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	 ABSTRACT 
	










	
Ferrite nanoparticles (NPS) of the structure CuNiFe2O4 were synthesized, and the auto combustion process was done using sol-gel. Several methods and nanomaterials have been identified using approaches such as Fourier-Transform Infrared Spectroscopy (FT-IR), X-Ray diffraction (XRD), and Filled Emission Scanning Electron Microscopy (FE-SEM). Measurements were made on the impact of temperature, pH, and contraction on the uptake behavior of CR dye. The ideal duration of interaction to achieve balance is 240 min, and the pH levels fall between 3 and 11. When compared to the Freundlich model, the desorption data demonstrated a good connection with the Lengmuir model. The thermodynamic parameters showed that ΔH was an exothermic reaction, ΔG was a spontaneous process, and ΔS had a negative value, indicating that the process was less disorderly and unpredictable.
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1. Introduction

Conventional methods (coagulation-flocculations biological treatment) do not efficiently remove or degrade dyes found in effluents from many industrial sectors, such as textiles, food, and cosmetics. Many days are not only highly poisonous, but they also hinder light penetration, which prevents receiving water bodies from absorbing oxygen again [1], [2]. Numerous cases have been documented of the carcinogenic effects of dyes on the brain, kidney, liver, and digestive system, as well as on genetic makeup, which can lead to the emergence of cancer in these organs [3]. The carcinogenic effects of working with dye and associated chemicals on industrial workers were reported by Morikawa et al. [4].

The traditional techniques for removing dyes include membrane separation [5], coagulation [6], chemical filtration [7], biodegradation [8], demands a lot of energy, produce toxic sludge that needs to be disposed of further, and only removes a portion of the ions [9]. Non-biodegradable coloring, softening, and fixing agents are included in the usually treated industrial effluents released into the environment, which increases the risk of bioaccumulation and bio-magnification [10]. Extensive consideration is being given to the development of innovative and economically sound nanomaterials for various purposes, including natural remediation and contaminant detection. Recent developments suggest that several issues, such as water quality, can be resolved or improved through the use of numerous nanotechnologies, including nanoparticles and nanofiltration, as well as other instruments made possible by this technology’s advancement [11], [12].

Recently, it was discovered that spinel ferrites constitute a new family of adsorbents that work well for treating water [13], [14]. Its huge surface area and numerous efficient spots make it appropriate for eliminating pollutants. Because spinel ferrites have excellent super paramagnetic characteristics (SPM), it is easy to extract them from the reaction mixture using an external magnetic field [15], [16]. Studies have been done on spinel ferrites’ ability to remove dangerous metals, nutritional salts, and organic substances from water [17]. In general, M Fe204, where M can be any of the following: Fe, Co, Ni, Zu, etc., is the universal for spinel ferrites. Its cubic structure has 32 0-atoms, of which 8 Td (tetrahedral) and 16 oh (octahedral) sites were occupied. When synthesizing nanoparticles of magnetized spinel ferrites, Their big surface area and small size increase their removal capacity [18]. Cobalt and zinc ferrite magnetic highly crystalline and evenly sized nanoparticles were prepared by a variety of synthetic procedures, including the coprecipitation method and precipitation method [19], [20]. the sol-gel auto-combustion approach [21], the hydrothermal method [22], and the sol-gel method [23].

In the current work, local citric acid was used in the sol-gel auto-combustion approach to synthesize CuNiFe204 ferrite sample. Compared to the traditional synthesis of technologies, this technique, as a fuel factor and surfactant, is thought to be more economical and environmentally beneficial.

2. Methods

2.1. Synthesis of CuNiFe2O4 Nanoparticles

The following outlines the way the CuNiFe2O4 synthesis process was carried out:

In twenty-five milliliters of citric acid solution, 14.54 g of Fe(NO3)3.9H2O (M.W 404 g/mol), 2.6173 g of Ni(NO3)2.6H2O (M.W 290.69 g/mol), and 2.1747 g of Cu(NO3)2.3H2O (M.W 241 g/mol) were mixed and dissolved. To maintain the pH of the mixture was maintained at 7.0 while constantly stirring it with a magnetic stirrer, ammonia solution (NH4OH) was added. After 30 min of constant stirring at 80 °C, the clear solution fully gelled. To achieve a consistent weight, desiccate in an oven at 80 °C. Grind to a fine powder and then calcined for 3 h at 600 °C in an air-filled furnace.

2.2. Characterization

Numerous novel, extremely effective cutting-edge, widely-has used that are incredibly effective. FESEM-EDX, or energy dispersive X-ray spectroscopy, provides these instances. Fourier transform infrared (FT-IR), and x-ray diffraction (XRD).

2.3. Adsorption Studies

A stock solution of congo red dye was prepared by dissolving 0.1 g of dye in 100 ml of deionized water. Several diluted solutions were then made from this concentration to find the perfect pH buffer solution, which was utilized to maintain the pH at (3–11). The ideal contact time (5–600 min) was found using the batch method. 50 ml of the dye solution containing 50 mg/L was mixed with 0.2 g of the absorbent, which was then placed in 100 ml flasks. Using an orbital shaker for equilibration, different temperatures (10 °C, 20 °C, 30 °C, and 50 °C) were used. 120 rpm was the rate of agitation; after centrifuging the mixture, a UV-vis spectrophotometer (vv-1200 spectrophotometer) was used to measure the dye’s concentration. Equations were utilized to compute the equilibrium uptake of CR dye and the elimination efficiency:

%Removal=(Co−Ce)Co×100(1)

Qe=(Co−Ce)m(2)

2.4. Thermodynamic Parameters

After different concentrations ranging from 5 to 50 mg/l were produced from the stock solution of CR dye and placed in flasks, 0.2 g of CuNiFe2O4 was added to each concentration. The flasks were shattered at 120 rpm within the proper balancing time at 10 °C, 20 °C, 30 °C, and 50 °C of temperature. After centrifuging the mixture, the concentration of CR dye was ascertained. Eqs. (3)–(5) were utilized to compute the fluctuations in free energy, ΔG, enthalpy ΔH, and entropy ΔS associated with the adsorption process by the values of the slope and the intersection [24].

ΔG=−RTlnK(3)

K=CsolidCliquid(4)

lnk=ΔSR−ΔHRT(5)

3. Results and Discussion

3.1. FT-IR Spectroscopy

Fig. 1 shows the FTIR spectra of the material that has been determined at 600 °C. Many absorption peaks may have been recorded in the range of 400–4000 cm−1 in the infrared spectrum. The stretching vibration of the hydroxide (OH) bond, which represents the adsorption of water on ferrite, may be the reason of the peak seen at 3415 cm−1 [25]. Spinel Ferrite is identified in the 400–600 cm−1 range by (Cu–0), (Ni–0), and (Fe–0) is stretching vibration [26].
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Fig. 1: FT-IR spectra of CuNiFe2O4.

The structural analysis of the sample heated at 600 °C was done by XRD Fig. 2. The phase analysis of size controlled CuNiFe2O4 is compared with (JCPDS NO 34-0425), which shows that the major diffraction peaks at 20 values corresponding to 111, 220, 311, 222, 400, 420, 511, and 440 of pure structure miller planes are in good agreement with the standard Fe2O4. The XRD analysis results from the current study is in good agreement with the findings that have been published. Using the Debye-Scherrer equation, the crystal sizes for the X-ray spectra were determined:
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Fig. 2: XRD spectrum of CuNiFe2O4.

τhkl=(K×λ)(βhkl)×cos(θhkl)(6)

where τ is the particle size perpendicular to the natural line of (hkl) plane, β hkl is the full width at half maximum, βhkl is the Bragg angle of (hkl) peak, K is constant equal to 0.9 and λ is wavelength of the X-ray [27]. The particle size of nanoparticles calculated is about 33.84 nm CuNiFe2O4.

3.2. Surface Morphology and Elemental Analysis

The use of (FESEM) is essential for the study of surface morphology. The CuNiFe2O4 particles appeared in the FESEM micrographs to be irregularly formed agglomerates that were tightly packed to gather. During the scanning process in this method, by interacting with the sample surface, the electron beam produces a distinct pattern that can be used for identifying surface attributes. One or more of the following steps may take place during the creation of CuNiFe2O4 particles: as a result of (a) the synthesis of CuNiFe2O4 via growth and nucleation of surface-free energy is reduced; (b) the element crystals aggregating due to the molecular attraction of distinct scale forces. Surface-free energy is reduced as a result. Aggregation results from the continual residual supersaturation that drives the formation of new crystals inside the aggregates. Subsequently, the agglomerated particles combine with more particles to form secondary particles, which grow in size. This agglomerated particle aggregates to generate secondary particles, which is how the particle size increases. The presence of Cu and Ni in the samples was confirmed by EDX data, indicating that the procedure used to manufacture CuNiFe2O4 was appropriate. CuNiFe2O4 with a pure crystal structure was confirmed by XRD, FTIR, and EDX investigation. Fig. 3 shows the EDX photos for Cu, Ni, Fe, and O.
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Fig. 3: CuNiFe2O4: (A) FESEM micrographs of CuNiFe2O4 and (B) EDX of CuNiFe2O4 annealed at 600 °C.

3.3. Adsorption Studies

At a constant temperature of 25 °C, the impact of contact time on the CR dye adsorption was investigated throughout a range of periods (5–600 min). Fig. 4 illustrates how extending the contact time until equilibrium results in an increase in the elimination percentage of CR dye. The large adsorption surface area that is appropriate for the attachment of the CR dye is the reason why the initial adsorption amount was essential. Lastly, equilibrium is stabilized, and the adsorption rate is slower, most likely as a result of active site saturation [28], [29]. The equilibrium time was found to be a duration of 240 min, and 72.5% of the dye was removed.

[image: images]

Fig. 4: Influence of CR dye contact time on CuNiFe2O4.

3.4. Effect of pH on the Adsorption

pH is one of the main factors affecting the dye’s adsorption onto the adsorbent. The impact of pH on CR dye adsorption onto CuNiFe2O4 nanoparticles at different pH (3-11) was investigated using an initial concentration of 50 mg/l, a contact time of 240 min, and an amount of nanoparticle adsorbent of 0.2 g at 25 °C (Fig. 8). The findings demonstrated that when pH accelerates between 3 and 11 (see Fig. 5), the removal percentage of CR decreases from 85% to 20%. At acidic mediums (low pH), the active sites acquire a positive charge, so at pH3, the positively charged surface of CuNiFe2O4 and the negatively charged anionic CR dye exhibit a notably strong electrostatic interaction. The number of positively charged sites reduced as the system’s pH increased, which in turn caused the adsorption capacity in the base medium to decrease [30].
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Fig. 5: Influence of pH on CR dye adsorption on CuNiFe2O4.

3.5. Adsorption Isotherm

An array of temperatures, 10 °C, 20 °C, 30 °C, and 50 °C, was chosen to evaluate the ability of CuNiFe2O4 nanoparticles to extract CR dye from their aqueous solution. Fig. 6 shows the general shape of the dye adsorption isotherms, with the amounts adsorbed displayed as a function of equilibrium concentration (Ce) at 10 °C, 20 °C, 30 °C, and 50 °C on nanoparticles CuNiFe2O4 (Qe).
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Fig. 6: Shows the dye adsorption isotherm on CuNiFe2O4 at different temps.

The form of the CR dye adsorption isotherm on CuNiFe2O4 is in accordance with the Giles categorization (s-type). As the molten layer is actually adsorbed, where additional quantities are set, the s-curve shows that the flat or vertical orientation of the molecules in the adsorbent layer have a significant attraction to one another [31]. The Freundlich and Langmuir isotherm was used in practice to apply the adsorption results. To track the effect, Freundlich’s Eq. (7) and Langmuir’s Eq. (8) were applied [32], and Table I displays the isotherm adsorption data:

[image: images]

LogQe=logKf+1nlogCe(7)

TCeQe=1Qmb+CeQm(8)

Where Kf is a function of adsorption capacity an n is the adsorption intensity. Qm is the maximum adsorption capacities (mg/g) and B is related to the sorption energy. The Freundlich and Langmuir isotherm are applied on the experimental data of the adsorption of CR dye on CuNiFe2O4 by plotting (Ce/Qe) versus (Ce) and (log Qe) versus (log Ce), respectively (Figs. 7 and 8).
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Fig. 7: At various temperatures, the linear form of the Langmuir isotherm of CR dye on CuNiFe2O4.

[image: images]

Fig. 8: Freundlich isothermal CR dye CuNi Fes Oy at various temperatures in linear form.

According to Table I results, the Langmuir model’s R2 values for the adsorption process onto CuNiFe2O4 are closer to unity than the Freundlich model’s. This indicates that the Langmuir model was more effective than the Freundlich model in characterizing the CR dye adsorption on CuNiFe2O4 nanoparticles. The findings further demonstrate that the linear (Ce/Qe) against (Ce) relationship in Fig. 7 indicates that the Langmuir isotherms are more suitable for this system than the Freundlich [33].

3.6. Thermodynamic Study

Using a range of starting concentrations, the impact of temperature on the adsorption of CR dye onto CuNiFe2O4 was studied in the range of 10 °C–50 °C. The enthalpy change (ΔH), entropy change (ΔS), and Gibbs energy change (ΔG) thermodynamic parameters can be applied to approximate the adsorption process’ efficiency using Eqs. (3)–(5):

Can be calculated based on the resulting slope and intercept of Eq. (4). Table II lists the thermodynamic parameters for the temperature ranges under investigation.
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It was discovered that the lnk against 1/T plots were linear, and the adsorption on CuNiFe2O4 nanoparticles had a correlation coefficient (R2 = 6.8722–0.9905) (Fig. 9). Table II demonstrates that ΔG was negative across the board, suggesting that the adsorption process occurs spontaneously [34]. The adsorption process is exothermic, as indicated by the negative value of ΔH, and the solid-solution interface is thought to be less disorderly and unpredictable when ΔS is negative [35].

[image: images]

Fig. 9: Plot of lnk against 1/T for CuNiFe2O4 adsorption of CR dye.

4. Conclusion

CuNiFe2O4 nanoparticle ferrites were generated in the current work using a sol-gel auto-combustion approach, and the sample was baked at 600 °C to produce a single-stage spinel ferrite. The effects of temperature, pH, and contact time, among other factors, on the ability of adsorption were investigated. For CR dye, its contact duration was 240 min. The maximum percentage reduction of 85% was attained at pH = 3. The pseudo-second order kinetics rate expression for the adsorption kinetics was found to fit the equilibrium data, which in turn followed the Langmuir isotherm model. Thermodynamic investigation shows the adsorption system’s exothermic and spontaneous character. The produced chemical is thought to be of great importance for protecting the environment since it can be used as a dye adsorbent.
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