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Abstract

:

Congo red dye is classified as a toxic chemical and can be harmful if ingested, inhaled, or in contact with the skin or eyes. It can cause irritation, allergic reactions, and skin sensitization in some individuals. Thus, in this paper, CaFe2O4 nanoparticles were produced by a simple Pechini sol-gel approach and used as an adsorbent material for the efficient disposal of Congo red dye from aqueous solutions. The maximum adsorption capacity of the CaFe2O4 towards Congo red dye is 318.47 mg/g. Furthermore, the synthesized CaFe2O4 nanoparticles exhibit an average crystal size of 24.34 nm. Scanning electron microscopy (SEM) examination showed that the CaFe2O4 nanoparticles are basically ball-like particles with a mean grain size of 540.54 nm. Moreover, transmission electron microscopy (TEM) examination showed that the CaFe2O4 sample revealed aggregated spherical particles with a mean diameter of 27.48 nm. The Energy-dispersive X-ray spectroscopy (EDS) pattern reveals that the produced CaFe2O4 nanoparticles are composed of Ca, Fe, and O elements, with an atomic ratio of 1:2:4 of these elements, respectively. The disposal of Congo red dye by the synthesized CaFe2O4 nanoparticles is chemical, spontaneous, exothermic, perfectly aligned with the pseudo-second-order kinetic model, and exhibited excellent conformity with the Langmuir equilibrium isotherm.
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1. Introduction


Wastewater discharged from various industrial sectors, including textiles, paper production, rubber manufacturing, food coloring, cosmetics, and others, often contains significant quantities of harmful dyes [1,2,3]. If these effluents are released into natural water bodies, they can lead to severe water pollution. Wastewater containing dyes can elevate the chemical oxygen demand in water and diminish light penetration, affecting the photosynthesis activity in aquatic environments [4,5]. Certain dyes are non-biodegradable due to their intricate aromatic structure and can be carcinogenic and mutagenic to humans [6]. Congo red dye, like many other synthetic dyes, can pose potential dangers to both humans and the environment. Some studies have suggested that certain dyes, including Congo red, may have carcinogenic properties and could be linked to cancer when exposure occurs at high levels over extended periods. Congo red and other similar dyes have been associated with mutagenic effects, potentially causing DNA damage, which can lead to genetic mutations and diseases. Contact with Congo red dye may cause skin and eye irritation, leading to discomfort and potential health issues [7,8]. The adverse impacts of synthetic dyes have prompted environmental researchers to explore innovative methods and materials for their secure and efficient elimination from water sources. Hence, various chemical, microbiological, and physical methods, including photodegradation, chemical oxidation/precipitation, coagulation, microbiological degradation, and adsorption, have been employed to purify wastewater contaminated with dyes [9,10,11,12,13]. Among the numerous methods for treating dye contamination, adsorption stands out as a highly efficient technique, owing to the abundance of available adsorbents, its ease of operation, cost-effectiveness, and superior efficiency [14,15,16]. A diverse range of adsorbents, including activated carbon, metal–organic frameworks (MOFs), zeolites, and polymers, have been investigated for the removal of dyes from aqueous media [17,18,19,20]. Nonetheless, several of these adsorbents exhibit limitations such as limited adsorption capacity, high cost, poor regeneration capabilities, and slow adsorption rates, among other drawbacks. Metal oxide nanoparticles play a crucial role in the adsorption of organic dyes due to their unique properties and surface characteristics. These nanoparticles possess a high surface area and abundant surface functional groups, making them excellent adsorbents for organic dyes. Their small size allows for efficient interaction with dye molecules, leading to enhanced adsorption capacity. Furthermore, the high stability and recyclability of metal oxide nanoparticles make them environmentally friendly and economically viable options for wastewater treatment processes, contributing significantly to the removal of organic dyes from contaminated water sources. Metal ferrite nanoparticles, such as MnFe2O4, ZnFe2O4, CoFe2O4, and MgFe2O4, have garnered substantial attention for their utility as effective adsorbents in the disposal of heavy metals and dyes from aqueous environments [21,22,23,24,25,26,27,28,29]. Metal ferrite adsorbents are typically favored because of their compact dimensions, high surface area, and substantial pore volume, which facilitate a quicker disposal process and enhance disposal capacity when contrasted with traditional adsorbents. Furthermore, metal ferrite adsorbents possess magnetic characteristics that provide another benefit, simplifying their extraction from aqueous environments. This property promotes effortless recyclability and diminishes operational expenses. In this study, the adsorption efficacy of magnetic calcium ferrite nanoparticles for the disposal of Congo red dye from aqueous environments was examined. The CaFe2O4 nanoparticles were synthesized using a simple Pechini sol-gel method and characterized using several tools to identify their morphology, crystal structure, and the functional chemical groups located on their surface. A comprehensive investigation into the impact of several experimental factors, such as reaction time, solution pH, initial dye concentration, and reaction temperature, on the disposal efficiency of Congo red dye was conducted. Furthermore, kinetic and isotherm modelling techniques were used for the adsorption data to gain a deeper understanding of the removal process. Moreover, to comprehend the effect of temperature on the disposal of Congo red dye by CaFe2O4 nanoparticles, a thermodynamic study was conducted. Also, the effects of regeneration and reusability were studied.




2. Experimental


2.1. Materials


Calcium(II) nitrate tetrahydrate (Ca(NO3)2·4H2O), iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O), potassium nitrate (KNO3), tartaric acid (C4H6O6), hydrochloric acid (HCl), propylene glycol (C3H8O2), sodium hydroxide (NaOH), and Congo red dye (C32H22N6Na2O6S2) were supplied by the Sigma Aldrich Company ((St. Louis, MO, USA).) In addition, all chemicals were of analytical grade and were utilized without further purification.




2.2. Synthesis of CaFe2O4 Nanoparticles


The chemical solution of Ca(II) ions was freshly synthesized by dissolving 3.00 g of calcium(II) nitrate tetrahydrate in 60 mL of distilled water. Additionally, the chemical solution of Fe(III) ions was freshly synthesized by dissolving 10.26 g of iron(III) nitrate nonahydrate in 120 mL of distilled water. Afterward, the solution of Ca(II) ions was added to the solution of Fe(III) ions; then, the produced blend was regularly stirred at room temperature for 15 min with a magnetic stirrer. Furthermore, the tartaric acid solution, which was synthesized by dissolving 7.63 g of tartaric acid powder in 100 mL of distilled water, was dropwise added as a complexing agent; then, the produced blend was regularly stirred at 393 K for 15 min using a magnetic stirrer. Afterward, 8 mL of propylene glycol was dropwise added as a crosslinker; then, the produced blend was regularly stirred at 393 K using a magnetic stirrer until complete evaporation occurred. The obtained powder underwent a calcination process at 873 K for 4 h. After the calcination process, the product was ground well using a pestle and mortar to acquire the powdered state of calcium ferrite nanoparticles. Scheme 1 summarizes the previous practical steps for the production of CaFe2O4 nanoparticles.




2.3. Characterization


A Bruker D8 Advance X-ray diffractometer (Billerica, MA, USA) was employed to analyze the X-ray diffraction (XRD) pattern of CaFe2O4 powder. This analysis covered the 2Ɵ range from 5° to 80°, utilizing Cu Kα radiation featuring a wavelength of 0.154178 nm. A field emission scanning electron microscope (FESEM, TESCAN model Vega 3, Brno, Czech Republic) was used for conducting surface morphological investigations. The FTIR spectrum of CaFe2O4 powder was acquired using an FTIR spectrometer (Perkin Elmer, (Waltham, MA, USA). Transmission electron microscopy (TEM, JEOL Ltd. model JEOLJEM 2100, Tokyo, Japan) was used for studying morphology. For the determination of the BET surface area and total pore volume of the CaFe2O4 nanoparticles, an N2 gas analyzer (Quantachrome, Nova 2000, Graz, Austria) was used. The magnetic properties of the CaFe2O4 nanoparticles were determined at 25 °C using a vibrating sample magnetometer (VSM-Cryogenic Limited PPMS, San Diego, California, United States).




2.4. Removal of Congo Red Dye from Aqueous Media


In a dark place, 0.05 g of CaFe2O4 adsorbent was separately added into 100 mL of 200 mg/L Congo red dye solutions. After that, the pH of the blend was studied in the range of 2–10, and then the blend was regularly agitated at 500 rpm for 180 min using a magnetic stirrer. Additional experiments were conducted to investigate the effect of contact time (10–120 min) at pH 2, as previously described. Further experiments were conducted to investigate the effect of adsorption temperature (298–328 K) at pH 2 and 80 min, as previously reported. Moreover, additional experiments were conducted to investigate the effect of the initial Congo red concentration (50–250 mg/L) at pH 2, 298 K, and 80 min, as previously described. After the adsorption experiments were completed, the CaFe2O4 adsorbent was separated from the Congo red dye solution utilizing an external magnetic field, and the supernatant was subjected to analysis for any remaining dye concentration. This analysis was performed utilizing a UV–Vis spectrophotometer (Shimadzu 1800 series, Kyoto, Japan), with measurements carried out at the maximum Congo red dye wavelength (i.e., 497 nm). Sometimes slight shifts in maximum wavelength occur when the pH changes; in this case, they were taken into account, and measurements were taken at the new maximum wavelength.



The disposal percentage of Congo red dye (% R) and the adsorption capacity of the CaFe2O4 adsorbent (Q, mg/g) were determined utilizing Equations (1) and (2), respectively [14,15,16,30,31,32,33,34].


  %   R =     C   o   −   C   e       C   o     × 100    



(1)






  Q =   ( C   o   −   C   e   ) ×   V   M    



(2)




where Co is the initial concentration of Congo red dye (mg/L), Ce is the equilibrium concentration of Congo red dye (mg/L), M is the dry mass of the CaFe2O4 adsorbent (g), and V is the volume of the Congo red dye solution (L).



The point of zero charge (pHPZC) for the CaFe2O4 adsorbent was determined using the salt addition procedure [35]. A series of 50 mL conical flasks, each including 25 mL of a 0.01 M KNO3 solution, were prepared so that the initial pH (pHi) values ranged from 2.50 to 11.50. The pH of these solutions was altered by 0.1 M HCl or NaOH. Afterward, 0.03 g of CaFe2O4 adsorbent was introduced into each flask. The solid/liquid mixtures were thoroughly mixed and regularly stirred for 6 h. After the solutions were separated, the final pH (pHf) of the filtrates was measured. By plotting pHf against pHi, the pHPZC was determined as the pHf value at which a unique stage was noticed.





3. Results and Discussion


3.1. Synthesis and Characterization of CaFe2O4 Nanoparticles


The CaFe2O4 nanoparticles were produced by the Pechini sol-gel method, as presented in Scheme 2. The ferric calcium tartrate/propylene glycol network was formed by the reaction of Fe(NO3)3·9H2O and Ca(NO3)2.4H2O with tartaric acid and propylene glycol. After that, the mixture was heated at 393 K until dryness, and then the formed powder was calcinated at 873 K for 4 h to obtain CaFe2O4 nanoparticles.



Figure 1 represents the thermal gravimetric analysis of the formed powder before the calcination process. The sample displayed a decomposition pattern with three steps. The first step, which is located in the range from 298 K to 463 K, can be attributed to the loss of adsorbed water molecules, with a weight loss of 14%. The second and third steps, which are located in the range from 463 K to 873 K, can be attributed to the loss of organic moiety, with a weight loss of 59%. It is evident that 873 K is the optimal temperature for the formation of CaFe2O4 nanoparticles, as there is no weight loss after 873 K.



An X-ray diffraction (XRD) analysis was conducted on the uncalcinated and calcinated samples to look into their crystalline structure and phase composition, as shown in Figure 2A,B, respectively. The XRD pattern of the uncalcinated sample shows a broad band at 2θ = 21° and does not show sharp crystalline diffraction peaks due to its amorphous nature. In contrast, the X-ray diffraction (XRD) pattern of the calcinated sample corresponded most accurately to the orthorhombic crystal unit cell with space group Pnma and lattice parameters a = 9.213 Å, b = 10.695 Å, and c = 3.002 Å. The (hkl) planes seen in the XRD pattern of the calcinated sample were very similar to those in the orthorhombic CaFe2O4 profile, which can be found in JCPDS No. 72-1199 [36]. Prominent peaks were observed at 2Ɵ values of 29.17°, 34.31°, 41.66°, 51.62°, 54.97°, 60.96°, and 75.50°, which corresponded to reflections from various Miller planes of CaFe2O4, including (310), (121), (150), (151), (431), (620), and (601), respectively. The average crystallite size, which was determined by the Scherrer equation [37], of the CaFe2O4 nanoparticles was determined to be 24.34 nm.



A Fourier-transform infrared spectroscopy (FTIR) analysis was conducted on the uncalcinated and calcinated samples to look into their functional chemical bonds, as shown in Figure 3A,B, respectively. The bands that appeared in the uncalcinated sample at 445 and 572 cm−1 and in the calcinated sample at 449 and 576 cm−1 are due to the stretching vibrations of Fe-O and Ca-O, respectively. The bands that appeared in the uncalcinated sample at 1634 and 3510 cm−1 and in the calcinated sample at 1634 and 3449 cm−1, are due to the bending and stretching vibrations of OH, respectively. In the Pechini sol-gel method, residual hydroxyl groups may remain bonded to the surface of the resulting oxide material, which explains the presence of hydroxyl after the calcination. The bands that appeared in the uncalcinated sample at 1747 and 2859 cm−1 are due to the stretching vibrations of C=O and CH, respectively [36,38,39]. These peaks disappeared in the calcinated sample as a result of their elimination during calcination and the formation of CaFe2O4 nanoparticles.



A scanning electron microscope was used to show the morphology of the uncalcinated and calcinated samples, as shown in Figure 4A,B, respectively. The results showed that the uncalcinated sample consists of amorphous forms, as shown in Figure 4A. Also, it can be noticed that CaFe2O4 nanoparticles are nearly ball-like particles, with a mean grain size of 540.54 nm, as shown in Figure 4B. The analysis of the morphology of the uncalcinated and calcinated samples was conducted using a transmission electron microscope as shown in Figure 4C,D, respectively. The results displayed that the uncalcinated sample consists of amorphous forms, as presented in Figure 4C. Additionally, the CaFe2O4 product revealed an aggregated spherical morphology with an average diameter of 27.48 nm, as presented in Figure 4D.



The size obtained from scanning electron microscopy (SEM) analysis tends to be larger than that obtained from TEM analysis due to the difference in the depth of penetration of electron beams that is utilized in the two techniques. In SEM, the electron beam has a limited penetration depth, typically reaching only a few nanometers into the sample. This means that SEM predominantly captures surface features, which may be aggregates of several particles. In contrast, in TEM, the electron beam passes through the entire sample, allowing visualization of internal structures and providing more accurate measurements of particle size.



The Energy-dispersive X-ray spectroscopy (EDS) pattern, as shown in Figure 5, reveals that the CaFe2O4 nanoparticles are composed of Ca, Fe, and O elements with an atomic ratio of 1:2:4 of the elements, respectively.



The magnetic properties of CaFe2O4 nanoparticles were recorded at room temperature using a vibrating sample magnetometer, and the hysteresis curve of the CaFe2O4 nanoparticles is shown in Figure 6. The results showed that the saturation magnetization is 36.65 emu/g.




3.2. Removal of Congo Red Dye from Aqueous Media


3.2.1. Effect of Dye Solution pH


Figure 7A illustrates the relationship between the removal percentage of Congo red dye and the pH of the dye solution. It was observed that the solution had a pH of 2, resulting in the highest removal efficiency of 76.08%. As the solution pH increased, there was a consistent decrease in removal efficiency, with only 8.36% removal observed at pH 10. Accordingly, a pH of 2 was chosen as the ideal value for subsequent disposal studies. Figure 7B displays the point of zero charge of the CaFe2O4 nanoparticles, which is 5.25. If the dye solution pH exceeds 5.25, the surface of CaFe2O4 nanoparticles becomes negatively charged because of the existence of hydroxide (OH−) ions, leading to a repulsion force between the negatively charged Congo red dye and the negatively charged calcium ferrite surface. Hence, a noteworthy reduction is observed in removal efficiency [14,15]. On the contrary, if the solution pH is less than 5.25, the surface of CaFe2O4 nanoparticles becomes positively charged because of the existence of positive hydrogen (H+) ions, leading to an attraction force between the negatively charged Congo red dye and the positively charged calcium ferrite surface. Hence, a noteworthy increase is observed in removal efficiency [14,15].



The observation that the removal of Congo red dye is most efficient at pH 2 suggests that acidic conditions favor the adsorption of Congo red dye. This may be advantageous for water purification in terms of efficiency, but it raises concerns about the practical implementation and potential environmental impact. To address the issue of releasing highly acidic water into the environment after Congo red dye removal, neutralization process can be undertaken. The acidic water can be neutralized before discharge into the environment. This can be achieved by adding a base such as sodium hydroxide (NaOH) or calcium hydroxide (Ca(OH)2) to raise the pH to a more neutral level. Neutralization will ensure that the discharged water is less corrosive and less harmful to aquatic life.



Prior to Congo red dye adsorption, the CaFe2O4 nanoparticles exhibited a total pore volume of 0.1307 cc/g and a BET surface area of 70.32 m2/g. Figure 8A,B shows the N2 adsorption/desorption isotherm of the CaFe2O4 nanoparticles before and after the adsorption of Congo red dye, respectively. Following Congo red dye adsorption, the total pore volume and BET surface area of the CaFe2O4 nanoparticles decreased to 0.0036 cc/g and 1.74 m2/g, respectively. This reduction is attributed to the blocking of pores in the CaFe2O4 nanoparticles by Congo red dye molecules.




3.2.2. Effect of Contact Time and Adsorption Kinetics


The variation of the removal percentage of Congo red dye as a function of contact time is displayed in Figure 9A. The results clearly demonstrate that the rate of removal was fast and the Congo red dye removal efficiency increased from 41.87 to 75.75% with increasing disposal time from 10 to 80 min due to the availability of positively charged CaFe2O4 nanoparticles. Thereafter, the adsorption rate was slightly reduced with increasing removal time from 80 to 120 min due to equilibrium, which results from the fullness of active sites of CaFe2O4 nanoparticles.



Pseudo-first-order typically indicates adsorption through a single-step process, while pseudo-second-order suggests adsorption involving chemisorption or strong physical interactions between the adsorbate and the adsorbent surface. If the adsorption follows a pseudo-first-order model, it means that the rate of adsorption is proportional to the difference between the equilibrium concentration of the adsorbate and the concentration at any given time. Also, if the adsorption follows a pseudo-second-order model, it means that the rate of adsorption is directly proportional to the square of the difference between the equilibrium concentration of the adsorbate and the concentration at any given time.



In this investigation, the kinetic study was examined using the pseudo-first-order and pseudo-second-order models. The linear forms of the previous kinetic models are presented in Equations (3) and (4), respectively [14,15,30,31,32,33,34].


    log  ⁡      Q   e   −   Q   t     = l o g   Q   e   −     k   F i r s t     2.303     t    



(3)






    t     Q   t     =   1     k   S e c o n d     Q   e   2     +   1     Q   e     t  



(4)




where Qt indicates the quantity of Congo red dye removed by the CaFe2O4 nanoparticles at contact time t (mg/g), Qe indicates the amount of Congo red dye removed by the CaFe2O4 adsorbent at equilibrium time (mg/g), kFirst indicates the pseudo-first-order model rate constant (1/min), and kSecond indicates the pseudo-second-order rate constant (g/mg·min). Additionally, Figure 9B illustrates the matching of kinetic experimental findings with the pseudo-second-order kinetic model. Also, Figure 9C illustrates the matching of kinetic experimental findings with the pseudo-second-order kinetic model. Table 1 provides the kinetic parameters of the applied models. Table 1 reveals that the R2 value of the pseudo-second-order model surpasses that of the pseudo-first-order model. Additionally, the comparison between the experimental disposal capacity (Qexp) and the model-calculated values unmistakably demonstrates a close agreement between the pseudo-second-order model adsorption capacity and the experimental adsorption capacity. Therefore, these findings indicate the suitability of the pseudo-second-order model for this disposal process, confirming the existence of chemisorption between Congo red dye and CaFe2O4 nanoparticles.




3.2.3. Effect of Solution Temperature and Thermodynamic Parameters


The variation of the removal percentage of Congo red dye as a function of temperature is presented in Figure 10A. The results clearly demonstrate that the Congo red dye uptake efficiency decreased from 75.75 to 27.70% with increasing disposal temperature from 298 to 328 K. The decrease in adsorption efficiency of Congo red dye using CaFe2O4 nanoparticles with increasing temperature from 298 K to 328 K could be attributed to the desorption of Congo red dye from the surface of CaFe2O4 nanoparticles. This means that as temperature rises, the equilibrium shifts towards desorption rather than adsorption.



Also, to investigate the effect of disposal temperature on the removal of Congo red dye by CaFe2O4 nanoparticles, the standard entropy change (ΔS°), standard enthalpy change (ΔH°), and standard Gibbs free energy change (ΔG°) were determined using Equations (5)–(7) [14,15,30,31,32,33,34].


  l n   K   d   =     △ S   o     R   −     △ H   o     R T      



(5)






    △ G   o   =   △ H   o   − T   △ S   o      



(6)






    K   d   =     Q   e       C   e q      



(7)




where T represents the disposal temperature (K), R indicates the universal gas constant (KJ/molK), and Kd represents the distribution coefficient (L/g). Also, the values of ΔS° and ΔH° were estimated from the intercept and slope of the plot of lnKd versus 1/T, respectively, as shown in Figure 10B. The obtained thermodynamic constants are presented in Table 2. The ΔG° values are negative, and hence this confirms that the removal process of Congo red dye by CaFe2O4 nanoparticles is spontaneous. The obtained ΔH° value (–56.30 KJ/mol) confirmed that the disposal process is exothermic. The obtained ΔH° value is more than 40 KJ/mol, which reveals that the removal process of Congo red dye is accomplished essentially by chemisorption. The positive value of ΔS° (0.1745 KJ/molK) is related to a growth in the degree of mobility of the Congo red dye and signifies a growth in the concentration of Congo red dye at the solid–solution interface [14,15].




3.2.4. Effect of Concentration and Adsorption Isotherms


The variation of the removal percentage of Congo red dye as a function of the initial dye concentration is presented in Figure 11A. The results clearly demonstrate that the Congo red dye removal efficiency decreased from 95.74 to 61.19% with a rise in the initial concentration of Congo red dye from 50 to 250 mg/L. Furthermore, this phenomenon could be ascribed to the existence of unsaturated active centers at smaller dye concentrations, whereas at greater Congo dye concentrations, it is possible that all the active centers become saturated.



In this investigation, the equilibrium study was conducted utilizing the Freundlich and Langmuir isotherms. The linear forms of the previous equilibrium isotherms are presented in Equations (8) and (9), respectively [14,15,30,31,32,33,34].


      C   e       Q   e     =   1     k   L     Q   m a x     +     C   e       Q   m a x      



(8)






  l n   Q   e   = l n   k   F   +   1   n   l n   C   e q      



(9)




where 1/n indicates the heterogeneity parameter, kL indicates the Langmuir constant (L/mg), kF indicates the Freundlich constant (mg/g)(L/mg)1/n, and Qmax indicates the maximum adsorption capacity of the Langmuir isotherm (mg/g). Additionally, Qmax can be determined from the Freundlich isotherm using Equation (10) [14,15,30,31,32,33,34].


    Q   m a x   =   k   F       C   o   1 / n      



(10)







Figure 11B illustrates the fitting of equilibrium experimental results with the Langmuir isotherm, whereas Figure 11C illustrates the fitting of equilibrium experimental results with the Freundlich isotherm. Table 3 provides the equilibrium constants of the applied isotherms. Table 3 reveals that the R2 value of the Langmuir isotherm surpasses that of the Freundlich isotherm. Therefore, these outcomes indicate the suitability of the Langmuir isotherm for this disposal process.



The Langmuir isotherm analysis yielded a greatest disposal capacity of 318.47 mg/g for Congo red dye on CaFe2O4 nanoparticles. During the assessment of the greatest disposal capacity, a comparison study was carried out between the disposal performance of Congo red dye on CaFe2O4 nanoparticles and that of several adsorbents, as reported in Table 4. The results clearly demonstrate that the synthesized CaFe2O4 nanoparticles exhibit a greater disposal capacity for Congo red dye when compared to formerly reported adsorbents such as activated carbon/chitosan composite, ZnCr2O4 nanoparticles, Fe3O4/activated carbon composite, Mn/ZnO composite, Fe3O4/NiO composite, cationic surfactant-modified clinoptilolite, maghemite/polypyrrole composite, nanocellulose/polypyrrole composite, and MgAl2O4 nanoparticles [40,41,42,43,44,45,46,47,48]. The higher adsorption performance of CaFe2O4 nanoparticles towards Congo red dye compared to other adsorbents could be attributed to surface area and pH compatibility. CaFe2O4 nanoparticles exhibit superior adsorption performance within an acidic pH, which is favorable for the removal of Congo red dye by the electrostatic attraction between the positively charged adsorbent surface and negatively charged Congo red dye. Also, CaFe2O4 nanoparticles have a high surface area and pore volume, providing more active sites and increased accessibility for Congo red dye molecules to interact with the adsorbent surface.



The advantage of using CaFe2O4 nanoparticles to remove dye from water lies in their ability to effectively sequester the pollutant from the aqueous solution. While it is true that the dye molecules will be adsorbed onto the surface of CaFe2O4, this method prevents water contamination. By removing the dye molecules from the water, the risk of contamination to aquatic ecosystems, wildlife, and human health is significantly reduced. This helps to maintain water quality and safeguard sensitive habitats from the adverse effects of dye pollution.




3.2.5. Effect of Regeneration and Reusability


CaFe2O4 adsorbent was regenerated by heating the CaFe2O4/Congo red dye mixture at 873 K to break down the dye and eliminate it. Afterward, the regenerated CaFe2O4 adsorbent was employed for the elimination of Congo red dye in five consecutive cycles using the same previously described experimental method, as displayed in Figure 12. The results demonstrated the ability of CaFe2O4 nanoparticles to remove Congo red dye several times, without its efficiency being significantly affected.



After cycle 5, the adsorbent full of dye would typically be disposed of in accordance with proper waste management protocols. Depending on local regulations and the specific characteristics of the adsorbent material and the dye, disposal options may include landfill disposal. The adsorbent material, along with the adsorbed dye, may be disposed of in a licensed landfill facility. Proper containment measures should be employed to prevent the leaching of contaminants into the environment.






4. Conclusions


This study involves the simple synthesis of CaFe2O4 nanoparticles by the Pechini sol-gel method, which are subsequently utilized as an adsorbent for the efficient removal of Congo red dye from aqueous solutions. The maximum adsorption capacity of CaFe2O4 for Congo red dye is 318.47 mg/g. Also, the XRD study showed that the mean crystal size of CaFe2O4 nanoparticles is 24.34 nm. Examination by SEM reveals that the calcium ferrite nanoparticles exhibit approximate ball-like shapes with a mean grain size of 540.54 nm. Furthermore, TEM analysis demonstrates that the CaFe2O4 nanoparticles exhibit aggregated spherical particles with a mean diameter of 27.48 nm. The removal of Congo red dye by CaFe2O4 is found to be spontaneous, exothermic, chemical, and well described by the pseudo-second-order kinetic model and Langmuir equilibrium isotherm. The optimum conditions for the removal of Congo red dye by CaFe2O4 nanoparticles are pH 2, 80 min contact time, and 298 K adsorption temperature.
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Scheme 1. The practical steps for the production of CaFe2O4 nanoparticles. 
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Scheme 2. Synthesis of CaFe2O4 nanoparticles by the Pechini sol-gel method. 






Scheme 2. Synthesis of CaFe2O4 nanoparticles by the Pechini sol-gel method.



[image: Inorganics 12 00069 sch002]







[image: Inorganics 12 00069 g001] 





Figure 1. Thermal gravimetric analysis of the formed powder before the calcination process. 
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Figure 2. XRD analysis of the uncalcinated (A) and calcinated (B) samples. 
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Figure 3. FTIR analysis of the uncalcinated (A) and calcinated (B) samples. 
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Figure 4. SEM analysis of the uncalcinated (A) and calcinated (B) samples. TEM analysis of the uncalcinated (C) and calcinated (D) samples. 
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Figure 5. EDS spectrum of the CaFe2O4 nanoparticles. 
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Figure 6. Magnetization curve of the CaFe2O4 nanoparticles. 
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Figure 7. Variation of Congo red dye disposal efficiency (% R) versus pH (A). The point of zero charge of CaFe2O4 nanoparticles (B). 
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Figure 8. N2 adsorption/desorption isotherm of the CaFe2O4 nanoparticles before (A) and after (B) the adsorption of Congo red dye. 
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Figure 9. Variation of Congo red dye disposal efficiency (% R) versus contact time (A). The pseudo-first-order (B) and pseudo-second-order (C) models. 
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Figure 10. Variation of Congo red dye disposal efficiency (% R) versus temperature (A). The plot of lnKd against 1/T (B). 
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Figure 11. Variation of Congo red dye disposal efficiency (% R) versus the initial concentration of dye (A). The Langmuir (B) and Freundlich (C) isotherms. 
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Figure 12. Effect the reusability of CaFe2O4 nanoparticles on the elimination of Congo red dye. Experimental conditions: initial concentration of dye solution = 200 mg/L, volume of dye solution = 100 mL, amount of adsorbent = 0.05 g, pH = 2, temperature = 298 K, and contact time = 80 min. 
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Table 1. Kinetic constants of Congo red dye disposal by CaFe2O4 nanoparticles.
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Experimental

Qexp

(mg/g)

	
Pseudo-First-Order

	
Pseudo-Second-Order




	
Qe

(mg/g)

	
kFirst

(1/min)

	
R2

	
Qe

(mg/g)

	
kSecond

(g/mg·min)

	
R2






	
303 ± 3.5

	
157.17 ± 17.48

	
0.0275 ± 0.0031

	
0.9524

	
307.69 ± 0.26

	
0.00039 ± 7.61×10-7

	
0.9999











 





Table 2. Thermodynamic constants of Congo red dye disposal by CaFe2O4 nanoparticles.
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△H°

(KJ/mol)

	
△S°

(KJ/mol K)

	
△G°

(KJ/mol)




	
298 K

	
308 K

	
318 K

	
328 K






	
−56.30 ± 5.29

	
0.1745 ± 0.017

	
−108.31 ± 10.35

	
−110.05 ± 10.52

	
−111.79 ± 10.68

	
−113.54 ± 10.85











 





Table 3. Equilibrium constants of Congo red dye disposal by CaFe2O4 nanoparticles.
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Langmuir Isotherm

	
Freundlich Isotherm




	
Qmax

(mg/g)

	
kL

(L/mg)

	
R2

	
Qmax

(mg/g)

	
kF

(mg/g)(L/mg)1/n

	
R2






	
318.55 ± 6.17

	
0.3203 ± 0.09

	
0.9985

	
574.76 ± 409.95

	
107.11 ± 29.20

	
0.6619











 





Table 4. A comparison study between the greatest disposal capacity of CaFe2O4 nanoparticles towards Congo red dye and that of other adsorbents.
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	Adsorbent
	Maximum Disposal

Capacity (mg/g)
	Ref.





	Activated carbon/chitosan composite
	5.99
	[40]



	ZnCr2O4 nanoparticles
	44.04
	[41]



	Fe3O4/activated carbon composite
	122.22
	[42]



	Mn/ZnO composite
	232.50
	[43]



	Fe3O4/NiO composite
	89.90
	[44]



	Cationic surfactant-modified clinoptilolite
	200.00
	[45]



	Maghemite/polypyrrole composite
	269.50
	[46]



	Nanocellulose/polypyrrole composite
	298.98
	[47]



	MgAl2O4 nanoparticles
	24.50
	[48]



	CaFe2O4 nanoparticles
	318.55
	This

study
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