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ABSTRACT

The present study focused on the synthesis of silicon dioxide nanoparticles (SiO,) using a green method, in-
corporating buckthorn leaves extract and potassium metasilicate (K,SiO,) as the precursor. A comprehensive
characterization of the prepared nanoparticles was performed using X-ray diffraction (XRD), fourier-transform
infrared spectroscopy (FTIR), field emission scanning electron microscopy (FESEM), Brunauer-Emmett-Teller
(BET) analysis, and dynamic light scattering (DLS). The results confirmed the purity of the SiO, nanoparticles
and exhibited a range of diverse functional groups on their surface. Furthermore, the average size and surface
area of the nanoparticles were determined to be 35.8 nm and 246 m?-g’!, respectively. These well-characterized
SiO, nanoparticles were employed as an effective adsorbent for the removal of bromophenol blue dye from aque-
ous solutions in a batch mode adsorption unit, under varying operating conditions. The factors considered for
evaluating the efficiency of SiO, nanoparticles as an adsorption media included pH, contact time, agitation speed,
dye concentration, temperature, and the quantity of nanomaterial utilized. Experimental findings demonstrated a
remarkable removal efficiency of 96% for bromophenol blue dye at an initial concentration of 100 ppm in the con-
taminated solution. Interestingly, the percentage removal exhibited an inverse relationship with dye concentration
and temperature, while being directly proportional to other factors. Overall, the green-synthesized silicon dioxide
nanoparticles proved to be a promising adsorbent for the effective removal of bromophenol blue dye from aqueous
environments. The findings highlight the potential application of these nanoparticles in wastewater treatment and
pollution mitigation, offering a sustainable and eco-friendly solution for environmental challenges.
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INTRODUCTION

Water constitutes the fundamental essence of
existence, serving as a cornerstone of life. How-
ever, when contaminated by pollutants, it ceases
to be a source of sustenance, instead transforming
into a perilous hazard to human well-being. Con-
sequently, the oversight of potable water purity
and safety surpasses that of food, given its ubiqui-
tous consumption on a daily basis (Khaleel et al.,
2022). The issue of water contamination stands as
a primary concern for researchers and experts in
the pollution domain. Multiple origins contribute
to water pollution, notably including residues
from chemical plants, mining activities, petro-
leum extraction, refinery operations, diverse

chemical compounds, heavy metal residues, dye
residues, detergent residues, pesticide runoff, fer-
tilizer runoff, agricultural by-products, soil leach-
ate, as well as assorted organic and inorganic
waste materials (Abd Al-Latif et al., 2023). Dyes
represent pigmented compounds capable of ad-
hering to substrates intended for coloring, impart-
ing vivid hues that resist fading due to washing,
light exposure, oxidation, acidic or alkaline con-
ditions. Annually, a vast array of dyes is manufac-
tured in substantial volumes, exceeding 100,000
varieties, each distinguished by its unique com-
position and constituents (Alwan et al. 2021).
These substances find application across diverse
sectors including dyeing, ink production, metal
coating, tinting glass and ceramics, cosmetics
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formulation, textile dyeing, food coloring, paper
manufacturing, leather treatment, plastic pro-
duction, pharmaceuticals, and chemical indus-
tries. Additionally, they serve as additives in oil
refinement, photographic processing, and vari-
ous other applications (Abbas and Alalwan,
2019). Due to its diversity, the increasing need
for it, and its multiple uses in all industrial and
agricultural fields, dyes have become one of the
most important organic materials polluting wa-
ter sources (Hanafi and Sapawe, 2020). Dyes
have the potential to contaminate water through
three primary pathways: firstly, through the raw
materials utilized in their production, as these
materials are derived from a variety of com-
pounds with uncertain environmental character-
istics, and the remnants of these substances fre-
quently infiltrate water sources. Secondly, large
volumes of wastewater are generated during the
manufacturing process, with effluents from
washing steps often containing (30—70%) of the
permanent dyes, not to mention the volume of
water left over from them (Williams et al., 2022).
As for the last pathway, it is the industrial waste-
water that contains high concentrations thereof,
where approximately (10-15%) of the dyes used
are dissipated. On the other hand, dyes are one
of the common types of water pollutants due to
their high-water solubility. Most synthetic dyes
are highly toxic to humans and aquatic beings,
and have acute as well as chronic effects (Kolya
and Kang, 2024). For example, reactive dyes are
notorious for causing health issues such as der-
matitis, occupational asthma, rhinitis, and other
allergic reactions for the workers involved in the
manufacturing of these dyes. Dyes exhibit muta-
genic and carcinogenic properties, resulting in
chronic health effects including kidney, urinary
bladder, and liver cancer among dye industry
workers. An example is erythrosine, a xanthene
dye known to be carcinogenic, neurotoxic, and
capable of causing DNA damage in both humans
and animals (Srivatsav et al., 2020). Therefore,
the water contaminated with dyes needs rapid
and efficient treatment to remove these hazard-
ous chemicals to comply with the authorized
limits so that they can be discharged into public
sewage networks or into surface and ground wa-
ters (Abbas et al., 2019a). All of the mentioned
effects are for dyes with known effect. As for the
most dangerous type, they are the types of un-
known effect on humans and animals, including
dyes for biological activities (Ibrahim et al.,
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2020a), medical studies, and scientific research,
which are used to color tissue sections (Ibrahim
et al., 2020b). So far, a number of these dyes
have an unknown effect, which requires identi-
fying, removing and disposing of their traces. It
represents an important goal to preserve the pu-
rity of water sources and prevent potential envi-
ronmental pollution resulting from their dis-
charge to waterways and the environment (Al-
hamd et al., 2024). One of the most important
types of these dyes is bromophenol blue, which
a synthetic-colored dye is belonging to the thia-
zine family, derived from phenols (Hassen et al.,
2022). It is odorless, color-changing according
to pH, with a chemical formula (C jH, Br,O.S),
and soluble in water, benzene, acetic acid, sodi-
um hydroxide, and alcohol (methyl and ethyl).
This dye appears in the basic state in a bright
blue-violet color, while in the acidic state it ap-
pears in a yellow color (NCBI 2023). This dye
has many industrial, laboratory indicator and
biological stain uses. Due to its unique proper-
ties, it is widely used as a pH indicator in labora-
tories, with this application being one of its most
important uses. The dye is added to the solutions
to monitor their color change with the change in
pH, which makes it easier to measure the acidity
or basicity values of the solutions (Aljubiri et al.,
2023). In addition, it has many other important
uses in chemistry sciences, molecular biology
techniques, and numerous other fields. Through
which the migration pathway can be determined
in electrolysis in electrophoresis generation
techniques to separate DNA or proteins and
quantify them (NCBI 2023). This dye is also
used in some cases in tissue and organ transplan-
tation to determine the success of tissue trans-
plantation and to ascertain whether it has been
successfully accepted by the host body. On a re-
lated level, bromophenol blue dye is used to
stain active and persistent genes in the genetic
stream, as well as to examine gels and determine
gel staining and loading control in genetics. Fur-
thermore, it is used in testing the chemical com-
position of unknown aqueous solutions (Batuba-
ra et al., 2023). Scientists and researchers con-
tinue to pursue research and development to en-
hance its use and explore new applications for
this important and beneficial dye in a wide range
of scientific and industrial fields, making it a
valuable and effective tool in modern science
and research (Alshoaibi and Islam, 2021). Gen-
erally, while there is a lack of specific studies on
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the toxicity of bromophenol blue, it is generally
regarded as having low toxicity. Nevertheless,
numerous adverse effects related to its toxic po-
tential have been documented, emphasizing the
need for careful handling and adherence to safety
protocols. Inhalation of airborne bromophenol
blue particles can lead to respiratory irritation
(Abd Ali et. al., 2024). Direct contact with the
skin or eyes may result in irritation, and pro-
longed exposure could lead to congestion. More-
over, ingestion of substantial quantities of bro-
mophenol blue may provoke irritation in the
stomach or intestines, although the precise
amount remains unspecified (NCBI 2023). Nu-
merous techniques are employed to eliminate
dyes or minimize their concentration to the low-
est achievable level. These methods encompass
chemical sorption, coagulation-flocculation,
ozonation, advanced oxidation processes, bio-
logical treatments, extraction, reverse osmosis,
ion exchange, ultrafiltration, nano-membrane fil-
tration, adsorption, and various others. Among
these approaches, the adsorption method emerg-
es as a particularly promising technique for purg-
ing dyes from aqueous solutions (Abbas and Ab-
bas, 2013a). This method is straightforward and
cost-effective, necessitating neither extensive
preparatory steps nor specialized equipment or
substantial space. However, despite its simplici-
ty, it has demonstrated remarkable efficacy in
eliminating a wide array of contaminants (Al-
hamd et. al., 2024), including heavy metals, or-
ganic compounds, inorganic toxins, and even
dyes, from water, soil, and crude oil (Ali et al.,
2021). One of the oldest and most important ma-
terials used as efficient and effective adsorption
media is activated carbon due to its high surface
area as well as the ability to deal with various
types of pollutants and remove them from water
(Maddodi et al., 2020). However, the high cost of
preparing this material and its consumption dur-
ing each reactivation process made it an obstacle
to the progress of this treatment method (Rajaa et
al. 2023). Agricultural and industrial wastes have
attracted the attention of researchers and special-
ists in the field of pollution treatment for the ad-
vantages they possess as treatment media (Abbas
and Abbas, 2013b). They are available materials
that are non-valuable and must be disposed of, in
addition to having effective aggregates and a
suitable surface area that made them a successful
alternative to activated carbon, as well as being
materials with appropriate efficiency and good

effectiveness in treating pollutants (Abbas et al.,
2020). These materials include banana peels
(Abdullah et al., 2023), orange peels (Hasan et
al., 2021), rice husks (Alalwan et al., 2018), lem-
on peels (Al-Hermizy et al., 2022), watermelon
rinds (Abbas and Nussrat, 2020), pomegranate
peels (Tolkou et al., 2024), egg shells (Ali et al.,
2020a), aluminum foil (Ghulam et al., 2020), al-
gae (Abbas et al., 2019b), water hyacinth (Ali
and Abbas, 2020), waste tea leaves (Al-Ali et al.,
2023) and others (Abdulkareem et al., 2023). A
wide range of contaminants can be remediated
by agricultural and industrials wastes, such as
phenols (Ho, 2022), inorganic toxic (Alalwan et
al., 2020), heavy metals (Hashem et al., 2021),
hardness (Ibrahim et al., 2021), etc. Although the
accumulation of these residues laden with toxic
pollutants after the end of the adsorption process
generated an additional problem that required
disposal, the concept of the zero-residue level
opened new horizons for benefiting from these
residues (Hamdi et al., 2024). Instead of the need
to eliminate these materials, it was possible, via
this concept, to convert them into useful materi-
als in an economical, low-cost, and environmen-
tally friendly way, such as benefiting from them
before using as an adsorption media in convert-
ing them after completion of their use into a ro-
denticide (Abd ali et al., 2018) as a result of their
effects, or as a kind of fertilizer (Abbas, 2015), a
nanomaterial (Alminshid et al., 2021), a concrete
additive (Abbas et al., 2022a), or a useful sub-
stance (Abbas et al., 2022b). The current study
aimed to take advantage of buckthorn leaves (as
one of the types of agricultural waste) in the
preparation of nano-silicon dioxide (SiO,) and to
test the prepared material as a media for adsorp-
tion of bromophenol blue dye at different operat-
ing factors to determine the optimal conditions
for recovering this dye from aqueous solutions.

METHODOLOGY

Preparation of plant leaves

Fresh buckthorn leaves were collected from
local garden trees in the city of Baquba — Diyala
Governorate, for the period from 01/11/2023 to
01/12/2023, and their classification was verified
in the herbarium of the Department of Biology,
College of Education for Pure Sciences — Diyala
University. The collected leaves were washed
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with an excess of tap water and then with dis-
tilled water twice to remove all impurities and
dust stuck and left to dry naturally by exposing
them to the open air in a clean place away from
direct sunlight for a period of 24 hours. After dry-
ing ended, the process of grinding and crushing
the leaves was carried out using manually using
mortar and pestle and then by household grinder
(Ultra Grinder Machine Pulverizer, Fengclock,
China). After that, a sample of 10 g was sifted
in a sieve analysis device (Mechanical Metal
Powder Vibrating Sieve Analysis Shaker-DY200,
1-8 layers, China) according to the method de-
scribed by (Rajaa et al., 2023), to choose powder
of homogeneous size, and keep each powder in a
separate opaque glass vial according to the size of
the sieve. Table 1 shows the sieve analysis of the
buckthorn leaves powder used in this study.

Preparation of the plant extract

To prepare the buckthorn leaf extract, the
powder passed through a 0.25 mm sieve was used,
as it is the largest quantity produced according to
Table 1. Before beginning the extraction process,
the selected powder (of 50 mesh size) was dried
in an oven at a temperature of 50 °C for half an
hour, after that it was mixed with deionized dis-
tilled water in a suitable conical flask with a ratio
of 1:8 (W/V). The flask was covered totally with
a layer of aluminum foil to avoid the effects of
light or light reactions may occur and also to limit
the potential algal growth in the presence of ad-
equate lighting. The extraction process was car-
ried out by heating the mixture using a magnetic
stirrer (Vevor Magnetic Stirrer Hot Plate) for half
an hour at 70 °C and appropriate shaking. The
mixture then filtered using Whatman filter paper
41, and the remaining filtrate was left to cool and

subsequently stored in a refrigerator at a tempera-
ture of 4 °C until later use.

Synthesis of silicon dioxide nanoparticles

Silicon dioxide nanoparticles were synthe-
sized through a well-controlled procedure. Initial-
ly, at a magnetic stirrer, a solution of 1 N potas-
sium metasilicate (K SiO,) was added gradually
(drop by drop) to the prepared buckthorn liquid
extract at a ratio of 1:5 (V/V), with continuous
stirring at 55 °C and 10 for temperature and pH,
respectively, under reflux conditions. The con-
tinuous mixing for a duration of 12 hours, result-
ed in the successful synthesis of silicon dioxide
nanoparticles. To adjust the pH level, 0.1 N KOH
was carefully used. Then, the resulting mixture
was subjected to filtration using Whatman filter
paper No. 41, and the obtained precipitate was
carefully washed three times with double dis-
tilled water to ensure removal of any impurities.
The residues were separated from the mixture by
centrifugation at 8000 rpm for 30 minutes. Subse-
quently, the separated solid phase was subjected
to high-temperature treatment at 700 °C for 180
minutes in a furnace to eliminate any contami-
nants and organic components surrounding the
silicon dioxide nanoparticles. Finally, a white
precipitate of pure silicon dioxide nanoparticles
was obtained, which was packed with and stored
in an amber glass vessel with a secure plastic lid
to maintain its quality and facilitate further char-
acterization studies.

Characterization of the prepared
silicon dioxide nanoparticles

To identify the characteristic properties of
prepared silicon dioxide nanoparticles, several
physical tests were conducted. These tests were

Table 1. Sieve Analysis of buckthorn leaves powder used in this study

No. Sieve size, (mm) Mesh Weight, (g) % wt
1 0.500 35 0.853 8.53
2 0.354 45 1.584 15.84
3 0.297 50 3.128 31.28
4 0.250 60 1.967 19.67
5 0.149 100 1.353 13.53
6 0.088 170 0.942 9.42
7 Pan - 0.173 1.73
z - - 109 100%
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X-ray diffraction (XRD) carried out by X-ray dif-
fraction (XRD) machine Shimadzu-XRD-6100,
fourier-transform infrared spectroscopy (FTIR)
performed by (FTIR Shimadzu 8400s device)
within the range between 4000-400 cm’, field
emission scanning electron microscopy (FE-
SEM) conducted by (Inspect f 50 FEI) device
with 25,000 x magnification, Brunauer—Emmett—
Teller (BET) surface area achieved by (Quanta-
chrome, Qsurf 9600 Thermo Finnegan Co., USA
device), and dynamic light scattering (DLS) de-
termined by heat flux differential scanning calo-
rimetry (Shimadzu DSC-60).

Dynamic light scattering)

The analysis of particle size distribution was
conducted using dynamic light scattering (DLS)
technique. The findings of this study revealed
that the average size of silicon dioxide nanopar-
ticles synthesized through the green method us-
ing buckthorn leaves extract and potassium meta-
silicate (K SiO,) as a precursor was determined
to be 35.8 nm, as depicted in Figure 1. The DLS
analysis indicated that the particle size remained
relatively consistent, indicating a stable synthesis
process. The observed particle size distribution
curve exhibited a sharp peak, indicating a high
level of uniformity, homogeneity, and mono-dis-
persity among the synthesized nanoparticles, with
minimal variation in size. This outcome can be
attributed to the elevated temperature treatment
of the precipitate during the preparation process,
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resulting in the breakdown of larger structures
into smaller particles. Additionally, the use of a
concentrated extract (used without further dilu-
tion) and the availability of abundant raw materi-
als from the potassium metasilicate (K,SiO,) con-
tributed to these favorable results. The duration
and reflux conditions employed in the synthesis
process played a crucial role in achieving this par-
ticular particle size distribution outcome.

X-Ray diffraction

The crystalline structure of the synthesized
nanoparticles was investigated using X-ray dif-
fraction analysis. The XRD analysis was con-
ducted at room temperature, employing CuKa
(1.5406 A) radiation and covering a 26 range
from 20 to 80°. Figure 2 illustrates the XRD pat-
terns obtained for the SiO, nanoparticles synthe-
sized through the green method, utilizing buck-
thorn leaves extract and potassium metasilicate
(K,Si0,) as a precursor. The XRD diffractograms
exhibited a broad intense peak centered between
19-22°, indicating the presence of an amorphous
structure in the synthesized nanoparticles. No-
tably, no other diffraction peaks were observed,
suggesting the absence of any additional crystal-
line phases in the nanoparticles.

The obtained peaks were found to be in agree-
ment with the reference JCPDS file No. 89-0510
for SiO,, further confirming the composition of
the synthesized nanoparticles. It is worth mention-
ing that the absence of impurities peaks for SiO,
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Figure 1. DLS analysis of silicon

dioxide nanoparticles prepared
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Figure 2. XRD of silicon dioxide nanoparticles prepared

indicates the purity of the synthesized nanopar-
ticles. The amorphous nature of the nanoparticles
can be attributed to the calcination process, which
caused a transformation of the precursor’s crystalline
structure into amorphous particles (Alalwan et. al.,
2022a). This transformation is consistent with the
well-known behavior of crystalline structures at tem-
peratures around 700 °C, where amorphous particles
are typically formed. The XRD analysis provides
valuable insights into the crystalline structure of the
synthesized SiO, nanoparticles, confirming their
amorphous nature and purity. These findings sup-
port the successful synthesis of SiO, nanoparticles
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through the green method utilizing buckthorn leaves
extract and potassium metasilicate as a precursor
(Abbas and Abbas, 2013c¢).

Fourier transform infrared spectroscopy (FT-IR)

The FTIR spectra of the silicon dioxide nanopar-
ticles synthesized using the green method are depict-
ed in Figure 3. The spectrum reveals the presence
of two outstanding peaks alongside several minor
peaks. Specifically, the peaks observed at 791.92
cm’!, 806.44 cm!, and 1091.67 cm! correspond to
the symmetric and asymmetric stretching vibrations
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Figure 3. FTIR spectrum of silicon dioxide nanoparticles prepared
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of Si-O-Si bonds. The bending vibration of siloxane
(Si-O-Si) is represented by the bands at 468.47 cm'!
and 578.51 cm™. An absorption peak at 964.38 cm’!
indicates the asymmetric stretching of Si-OH bonds.
Furthermore, the absorption peak at 1658.07 cm'!
is attributed to the bending vibration of water mol-
ecules adsorbed on the surface of the silicon dioxide
nanoparticles. Although the intensity of this peak can
be reduced by heating, it cannot be completely elimi-
nated. The peaks observed at 2560.49 and 2885.23
cm’! represent the symmetric stretching vibrations
of alkyl groups. Additionally, the absorption peak at
3190.47 cm! corresponds to the asymmetric stretch-
ing vibrations of alkyl groups. These characteristic
peaks strongly support the successful synthesis of a
highly reactive surface in the silicon nanoparticles
derived from buckthorn leaves extract and potassium
metasilicate (K,SiO,) as a precursor.

Field emission scanning electron microscopy

The surface morphology of the silicon dioxide
nanoparticles was primarily determined by field
emission scanning electron microscopy (FESEM)
test, and the result is shown in Figure 4. It can be
seen that the majority of the nanoparticles sample
is on the nanoscale and possess asymmetric spher-
ical shape with smooth surfaces. Also, it is clear
that the green synthesized method produces poly-
disperse nanoparticles with different particle siz-
es. This is related to the state of balance between
nucleation and growth processes which results in
non-isotropic growth of particles when misalign-
ment. In narrow limit, there are a tendency for
agglomeration between the prepared particles as
clear from the FESEM test. The formation of tiny
particles as a result of low preparation tempera-
ture where the nanoparticles produced at higher
temperature > 70 °C favored non-spherical mor-
phology whilst spherical particles are obtained at
lower temperature (< 60 °C). This may be due to
the different growth rates of particles in different
directions. Generally, the agglomeration process
is a characteristic of the green synthesis method
and is performed due to a consequence of the im-
pact of interparticle forces on particle sizes lesser
than 1 pum. If the concentrations of raw materials
are high (as in this study), this led to the high ionic
strength of the solution that, in turn, increases nu-
cleation and growth rates of particles. Double lay-
er thickness is not considerable in solutions with
high ionic strength and, therefore, the possibility
of agglomeration enhances some primary particles

tending to aggregate and form large secondary
particles. Under these conditions, primary nuclei
form, grow very fast, agglomerate and make large
nanoparticles (Alalwan et al., 2022b).

Specific surface area

The surface area (S,;,) is an important pa-
rameter to evaluate the operational character-
istics of catalysts, adsorbents and any other
porous media. In this study, the surface area
was meticulously determined for the silicon
dioxide nanoparticles synthesized using the
green method, employing buckthorn leaves ex-
tract and potassium metasilicate (K,Si0O,) as a
precursor. The measurement process involved
physical adsorption-desorption analysis of ni-
trogen gas at a constant temperature equivalent
to the boiling point of liquid nitrogen (-77 K).
The resulting adsorption-desorption isotherm,
depicted in Figure 5 exhibits a characteristic
IV category curve, indicating the presence of
mesoporous structures and slit-like pores. The
adsorption process initially saturated the mi-
cropores of the material (at P/P°= 0.34513),
followed by the filling of mesopores with multi-
layers of nitrogen gas. The specific surface area
of the synthesized silicon dioxide nanoparticles
was remarkably high, reaching an impressive
value of 246 m?/g. Notably, this specific sur-
face area surpassed those reported for ordinary
silicon dioxide materials. For instance, regular
spherical silicon dioxide particles with a di-
ameter of 0.5 pum (or 200 nm) exhibited a sur-
face area of only 14.29 m?g, measured using
the Multi-Point Brunauer—Emett-Teller (BET)

—— 500 nm
inspect f 50-FEI Company

g ' | det pressure | WD

1:01:15 PM|30.00 kV|{120 000 X ETD 1.62¢-3 Pa/9.4 mm
Figure 4. FESEM of the silicon
dioxide nanoparticles prepared
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Figure 5. Adsorption-desorption isotherm for the silicon dioxide nanoparticles prepared

method. The elevated surface area of nanoma-
terials can be attributed to their significantly
reduced particle size compared to conventional
materials. The nanoscale size allows for a high-
er number of particles per unit volume, result-
ing in an increased active surface area available
for interactions with other compounds and the
surrounding environment. Moreover, the struc-
tural characteristics of nanoparticles, includ-
ing their smaller and more branched particle
morphology, further enhance the interfacial
area between the particles and the surround-
ing medium. These additional surface sites
play a crucial role in facilitating various sur-
face phenomena, such as chemical reactions,
physical interactions, material adsorption, and
molecular exchanges. Furthermore, nanoparti-
cles possess unique surface properties, such as
thinness, smoothness, and subtle atomic-level
structural deformations, which contribute to
their enhanced surface activity.

Stock solution of tested dye

The stock solution of bromophenol blue dye
(CAS: 115-39-9) was prepared using reddish-
violet powder procured from Wuhan Golden
Wing Industry & Trade Co., LTD, Shanghai,
China. To prepare the solution, exactly 500
mg of the dye was dissolved in one 0.5 liter of
laboratory-prepared double distilled water us-
ing a water distillation unit (GFL-2012). This
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meticulous procedure ensured that each cubic
centimeter of the solution contained 1 mg of
bromophenol blue dye, resulting in a concen-
tration of 1,000 ppm. The use of high-quality
double distilled water guaranteed the purity
and accuracy of the solution, eliminating any
potential interference from impurities.

Calibration curve

The determination of the maximum wave-
length (4__ ) of the bromophenol blue dye in-
volved conducting a series of laboratory exper-
iments with a fixed concentration of 10 ppm.
The wavelength range explored ranged from
200 nm to 900 nm. These experiments were
carried out using a precise spectrophotometer
device, specifically the FTIR Shimadzu 8400 s.
At each wavelength, the absorbance of the dye
was measured and recorded. These absorbance
values were then plotted using the same meth-
od described in (Ali et al., 2020b), resulting in
Figure 6. From the plot, it was observed that
the maximum absorbance value reached 0.999.
This maximum absorbance occurred at a wave-
length of 590 nm, which was determined to be
the most optimal wavelength for this particu-
lar dye. The chosen wavelength of 590 nm was
subsequently used to generate the calibration
curve for bromophenol blue dye, as illustrat-
ed in Figure 7. This curve allows for accurate
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quantification of the dye’s concentration in fu-
ture experiments and analyses. By utilizing the
wavelength of 590 nm, researchers can confi-
dently assess the presence and concentration of
bromophenol blue dye in various samples.

Adsorption unit used

The batch adsorption experiments of bromo-
phenol blue dye using prepared silicon dioxide
nanoparticles were conducted in a specialized
adsorption unit. A specific concentration of bro-
mophenol blue dye was prepared by diluting the
required amount of the stock solution. The ob-
jective was to determine the optimal operating
conditions that would yield maximum removal
efficiency. Various design parameters, including
pH, agitation speed, initial concentration, contact

time, temperature, and dose of silicon dioxide
nanoparticles, were investigated. The pH of the
solution was controlled using 0.1 N sodium hy-
droxide (NaOH) and 0.1 N hydrochloric acid
(HCI) solutions. The range of parameters explored
was as follows: pH (1-9), agitation speed (100—
400 rpm), initial concentration (1-125 ppm), con-
tact time (10—180 minutes), temperature (25-50
°C), and nanoparticle dose (0.01-0.11 g). Each
experiment involved adding 100 ml of the bro-
mophenol blue solution, with specific concentra-
tions and pH values, to a sealed conical flask (150
ml Pyrex® Borosilicate glass with glass stopper).
The flask was then placed in a water bath shaker,
and the experiment commenced by setting the
desired agitation speed. The experiment dura-
tion was determined by the predefined contact
time. After completion, the solution was filtered
using a vacuum filtration apparatus (JOANLAB
VP-10L), and the silicon dioxide nanoparticles
were separated. The remaining concentration of
bromophenol blue dye in the treated solution was
measured using spectrophotometry. The percent-
age removal of dye and the adsorption capacity of
the silicon dioxide nanoparticles were calculated
using Equations 1 and 2, respectively.

Cr
%E = (1 _F) x 100 (1)
AN ) 5
170000 m (@)

where: %R — represents the removal efficiency of
bromophenol blue dye, calculated as the
percentage of dye removed from the initial
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Figure 7. Calibration curve of bromophenol blue dye using UV-spectrophotometer
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concentration C, to the final concentration
C - measured by (ppm), g — represents the
adsorption capacity of silicon dioxide for
bromophenol blue dye, expressed in mg/g.

It quantifies the amount of dye adsorbed by
a given mass of silicon dioxide, V' — rep-
resents the volume of the solution used in
the adsorption experiment, measured by
ml, and m: represents the amount of silicon
dioxide used in the adsorption process.

Overall, this experimental setup allowed for
the evaluation of the adsorption performance of
silicon dioxide nanoparticles in removing bro-
mophenol blue dye, providing valuable insights
into the effectiveness of various operational pa-
rameters. Equations 1 and 2 allow for the quan-
titative assessment of the adsorption perfor-
mance, providing valuable information on the
effectiveness of silicon dioxide nanoparticles in
removing dye from solution.

RESULTS AND DISCUSSION

Behavior of acidic function

The pH of the dye solution plays a crucial role
in the adsorption process as it influences both the
chemical composition of the dye molecules and
the surface properties of the adsorbent. In order
to understand the impact of pH on the adsorption
process using silica dioxide nanoparticles, the pH
was varied within a range of 1 to 9 while keeping
other variables constant at their optimum values.

The relationship between the removal efficiency
of bromophenol blue dye from aqueous solutions
and the pH was investigated, as shown in Figure
8. It is evident from the figure that there is an in-
verse correlation between the removal efficiency
and pH, with higher removal efficiency achieved
at lower pH values and vice versa. The percentage
removal of bromophenol blue dye decreased from
90.732% to 6.179% as the pH increased from 1
to 9, respectively. This behavior can be attributed
to the nature of bromophenol blue dye, which is
classified as an acidic (anionic) dye and dissoci-
ates into negatively charged ions when dissolved
in water. At low acidic pH values, the surface of
silica dioxide nanoparticles becomes positively
charged due to an increase in the concentration
of hydrogen ions (H") in the solution. This results
in increased attraction forces between the posi-
tively charged adsorbent surface and the nega-
tively charged bromophenol blue dye molecules,
leading to enhance the removal efficiency and
adsorption capacity, consequently, the amount of
dye adsorbed is increased (Mohammed Ali et al.,
2022). The decreasing in the removal efficiency
was continued dramatically with increasing pH
beyond the neutral level, i.e., when the pH value
exceeds 6, the removal efficiency of bromophenol
blue dye is significantly lower, reaching approxi-
mately 6% at pH of 9. This can be attributed to the
huge increasing of negative hydroxide ions (OH")
as a result of increasing the pH value, which led to
rise the repulsive force between the adsorbent sur-
face and the dye molecules (Alalwan et al., 2021).
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Figure 8. Effect of pH on the bromophenol blue dye removal
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Figure 9. Effect of agitation speed on the bromophenol blue dye removal

Therefore, the optimal pH value for the adsorption
of bromophenol dye is determined to be 1.

Impact of agitating speed

The experimental findings regarding the ef-
fect of agitation speed on the adsorption process
are presented in Figure 9. The agitation speed was
varied within the range of 100-400 rpm while
maintaining other operational factors at their op-
timum values. As observed from the figure, the
adsorption efficiency increases along with agi-
tation speed until it reaches a value of 350 rpm,
after which it remains constant without further
changes. The increase in adsorption efficiency at
higher agitation speeds can be attributed to sev-
eral factors. Firstly, the higher agitation speed
promotes better contact between the silicon diox-
ide nanoparticles and the bromophenol blue dye,
enhancing the chances of dye molecules reaching
the active sites on the adsorbent surface and reduc-
ing their concentration in the solution. Secondly,
the increased mass transfer rate resulting from
higher agitation speeds allows the bromophenol
blue dye to rapidly move towards the adsorbing
surface due to the enhanced kinetic energy.

Notably, the adsorption efficiency increased
by double when the agitation speed was multi-
plied by 3.5. Figure 9 also demonstrates that the
maximum adsorption capacity is achieved at an
agitation speed of 400 rpm, after which no further
increase is observed. This can be explained by the
saturation of the adsorption sites on the adsorbent
material (Abbas and Ibrahim, 2020). At this point,
the adsorbent has reached its maximum capacity

and is no longer capable of adsorbing additional
dye molecules (Abdullah et al., 2023).

Impact of initial concentration

Experimental trials were conducted to inves-
tigate the impact of varying the initial concentra-
tion of bromophenol blue dye while keeping other
design parameters constant at their optimal values.
The outcomes of this study are depicted in Figure
10, which illustrates the relationship between the
initial concentration of bromophenol blue dye and
both the adsorption efficiency and the adsorption
concentration. As observed from the figure, there
is a gradual decrease in the adsorption efficiency
as the initial concentration of bromophenol blue
dye increases. This can be attributed to the limited
surface area and the fixed number of active sites
available on the adsorbent material. Consequent-
ly, as the concentration of bromophenol blue dye
increases, the number of available binding sites
becomes insufficient to accommodate all the dye
molecules, leading to a decrease in the adsorption
efficiency. On the other hand, Figure 10 reveals an
increase in the adsorbed concentration compared to
the initial concentration. This is due to the calcula-
tion method, where the adsorbed concentration is
obtained by subtracting the remaining concentra-
tion in the solution from the initial concentration.
With an increase in the initial concentration, the
adsorbed concentration also rises until it reaches a
constant value. This constant value represents the
maximum amount of bromophenol blue dye mol-
ecules that can be absorbed by the nanoparticles.
The results indicate that the maximum adsorbent
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concentration achieved is about 170.4 mg-g™', ob-
tained at an initial concentration of 120 ppm. This
optimal initial concentration was utilized for the
subsequent adsorption experiments. It is worth
noting that similar findings have been reported
in previous studies, such as (Abbas and Abbas,
2014) validating the consistency of the obtained
results with the existing literature.

Behavior of adsorbent dose

The impact of the adsorbent dosage, spe-
cifically the prepared silicon dioxide nanoparti-
cles, on the efficiency of bromophenol blue dye

removal from aqueous solutions is demonstrated
in Figure 11. The graph illustrates a direct re-
lationship between the removal percentage and
the quantity of silicon dioxide nanoparticles em-
ployed. Increasing the adsorbent amount leads
to a higher removal percentage, indicating an
enhanced treatment efficiency. By increasing the
dosage of the adsorbent, the number of active
sites available for adsorption increases. This is
due to the constant surface area per unit mass
of the adsorbent material. Consequently, an in-
creased number of functional groups are avail-
able to interact with and adsorb bromophenol
blue dye particles from the aqueous solution,
resulting in improved treatment efficiency. It is
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Figure 10. Effect of initial concentration on bromophenol blue dye removal
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Figure 11. Effect of adsorbent dose on bromophenol blue dye removal
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worth noting that Figure 11 also highlights the
gradual increase in the removal efficiency, rang-
ing from a minimum of 15% to a maximum of
96.851%, as the dosage increases from 0.01 g
to 0.1 g, respectively. Beyond this point, the re-
moval percentage reaches a plateau and remains
constant. This can be attributed to the saturation
of the active sites on the surface of the silicon
dioxide nanoparticles, limiting further adsorp-
tion of dye molecules from the contaminated
solution. On the basis of these findings, it can
be concluded that an optimum dosage of 0.1 g of
prepared silicon dioxide nanoparticles ensures
the highest treatment efficiency for aqueous

solutions contaminated with bromophenol blue
dye (Ibrahim et al., 2021).

Behavior of contact time

The impact of contact time on the removal
of bromophenol blue dye using silicon dioxide
nanoparticles was investigated while keeping
other variables at their optimum values. The
contact time varied from 10 to 150 minutes. As
depicted in Figure 12, the efficiency of bromo-
phenol blue dye removal increases with pro-
longed contact time. The removal percentage
starts at its lowest value and progressively rises
to its peak of 96.851 at 2 hours. The extended
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Figure 12. Effect of contact time on bromophenol blue dye removal
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Figure 13. Effect of temperature on bromophenol blue dye removal
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contact time enhances the adsorption of dye
molecules at the active sites on the adsorbent
surface, resulting in a decrease in dye concen-
tration within the solution and consequently an
increase in the removal percentage. Beyond the
duration of 120 minutes, the removal efficiency
reaches a steady state. This can be attributed to
the saturation of active sites under the prevail-
ing operational conditions (Abbas et. al., 2021).
Therefore, a contact time of 2 hours is deemed
optimal for achieving the highest removal effi-
ciency of bromophenol blue dye from contami-
nated aqueous solutions.

Impact of temperature

The impact of temperature on the adsorption
capacity of bromophenol blue dye was inves-
tigated over a temperature range of 20-50 °C,
encompassing the typical climatic conditions
experienced in Iraq throughout the year. Figure
13 presents the results of the percentage removal
efficiency obtained by varying the temperature
in the adsorption process. It is evident from the
figure that the efficiency of the adsorption process
increases along with temperature, indicating a di-
rect relationship between temperature and remov-
al efficiency. Temperature plays a direct role in
influencing the two key factors of the adsorption
process: the adsorbate and the adsorbent surface.
The current results indicate that temperature has a
more pronounced effect on the adsorbent material
compared to its impact on the adsorption surface.
The increase in temperature enhances the kinetic
energy of bromophenol blue dye, which increases
its speed and thus the chance of it reaching the
active sites on the surface of the adsorbent me-
dia (Mohammed et. al., 2022). In addition to that,
raising the temperature may lead to an expansion
of the adsorption surface pores, which would al-
low the absorption of a larger amount of bromo-
phenol blue dye molecules and thus increase the
efficiency of the treatment process, by increas-
ing the susceptibility of the material to adsorb
a further amount of dye from the contaminated
solution. Figure 13 indicates that raising the tem-
perature from 20 to 50 °C has improved the ad-
sorption efficiency by approximately 50%. These
results align with the observations reported in the
study conducted by Ghulam et al., 2020.
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CONCLUSIONS

This study focused on the synthesis of silicon
dioxide nanoparticles through a green method
utilizing a buckthorn leaves extract and potas-
sium metasilicate (K, SiO,) as the precursor.
Morphological examinations were conducted on
the prepared nanoparticles, and the FTIR analy-
sis revealed the presence of multiple functional
groups, including Si-O-Si, Si-OH, and vari-
ous alkyl groups. Additionally, FESEM testing
demonstrated that the nanoparticles exhibited a
spherical shape, interconnected with each other,
and displayed a distinct porous surface structure.
Furthermore, XRD analysis confirmed that the
prepared nanoparticles were of pure single-phase,
aligning perfectly with the reference JCPDS file
No. 89-0510 for SiO,. The BET test based on
the adsorption-desorption of nitrogen indicated a
measured surface area of 246 m?-g! for the pre-
pared nanoparticles, while the DSL test deter-
mined the particle size to be 135.8 nm. The SiO,
nanoparticles showcased a remarkable ability as
an adsorbent media for effectively removing bro-
mophenol blue dye from contaminated aqueous
solutions across various operational parameters.
The maximum adsorption efficiency per gram of
nanoparticle surpassed 96% at initial concentra-
tions of 120 ppm, a pH of 1, an agitation speed of
350 rpm, a contact time of 2 hours, and at labo-
ratory temperature. Consequently, the prepared
silicon dioxide nanoparticles proved to be highly
active adsorbents, showcasing great potential in
the treatment of polluted wastewater.
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