsorption by alumina NP, NiO NP, and
alumina/NiO-NCS was characterized using a pseudo-second-
order kinetic model. The presence of positive AH® (6.127,
4.369, and 2.011 J/mol) for alumina NP, NiO NP, and alumina/
NiO NCS, respectively, confirmed that the adsorption process
was endothermic. In addition, positive AS® values (26.88S,
26.462, and 24.333 kJ/mol) indicate an increase in disorder at
the solid—liquid interface during adsorption. The formed
nanomaterials can remove a considerable amount of fluoride
in the pH range of 7, which makes them suitable for use in the
defluoridation of drinking water. Plant-mediated adsorption
synthesis can be presented as a cost-effective and environ-
mentally acceptable adsorbent for environmental remediation
and fluoride removal.
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