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Abstract: In this study, iron-based nanoparticles (HS-Fe-NPs) were synthesized using an extract
obtained from Hibiscus rosa-sinensis leaves. These nanoparticles were used to remove reactive blue-4
dye from synthetic water samples. The results indicated that a remarkable removal efficiency of over
99.50 percent was achieved for the reactive blue-4 dye with an initial concentration of 100 mg/L at pH
6.0. SEM, XRD, and FTIR analyses were conducted to understand the removal mechanism better and
examine the surface changes of HS-Fe-NPs before and after adsorption. Furthermore, UV-VIS analysis
was employed to determine the intermediate and final products of the reactive blue-4 dye, shedding
light on the potential pathway. VSM analysis was performed to study the magnetic behavior of the
synthesized nanoparticles, revealing their superparamagnetic nature with a saturation magnetization of
80.58 emu/g. The Freundlich model successfully described the sorption isotherm, indicating a favorable
result based on the experimental data. The highest adsorption capacity of HS-Fe-NPs for RB-4 dye was
determined to be 819.67 mg/g. The experimental results revealed that the pseudo-second-order model
provided a more accurate representation of enhanced effectiveness. Furthermore, the AG® values were
found to be negative at all temperatures, indicating the favorable and spontaneous characteristic of the
sorption process.

Keywords: magnetized nanoparticles; hibiscus rosa-sinensis leaves; reactive blue-4 dye; adsorption;
equilibrium; rate of reaction.
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1. Introduction

Improper disposal of industrial effluents into water bodies is a significant source of
water pollution, resulting in contamination that is often left untreated. This pollution has
detrimental effects on aquatic species and other plants and animals in the vicinity of waterways
[1,2]. One major contributor to water contamination is the presence of dyes, organic
compounds that provide vibrant and consistent colors to various materials. Dyes have complex
aromatic molecular structures that make them resistant to decomposition [3]. They are widely
used in pulp and paper, plastics, pharmaceuticals, leather, textiles, and cosmetics. Textile
dyeing alone accounts for 17-20% of industrial water pollution, according to the World Health
Organization (WHO) [4]. The release of colored wastewater from textile dyeing contains toxic
substances, including reactive dyes and azo dyes, which alter the chemical composition of
water and increase pH, COD, and BOD levels. These hazardous wastes also pose a threat to
the environment and contaminate water resources [5,6]. The colored wastewater, due to its poor
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light penetration and limited oxygen utilization, severely impacts the aquatic ecosystem [7].
Anthraquinone dyes, the second-largest group of dyes after azo dyes, are widely employed in
both industrial and commercial sectors [8]. Reactive Blue 4 (RB4), one of the commonly used
anthraquinone dyes in the textile industry, is not only environmentally toxic but also
carcinogenic and mutagenic to living organisms [9]. Hence, removing such dyes from
wastewater is crucial before its discharge into the environment. Figure 1 illustrates the structure
of the Reactive Blue-4 (RB-4) dye [10].

Figure 1. The structure of Reactive blue-4 (RB-4) dye is that the molecular formula is C23H14Cl2NsOsS., and the
molecular weight is 637.43 g/mol.

Various treatment methods for dye removal from contaminated water have been
employed, including adsorption, precipitation, photocatalysis, membrane filtration, reverse
osmosis, and bioremediation [11]. Nonetheless, these approaches have proven ineffective in
eliminating dyes from water effluents due to their pronounced chemical stability, substantial
cost, and restricted efficacy. [12-14]. Among these methods, adsorption has gained prominence
due to its simplicity, versatility, and effectiveness in removing dyes from contaminated water
[15,16]. Nano-adsorbents, with their smaller size and larger surface area, have shown promise
in effectively removing dyes [17-20]. Iron-based nanoparticles offer several advantages due to
their superparamagnetic properties [21,22]. When subjected to an external magnetic field, these
nanoparticles quickly aggregate, facilitating their extraction from aqueous media simply and
cost-effectively [23,24]. Superparamagnetic nanoparticles lose their magnetization without a
magnetic field and can be readily redispersed.

Consequently, iron-based magnetic nanoparticles have been explored for wastewater
purification, providing a more accessible, more affordable, and safer purification process [25-
28]. Various synthesis methods, co-precipitation being the most common, can be employed to
produce magnetic nanoparticles [29, 30]. The novelty of this research lies in the discovery of
eco-friendly materials with potential applications in environmental remediation.

Plant extracts of Hibiscus rosa-sinesis typically contain sugars, terpenoids,
polyphenols, alkaloids, phenolic acids, and proteins, which play a role in reducing and
stabilizing metal nanoparticles [31-34]. The leaf and flower extracts of this plant have been
found to possess various beneficial properties such as antioxidative, anti-cholesterol, anti-
hypertensive, blood pressure-regulating, anti-diabetic, chemo-protective, diuretic,
antibacterial, anti-tumor, and anticancer effects. [35-38]. So, this study's main focus is
producing iron oxide nanoparticles using an extract derived from Hibiscus rosa-sinesis leaves.
The synthesis process and characterization of the HS-Fe-NPs are described in detail. The
results demonstrate the effectiveness and cost-efficiency of this approach in enhancing dye
removal. These particles exhibited superior adsorption efficiency for the RB-4 dye compared
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to various other adsorbents. Future research will focus on assessing the efficacy of these
nanoparticles in eliminating bacteria and other contaminants present in water.

2. Material and Methods

2.1. Chemicals used.

The chemicals used in this study were analytical grade (AR grade) and used without
additional treatment. Deionized water was used to prepare solutions. Glass volumetric flasks
and reaction vessels were rinsed with 10% H>SO4 and thoroughly washed. Prior to their usage,
they were washed multiple times with distilled water. Fresh Hibiscus rosa-sinensis leaves were
obtained from a home garden. The chemicals used included ferric sulfate heptahydrate
(Fe2S04.7H20, 99.5%), sodium hydroxide (NaOH, 96 wt.%, pellet form) from Renkem, India,
hydrochloric acid (HCL, 37 vol.%), and ethanol (99 vol.%, Merck, Germany) were purchased
from Merck India. These chemicals were also high purity (AR grade) and used directly without
additional purification. Reactive blue-4 dye RB-4, Sigma-Aldrich, purity > 35 wt. %).

2.2. Synthesis process of HS-Fe-NPs.

Hibiscus rosa-sinensis leaves (HS) were collected and thoroughly rinsed with distilled
water to eliminate dust particles from the outer surface, as depicted in Figure 2. An extract was
prepared by heating 100 g of freshly chopped and finely ground Hibiscus rosa-sinensis leaves
in 500 mL of distilled water at 60°C for 1.5 hours. Once the plant suspension had cooled to
room temperature, vacuum filtration was performed, and then the attained product was kept in
a freezer at 4°C for future use. The synthesis of nanoparticles was carried out using the co-
precipitation method with some modifications as described in [39]. In this process, HS-Fe-NPs
were synthesized by adding the leaf extract to a solution of 0.06 M Fe.SO4.7H.0 precursor salt
mixture with a volume ratio of 2:1, followed by continuous stirring for a duration of 1 hour.
The suspension's hue transformed from a light yellow shade to a deep brown color, indicating
the reduction of Fe ions.

Filtration

HS-Fe-NPs

Precipitation

S

Figure 2. Detailed process of synthesis of nanoparticles from Hibiscus-rosa-sinesis leaves.
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Precipitation was achieved by the gradual addition of 0.01 M NaOH, followed by the
dropwise addition of HCI until a pH of 10.0 was reached. The suspension was left for 30
minutes to allow precipitation. The suspension solution was centrifuged at 5000 rpm for 10
minutes to obtain the nanoparticles. The obtained NPs were thoroughly washed multiple times
with deionized water and ethanol, followed by centrifugation until a pH of 7.0 was achieved.
Before use, the NPs were vacuum-dried for 24 hours at 40°C and stored in a sample container.

2.3. Adsorbent characterizations.

The plant-based HS-Fe-NPs samples were subjected to a series of analyses serving as
adsorbents. Firstly, they were cleaned with acetone, dried, and ground before undergoing
ultraviolet light analysis using a Shimadzu double-beam spectrophotometer located at the
ChED of MNNIT Allahabad (India). Particle size analysis (PSA) was conducted using the
Microtrac\FLEX 11.0.0.4\Databases\MT Database PSA model installed at MNNIT Allahabad,
Uttar Pradesh. Prior to SEM analysis, the nanoparticles were coated with gold using a vacuum
sputtering device. The surface morphology was then examined using an SEM Zeiss-Evo-50
model Germany made. FTIR analysis was performed using the Perkin Elmer Spectrum Version
10.03.06, USA, to analyze the surface groups and functional characteristics. XRD analysis was
performed using an X-ray diffractometer (Rigaku-Smart-Lab-3KW, USA-made). Finally, the
magnetic properties and behavior of the synthesized NPs were determined using a VersalLab
VSM version 2.0,1.0 VSM (Vibrating Sample Magnetometer) from CIR Lab, MNNIT
Allahabad, Uttar Pradesh.

2.4. Batch adsorption experiment.

Batch experiments were conducted where the RB-4 dye concentration was initially set
at 100 mg/L. The stock solution was prepared by dissolving 1 gram of RB-4 dye in 1000 mL
of distilled water, resulting in a 1000 mg/L concentration. In order to investigate the influence
of pH on the adsorption tendency, the pH of the solution was adjusted from 2.0 to 8.0 using a
NaOH solution and 0.1 M HCI. The solution was continuously stirred at a rate of 250 rpm over
a specified period of time. Subsequently, a strong permanent magnet was employed to extract
the adsorbent from the solution, and the remaining concentration of RB-4 dye was determined
using a double-beam spectrophotometer. The percentage of RB-4 dye removal was calculated
using Equation (1).

% Removal = @ x 100 (1)

The equilibrium adsorption capacity was determined using Equation (2):
(Ci_ce)

ge =XV )

where qe represents the equilibrium amount of solute adsorbed per unit mass of
adsorbent, measured in mg/g. Ci denotes the initial concentration of solute in the solution, stated
in mg/L. Ce indicates the equilibrium concentration of solute in the solution, also measured in
mg/L. The variable m represents the mass of the adsorbent used, expressed in grams, while V
signifies the volume of the solution, expressed in L.

The concentration of RB-4 dye in the liquid media was assessed using a Shimadzu
double-beam spectrophotometer after every adsorption experiment. In order to understand the
adsorption characteristics, various isotherm models such as Langmuir, Temkin, and Freundlich
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were employed to analyze the experimental data. Furthermore, Kkinetic parameters were
examined to investigate the adsorption process further.

3. Results and Discussions
3.1. Adsorbent characterizations.

3.1.1. UV-visible spectroscopy.

Figure 3 displays the UV-Vis absorbance spectra of an aqueous extract of Hibiscus
rosa-sinesis leaves, FeSO4 * 7H,0, and HS-Fe-NPs. The leaf extract of Hibiscus rosa-sinesis
exhibits strong absorption bands at 242 nm and 305 nm, which are attributed to the presence
of flavonoids, alkaloids, terpenoids, tannins, carbohydrates, and phenolic acids in the extract
[40-42]. In the case of magnetic nanoparticles, the UV absorption spectra range from 200 nm
to 450 nm, primarily due to the magnetic nanoparticles' absorption and scattering of light,
which aligns with previous literature [43,44]. Two absorption peaks are observed at 261 nm
and 351 nm wavelengths in the image. These peaks correspond to the reported optimal
wavelengths for synthesizing iron-based nanoparticles [4]. The findings of this study are also
consistent with the experiments conducted by Devatha et al. 2016 [45].

3.0 ——— HS Extract
HS-Fe-NPs
——FeSO4.7H20
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Figure 3. UV-Vis absorption spectrum of a Hibiscus rosa-sinesis leaf extract, FeSO..7H,0 salt solution, and
HS-Fe-NPs.

3.1.2. Particle size analysis (PSA).

The particle size distribution of the synthesized HS-Fe-NPs was determined using
particle size analysis (PSA), and the corresponding differential intensity is presented in Figure
4. The analysis revealed that the particles exhibited a 20-40 nm nano-size range. These findings
are consistent with previous studies reported in the literature [46].
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Figure 4. Particle size analysis of synthesized nanoparticles.
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3.1.3. Surface morphology.

The surface morphology and texture of HS-Fe-NPs were examined using scanning
electron microscopy (SEM) at various magnification levels. In order to facilitate imaging, a
layer of gold was applied to coat the NPs. The SEM images in Figure 5(a) revealed that the
particles were asymmetrical and smaller than 40 nm in size. Furthermore, SEM analysis was
conducted on RB-4 dye-adsorbed Hs-Fe-NPs, and the corresponding results are clearly
depicted in Figure 5(b). It can be observed that the physical characteristics of the particles
underwent a change upon adsorbing the RB-4 dye. Specifically, the particles exhibited a more
spherical shape and increased in size as a consequence of the adsorption process. Similar
findings were reported by Prasad et al. in 2019 [47].

(b)
Figure 5. SEM image of (a) Raw Hs-Fe-NPs; (b) RB-4 dye adsorbed Hs-Fe-NPs.

3.1.4. Fourier transform infrared (FTIR) spectroscopy.

The FTIR technique was employed to analyze the surface groups of the nano-adsorbent
and identify the functional groups responsible for RB-4 dye adsorption. The infrared spectrum
of the prepared iron nanoparticles was obtained in the range of 400 cm™* to 4000 cm™, as shown
in Figure 6. The presence of phytochemicals involved in the reduction of the precursor metal
salt and capping of Fe-NPs was confirmed by the vibrational stretching of the O-H
polyphenolic group of Hibiscus rosa-sinensis leaf extract, which exhibited a specific band at
3140.16 cm™ in the range of 3500 cm™ to 3200 cm™ [48].

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumb er (cmfl)

Figure 6. FTIR spectra of HS-Fe-NPs Before and after adsorption of RB-4 dye.
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A sharp peak at 1632.31 cm™ was observed, indicating the distortion or elongating
vibrations of aromatic ring C=C and -C=0 groups [49]. Furthermore, a strong band at 1071.2
cm? confirmed the presence of a C-O bond. The IR bands at 783.5 cm™ and 463 cm™
corresponded to the stretching and bending vibrations, respectively, of Fe=O in iron oxide [50].
A narrow peak at 1407.87 cm™ was ascribed to NO~ originating from residual nitrate ions [51].
The vibrations of Fe-O bonds in iron oxide were responsible for the adsorption bands at wave
numbers below 700 cm™, indicating the presence of carbon-based groups on the surface of the
iron oxide nanoparticles, which prevented their aggregation [52]. The O-H, carboxylate, and
aromatic ring groups are expected to be involved in the interactions between RB-4 dye and HS-
Fe-NPs, based on previous research on dye adsorbents [53-55].

3.1.5. X-ray diffraction (XRD) analysis.

The X-ray diffraction (XRD) spectrum of iron nanoparticles is presented in Figure 7.
The XRD patterns reveal the amorphous and crystalline nature of the HS-Fe-NPs. The
characteristic peak of Fe3O4 at a 20 angle of (311) was observed in the synthesized
nanoparticles. The presence of magnetite as a distinct phase was confirmed by the intense
characteristic peaks at 24.140, 35.790, 54.070, and 64.000 (referenced to ICCD 01-073-9877),
corresponding to the (314), (712), (411), and (256) planes, respectively. Additionally, there is
a background characteristic between 150 and 250, indicating a partial amorphous character or
the presence of phytochemical influences on the HS-Fe-NPs [56]. This is supported by previous
studies that have reported the amorphous nature of iron-based nanoparticles synthesized using
plant extracts [57,58].
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Figure 7. The X-ray diffraction (XRD) spectrum of HS-Fe-NPs for both before and after adsorption of RB-4
dye.

3.1.6. Vibrating sample magnetometer (\VSM) analysis.

The magnetic properties of HS-Fe-NPs were evaluated by analyzing the M-H curve
using a vibrating sample magnetometer (VSM) at room temperature under a magnetic field
range of 6 KOe. The magnetic field strength applied at 298 K was used to determine the
magnetic induction of HS-Fe-NPs, as illustrated in Figure 8. The magnetization increased with
a rise in the magnetic field. The electromagnetic characteristics of nanoparticles are influenced
by various factors, including the synthesis process, magneto-crystalline anisotropy, crystalline
spin, and surface properties [59]. The hysteresis curves provided the measurement of the
saturation magnetization value for HS-Fe-NPs, which was determined to be 80.58 emu/g. The
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samples exhibited minimal hysteresis loop and very low coercivity in their hysteresis curves,
suggesting that the nanoparticles possessed superparamagnetic characteristics [60, 61].
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Figure 8. (a) Magnetization curve of HS-Fe-NPs; (b) Photography of synthesized nanoparticles attracted

towards the magnet.

3.2. Batch adsorption studies.

The effect of pH, adsorbent dose, initial dye concentration, and contact time on the
percentage of RB-4 dye removal by HS-Fe-NPs was investigated. The concentration of RB-4
dye in the supernatant was measured at specific time intervals using a spectrophotometer. The
spectrophotometer was employed to determine the dye concentration. Figure 9(a) presents
actual photographs depicting the RB-4 dye before and after adsorption, while Figure 9(b)
illustrates the UV-vis spectra of RB-4 dye prior to and following adsorption, specifically at a
wavelength of 595 nm under optimum conditions.

200 300 400 500 600 700 800
Wavelength (nm)

(b)
Figure 9. (a) Actual photographic image of RB-4 dye before and after sorption; (b) Analysis of UV-vis spectra
indicating before and after sorption of RB-4 dye under optimized conditions.

3.3. Effect of pH.

The influence of pH on RB-4 dye removal was examined over a pH range of 2, 4, 6, 8,
and 10. The experimental variables were kept constant, including 0.05 g of adsorbent, 100 mL
of volume, 100 mg/L of initial dye concentration, 27°C temperature, 150 rpm of agitation, and
960 minutes of run time. Figure 10 (a) illustrates that as the pH increased from 2.0 to 6.0, the
percentage of RB-4 elimination increased from 59.2% to 99.4%. Subsequently, as the pH was
further increased from 6.0 to 10.0, a decline in the percent removal of RB-4 was observed,
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dropping from 99.4% to 81.2%. The highest removal of RB-4 was achieved at pH 6.0 (99.4%).
Surprisingly, the removal of RB-4 under strongly acidic conditions (pH 2.0) was lower
compared to other pH levels. This outcome could be attributed to the protonation of NH groups
in acidic conditions, resulting in enhanced electrostatic interactions between the protonated
amine groups of HS-Fe-NPs and the SOz groups of RB-4 molecules. On the other hand, the
maximum RB-4 removal by the adsorbent decreased to 81.2% as the pH of the dye solution
was further increased to pH 10.0. A decrease in dye adsorption capacity may explain this
observation due to the deprotonation of NH2 groups. Consequently, all decolorization
experiments were performed at the optimal pH of 6.0. Similar findings regarding the effect of
pH on RB-4 removal were reported previously by Satheesh et al. 2016 [62].

3.4. Effect of HS-Fe-NPs dosage.

The amount of adsorbent used plays a crucial role in determining the adsorption
capacity. In order to examine the impact of HS-Fe-NPs dosage on RB-4 dye degradation,
experiments were conducted under the conditions of pH 6.0, a temperature of 27°C, agitation
at 180 rpm for 120 minutes, in a 100 mL container, with an initial concentration of RB-4 dye
(100 mg/L). The experimental data indicated that increasing the adsorbent dosage from 0.02 to
0.1 g increased RB-4 dye removal from 50.11% to 98.72%, with the highest percentage
removal observed at an adsorbent dosage of 0.06 g as shown in Figure 10 (b). However, no
further improvement in removal was observed when the adsorbent dosage was increased from
0.06 g to 0.1 g, suggesting that the optimal adsorbent dosage had been reached. The
enhancement in dye removal with higher adsorbent dosage can be attributed to the larger
effective surface area and increased number of adsorption binding sites provided by the HS-
Fe-NPs [63].

3.5. Effect of initial dye concentration.

To investigate the impact of dye concentration on RB-4 dye removal, a series of
solutions with concentrations ranging from 100 to 500 mg/L were employed. The experiments
were conducted under constant conditions, including a fixed HS-Fe-NPs concentration of 0.06
g, a temperature of 27°C, an agitation speed of 180 rpm, a contact time of 120 minutes, and a
pH of 6.0. The results, depicted in Figure 10 (c), indicated that the percentage of dye removal
decreased from 99.3% to 50.3% as the initial dye concentration increased. This trend can be
attributed to the presence of numerous active sites on the surface of HS-Fe-NPs, which are
capable of adsorbing all the dye molecules in low-concentration solutions. However, as the
concentration of dye molecules in the solution rose, the accessibility of active sites on HS-Fe-
NPs diminished, resulting in a significant decline in the percentage of dye removal with
increasing initial dye concentration [64]. Consequently, better removal efficiency was achieved
at lower initial dye concentrations but substantially diminished at higher concentrations.

3.6. Effect of contact time.

In order to identify the ideal time period for achieving the highest RB-4 dye removal
efficiency by HS-Fe-NPs, the optimal duration was investigated. Batch mode adsorption
experiments were conducted for various time intervals ranging from 5 to 240 minutes while
keeping other experimental parameters constant, including volume (100 mL), pH (6.0),
adsorbent dose (0.06 g), and agitation speed (180 rpm). The results, illustrated in Figure 10 (d),
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revealed that 99.04% of the dye was removed when the initial RB-4 dye concentration was 100
mg/L. Initially, there was a rapid increase in dye absorption, which can be attributed to the
availability of unoccupied dye adsorption sites. As the active sites on HS-Fe-NPs became
saturated with dye molecules, the adsorption process continued at a slower pace [65,66].
However, with the passage of time, the adsorbent's surface became saturated with RB-4 dye
molecules, resulting in reduced electrostatic dispersion between the adsorbed dye molecules
and those in the aqueous solution. This hindered further adsorption of dye molecules onto the
adsorbent. Consequently, the adsorption process diminished over time. Other researchers have
reported similar observations [67,68].
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Figure 10. Studied process parameters for adsorption of RB-4 dye onto the surface of Hs-Fe-NPs from aqueous

solutions: (a) effect of pH; (b) effect of adsorbent dosage; (c) effect of initial dye concentration; (d) effect of
contact time.

3.7. Isotherm modeling.

The adsorption experiments were conducted in batch mode using 100 mL of adsorbate
solution with an initial concentration of 100 mg/L of RB-4 dye. The purpose was to examine
the sorption isotherms of the dye on the synthesized nanoparticles. In order to understand the
equilibrium adsorption of the dye on the surface of Hs-Fe-NPs, three adsorption isotherm
models, namely Langmuir, Freundlich, and Temkin, were applied to the adsorption data. The

Langmuir isotherm model is expressed by Eq. (3).

Ce _ Ce 1

q_e N dm + KLqm (3)

where gm denotes the RB-4 dye's highest adsorption uptake capacity (mg/g), and K.
denotes the Langmuir constant (L/mg). The separation factor (RL) determines the adsorption

process's sustainability. The separation factor can be determined using Eq. (4):

1
Ry = 1+K;.C; (4)
The isotherm is called linear in the case of R, = 1, favorable if 0 < R_< 1, unfavorable

if RL > 1, and irreversible if R. = 0. The adsorption parameters were estimated using the linear
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expression derived from graphical plots of 1/ge versus 1/Ce (Figure 11 a). Langmuir isotherm
parameters and correlation coefficient for RB-4 dye are given in Table 1.
The model for Freundlich isotherm is given in Eqg. (5):

logq, = (%) logC, + logKp (5)

where the degree of adsorbent surface heterogeneity is denoted by n, while Kg
represents the Freundlich constant (mg/g). In a favorable adsorptions scenario, (1/n) is expected
to be less than 1. The values of the Freundlich parameters were obtained by plotting log ge
against log Ce (Figure 11 b). Table 1 presents the estimated parameters of the Freundlich
isotherm.

Also, the Temkin isotherm model is represented in Eq. (6):

Qe = (g) InAr + (;—:) InC, (6)

where the gas constant, represented as R and valued at 8.314 J mol K™, is a constant
associated with gases. The Temkin constant, denoted as bt and measured in J/mol, signifies the
heat of adsorption. The absolute temperature is indicated as T and measured in Kelvin. The
equilibrium binding constant, denoted as At with units of L/g, represents the value at which
equilibrium is attained. The estimation of Temkin parameters was conducted by plotting ge v/s
In Ce, as shown in Figure 11(c). The values of Temkin parameters for RB-4 dye are provided
in Table 1.
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Figure 11. Isotherm studies for adsorption of RB-4 dye onto the surface of Hs-Fe-NPs from aqueous solutions:
(a) Langmuir isotherm; (b) Freundlich Isotherm; (c) Temkin isotherm.

Table 1. The adsorption of RB-4 dye on Hs-Fe-NPs can be explained using an adsorption isotherm model,
which is characterized by various adsorption parameters.

Langmuir Isotherm Freundlich Isotherm Temkin Isotherm
Parameter | q_ K, R Ke (1/n) R A, b, R
(mg/g) | (L/mg) (mg/g(L/mg)*™) (L/mg) | (kJ/mol)
Value 909.09 | 1.30 0.90 | 34044 0.35 0.96 6.68 197.30 0.78

The RB-4 dye adsorption was accurately represented by the Freundlich isotherm model,
indicating a multilayer distribution onto adsorption sites [10]. The value of 1/n is utilized to
categorize an isotherm as irreversible (1/n = 0), favorable (0 > 1/n < 1), or unfavorable (1/n >
1). In the case of the Freundlich isotherm, the 1/n value of 0.35 suggests a favorable adsorption
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behavior. Furthermore, the Langmuir model yielded a gmax value of 819.67 mg/g at 28°C. This
result establishes HS-Fe-NPs as an excellent adsorbent for dye removal, owing to its high
adsorption capacities and straightforward process compared to typical activated carbon
adsorbents. Shradhha et al. (2021) also obtained similar results, obtaining 138.89 mg/g, and
the Freundlich isotherm model indicated a good fit for the equilibrium [29]. Table 2 compares
HS-Fe-NPs' performance in dye elimination with other iron-based nanoparticles as adsorbents,
underscoring the potential of HS-Fe-NPs as an alternative adsorbent for removing dyes from
aqueous environments.

Table 2. Literature review on different types of adsorbents utilized for the elimination of dyes.

Type of dye Adsorbents Omax (M@/g) | Reference
Reactive blue- | Carbon nanotubes 502.5 [72]
4
Basic Blue 9 Fe304 nanoparticles loaded onto wheat straw 627.1 [19]
Methylene blue | Zanthoxylum armatum DC 466.6 [40]
Methylene blue | Attapulgite clay 215.73 [27]
Acid Blue 113 | Thunbergia grandiflora leaf 138.89 [29]
Crystal violet Ferula persica flower 4545 [30]
Crystal Violet Fraxinus chinensis Roxb leaf 88.65 [73]
Crystal violet Grapefruit peel 254.16 [74]
Methylene blue | Immobilized Agrobacterium fabrum biomass, along 91 [50]
with iron oxide nanoparticles
Reactive blue- | Hibiscus rosa-sinensis leaf 819.67 Present
4 study

3.8. Kinetic modeling.

In this study, batch mode adsorption was employed to investigate the adsorption
kinetics of RB-4 under specific conditions: a pH range of 6.0 £ 0.2, a constant temperature of
25°C, and an initial concentration of 100 mg/L. Samples of the adsorbate were collected at
regular intervals, separated, and analyzed to determine the remaining concentration of RB-4.
The adsorption Kkinetics were analyzed using pseudo-first order, pseudo-second order, and
intraparticle diffusion models. The pseudo-first-order kinetic model is represented by Eq. (7).

ln(qe - Qt) = Inqe — kqt (7)
The pseudo-second-order kinetic model is represented by Eq. (8).
t 1 t

(8)

ac k208 qe

where ¢ is the amount of adsorbate adsorbed at equilibrium (mg/g), gt is the amount of
adsorbate adsorbed at time t (mg/g), ki (min't) and k2 (g(mg min)-)* are pseudo-first-order and
second-order rate constants respectively and t is the contact time (min).

The intraparticle diffusion model is presented in Eq. (9).

qr = Kiqt** + C 9)

where Kig denotes the intraparticle rate constant (mg/g.min'?), and C represents the
thickness of the adsorbate film established on the adsorbent surface during intraparticle
diffusion, as determined by measurement (mg/g).

The parameters of the kinetic model are presented in Table 3. Linear regression analysis
was performed on the experimental data to calculate these parameters based on the linear form
of the kinetic models. By plotting In (ge-g:) against t for the pseudo-first-order model and t/q;
against t for the pseudo-second-order model, the values of Ki and ge could be determined.
Figure 12(a) illustrates the plot for pseudo-first-order RB-4 decolorization, while Figure 12(b)
depicts the plot for pseudo-second-order RB-4 decolorization. The intercept and slope of the
https://nanobioletters.com/
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curves in Figure 12(c), which represent the plot between q: and t*2, were used to determine the
values of kig and C, respectively. According to the concept of intraparticle diffusion, the
transportation of dye molecules from the solution to the pores of HS-Fe-NPs occurs through
boundary layers [69]. The results show that the pseudo-second-order equation was best suited
for the adsorption data; similar results were also obtained by Fatemeh et al., 2016 [16]. The
thickness of the boundary layer, indicated by the value of C, varied at different dye
concentrations, as detailed in Table 3.

Ln(ge-qt)
X 1)

o 50 100 150 200 o 50 100 150 200
Time (min)

(b)

Time (min)

(@)

2 4 6 8 10 12 14 16
12

(©)
Figure 12. Kinetic models for the adsorption of RB-4 dye onto the surface of Hs-Fe-NPs from aqueous
solutions: (a) Pseudo first order; (b) Pseudo second order; (c) Intraparticle diffusion.

Table 3. Estimated kinetic model parameters for RB-4 dye adsorption.

Pseudo first order Pseudo second order Intraparticle diffusion
Parameter | q k, % q, k, R’ Kig . C R’
(mglg) | (min) (mg/g) | (g/mg.min) (mg/(g.min)™) | (mg/g)
Value 286.51 0.002 0.96 340.43 0.35 0.99 6.679 197.33 0.90

3.9. Adsorption thermodynamics.

Thermodynamic properties, including the change in Gibbs free energy, enthalpy, and
entropy, are useful for explaining adsorption characteristics. The nature of adsorption can be
elucidated by considering thermodynamic factors such as the change in Gibbs free energy,
enthalpy, and entropy. These parameters have been determined using the relationships
specified in Egs. 10, 11, and 12.

AG® = —RTInK, (10)

K, = Z— (11)
AS AH

lTlKC = 2 TR (12)

where R denotes the gas constant (8.314 J mol?* K1), K. signifies the equilibrium
constant, and T represents the absolute temperature measured in Kelvin (K). The intercept and
slope values obtained from plotting In K. against (1/T) have been utilized to determine the
values of AH (enthalpy change) and AS (entropy change).

https://nanobioletters.com/ 13 of 20


https://doi.org/10.33263/LIANBS133.122
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS133.122

Table 4 presents the thermodynamic parameters (AG®°, AH, and AS) at different
temperatures, such as 298 K, 303 K, 308 K, and 313 K, respectively. Gibbs free energy change
(AG®) determines the spontaneity of adsorption. Sorption is thermodynamically favorable and
spontaneous when the value of AG® is negative across all tested temperatures. The negative
AG?® values across all temperatures indicate that sorption was achievable and spontaneous.
Based on Table 4, the adsorption of RB-4 dye using HS-Fe-NPs was viable and spontaneous
across all tested temperatures. Moreover, these values increased with higher temperatures,
indicating that the adsorption of RB-4 dye was preferable at room temperature. The negative
AH value, as observed in Table 4, suggests that the adsorption process for RB-4 dye on HS-Fe-
NPs is of a physical nature and exothermic in character. Consequently, a higher adsorption
capacity was achieved at lower temperatures. Positive AS values indicate an increase in system
randomness due to the adsorption of RB-4 dye onto the active sites of the HS-Fe-NPs surface.
These active sites were considered less organized than the adsorbate (bulk) solution, signifying
the favorable selectivity of the adsorbent for RB-4 dye.

Table 4. Estimated thermodynamic parameters for RB-4 dye adsorption.

Dye ‘ AH (kJ/mol) ‘ AS (J/mol.K) AG® (kJ/mol) at different temperatures (K)
RB-4 -1.52 4.10 298 303 308 313 318
-12.10 -12.20 -12.30 -12.40 -12.30

3.10. Mechanism of adsorption.

Figure 13 presents a proposed reaction pathway for the adsorption of RB-4 dye on HS-
Fe-NPs. When the green HS-Fe-NPs are introduced into the RB-4 dye solution, they break their
chelate bonds with the polyphenolic components and rapidly transform into zero-valent iron.
Subsequently, the zero-valent iron undergoes oxidation, generating ferrous ions, which are
further oxidized to ferric ions. Throughout the oxidation process, a significant number of
electrons are released. In the presence of water, ferric ions produce hydronium (H*) ions and
ferric hydroxide [70]. The released electrons are received by the dye molecules, causing the
degradation of the RB-4 dye and the formation of intermediate products [71]. The ongoing
reaction between free iron, water, and dissolved oxygen produces hydrogen peroxide.
Hydrogen peroxide and dissolved oxygen in the solution react with electrons in the presence
of H* ions. The catalysis of hydrogen peroxide by ferrous ions generates hydroxyl radicals,
which subsequently react with RB-4 dye components. The adsorption mechanism heavily relies
on the electrostatic attraction between the positively charged surfaces of HS-Fe-NPs adsorbent
and the negatively charged dyes [72]. Moreover, the physical adsorption of metabolites and
dye molecules may involve the conversion of ferrous and ferric ions into ferric hydroxides.

-ve

O NH,

2 o
0‘0 §'0H j\l Adsorption @ Electrostatic Reduction # # # Degradation
: (o] L ’Irji attraction - . . products
O HN. HNT N7 3 S S -
o b
§-OH
o]
Biomolecules

RB-4 Dve Effluent Dye molecules

Cappmng

Figure 13. The mechanism for the adsorption of RB-4 dye onto the surface of HS-Fe-NPs.
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4. Conclusions and future scope

The primary focus of this study was to produce iron oxide nanoparticles by utilizing a
solution derived from Hibiscus rosa-sinesis leaves, which were referred to as HS-Fe-NPs.
These nanoparticles were subsequently employed to eliminate dye from a solution. The
research findings demonstrated the remarkable efficacy of HS-Fe-NPs in adsorbing the RB-4
dye, particularly at a pH of 6.0. The quantity of HS-Fe-NPs utilized directly influenced the
extent of dye adsorption due to an increased number of available adsorption sites. Examination
of the synthesized nanoparticles through SEM images revealed their irregular shape and size
below 40 nm. Additionally, these nanoparticles exhibited superparamagnetic properties, as
evidenced by a saturation magnetization value of 80.58 emu/g indicated in the hysteresis
curves. The multilayer Freundlich adsorption isotherm proved to be the most suitable model
for describing the equilibrium process, while the pseudo-second-order kinetics model
accurately represented the adsorption of the RB-4 dye. Moreover, the adsorption process of
RB-4 dye on HS-Fe-NPs is characterized by negative AH values (-1.52 kJ/mol), indicating that
it is physical adsorption and exhibits an exothermic nature. Hence, the HS-Fe-NPs
nanoparticles can be regarded as an affordable and effective adsorbent for treating wastewater
containing synthetic dyes.

The synthesized adsorbents should be tested for their ability to remove various other
wastewater pollutants, such as heavy metals, organic and inorganic impurities, and bacterial
loads. Novel adsorbents should be developed from unexplored plants and their components to
create nanoparticles for effective dye removal from water. Further investigations should focus
on removing dyes from real groundwater samples.
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