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Abstract

:

Vallesia glabra (Vg) is a species that has been used in traditional medicine due to its secondary metabolites (alkaloids, saponins, flavonoids, phenols, and cardiac glucosides) for the treatment of measles, rheumatism, muscle aches, and eye inflammation. The biosynthesis of magnetite nanoparticles (Fe3O4 NPs) was carried out using an aqueous leaf extract of Vg and was characterized using Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). Afterward, the magnetic adsorbent was tested for its potential to remove cationic dye from aqueous solutions at different pH and adsorbent mass and its reusability after several adsorption/desorption cycles. The XRD pattern and SEM micrographs resulted in an average size of NPs of 12.2 nm. Regarding the removal of MB from an aqueous solution, the kinetic and isotherm adsorption behavior is governed by the pseudo-second-order model and a Langmuir isotherm which describes an ionic exchange and chemisorption process between the positive partial charges of MB and Vg compounds stabilizing Fe3O4 NPs following a thermodynamically favorable process. Therefore, the green synthesis of NPs from Vg leaf extract is considered a sustainable alternative to removing dyes from aqueous solutions.
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1. Introduction


One of the major issues resulting in modern society is the availability of drinkable water. By 2050, the United Nations’ World Water Development Report estimates that six billion people will experience a lack of access to safe drinking water [1,2]. Currently, due to the scarcity of clean water sources, the reuse of wastewater in several applications, such as industrial cooling and processing, aquaculture, recreational practices, and irrigation of agricultural soil, has become an interesting option to preserve and increase the source of clean water. However, although wastewater may be recycled, certain parameters, such as heavy metal content, electrical conductivity, pH, and dissolved organic matter concentration after the treatment process, should be evaluated before it is used. Among the several water pollutants, dyes and organic pigments are widely used as color products in different industries. Synthetic dyes are a relatively large group of organic chemicals used daily, and cationic dyes, such as methylene blue (MB), are a class of organic compounds employed by the textile industry for a variety of purposes, such as dyeing cotton, wools, silk, and leather. These processes use a large amount of fresh water and discharge large volumes of effluent, which generally contain a high concentration of natural or synthetic organic dyes [3]. As a result, the chemicals released have negative effects on both human health and the environment [4,5].



Many studies have been conducted worldwide to reduce the potentially harmful effects on humans and the environment caused by the production and application of cationic dyes. Even at parts per billion (ppb) levels, toxic organic dyes in water effluent are extremely harmful and undesirable. Dye removal from wastewaters has been accomplished through various physical and chemical methods [6]. Coagulation, sedimentation, and activated sludge are all examples of traditional methods [7]. Ozonation, membrane separation, electrochemical and ultrasonic techniques, photocatalysis, adsorption, and other advanced methods are also available [8]. The adsorption method is more versatile and efficient than the chemical and physical methods. It has been successfully used for dye removal from contaminated water due to its simplicity of design, wide adaptability, convenience, and ease of operation. In this sense, the recent advancement of nanoscience and nanotechnology offers new opportunities to develop nanoadsorbents with improved adsorption capacity. In particular, these nanomaterials offer the possibility of the efficient removal of organic dyes due to their smaller size and higher adsorptive surface area [9,10,11].



Metal nanoadsorbents have been popular among researchers because of their unique properties of specificity. Higher surface and novel chemical properties are nanoparticles’ two important crucial properties [12]. In recent years, there has been an increase in research based on iron oxide nanoparticles, such as magnetite nanoparticles (Fe3O4 NPs), maghemite nanoparticles (Fe2O3 NPs), and others, for the removal of organic and inorganic contaminants [13,14,15,16]. There are different methods for producing nanoparticles (NPs), including chemical, physical, and biological ones. However, biological methods are more efficient and environmentally beneficial because they do not require hazardous chemicals. The biological approach uses living cells, such as bacteria, algae, and plants or their component derivatives, with plant extract being the most practical. Plant-mediated green synthesis of NPs has gained significant interest more recently due to its advantages over chemical and physical approaches in terms of cost and environmental friendliness. Plant extracts offer a wide range of secondary metabolites, such as alkaloids, flavonoids, glycosides, phenolics, quinones, saponins, steroids, tannins, and terpenoids, which have been reported to play a key role in the biogenic synthesis of metal NPs. There are reports of successful plant-mediated Fe3O4 NP production, such as plantain peel extract [17], leaf extract of Celosia argentea [18], Rhamnus triquetra (RT) leaf extract [19], and leaf extract of Phoenix dactylifera [20]. However, no literature reports are available for synthesizing Fe3O4 NPs using aqueous leaf extract of Vallesia glabra (Vg). This species has been used in traditional medicine for the treatment of measles, rheumatism, muscle aches, and eye inflammation. Its medicinal effects are through its secondary metabolites. Previous phytochemical screening studies showed the presence of alkaloids, terpenoids, polyphenols, and tannins in a methanolic extract of the Vg leaf [21]. These secondary metabolites could be important in the reduction and stabilization process of the synthesis of Fe3O4 NPs.



For the first time, we present a simple and environmentally friendly method for preparing Fe3O4 NPs from the aqueous leaf extract of Vg for the adsorption of the cationic organic dye MB. Furthermore, the ability of as-yielded Fe3O4 NPs to remove the organic dye, MB, from contaminated water was investigated. Finally, adsorption isotherms and kinetic studies were conducted to determine the best adsorption conditions for Fe3O4 NPs to remove MB dye.




2. Materials and Methods


2.1. Materials


The Vg leaves were collected in the southern region of the state of Sonora, Mexico (voucher No. 20390; location: 26°53′56.65″ N, location: 109° 37′56.17″ W) (Moran 2014). Iron (II) chloride (FeCl2, >98%), iron (III) chloride (FeCl3, ≥97%), mercury (II) chloride (HgCl2, ≥99.5%), potassium iodide (KI, ≥99%), nitric acid (HNO3, ≥70%), bismuth (III) nitrate pentahydrate (Bi(NO3)3∙5H2O, >98%), sublimed iodine (I2, ≥99.99%), picric acid (O2N)3C6H2OH, ≥98%), magnesium powder (Mg, ≥99%), zinc powder (Zn, ≥99.9%), sulfuric acid (H2SO4, ≥99.99%), chloroform (CHCl3, ≥99%), glacial acetic acid (CH3CO2H, ≥99.7%), and sodium hydroxide (NaOH, >98%) were procured from Sigma-Aldrich Chemicals, St. Louis, MO, USA. Acetic anhydride ((CH3CO)2O), Fehling’s reagent (CuH2O4S), and Lugol solution were purchased from Merck. All chemicals were used without further purification.



Ultrapure milli-Q grade water (Merck, Darmstadt, Germany) with a resistivity of 18.2 MΩ·cm was used in all experiments.




2.2. Vg Extract Preparation


The collected leaves of Vg were thoroughly washed, allowing the excess water to drain for 6 h. They were then dehydrated in a drying chamber at 100 °C for three days. The next step was to grind the leaves into a fine powder. The leaves’ extract was prepared with 5 g of the powder obtained dissolved in 100 mL of deionized water previously heated to 80 °C on a hot plate with magnetic stirring at 600 RPM for 20 min. The product obtained was filtered through Whatman No. 1 paper for subsequent drying process in an oven at 60 °C for 24 h.




2.3. Phytochemical Screening


Phytochemical screening of plant extracts was performed, as described previously by [21].




2.4. Preparation of Magnetic NP Adsorbent


The synthesis of magnetic NPs was perform following coprecipitation method proposed by Omelyanchik et al. [22], with some modifications. The method consists of mixing a solution of 25 mg of FeCl3 and 10 mg FeCl2 in 95 mL of deionized water in a N2 atmosphere at a temperature of 90 °C with magnetic stirring at 600 RPM for 10 min. Once the time elapsed, 10 mL of ammonium hydroxide was added in the same conditions for 20 min. A solution of 100 mg of Vg extract in 10 mL of deionized water was added to the reaction for 20 min. Finally, it was washed three times with deionized water and left in a drying chamber at 60 °C for 24 h.




2.5. Characterization of Magnetic NPs


2.5.1. Fourier Transform Infrared Spectroscopy (FTIR)


FTIR transmission spectra of magnetic NPs were obtained using a spectrometer model spectrum two, Perkin-Elmer, equipped with a universal ATR (single reflection diamond) accessory. Samples (~5 mg) were placed in a sample holder, and the transmittance spectra were collected in triplicate with a spectral resolution of 4 cm−1 between 500 and 4000 cm−1.




2.5.2. Powder X-ray Diffractometry (XRD)


Powder XRD was used to determine the crystallinity and phase purity of generated NPs. The powder XRD of magnetic NP adsorbent was performed using a powder X-ray diffractometer equipped with Cu Κ (α) radiation (wavelength λ = 0.154187 nm) and operated at a 2θ angular variation from 20 to 80°, in steps of 0.02° for each 2 s.



On the other hand, the crystallite size was estimated based on the results obtained by XRD. The width at half height of the peak (311) was used by applying the Scherrer equation [23] (Equation (1)):


  D =   k ∗ λ   B ∗ c o s θ    



(1)




where λ is the wavelength (1.5406 Å), B is the width at half height of the peak with the highest intensity (311) (FWHM), θ is the Bragg angle, and k is Scherrer’s constant (about 0.9 for magnetite).




2.5.3. Vibration Sample Magnetometer (VSM)


The magnetic properties of NPs were investigated using the VSM in the physical property measurements system (PPMS) of Quantum Design. Hysteresis loops were measured under a maximum applied field from ±45 kOe at 10 and 300 K to evaluate the coercive field and saturation magnetization (Ms). Field-cooling (FC) and zero-field-cooling (ZFC) magnetization curves were measured at 300 Oe in the temperature range 10–300 K.




2.5.4. X-ray Photoelectron Spectroscopy (XPS)


XPS was used to evaluate the chemical composition of the NPs. The instrument employed was a Perkin-Elmer PHI 5100 XPS equipped with a standard anode of Mg Kα (1253.6 eV) as X-ray source, and a hemispherical analyzer operated at a constant pass energy of 20 eV.




2.5.5. Scanning Electron Microscopy (SEM)


Particle morphology and size were determined using SEM through a field emission scanning electron microscope (JEOL JSM-7800F, Pleasanton, CA, USA). Nanoparticle size distributions were measured with the software ImageJ (1.51 version, National Institutes of Health (NIH), Bethesda, MD, USA) by analyzing at least 560 particles.





2.6. Batch Sorption Experiments


For each experimental run, Fe3O4 NPs were added to 20 mL of 5 mg L−1 of cationic dye MB solutions. Subsequently, the Fe3O4 NPs with adsorbed dyes were separated from the mixture via a permanent handheld magnet under operational parameters, i.e., pH of MB solution (adjusted with NaOH and HCl at 0.01 M), biosorbent dose (0.002–0.1 g), and the adsorption time (5–60 min) at room temperature. The residual amounts of dye in the solution were determined spectrophotometrically at 665 nm with an Evolution 200 (Thermo-Scientific, Waltham, MA, USA) diode array UV-visible spectrometer. The adsorption capacity (qe) and removal efficiency of the biosorbent at equilibrium were determined using Equations (2) and (3) [24], respectively:


   q e  =      C o  −  C e    V  m   



(2)




where Co and Ce (mg/L) are the initial and equilibrium MB concentrations in solution, respectively; V (L) is the volume of solution; and m (g) is the weight of dry adsorbents.


  %   M B   r e m o v a l =      C 0  −  C e       C 0    × 100  



(3)




where Co is the initial concentration of MB (mg/L), and Ce is the equilibrium concentration of MB (mg/L) in the dye solution.




2.7. Adsorption Isotherm Test


Adsorption isotherms (Langmuir and Freundlich) were applied to explain the equilibrium adsorption characteristics [25]. Equation (4) represents Langmuir’s linear isotherm to determine the adsorption parameters:


   1   q e    =  1   K L   q  m a x     .  1   C e     1   q  m a x      



(4)




where qmax represents the maximum adsorption capacity (mg/g), and KL (L/mg) is Langmuir’s isotherm constant, which shows the binding affinity between MB and absorbent. The separation factor (RL) was calculated using Equation (5):


   R L  =  1  1 +  C 1  ×  K L     



(5)







Equation (6) represents the linear Freundlich’s isotherm:


  L o g  q e  = L o g  k f  +  1 n  L o g  C e   



(6)







kf is Freundlich’s constant and is used to measure the adsorption capacity, and 1/n is the adsorption intensity.




2.8. The Kinetic Study of the Adsorption of MB


MB adsorption rates were analyzed using pseudo-first-order and pseudo-second-order kinetic models [26]. The pseudo-first-order is represented in Equation (7):


  ln    q e  − q t   = l n  q e  −  k 1  t  



(7)




where qt represents the adsorption capacity (mg/g) at time t, and k1 (min−1) is the equilibrium rate constant.



The pseudo-second order is represented in Equation (8):


   t   q e    =  1   K  2      q e    2    +  1   q e     



(8)




where k2 (g mg−1 min−1) is the equilibrium rate constant, and linear coefficient regression (R2) values are used to predict the most suited isotherm and kinetic model for the adsorption process.




2.9. Desorption and Regeneration Studies


The recycling of the adsorbent is one of the fundamental aspects to keep the costs of the process low and open the possibility of recovering the contaminants from the liquid phase. For the adsorption studies following previous studies [27], 10 mg/mL of the adsorbent was mixed with 20 mL of a MB solution at a concentration of 5 mg L−1 for 15 min. For desorption studies, the adsorbent was shaken with 20 mL of a 5% v/v alcohol–acetic acid solution with a contact time of 30 min. After desorption, the adsorbents were rinsed three times with distilled water and reintroduced into solutions containing MB, at a concentration of 5 mg L−1. After each adsorption cycle, the supernatants were collected to determine the MB concentration using UV-Vis spectroscopy. This adsorption/desorption procedure was repeated seven times to test the reusability of the adsorbents.





3. Results and Discussion


3.1. Characterization of Magnetic NPs


Phytochemical qualitative analysis of the aqueous leaf extract of Vg is listed in Table 1. The aqueous leaf extract of Vg contains alkaloids, flavonoids, saponins, and cardiac glucosides, which are responsible for synthesizing by reduction potential and capping the magnetic NP surfaces. The use of biocompatible biological sources (i.e., algae, bacteria, yeast, plants, and fungi) for green synthesis of magnetic NPs is generally regarded as an environmentally friendly method. They contain abundant bioactive chemicals, which play a vital role in reducing Fe+3 and Fe+2 ions [28].



First, metal ions are created by combining the biological component with the iron precursor (reduction). A further nucleation center is then formed, which integrates the nearby nucleation site and sequesters the remaining metal ions. The reaction described above produces NPs as a byproduct. Given the bioactive component’s source and synthesis parameters, it is possible to control the size, growth, and shape of NPs [29].



3.1.1. FTIR Spectroscopy


The magnetic NPs were studied using FTIR analysis to comprehend the surface functional groups in metal surface NPs. Figure 1 shows the spectra obtained corresponding to the extract of Vg and the NPs synthesized (red and black lines, respectively). The IR spectrum of the plant extract shows a high-intensity band at 3295 cm−1 due to the vibrations of the bonds assigned to the OH-functional groups present in the saponins, flavonoids, and cardiac glycosides found in the phytochemical study. Low-intensity stretching was also found at 2925 and 2848 cm−1 relative to the C–H bonds of aromatic compounds, observed in both FTIR spectra. The 1594 cm−1 band corresponds to the C=C vibrations present in the rings of the Vg compounds. In addition, the bands located between 1266 and 1012 cm−1 were assigned to bending C–O bonds and are also on magnetic NP FTIR spectra, suggesting that biomolecules are on the NP surfaces stabilizing them.



In the FTIR spectrum corresponding to the magnetic NPs, the narrow and high-intensity band at 544 cm−1 corresponds to the vibrations of the Fe–O–Fe bonds characteristic of synthesized NPs. The typical band due to the O–H group of saponins shifted from 3295 to 3415 cm−1, indicating that the O–H group acts as a reducing agent in forming magnetic NPs [30]. In addition, the bands that correspond to the plant extract are present within the FTIR spectra of NPs, and it is possible to suggest that their constituents could act as a stabilizing agent in the NPs, as previously proposed by the literature [31].




3.1.2. SEM


Micrographs were taken with a JEOL JSM-7800F ultra-high resolution field emission scanning electron microscope operated at 2.0 kV. SEM images of synthesized magnetic NPs using aqueous leaf extract of Vg are presented in Figure 2a.



In addition to these mentioned characteristics, obtaining a size distribution of the NPs was possible. A total of 560 particles were measured using the Image J software in version 1. 53 (National Institutes of Health (NIH), Bethesda, MD, USA). The results are shown in Figure 2b, which shows a length of diameters between 6 and 21 nm, with a mean of 12.23 nm and a standard deviation of 1.81 nm.




3.1.3. XRD


The phase purity and crystalline nature of magnetic NPs were confirmed using powder XRD. A typical XRD pattern of as-synthesized NPs is shown in Figure 3. Sharp peaks indicate a highly crystalline nature, while broad peaks indicate an ultra-fine and small crystallite size [32].



In Figure 3, corresponding to the diffraction pattern obtained from the synthesized NPs, narrow peaks are observed at 30.1, 37.2, 43.3, 53.6, 57.1, 62.8, 71.2, and 74.48° that were assigned to the planes (220), (311), (222), (400), (422), (511), (440), (620), and (533), respectively. The crystallographic chart (JCPDS-190629) of Fe3O4 NPs presents a high coincidence with the peaks obtained from the synthesized material. Therefore, it can be confirmed that the synthesized material is Fe3O4 NPs. In addition, the absence of additional peaks from another iron material or phase indicates that the Fe3O4 adsorbent synthesized by extract Vg is mainly composed of a magnetite phase. However, the formation of the maghemite phase in minor amounts is inevitable [33].



The average size of the crystal estimated using XRD is 11 nm (Equation (1)), observing a difference of 1.23 nm with respect to the size distribution obtained using SEM. As in the XRD technique, diffraction only occurs in the crystalline part of the material, this size difference between SEM and XRD may correspond to an amorphous layer of compounds from the Vg extract, which is suggested to be stabilizing the NPs.




3.1.4. XPS


Figure 4 shows the low- and high-resolution spectra of magnetic NPs. The low resolution exhibits the peaks corresponding to Fe 2p, O 1s, and C 1s (Figure 4a). High-resolution spectra were acquired to see the signal features more clearly. Figure 4b presents C 1s and is used to calibrate at 284.5 eV. On the other hand, Figure 4c displays O 1s. The main peak at 529.1 eV was attributed to bonding the metal oxide compound, and the other signal at 530.2 eV might assign the OH-species and 532.5 eV for the C-O bond as adventitious carbon on the surface [34]. The last spectra of Fe 2p are present in Figure 4d. The form of the spectra main peaks for Fe 2p 3/2 and 2p ½ are located at 710 and 723 eV, respectively. However, in deconvolution, we can identify different signals, such as the decomposition of 2p 3/2 and 2p 1/2. Furthermore, a weak signal at 716 eV can be attributed to shake-ups, and this characteristic of magnetite compounds in the photoelectron spectra as fingerprints. The compounds, such as hematite and maghemite [35], manifest shake-ups more intensely than magnetite [36]. Therefore, the form of the high resolution for Fe 2p corresponds to the magnetite (Fe3O4).




3.1.5. VSM


Figure 5 shows the magnetization curves at 10 and 300 K for Fe3O4 NPs. As shown in Figure 5a, NPs showed a typical ferromagnetic behavior with low coercivity at 10 K. However, at 300 K, the NPs show a superparamagnetic behavior due to the lack of a hysteresis loop, coercivity, or remanence (Figure 5b) [37]. It is well known that iron oxide nanoparticles exhibit superparamagnetism when they are smaller than the critical size of the magnetic domain size, behaving as a single magnetic domain [38]. Therefore, the superparamagnetic properties of Fe3O4 NPs are due to the crystallite dimensions, which are in the nanometer size range according to the SEM and XRD results. The saturation magnetization was 63.37 emu/g, smaller than the value corresponding to the bulk magnetite (98 emu g−1). However, it should be noted that the saturation value obtained in Fe3O4 NPs is similar to that of our previously reported coprecipitation-synthesized oleic acid-coated Fe3O4 NPs [39]. The decrease in saturation magnetization may be attributed to factors such as the presence of a non-magnetic layer on the NP surfaces, surface spin disorder zero coercivity, and cation distribution [40].



Magnetic NPs exhibit superparamagnetic or ferromagnetic behavior depending on the measurement temperature [35]. The superparamagnetic behavior of NPs is observed at temperatures above the so-called blocking temperature (TB) and corresponds to a state where the energy barrier to dipole moment rotation is much smaller than the thermal fluctuations within the NPs, allowing rapid random changes in their magnetic moments [36]. Figure 5c shows the zero-field-cooling (ZFC) and field-cooling (FC) curves and temperature-dependent magnetization measurements. Typically, the value of TB corresponds to the point where the ZFC and FC magnetization curves merge. The TB obtained for the present Vg-stabilized Fe3O4 NPs was approximately 168 K, very similar to that reported by other groups for Fe3O4 NPs with a particle size of about 11 nm [41].



Figure 5d shows the magnetic response of Fe3O4 NPs subject to an external magnetic field (magnet). As the magnet approaches, the magnetic moments of NPs align in the same direction as the magnetic field generated by the magnet, so the particles move to get deposited near it. Therefore, the particle size with high magnetization values and the magnetization loss after magnet removal are important characteristics that allow its use for environmental purposes, such as the separation of organic pollutants present in wastewater [42].





3.2. MB Removal from Aqueous Media


3.2.1. Effect of pH on MB Adsorption


Adsorbent dose optimization is required to investigate the interactions of the adsorbate with the adsorbent’s binding sites. Furthermore, an ideal adsorbent should be cost-effective and absorb a more significant amount of adsorbate from a solution with a lower dose at different conditions, such as pH, from wastewater.



The initial solution pH is an important factor that affects MB adsorption. With 0.01 g of Fe3O4 NPs, we investigated how pH affected the adsorption of MB using a magnetic adsorbent in the pH range of 3 to 9. As shown in Figure 6b, the sorption capacity of MB increased as the pH increased from 3 to 5, although it increased somewhat as the pH increased from 7 to 9 from 8.5 to 8.8 mg/g. Electrostatic interactions between dyes and adsorbent surface charges mostly regulate this behavior. As MB is a cationic dye (pKa = 5.85), it becomes protonated in the presence of a methylene blue solution when the pH falls below pKa.



A carboxylic acid can create a carboxylic acid proton (H+) when its carboxyl group is protonated at an acidic pH. The pH of the solution and the acid dissociation constant (pKa) of the carboxylic acid determine the amount of carboxyl group protonated. The majority of the molecules of carboxylic acids will be in their protonated state at pH levels below the pKa and in their deprotonated form at pH levels above the pKa. The adsorbent’s adsorptive capacity is reduced due to the protonated MB’s electrostatic attraction to the carboxyl group present on the NP surfaces due to Vg biomolecules stabilizing the adsorbent in solution.



Another explanation for the observations is that an excess of H+ ions at a lower pH caused the surface of the Fe3O4 to become positively charged. These H+ ions effectively competed with the dye cations and inhibited dye uptake. As a result, the pH value can be used to modify the magnetic adsorbent’s adsorption capability. This behavior can be attributed to the surface of the NPs having additional negative charges, which may improve the electrostatic interaction between the NPs and the cationic dye MB. The remaining batch trials were run at pH 7.0 as nearly constant adsorption was seen between pH 7 and 9 (Figure 6a). Similar results were reported earlier for the effect of pH on the adsorption of MB with biosynthesized copper oxide NPs [43,44]. Jain, Wadhawan, and Mehta [44] used biogenic Fe3O4 NPs synthesized from Syzygium aromaticum (clove) for their use in the removal of methylene blue (MB) dye from aqueous solution. They demonstrated MB absorption on the surface of Fe2O3 enhanced from 41 to 91.8 % when the pH of the solution was increased from 2 to 7, which remained almost constant with higher pH values, similar to our observations.




3.2.2. Effect of Adsorbent Dose on Dye Adsorption


At pH 7.0 and room temperature, the effect of the adsorbent dose on the percentage uptake of MB was tested using 20 mL of 5 mg/L dye solution with varying amounts of Fe3O4 NPs (0.002–0.01 g). The adsorption kinetics of the MB onto Fe3O4 NPs is presented in Figure 7. It can be observed that fast adsorption of the MB occurred within the first five minutes, followed by slow adsorption until the adsorbed MB reached the equilibrium value (qe), with the 0.01 g treatment reaching the qe concentration faster (≈20 min).



Percentage adsorption increased from 56.29% at a mass of 0.002 g to 90.1% at a mass of 0.01 g after 60 min, probably due to the increase of surface area in the adsorbate and higher adsorption sites available, leading to a higher percentage and absorption rate.



However, a further increase in the adsorption time showed no noticeable increase in the adsorption efficiency. This behavior may be due to the formation of a monolayer of dye molecules at the external surface of the nanosystem. In contrast, MB adsorption capacity decreased from 26.1, 17.2, 15.5, and 7.2 mg/g, changing the Fe3O4 NP adsorbent from 0.002, 0.004, 0.005, and 0.01 g, as shown in Figure 8, respectively. This decrease in MB adsorption capacity might be attributed to low availability per unit mass of the biosorbent [25,45]. Thakur and Kumar [43] followed a green approach for the biosynthesis of copper oxide–Aloe vera-based NPs using leaf extract of Aloe barbadensis for the adsorption of MB from wastewater. This study observed similar results for the percent removal after increasing the adsorbent dosage from 0.05 to 0.4 g. Up to 98.89% dye removal was observed with an 11.50 mg/g amount adsorbed.





3.3. MB Adsorption Isotherms


Equilibrium isotherm models describe the liquid/solid phase metal ion distribution and are critical for optimizing the adsorbent application. Sorption isotherms can be used to evaluate the sorption capacity of an adsorbent as well as to describe the interaction between adsorbents. The sorption isotherm data were fitted using the Langmuir isotherm model and the Freundlich isotherm model, respectively, to understand the sorption mechanism. The Langmuir isotherm model assumes that sorption is a monolayer, each molecule occupies only one adsorption site, and the adsorbed molecules have no interaction. The Freundlich isotherm model is primarily applied to multilayer sorption but can also be used in physical and chemical adsorption studies [46].



The Langmuir model fitted the adsorption isotherm data better than the Freundlich model, indicating that the sorption process is monolayer sorption, and the adsorbent’s sorption capacity increases with increasing adsorbent concentration (Figure 9). According to the linear Langmuir equation, the adsorption constants for the Langmuir isotherm model parameters, qmax and the Langmuir constant (KL), were calculated as 54.56 mg/g as the adsorption capacity and 0.35 1/mg related to the rate of adsorption, respectively, from the intercept and slope of 1/qe vs. Ce (Table 2). With higher correlation coefficients (R2 = 0.96), the Langmuir model best fits the MB experimental data. The affinity between the sorbent and the sorbate is reflected in the KL. The obtained KL value (0.35) demonstrates a strong binding of MB on Fe3O4 NPs [47]. The separation factor (RL) defines the adsorption favorability. This dimensionless constant can be expressed mathematically by Equation (5). The RL value indicates whether the adsorption process is favorable (0 < RL < 1), unfavorable (RL > 1), irreversible (RL = 0), or linear (RL = 1) [48]. Our study’s RL value (0.36) indicates a favorable adsorption process between the liquid–solid phase.



According to empirical Equation (6), the Freundlich model for the adsorption isotherm assumes that the adsorbent surface is heterogeneous and that the adsorption capacity relies on the adsorbate concentration. A higher adsorption capacity is indicated by a higher value for the adsorption capacity kf. When the magnitude of 1/n lies between 0 and 1, it indicates favorable adsorption; as its value approaches zero, it indicates increased absorption heterogeneity. The application of the adsorbents and the favorability of the adsorption process with the range of concentration in the studied adsorbent are also predicted by the value of the Freundlich constant 1/n, suggesting a stronger interaction between the adsorbent and the adsorbate [49]. The R2 for the Freundlich model was found to be 0.95 (Table 2), indicating that the Langmuir model was favored over the Freundlich model (R2 = 0.96) for MB adsorption. The Langmuir theory assumes that adsorption occurs at specific sites within the adsorbent [50].



In summary, these results showed that MB adsorption favors the Langmuir model of isotherms onto NP surfaces. This values can be used to compare with other magnetic bioadsorbents synthesized by green approaches. Table 3 shows all the estimated values and Qm values for MB on different adsorbents.




3.4. Kinetics Study of Adsorption


Adsorption kinetics provides valuable information for designing the adsorption process for practical application. Hence, in this study, the adsorption kinetics of MB on synthesized Fe3O4 NPs was conducted at different concentrations of Fe3O4 NP absorbent. Figure 10 shows the adsorption rate of MB onto synthesized Fe3O4 NPs at different initial masses (0.002, 0.004, 0.005, and 0.01 g). As shown in Figure 10, the adsorption process is fast in the first 5 min and gradually reaches equilibrium at the end of 60 min. This fast kinetic behavior indicates that the adsorption process depended upon the available binding sites on the adsorbent for the uptake of MB. The adsorption rate constant (k), which controls the adsorption process onto the Fe3O4 NP adsorbent, was investigated. Experimental kinetic data were plotted using pseudo-first-order (Equation (7)) and pseudo-second-order (Equation (8)) equations to determine the kinetic process of MB sorption.



The first rate constant k1 (min−1) was determined from the slope of the plot of ln (qe-qt) vs. time (Figure 10a). Furthermore, it was obtained that the correlation coefficient values (R2) are 0.96, 0.95, 0.87, and 0.93 for 0.002, 0.004, 0.005, and 0.01 g of absorbent mass, respectively. Moreover, the k1 values increased behavior with increased Fe3O4 NPs mass (1.19 min−1–1.83 min−1) (Table 4). On the other hand, to validate the kinetic adsorption of the MB, the pseudo-second-order kinetic model was also investigated (Figure 10b).



The slope and intercept of a plot of t/qt vs. t can be used to determine the qe and k2. For all the tested Fe3O4 NP absorbent masses in this plot, the correlation coefficient value (R2) was found to be 0.99. The equilibrium adsorption capacity (qe) experimental values nearly matched the value predicted theoretically (qe2). This result shows that the adsorption process will most likely proceed through the electrostatic interaction of positive MB and the negative surface of synthesized Fe3O4 NPs. This process is known as chemisorption [57]. The adsorption of MB on synthesized Fe3O4 NPs resulted in a pseudo-second-order kinetic model.




3.5. Reusability of the Novel Biosorbent


Adsorption–desorption cycles were performed to validate the reuse of the new adsorbent as it is a crucial factor for wastewater treatment. In this regard, seven cycles of the adsorption–desorption of 5 ppm of MB and 0.01 g/mL of the adsorbent were carried out. The separation of the NPs was carried out using a field magnetic (magnet), while the desorption was carried out with a 5% v/v solution of ethanol and acetic acid. Subsequently, the NPs were washed with deionized water three times and dried at 70 °C for two hours to be used in the next cycle under the same conditions.



Figure 11a shows that the MB removal percentage remains very similar during the seven cycles, obtaining 87% removal in the first cycle and decreasing to 82% in the seventh cycle. In Figure 11b, it is observed how the NPs were reused to eliminate the remaining amount of MB from the same solution after three cycles obtaining, as a result, adsorption of 80% of the pollutant in the first cycle, reaching total adsorption of 93% in the second cycle, and 96% in the third cycle. This result indicates that the new adsorbent is a good candidate for wastewater treatment.





4. Conclusions


We have provided a straightforward, practical, and affordable method for creating superparamagnetic Fe3O4 NPs using Vg leaf extract. The Fe3O4 NP production and the presence of polyphenolic molecules on the NP surfaces were both confirmed using FTIR spectra. The produced NP SEM pictures revealed their average size of 12.2 nm. The remotion of MB from a simulated textile wastewater industry using magnetic NPs was effective. Due to the magnetic nature (Ms = 63.37 emu/g, coercivity = 0, superparamagnetic), the magnetic nanoabsorbent was easily separable from the aqueous medium after adsorption; therefore, the process was very convenient. These findings demonstrate that MB followed pseudo-second-order kinetics, and the adsorption process was thermodynamically favorable. The MB isotherm adsorption behavior is governed by the pseudo-second-order model and is a Langmuir isotherm, which describes an ionic exchange and chemisorption process between the positive partial charges of MB and Vg compounds stabilizing Fe3O4 NPs. Finally, we can confirm that Fe3O4 NPs synthetized by Vg leaf extract have the potential to remove using specific-site absorption and their reusability capacity, particularly for water remediation containing organic dyes.
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Figure 1. The FTIR spectra of Vg extract and Fe3O4 NPs. 
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Figure 2. (a) SEM micrograph of Fe3O4 NPS. (b) The size distribution of the NPs. 
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Figure 3. The XRD diffractogram of Fe3O4 NPs stabilized with Vg. 
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Figure 4. The XPS spectra of Fe3O4 NPs stabilized with Vg. 
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Figure 5. Magnetization vs. applied magnetic field at 10 (a) and 300 K (b), ZFC and FC (c), and magnetic response (d) for Fe3O4 NPs. 
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Figure 6. (a) Effect of pH on the adsorption of MB onto the modified nanoparticles. (b) is the sorption amounts of MB (mg/g) at the equilibrium at different pH. n = 3, adsorbent mass = 0.01 g. 
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Figure 7. Effect of MB concentration (%) for different Fe3O4 NP adsorbent mass. 
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Figure 8. Effect of absorbent dose on MB (qe) adsorption and % removal by Fe3O4 NPs. 
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Figure 9. (a) Langmuir’s isotherm plots for the sorption of MB and (b) Freundlich’s isotherm plots for the sorption of MB using different Fe3O4 NPs. 
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Figure 10. (a) Pseudo-first-order kinetic plots for the biosorption of MB onto Fe3O4 adsorbent and (b) pseudo-second-order plots for the biosorption of MB onto Fe3O4 adsorbent. 
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Figure 11. (a) MB adsorption efficiency after seven adsorption–desorption cycles and (b) cumulative recovery of MB after three cycles. 
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Table 1. Phytochemistry of the aqueous extract of Vg.
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	Test
	Metabolite
	Result





	Fehling
	Reducing sugars
	−



	Lugol
	Starch
	−



	Espuma
	Saponins
	+



	Mayer
	Alkaloids
	+



	Dragendorff
	Alkaloids
	−



	Wagner
	Alkaloids
	+



	Hager
	Alkaloids
	+



	Baljet
	Sesquiterpenlactones
	−



	Salkowski
	Terpenes
	−



	Lieberman–Bourchard
	Sterols
	−



	Shinoda
	Flavonoids
	−



	H2SO4
	Flavonoids
	+



	FeCl3
	Phenols
	+



	Keller–Killani
	Glycosides—Cardiac
	+



	Proteins
	Proteins
	−







NOTE: Present (+) and absent (−).
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Table 2. Sorption isotherms values for MB adsorption into Fe3O4 adsorbent (n = 3).
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Langmuir

	
Freundlich






	
qmax (mg/g)

	
KL (L/mg)

	
R2

	
kf (mg/g) (L/mg)

	
1/n

	
R2




	
54.56

	
0.35

	
0.96

	
13.78

	
0.78

	
0.95
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Table 3. A comparison for the maximum adsorption capacity (qmax) of MB into magnetic bioadsorbents.
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	Adsorbents
	qmax (mg g−1)
	Reference





	Ocimum sanctum–Fe3O4 hybrid magnetic nanocomposite
	23.80
	[51]



	Fe3O4 loaded into hydrochar
	278.1
	[52]



	Magnetic natrolite-incorporated nanocomposites
	30
	[53]



	ZeroValent iron NP

(using sweet lime pulp)
	14.9
	[54]



	Ricinus Communis–ZeroValent iron NP
	64.9
	[55]



	Fe3O4–Zanthoxylum armatum NP
	10.47
	[10]



	Betaine-modified magnetic NP
	135.69
	[56]



	Fe3O4–Vallesia glabra
	54.56
	This study
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Table 4. Pseudo-first- and second-order rate constants for MB adsorption at different Fe3O4 NP adsorbent mass.
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	First-Order Rate Constant K1 (min−1) (10−3)
	Equilibrium Adsorption Capacity (qe) (mg g−1)
	R2
	Second-order Rate Constant K2 (mg g−1 min−1) (10−3)
	Equilibrium Adsorption Capacity (qe2) (mg g−1)
	R2





	Absorbent Dose (g)
	
	
	
	
	
	



	0.002
	1.19
	24.04
	0.96
	6.1
	909.5
	0.99



	0.004
	1.26
	9.87
	0.95
	21.5
	312.6
	0.99



	0.005
	1.55
	8.75
	0.87
	34.2
	241.3
	0.99



	0.01
	1.83
	2.15
	0.93
	175
	80.3
	0.99
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