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Abstract: This paper studies the synthesis, characterization, and application of ZnFe,O4 nanoparti-
cles for the removal of rhodamine b dye from aqueous media. Utilizing the combustion procedure,
ZnFe;O4 nanoparticles were synthesized using two different fuels: glutamine (5G) and L-arginine
(SA). In addition, the synthesized ZnFe,;O4 nanoparticles were characterized through various tech-
niques, including Fourier transform infrared (FTIR), X-ray diffraction (XRD), field emission scanning
electron microscope (FE-SEM), energy-dispersive X-ray (EDX), high resolution transmission electron
microscope (HR-TEM), and Brunauer-Emmett-Teller (BET) surface area analysis. XRD analysis veri-
fied the creation of a ZnFe,Oy cubic spinel structure without any contaminants, revealing average
crystallite sizes of 43.72 and 29.38 nm for the SG and SA samples, respectively. The FTIR spectra
exhibited peaks indicative of metal-oxygen bond stretching, verifying the presence of a spinel forma-
tion. Elemental analysis via EDX confirmed the stoichiometric composition typical of zinc ferrite. In
addition, FE-SEM imaging displayed that the SG and SA samples are composed of particles with
irregular and spherical shapes, measuring average diameters of 135.11 and 59.89 nm, respectively.
Furthermore, the BET surface area of the SG and SA samples is 60 and 85 m2/ g, respectively. The
maximum adsorption capacity of the SA sample (409.84 mg/g) towards rhodamine b dye was higher
than that of the SG sample (279.33 mg/g), which was ascribed to its larger surface area and porosity.
Kinetic and equilibrium studies revealed that the adsorption process of rhodamine b dye onto the SG
and SA samples followed the Langmuir isotherm and pseudo-second-order model. Thermodynamic
analysis indicated that the adsorption process was spontaneous, exothermic, and physical. The
study concludes that ZnFe,O4 nanoparticles synthesized using L-arginine (SA) exhibit enhanced rho-
damine b dye removal efficiency due to their smaller size, increased surface area, and higher porosity
compared to those synthesized with glutamine (SG). The optimum conditions for the adsorption
process of rhodamine b dye were found to be at pH 10, a contact time of 70 min, and a temperature of
298 K. These findings underscore the potential of L-arginine-synthesized ZnFe,O4 nanoparticles for
effective and sustainable environmental cleanup applications.
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1. Introduction

Water pollution by organic dyes is a pressing global environmental issue. The dis-
charge of colored wastewater from industries such as textiles, leather, paper, and plastics
has been identified as a major source of visual pollution and ecological damage [1-4].
These organic dyes, characterized by their complex structures and synthetic origins, pose
a significant threat not only due to their persistence in water bodies but also because of
their toxic, carcinogenic, and mutagenic effects on aquatic life and human health. The
introduction of these pollutants into the aquatic ecosystem disrupts the photosynthetic
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processes in aquatic plants and poses serious risks to aquatic organisms as well as, indi-
rectly, to humans through the food chain [5-7]. Rhodamine b, a synthetic dye known for its
vivid pink coloration, exemplifies the environmental and health hazards posed by organic
dyes. Various industries extensively use it due to its bright color and staining properties.
Also, rhodamine b dye is highly soluble in water and difficult to degrade, leading to its
accumulation in aquatic environments. Its presence in water sources has been linked to
severe environmental harm and health risks, including potential carcinogenic effects and
harm to the reproductive system in humans, highlighting the urgent need for effective
removal methods [8,9]. Addressing the contamination of water bodies with organic dyes
is crucial for environmental conservation and public health protection. The persistence
and toxicity of these dyes necessitate the development of efficient, cost-effective, and envi-
ronmentally friendly treatment methods. The challenge is not only to remove these dyes
from wastewater, but also to do so in a way that does not introduce additional pollutants
or consume excessive resources. Various methods have been explored for the elimination
of organic dyes from aqueous media, such as biological treatment, advanced oxidation,
coagulation, electrochemical, and adsorption [10-15]. Advanced oxidation processes are
highly effective, but they often require substantial energy input and can generate secondary
pollutants. The effectiveness of biological treatments, such as the use of bacteria and
fungi in the biodegradation of dyes, is sustainable but can be slow and less effective for
the complete mineralization of complex dyes like thodamine b. Coagulation processes
typically generate a substantial amount of chemical sludge, which requires proper disposal.
The handling and disposal of this sludge can be costly and pose environmental hazards
if not managed correctly. Electrochemical methods often require a significant amount of
electrical energy, which can make them costly to operate, particularly on a large scale. The
electrodes used in electrochemical treatments can degrade over time due to the harsh oper-
ational conditions, including the presence of corrosive substances. Replacing electrodes
can be expensive and may affect the overall sustainability of the process. Among these,
adsorption has emerged as a superior method due to its effectiveness, efficiency, and the
feasibility of using a wide range of adsorbents. The adsorption process, which involves
the adhesion of dye molecules onto the adsorbent surface, offers advantages such as low
operational costs, no secondary pollution, and the potential for adsorbent regeneration
and reuse [16-20]. There are a lot of adsorbents for removing rhodamine b dye from
aqueous media, such as biochar [21], zeolite [22], kaolinite [23], magnetic montmorillonite
composite [24], duolite C-20 resin [25], and SnS, [26]. These adsorbents have specific
limitations, including reduced adsorption capacities, complex preparation methods, and
high costs. Recent advancements in nanotechnology have introduced nanomaterials as
highly efficient adsorbents for the removal of organic dyes. Their high surface area, tunable
surface properties, and capacity for surface modification make nanomaterials ideal for
targeting and removing specific dyes from wastewater. Recent studies have highlighted
the success of various nanomaterials in adsorbing organic dyes, though challenges such
as cost-effectiveness, scalability of production, and environmental impact of nanomaterial
disposal remain areas of ongoing research [27-30]. The combustion method, a synthesis
technique for producing nanomaterials, stands out for its efficiency, cost-effectiveness, and
simplicity. It grants the rapid production of a wide range of nanomaterials with controlled
sizes and morphologies, making it particularly advantageous for creating nanomateri-
als for environmental applications [31]. Dehghan et al. synthesized carbon nanotubes
modified with ZnFe,O4 nanoparticles via the hydrothermal method for the adsorption of
malachite green dye, where the maximum adsorption capacity was 116.2 mg/g [32]. Also,
Nguyen et al. synthesized ZnFe;O4 nanoparticles using the solvent extraction method
for the adsorption of malachite green dye, where the maximum adsorption capacity was
120 mg/g [33]. However, the high costs associated with manufacturing these nanomateri-
als and their limited adsorption capabilities have been barriers to the success of previous
approaches. This research introduces, for the first time, zinc ferrite (ZnFe,O,) nanoparticles
synthesized via the combustion method using L-arginine and glutamine as fuels. This
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novel synthesis approach not only simplifies the production process but also enhances
the adsorption properties of the nanoparticles, making them exceptionally efficient for
removing rhodamine b dye from aqueous solutions because of their small size and large
surface area. The nanoparticles demonstrate superior performance in terms of adsorption
efficiency, operational costs, and environmental impact compared to traditional adsor-
bents. Furthermore, the synthesized ZnFe; O, nanoparticles exhibit excellent reusability
and maintain high efficiency over multiple cycles, addressing a critical gap in sustainable
dye removal technologies. This breakthrough is particularly crucial due to the persistent
and toxic nature of organic dyes like rhodamine b. Our approach not only offers a robust
solution to this environmental challenge but also contributes to the broader field of environ-
mental conservation by providing a scalable, cost-effective, and environmentally friendly
alternative to existing dye removal methods.

2. Results and Discussion
2.1. Synthesis and Characterization of ZnFe,O4 Nanoparticles

In Scheme 1, the synthesis of zinc ferrite (ZnFe,O4) nanoparticles is accomplished via
a combustion method, showcasing two distinct stoichiometric reactions. Initially, iron(III)
nitrate nonahydrate and zinc(Il) nitrate hexahydrate act as oxidizers, while glutamine
serves as a fuel in Scheme 1A, and L-arginine assumes the role of fuel in Scheme 1B. The
combustion process facilitates the rapid formation of zinc ferrite nanoparticles, as indicated
by the release of nitrogen gas, carbon dioxide, and water vapor as by-products. The
ZnFe;O4 nanoparticles, which are synthesized using L-arginine and glutamine fuels, are
abbreviated as SA and SG, respectively.

(A) Using glutamine fuel
6Fe(N03)3.9H20 =k 3Z]1(N03)2.6H20 + 5CsH9oN20O3 -3 ZnFe;04 + 17N3 + 25C0O; + 40H,0

(B) Using L-arginine fuel
34Fe(NO3)3.9H>0 + 17Zn(NO3):.6H>0 + 20CsH14N4O2 - 17ZnFe;04 + 108N; + 120CO; + 155H,0

Scheme 1. Production of zinc ferrite (ZnFe;O4) nanoparticles by the combustion method using
glutamine (A) and L-arginine (B) fuels.

Figure 1A,B presents the XRD patterns for SG and SA products, displaying distinc-
tive diffraction peaks that are in alignment with the spinel configuration of zinc ferrite
(ZnFe;Oy). These patterns have been identified with the cubic spinel structure and exhibit
no discernible traces of secondary phases, confirming the synthesized materials” high de-
gree of purity. Diffraction peaks that are located at 20 of 62.53°, 56.93°, 53.53°, 43.16°, 37.19°,
35.62°, 30.29°, and 18.54° correspond to the lattice planes (440), (511), (422), (400), (222),
(311), (220), and (111), respectively. This alignment is in agreement with the established
JCPDS card no. 22-1012 for ZnFep;O4 [34]. The mean size of the SG and SA samples, as
calculated using the Scherrer formula [35], equals 43.72 nm and 29.38 nm, respectively.
The mean crystallite size of the SG product is greater than that of the SA product. The
average crystallite size of ZnFe,O4 nanoparticles can be influenced by the type of fuel used
in the combustion method. The combustion of glutamine releases more energy compared
to L-arginine. This greater energy release during the synthesis of ZnFe,O4 nanoparticles
using glutamine (the SG product) could result in higher temperatures, which in turn may
lead to the formation of larger ZnFe,O, nanoparticles.

The FTIR analysis of the SG and SA ZnFe,O4 nanoparticles is clarified in Figure 2A,B,
respectively. The presence of broad absorption peaks at 3440 cm~! for SG and 3438 cm ™!
for SA is generally linked to the stretching vibrations of O-H, suggesting hydroxyl groups
on the nanoparticles’ surface or the adsorption of water molecules. Furthermore, the peaks
at 1640 cm~! in both SG and SA samples are commonly associated with O-H bending
vibrations, which also point to hydroxyl groups on the nanoparticles’ surface or the ad-
sorption of water molecules. Each set of samples displays two prominent peaks, located at
573 and 436 cm ™! for the SG, and 580 and 443 cm ™! for the SA, respectively. These bands
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are emblematic of the metal-oxygen stretch vibrations located within the tetrahedral (Zn-O)
and octahedral (Fe-O) sites [36].
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Figure 1. XRD analysis of the SG (A) and SA (B) products.

The EDX analyses of the SG and SA samples yield critical compositional insights into
the ZnFe;O4 nanoparticles created with glutamine and L-arginine as fuels, as depicted in
Figure 3A,B, respectively. The fundamental elements, oxygen (O), iron (Fe), and zinc (Zn)
are present in both samples of ZnFe,O4. For the SG sample, the elemental composition
by weight percentage is detailed as O: 25.34%, Fe: 46.23%, and Zn: 28.43%. In a parallel
vein, the SA sample presents percentages of O: 25.54%, Fe: 46.48%, and Zn: 27.98%. These
spectral data indicate that the proportions of O, Fe, and Zn align well with the chemical
structure of zinc ferrite, nominally represented by the ratio Zn:Fe:O (1:2:4).

The FE-SEM images reveal the shape and size of the SG and SA samples, as shown in
Figure 4A,B, respectively. Utilization of glutamine as a fuel yields irregular and spherical
particles, boasting an average size of 135.11 nm, as observed in the SG sample. Conversely,
employing L-arginine as a fuel generates particles that are also irregular and spherical but
are notably smaller, with a mean size of 59.89 nm, as demonstrated in the SA sample. The
discrepancy in particle size measurements obtained from SEM compared to XRD can arise
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due to several reasons, reflecting the fundamental differences in what these techniques
measure and how they operate. SEM measures the physical size of particles, which can
include aggregates or clusters of primary particles. XRD estimates the size of crystalline
domains within the particles, often corresponding to individual or smaller groups of
crystalline structures. Thus, SEM might show larger sizes due to particle aggregation that
XRD does not detect.
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Figure 2. FTIR spectra of the SG (A) and SA (B) products.
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Figure 3. EDX patterns of the SG (A) and SA (B) products.
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500 nm

Figure 4. FE-SEM analysis of the SG (A) and SA (B) products.

In the presented HR-TEM images (Figure 5), a discernible difference in particle size
of irregular shapes between the SG (Figure 5A) and SA (Figure 5B) synthesized products
is evident. The average particle size was determined to be approximately 300.02 nm for
SG and 231.27 nm for SA. It is surmised that the larger particle sizes observed for both
samples compared to XRD may be attributed to the coalescence of primary particles. Such
coalescence leads to an aggregation of nanocrystals, forming larger secondary particles that
are observable in the HR-TEM images.

The nitrogen adsorption-desorption isotherms presented in Figure 6A,B, along with
the data on surface texture provided in Table 1 for the SG and SA samples, suggest the
mesoporous nature of samples and Type IV of isotherms [37]. The SA sample exhibits a
markedly larger Brunauer-Emmett-Teller (BET) surface area and a greater total pore volume
compared to the SG sample. These variances are attributable to the effect of the chosen fuel
on the process of particle development and their aggregation. The combustion of glutamine
generates higher temperatures, leading to more pronounced sintering effects. This process
potentially results in the collapse of pores or an increase in particle size, consequently
diminishing the porosity and surface area, as evidenced in the SG sample.
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1000 nm

1000 nm

Figure 5. HR-TEM analysis of the SG (A) and SA (B) products.

Table 1. Surface textures of the SG and SA samples.

Samole BET Surface Area Total Pore Volume Average Pore Size
P (m2/g) (cm®/g) (nm)
SG 60 0.0947 3.36

SA 85 0.1538 3.77
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Figure 6. N, adsorption-desorption analysis of the SG (A) and SA (B) products.
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2.2. Removal of Rhodamine b Dye from Aqueous Media
2.2.1. Influence of pH

Figure 7A illustrates the dependency of rhodamine b dye’s adsorption effectiveness
on the pH when applied to the SG and SA samples, revealing an increase in adsorption as
the pH rises for both. This trend can be linked to the surface charge characteristics of the
SG and SA samples and the dye’s cationic nature.
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Figure 7. Influence of pH on the adsorption of the rhodamine b dye by the SG and SA products (A).
The point of zero charge of the SG and SA samples (B).

The point of zero charge (pHpzc), shown in Figure 7B, is a pivotal factor that designates
the pH value at which the adsorbent’s surface charge becomes neutral. The pHpzc values
for the SG and SA samples are 4.92 and 5.26, respectively. It is obvious that when the pH
is below the pHpyc, the adsorbent surface of the SG or SA sample is positively charged,
leading to a repulsion with the positively charged rhodamine b dye molecules and a
decrease in dye adsorption, as indicated in Scheme 2 [37,38]. Conversely, when the pH
exceeds the pHpyc, the adsorbent surface of the SG or SA sample is negatively charged,
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fostering an electrostatic attraction with the cationic dye and consequently elevating the
adsorption percentage, as outlined in Scheme 2 [37,38].

ZnFe;04 nanoparticles ZnFe;04 nanoparticles
pH<pHrzc pH>pHpzc
g 5 o gt OH OH oH OH
ZnFe;04 nanoparticles ZnFe;O4 nanoparticles
mt g w B H OH OH OH OH
Tlecrgstatie repuksion ﬁElectmstatic attraction
Cationic rhodamine b dye
Cationic rhodamine b dye

Scheme 2. Elimination mechanism of rhodamine b dye by ZnFe,O4 nanoparticles.

The adsorption percentages of rhodamine b dye on the SG and SA samples reach
53.74% and 78.68%, respectively, at a pH of 10. Furthermore, the disparity in adsorption
efficacy between the SG and SA samples aligns with their respective surface areas discussed
earlier. The SA sample, which has a larger surface area, demonstrates superior adsorption
capabilities across all tested pH values, suggesting that an expansive surface area bolsters
the availability of adsorption sites. In contrast, the SG sample shows reduced adsorption
efficiency, which can be ascribed to its smaller surface area, potentially limiting interactions
between the dye and adsorbent sites.

2.2.2. Influence of Contact Time

Figure 8 depicts the influence of contact time on the removal efficiency of rhodamine b
dye by the SG and SA samples. A notable growth in the adsorption percentage of rhodamine
b dye is observed as the contact time extends, stabilizing beyond 70 min. This swift uptick
in adsorption highlights the ample presence of active sites or a significant surface area
available for interaction with the dye molecules. The sudden increase in the adsorption
percentage of rhodamine b dye as the contact time increased from 60 to 70 min was due to
the transition from external surface adsorption to internal pore adsorption. The time frame
between 60 and 70 min might reflect the point at which the majority of available external
sites are occupied, and dye molecules start to interact more with internal adsorption sites,
leading to a noticeable uptick in adsorption. Furthermore, the stabilization suggests that
an equilibrium state has been reached, implying full saturation of the adsorption sites by
the dye molecules. Additionally, the data reveal a distinct difference in the adsorption
efficiency of the two nanoparticles over time. Specifically, after approximately 70 min, the
adsorption percentages for rhodamine b dye on the SG and SA samples stand at 53.61 and
78.29%, respectively. This variance in adsorption percentages between the SG and SA
samples can be linked to their respective surface areas, echoing earlier discussions.
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Figure 8. Influence of contact time on the adsorption of the rhodamine b dye by the SG and
SA samples.

The elimination breakthrough time (EBT) observed is slower for the SG sample com-
pared to the SA sample. This can be attributed to several factors, such as BET surface
area and average particle size. The BET surface area and total pore volume of the SA
sample are significantly higher than those of the SG sample, as shown in Table 1. The larger
surface area and pore volume of the SA sample provide more active sites for adsorption,
leading to a faster initial adsorption rate. Also, the average particle size of the SA sample
is smaller compared to the SG sample, as observed in Figure 5. Smaller particles have
a higher surface-to-volume ratio, facilitating more efficient adsorption interactions. The
nitrogen adsorption-desorption isotherms in Figure 6 indicate that the SA sample has a
more pronounced mesoporosity, which enhances the diffusion rate of dye molecules into
the pores, resulting in a quicker adsorption process. These factors collectively contribute to
the observed differences in the EBT between the SG and SA samples.

Moreover, the equations below represent the linear versions of both the pseudo-first-
order and pseudo-second-order kinetic models that were utilized to analyze the adsorption
process of rhodamine b dye on the SG and SA samples [37-39].

Pseudo-first-order:

log (Oe — O¢) = 10gOe — 1

1
—t
2.303
Pseudo-second-order:

t 1 1

_ =4 —
Ot 1,02 O

where O; (mg/g) represents the amount of thodamine b dye removed at contact time t,
whereas O, (mg/g) represents the equilibrium adsorption capacity. In addition, the rate
constants Ly and L, indicate the rate of the pseudo-first-order and pseudo-second-order
models, with the units of 1/min as well as g/mg.min, respectively. Figure 9 and Table 2
jointly offer an in-depth evaluation of the linear models for rhodamine b dye adsorption on
the SG and SA samples.

t )
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Figure 9. Linear kinetic modeling of rhodamine b dye adsorption onto the SG and SA samples by the
pseudo-first-order (A) and pseudo-second-order (B) kinetic plots.
Table 2. Comparative kinetic parameters of linear models for rhodamine b dye removal by the SG
and SA samples.
Pseudo-First-Order Pseudo-Second-Order
Samples Ogxp (mg/g)
P N L1 Oe R RSS L2 Oe R RSS
(1/min) (mg/g) (g/mg.min) (mg/g)
SG 268.06 0.01713 223.38 0.9836 0.00129 0.00013 273.97 0.9999 312 x 1077
SA 391.44 0.01801 312.08 0.9818 0.00158 0.00011 392.16 0.9998 1.70 x 107°

Moreover, the equations below represent the nonlinear versions of both the pseudo-
first-order and pseudo-second-order kinetic models that were utilized to analyze the
adsorption process of rhodamine b dye on the SG and SA samples [40].

Pseudo-first-order:

O¢ = Oe (1 - e*Llf) 3)

Pseudo-second-order:

Ongt

O = —2 %
' 14 Oelat
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Figure 10 and Table 3 jointly offer an in-depth evaluation of the nonlinear models for
rhodamine b dye adsorption on the SG and SA samples.

A
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g
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Figure 10. Nonlinear kinetic modeling of rhodamine b dye adsorption onto the SG and SA samples
by the pseudo-first-order (A) and pseudo-second-order (B) kinetic plots.
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Table 3. Comparative kinetic parameters of nonlinear models for rhodamine b dye removal by the
SG and SA samples.

Pseudo-First-Order Pseudo-Second-Order
Samples Okxp (mg/g) Ll‘ 0. R 2 L, . 0. R2 2
(1/min) (mg/g) (g/mg.min) (mg/g)
SG 268.06 0.04110 199.51 0.9969 5.60 1.26 x 10~* 274.00 0.9999 0.0279
SA 391.44 0.04661 294.02 0.9934 25.02 1.06 x 1074 392.48 0.9998 0.8874

By comparing linear models with nonlinear ones, it can be concluded that both the
nonlinear and linear pseudo-second-order models are more suitable for describing the
adsorption process because the reduced Chi-squared values (x?) are less than 1 and the
residual sum of square values (RSS) are very small. The nonlinear or linear fit of the
pseudo-first-order model appears less accurate in comparison to the nonlinear or linear
pseudo-second-order model, as evidenced by the observed experimental values (Ogxp)
and the correlation coefficients (R?) presented in Tables 2 and 3. For both the SG and SA
samples, the nonlinear or linear pseudo-second-order kinetic model provides R? values that
are nearer to 1, signifying a more precise alignment with the actual experimental outcomes.
Furthermore, the equilibrium capacities calculated (Oe) by the nonlinear or linear pseudo-
second-order model are almost exactly in agreement with the observed experimental values
(Ogxp), implying that the adsorption mechanism conforms more closely to the dynamics
described by the nonlinear or linear pseudo-second-order model.

2.2.3. Influence of Temperature

In Figure 11, the adsorption efficacy of rhodamine b dye by the SG and SA samples
across several temperatures is illustrated. The decrease in the adsorption percentage of
rhodamine b dye with rising temperature suggests that the process of rhodamine b dye
adsorption onto the SG or SA samples is exothermic.

100

80

N I\i\;\i
S e S

% A

20
|—=—8G
0 T T T T T T J T J 1
290 300 310 320 330 340

Temperature (K)

Figure 11. Influence of temperature on the adsorption of the rhodamine b dye by the SG and
SA samples.

The Gibbs free energy (AG®), entropy change (AS°), as well as enthalpy change (AH®)
for the removal of rhodamine b dye were calculated using Equations (5)-(7) [37,38].

_ 9

| C
e

(5)
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AS° AH°

Inba = =% = /p ©)

AG°® = AH°® — TAS® (7)

R is defined as the gas constant (k] /molK), T is defined as the temperature (K), and Ly
is defined as the distribution coefficient (L/g).

Figure 12 and Table 4 provide a combined analysis of the thermodynamic aspects
related to the adsorption of rhodamine b dye by the SG and SA samples. The positive
change in entropy (AS°) observed in both samples indicates a heightened level of disorder-
liness at the interface between the solid and solution phases during the adsorption process.
Furthermore, the negative values of Gibbs free energy (AG®) at different temperatures
affirm the spontaneous nature of the adsorption phenomenon. Additionally, the negative
change in enthalpy (AH®) for both samples supports the conclusion that the adsorption
process is exothermic and predominantly physical in nature [37,38].

2.4

= SG
e SA

2.0 -

1.6

InL,

1.2 4

0.8 -

0.4

0.0 T T T T T T L 1
0.0030 0.0031 0.0032 0.0033 0.0034

1T

Figure 12. Thermodynamic analysis of rhodamine b dye adsorption on the SG and SA samples via
Van't Hoff plots.

Table 4. Comparative thermodynamic constants for rhodamine b dye removal by the SG and
SA samples.

AG® (kJ/mol)

Samples AS° (kJ/molK) AH° (kJ/mol)
298 308 318 328
SG 0.03499 —12.54 —22.97 —23.32 —23.67 —24.02
SA 0.03318 —14.82 —24.71 —25.04 —25.37 —25.70

2.2.4. Influence of Concentration

Figure 13 demonstrates the impact of the initial concentration of rhodamine b dye on
the adsorption effectiveness of the SG and SA samples. In both cases, the percentage of
rhodamine b dye adsorption diminishes with an increase in the initial dye concentration.
At lower concentrations of the dye, there are abundant active sites available compared to
the number of dye molecules present, resulting in higher adsorption percentages. However,
as the concentration of the dye in the solution rises, these active sites become progressively
occupied. Eventually, a saturation point is reached where additional dye molecules cannot
be readily accommodated, leading to a decline in adsorption efficiency [37,38].
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Figure 13. Impact of initial dye concentration on the adsorption of the rhodamine b dye by the SG
and SA samples.

Furthermore, the subsequent equations present the linear representations of both the
Langmuir and Freundlich equilibrium isotherms employed to examine the adsorption of
rhodamine b dye onto the SG and SA products [37-39].

Freundlich isotherm : InO, = InL3 + %IHCE (8)

- Ce 1 Ce

Langmuir isotherm : 0.~ LiOmm + O

1/Z is defined as the adsorption intensity. The rate constants L, and L3 indicate

the rate of the Langmuir as well as Freundlich isotherms, with the units of (L/mg) and

(mg/g)(L/mg)'/™), respectively. Moreover, Omay is defined as the maximum uptake capa-

bility (mg/g). Equation (10) was employed to estimate Omax by applying the Freundlich
equilibrium isotherm [37,38].

©)

Omax = Ly (C(l)/z) (10)

Figure 14 and Table 5 collectively offer a thorough examination of the linear equilibri-
ums concerning the adsorption of rhodamine b dye onto the SG and SA samples.

Table 5. Comparative linear equilibrium constants for rhodamine b dye removal by the SG and

SA samples.
Langmuir Freundlich
Samples Omax Ls ) Omax Ly 2
(mg/g) (L/mg) R RSS (mg/g)  (mg/g)L/mg)' vz R RSS
SG 279.33 0.2615 0.9993 1.51 x 10~* 344.95 98.18 0.2276 0.6682 0.23738

SA 409.84 0.2503 0.9994 226 x 1075 617.61 117.46 0.3006 0.8832 0.13744




Inorganics 2024, 12, 191

17 of 26

InO

6.2
6.0—-
5.8—-
5.6—-
o 5.4—_
5.2—_
5.0—-
4.8

4.6

T e
—20 0 20 40 60 80 100 120 140 160 180

C_(mg/L)

s SG
® SA

4.4

Figure 14. Equilibrium linear modeling of rhodamine b dye adsorption onto the SG and SA samples
by the Langmuir (A) and Freundlich (B) equilibrium plots.

Furthermore, the subsequent equations present the nonlinear representations of both
the Langmuir and Freundlich equilibrium isotherms employed to examine the adsorption
of rhodamine b dye onto the SG and SA products [40].

OmaxLBCe
= Smaxie 11
N 1+ L3Ce (11)
O =Ly x Cl/2 (12)

Figure 15 and Table 6 collectively offer a thorough examination of the nonlinear
equilibriums concerning the adsorption of rhodamine b dye onto the SG and SA samples.
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Figure 15. Equilibrium nonlinear modeling of thodamine b dye adsorption onto the SG and SA
samples by the Langmuir (A) and Freundlich (B) equilibrium plots.

Table 6. Comparative nonlinear equilibrium constants for rhodamine b dye removal by the SG and

SA samples.
Langmuir Freundlich
Samples Omax Ls fo) L
R2 2 max y 1/zZ R2 2
(mg/g) (L/mg) X (mg/g)  (mg/g)(L/mg)'™ X
SG 287.42 0.2192 0.9317 353.11 315.76 123.19 0.1705 0.6600 1757.88
SA 407.01 0.2536 0.9900 140.35 532.07 145.61 0.2347 0.8849 1621.50

The linear or nonlinear fit of the Freundlich plot appears less precise in contrast to
the linear or nonlinear Langmuir plot, as discerned from the correlation coefficients (R?)
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provided in Tables 5 and 6. In both SG and SA samples, the linear Langmuir isotherm
produces small RSS values and R? values that approach 1, implying a superior alignment
with the actual experimental data.

The data comparison of various adsorbents (Table 7) reveals that the SG and SA
samples demonstrate superior adsorption capacities of 279.33 and 409.84 mg/g, respec-
tively. Hence, the synthesized samples outperform other materials such as biochar, zeolite,
kaolinite, SnS,, duolite C-20 resin, and magnetic montmorillonite composite [21-26].

Table 7. Comparison of maximum adsorption capacities for various adsorbents, including the
synthesized SG and SA samples.

Adsorbent Omax (mg/g) Ref.
Biochar 169.5 [21]
Zeolite 259.17 [22]
Kaolinite 19.19 [23]
Magnetic montmorillonite composite 209.20 [24]
Duolite C-20 resin 28.571 [25]
SnS, 200.00 [26]
SG 279.33 This study
SA 409.84 This study

2.2.5. Effect of Regeneration and Reusability

To evaluate the feasibility of regenerating and reusing the SG and SA adsorbents,
desorption experiments were carried out using 50 mL of different HCl concentrations (3,
6, and 9 M) as an eluent for rhodamine b dye, as depicted in Figure 16. Additionally, the
percentage of desorption (% D) of rhodamine b dye from the SG or SA adsorbents was
calculated by applying equation 13 [41].

100C,V

%D =l
(Co - Cg)v

(13)
V4 (L) and C; (mg/L) are the volume of the eluting agent and the concentration of

rhodamine b dye ions in the eluting agent, respectively. The results revealed that 9 M HCI
efficiently eliminated rhodamine b dye, achieving a desorption efficiency of over 99%.

N

80

% D

40

20

0 I 3 I 6 I 9 I 12
Concentration of HCI (M)

Figure 16. Effect of desorption of rhodamine b dye ions from the SG and SA adsorbents. Ex-

perimental conditions: contact time = 70 min, initial dye concentration = 250 mg/L, volume of

dye = 100 mL, pH = 10, adsorbent dose = 0.05 g, temperature = 298 K, concentration of HCl eluting
agent range = 3-9 M, volume of HCl = 50 mL, desorption time = 30 min.
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After undergoing acidic extraction, the regenerated SG and SA adsorbents were
washed with distilled water to prime them for subsequent adsorption cycles. The effect
of five consecutive adsorption/desorption cycles on the uptake of rhodamine b dye was
examined, and the results are clarified in Figure 17. The data indicate a slight decrease in
the percentage of rhodamine b dye sorption by the SG or SA adsorbents as the number of
cycles increased. Therefore, it can be concluded that the SG and SA adsorbents demonstrate
outstanding reusability for the sorption of rhodamine b dye.

100
80

60

% A

40

20

0 I 1 I 2 I 3 I 4 I 5

Cycle number
Figure 17. Effect of reusability of the SG and SA adsorbents on the sorption of rhodamine b dye. Exper-
imental conditions: initial dye concentration = 250 mg/L, volume of dye solution = 100 mL, amount

of adsorbent = 0.05 g, pH = 10, contact adsorption time = 70 min, adsorption temperature = 298 K,
concentration of HCI eluting agent = 9 M, volume of HCI = 50 mL, desorption time = 30 min.

2.2.6. Effect of Selectivity

Regarding the selectivity of the ZnFe,O,4 nanoparticles, additional experiments were
conducted in a ternary system to study the removal of different dyes, including crystal
violet and methylene blue dyes, alongside rhodamine b dye. The initial concentration of
each dye in the solution was set to 250 mg/L. A fixed adsorbent dosage of 0.05 g was
used in 100 mL of the mixed dye solution. The pH was adjusted to 10 for consistency
across all experiments, the contact time was 70 min, and the temperature was 298 K. The
residual concentrations of each dye were measured using a UV-Vis spectrophotometer.
The adsorption capacities of ZnFe,O, nanoparticles for rhodamine b, crystal violet, and
methylene blue from the mixed dye solution were compared to assess selectivity. The
results, summarized in Table 8, demonstrate the adsorption performance for each dye. The
ZnFe;O4 nanoparticles showed the highest adsorption capacity for rhodamine b, followed
by crystal violet and methylene blue.

Table 8. Adsorption capacities of ZnFe,O4 nanoparticles for different dyes in mixed solution.

Adsorption Capacity (mg/g)

Dye SG SA

Rhodamine b 110.67 170.68
Crystal violet 90.56 138.24
Methylene blue 78.10 100.92

2.2.7. Practical Application

In a practical demonstration of the utility of ZnFe;O4 nanoparticles, experiments were
conducted to assess the adsorption performance of the SG and SA samples in a student
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chemistry laboratory wastewater (containing rhodamine b dye). For these experiments,
0.05 g of each adsorbent type was introduced into 50 mL of wastewater sample containing
rhodamine b dye at a concentration of 50 mg/L. The pH of the solution was adjusted
to 10, and the system was maintained at room temperature for a contact time of 70 min
to simulate typical laboratory conditions. The SG sample achieved a rhodamine b dye
removal efficiency of 92.67%, while the SA sample demonstrated an enhanced removal
efficiency of 96.34%. This significant efficacy in thodamine b dye removal underscores
the potential of ZnFe,O4 nanoparticles, particularly the SA type, for application in the
wastewater treatment field.

3. Experimental Section
3.1. Materials

Potassium chloride (KCl), hydrochloric acid (HCI), glutamine (CsH;9N,O3), sodium
hydroxide (NaOH), zinc(II) nitrate hexahydrate (Zn(NOj3),-6H,0), L-arginine (CsH14N4O»),
iron(Ill) nitrate nonahydrate (Fe(NO3)3-9H,0), and rhodamine b dye (CpgH31N,O3Cl)
were obtained from Sigma-Aldrich (St. Louis, MO, USA) and then consumed as received
without refinement.

3.2. Synthesis of Zinc Ferrite (ZnFe;O4) Nanoparticles

ZnFe;O4 nanoparticles were produced by the combustion approach [31] using two
fuels: glutamine and L-arginine, as shown in Scheme 3A,B, respectively. In this regard,
4.50 g of zinc nitrate hexahydrate and 12.28 g of iron nitrate nonahydrate were dissolved in
80 mL of distilled water to prepare the metal precursor solution. Also, 3.70 g of glutamine or
3.11 g of L-arginine were dissolved in 50 mL of distilled water to prepare the fuel solution.
After that, the fuel solution was added to the metal precursor solution with continuous
stirring at 120 °C until complete evaporation of the solvent occurred. The dry powder
obtained was subsequently calcined at 650 °C for 3 hrs to obtain ZnFe;O4 nanoparticles.
The ZnFe,O4 nanoparticles, which were produced using L-arginine and glutamine fuels,
were abbreviated as SA and SG samples, respectively.

A)

Stirring at 120 °C till dryness 4.50 g of Zn(NO;);-GII;O

3.70 g of glutamine
e 1| 12.28 g of Fe(NO3)3-9H,0 <:I

Calcination at 650 °C for 3 hrs L. 50 mL of distilled water
80 mL of distilled water

ZnFe;04 nanoparticles

Abbreviated as SG sample

B)
ZnFe Oy nanoparticles | Stirring at 120 °C till dryness 4.50 g of Zn(NO3):-6H,0
< ; 3.70 g of L-arginine
Abbreviated as SA sample 12.28 g of F E(NOS)S-QHEO <: 5 5.5 L y
Calcination at 650 °C for 3 hrs e S50 mL of distilled water
80 mL of distilled water

Scheme 3. Practical procedure for the fabrication of SG (A) and SA (B) samples by the combustion method.

The cost of producing ZnFe,O,4 nanoparticles by the combustion method is approxi-
mately USD 0.65 /g.

3.3. Instrumentation

XRD analysis of the SG and SA samples was conducted utilizing a Dg Bruker Advance
X-ray diffractometer equipped with K,Cu radiation (A = 1.54 A). FT-IR spectra of the SG
and SA samples were obtained utilizing a Perkin Elmer FTIR spectrometer, employing KBr
pellets, within the range of 400-4000 cm~!. The surface textures of the SG and SA samples
were obtained by a Quantachrome Nova 2000 N, gas analyzer. The surface morphology
and elemental constitution of the SG and SA products were obtained by a JEOL JSM6360
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FE-SEM/EDX (JEOL Ltd., Akishima, Japan). The morphologies of the SG and SA products
were investigated using a JEOL 2100 HR-TEM (JEOL Ltd., Akishima, Japan).

3.4. Adsorption of Rhodamine b Dye from Aqueous Media

The adsorption experiments were conducted to evaluate the efficacy of the SG and
SA products in the removal of rhodamine b dye. The impact of various parameters on the
adsorption process was systematically investigated. All experiments were performed in
the dark to ensure that the removal of rhodamine b dye was due to adsorption and not
photocatalytic degradation. Initially, the effect of pH on rhodamine b dye adsorption was
assessed over a 2-10 pH range. In these experiments, a rhodamine b dye concentration
of 250 mg/L was utilized, with the volume of rhodamine b dye fixed at 100 mL and the
amount of adsorbent set at 0.05 g. The mixture was allowed to interact for a contact time
of 240 min at a constant temperature of 298 K. Subsequently, the effect of contact time
was examined by varying the interaction period from 10 to 100 min. The concentration of
rhodamine b dye and volume remained constant at 250 mg/L and 100 mL, respectively,
with an adsorbent amount of 0.05 g. These experiments were carried out at a pH of 10 and
a temperature of 298 K. In addition, the effect of temperature on the adsorption efficiency
was explored within a 298-328 K range, maintaining the rhodamine b dye concentration,
volume of rhodamine b dye, and amount of adsorbent at 250 mg/L, 100 mL, and 0.05 g,
respectively. The pH was held at 10, with a fixed contact time of 70 min. Furthermore,
the influence of rhodamine b dye concentration on the adsorption efficiency was studied
by altering the concentration of rhodamine b dye from 50 to 300 mg/L. Each experiment
was conducted with 100 mL of rhodamine b dye solution and 0.05 g of adsorbent at a
pH of 10 and a temperature of 298 K for a duration of 70 min. In the final step, magnetic
separation using a magnet was employed to remove the magnetic ZnFe,O,4 nanoparticles,
and the resulting filtrates underwent evaluation to measure the remaining concentration of
rhodamine b dye with the aid of a Shimadzu 1800 UV /Vis spectrophotometer (Shimadzu
Corporation, Kyoto, Japan). This magnetic separation technique is not only efficient but
also cost-effective and simple to implement, ensuring that the nanoparticles do not pose
a risk of secondary contamination in the effluent. Scheme 4 summarizes the previous
practical steps for the removal of rhodamine b dye by the SG and SA products.

I Adsorption experiments |

<> Effect of pH (2-10)

| | |
Concentration of dye Volume of dye Amount of adsorbent ~ Contact time Temperature
250 mg/L 100 mL 0.05¢ 240 min 298 K

<> Effect of time (10-240 min)
|

| | 1
Concentration of dye ~ Volume of dye Amount of adsorbent pH Temperature
250 mg/L N — 0.05g 10 298 K

<> Effect of temperature (298-328 K )
I

| | |
pH Contact time

Concentration of dye Volume of dye Amount of adsorbent %
250 mg/L 100 mL 0.05¢g 10 70 min
<> Effect of concentration of dye (50-300 mg/L)
]
| | | | S
Volume of dye Amount of adsorbent Temperature pH Contac.t timg
100 mL 0.05g 298K 10 70:min

Scheme 4. Experimental influences for the study of rhodamine b dye adsorption by the SG and
SA products.
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The ability of the SG or SA samples to adsorb rhodamine b dye was quantified through
the measurement of adsorption capacity (O, mg/g) and adsorption efficiency (% A), using
Equations (14) and (15), respectively [42—44].

\%

O = (CO - Ce) X W (14)

%A = S0 —Ce 100 (15)
Co

Co, = concentration of rhodamine b dye before adsorption (mg/L), whereas
C. = concentration of rhodamine b dye at equilibrium (mg/L). In addition, V = volume of
rhodamine b dye (L), whereas W = mass of the adsorbent (g).

3.5. Point of Zero Charge (pHpzc) of the SG and SA Samples

The point of zero charge (pHpzc) for both SG and SA samples was established through
the batch equilibrium technique, utilizing 0.01 M KCl as the electrolyte solution [37,38]. For
the experimental procedure, several 250 mL conical flasks were set up, each containing
60 mL of 0.01 M KCI. The initial pH values (pH;) of these solutions were adjusted to range
from 2.5 to 11.5 using either NaOH or HCl. Following this, each flask received a precise
addition of 0.10 g of the SG or SA sample. The samples in the flasks were then subjected
to magnetic stirring for 10 hrs. Subsequent to the stirring, the final pH (pHs) for each
solution was recorded. The pH shift (ApH) in each flask was determined by calculating
the difference between the final and initial pH values. A graph plotting ApH against pH;
was created for each type of sample. The pHpzc was identified at the pH; value where
ApH equaled zero, indicating a neutral surface charge on the adsorbent where positive and
negative charges are balanced [16].

4. Conclusions

This research is dedicated to the synthesis, examination, and application of ZnFe,;O4
nanoparticles for the effective removal of rhodamine b dye from aqueous solutions. Utiliz-
ing the combustion method, these nanoparticles were synthesized with glutamine (SG) and
L-arginine (SA) serving as fuels. Comprehensive analyses of the ZnFe, O, nanoparticles
were conducted using several techniques, such as XRD, FTIR, EDX, FE-SEM, HR-TEM,
and BET. XRD results verified the nanoparticles” cubic spinel formation, devoid of any
contaminants, displaying average crystallite sizes of 43.72 nm for SG and 29.38 nm for
SA. BET assessments indicated surface areas of 60 m?2/ g for SG and 85 m?/ g for SA.
Importantly, the SA sample demonstrated a higher efficiency in adsorbing rhodamine b
dye, achieving 409.84 mg/g in contrast to 279.33 mg/g in the SG sample, attributed to its
greater surface area and porosity. The removal processes of rhodamine b dye by the SG
and SA samples adhered to a pseudo-second-order kinetic model and aligned with the
Langmuir equilibrium isotherm. The synthesized ZnFe;O4 nanoparticles were utilized as
promising adsorbents for the treatment of wastewater contaminated with rhodamine b dye.
Hence, this method offers a potentially effective and sustainable approach to mitigating
environmental pollution.
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