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Abstract

:

This work informs on the green synthesis of a novel adsorbent and its adsorption capacity. The adsorbent was synthesized by the combination of iron nanoparticles and cellulose nanofibers (FeNPs/NFCs). Cellulose nanofibers (NFCs) were obtained from Moringa (Moringa oleifera Lam.) by a pulping Kraft process, acid hydrolysis, and ultrasonic methods. The adsorption method has advantages such as high heavy metal removal in water treatment. Therefore, cadmium (Cd) and lead (Pb) adsorption with FeNP/NFC from aqueous solutions in batch systems was investigated. The kinetic, isotherm, and thermodynamic parameters, as well as the adsorption capacities of FeNP/NFC in each system at different temperatures, were evaluated. The adsorption kinetic data were fitted to mathematical models, so the pseudo-second-order kinetic model described both Cd and Pb. The kinetic rate constant (K2), was higher for Cd than for Pb, indicating that the metal adsorption was very fast. The adsorption isotherm data were best described by the Langmuir–Freundlich model for Pb multilayer adsorption. The Langmuir model described Cd monolayer sorption. However, experimental maximum adsorption capacities (qe exp) for Cd (>12 mg/g) were lower than those for Pb (>80 mg/g). In conclusion, iron nanoparticles on the FeNP/NFC composite improved Cd and Pb selectivity during adsorption processes, indicating the process’ spontaneous and exothermic nature.
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1. Introduction


Water pollution by heavy metals is one of the most severe environmental problems, with industrial processes being their main anthropogenic sources. Heavy metals can be distinguished from other pollutants because they are not biodegradable, and they can be bioaccumulated in different food chains. Furthermore, these metals have been linked to carcinogenic, embryotoxic, teratogenic, and mutagenic effects [1,2]. Consequently, the permissible limits for cadmium (Cd) and lead (Pb) in drinking water established in 2017 by the World Health Organization’s (WHO) standards are 0.003 and 0.01 mg/L, respectively. The United States Environmental Protection Agency (USEPA) has set the maximum contaminant levels (MCLs) in drinking water at 0.015 mg/L for lead and 0.005 mg/L for cadmium [3,4,5]. Cadmium and lead are some of the heavy metals introduced as anthropogenic pollutants worldwide by various processes. Cadmium contamination may occur due to the manufacture of alloys, batteries, pigments, plastics, mining, and refining processes [6]. Cadmium causes severe damage to kidneys and bones. Its accumulation in the human body leads to nausea, headaches, fatigue, salivation, diarrhea, muscular cramps, renal degradation, chronic pulmonary problems, skeletal deformity, low levels of iron in the blood, and breathlessness (dyspnea) [7,8].



On the other hand, common anthropogenic causes of lead contamination in groundwater are mining, smelting, fossil fuel combustion, solid waste incineration, batteries, paints, cables, ceramics, and glass manufacturing [9]. In children, overexposure to lead causes swelling of the optic nerve, ataxia, brain damage (encephalopathy), convulsions, seizures, and impaired consciousness. In adults, lead exposure causes high blood pressure, damage to the reproductive organs, fever, headaches, fatigue, vomiting, anorexia, abdominal pain, constipation, joint pain, incoordination, insomnia, irritability, and various symptoms related to the nervous systems [7].



Many techniques have been employed to reduce the adverse effects of cadmium and lead in water bodies, including chemical oxidation/reduction, chemical precipitation, electrochemical processes, ion exchange, membrane filtration, and others [10,11]. These processes can be difficult to operate, and they show low selectivity. However, among these methods, adsorption is flexible, low cost, and a high-efficiency technique [12]. Adsorption is a mass transfer process by which a substance is transferred from the liquid phase to the solid’s surface by physical or chemical interactions.



Other studies have demonstrated the use of biomaterials as efficient, low-cost, abundant, biodegradable, and highly stable adsorbents [13]. Cellulose is an abundant natural polymer and is commonly found in wood, seeds, algae, and agro-industrial waste. The Moringa tree (Moringa oleifera Lam), a member of the Moringaceae family, can grow around the tropics. It is native to sub-Himalayan areas of northwestern India. It can be easily cultivated and adapts to semiarid climates, as it is a polyvalent tropical tree. In Michoacan, Mexico, the generation of residual biomass product from its plantation along the Pacific coast has been reported, with an average of 300 to 500 kg per hectare. This waste from leaves, stems, and branches concentrates wasted cellulose in large amounts [14,15]. Among the various functional polymers exist cellulose nanofibers (NFCs). Such fibers are large flexible fiber structures consisting of alternating crystalline and amorphous domains in a net-like structure. NFCs can be extracted from a cellulosic material, moderately degraded by chemical methods, thermal processes, and mechanical processes. Additionally, NFCs have been obtained from combined pulping Kraft process, acid hydrolysis, and ultrasonic methods [16,17].



The adsorption of metals by this type of material can be attributed to their structural compounds with various functional groups, such as carboxyl, carbonyl, sulfide, and hydroxyl. Many of these hydroxyl groups allow chemical modification and improve adsorption performance [18]. Cellulose tends to form an aggregate structure due to the hydrogen bonds being present, limiting adsorption; hence, modification of the cellulose structure and surface can help to avoid adsorption restraints. One of these modifications involves impregnation with metallic nanoparticles. Such a change can enhance adsorption properties in the biopolymer [19]. It has been reported that many metal oxide nanoparticles and other inorganic nanoparticles (i.e., zeolite nanoparticles) effectively and quickly remove metal contaminants in wastewater treatment processes [11,20].



The appearance of iron nanoparticles in remediation is attributed to their low toxicity and redox capacity when reacting with water. They have a large surface areas and high reactivity [21]. The use of iron nanoparticles has been reported in different carbon-based materials, such as starch and biopolymers, as well as in mineral adsorbents, such as clays. These materials act as supports for obtaining nanocomposites [22,23,24,25,26]. Moreover, functionalization with organic solvents helps to mitigate nanoparticles’ agglomeration on the composite and improves dispersion. Different modifiers are used to abate nanoparticles’ mobility in water, such as carboxymethyl cellulose or cellulose, since they are negatively charged molecules. These nanoparticles (NPs) are generally considered to be the most mobile in aqueous solutions due to electrostatic repulsion [27].



Several processes have been utilized to prepare nanoadsorbents. These are often considered as time-consuming processes, have high reagent requirements, and release toxic substances into the environment [28]. Otherwise, nanoparticles synthesized by plant products or extracts are more stable. These green syntheses are more manageable than conventional techniques. Such ecological approaches are cost-effective, simple, and sustainable and do not involve any toxic agents [29]. Different green synthesis routes use agro-industrial wastes, biopolymers, solvent replacement, plants, microorganisms, etc. [30]. Nanoparticles can be incorporated into the biopolymer through different mechanisms, such as chemical coprecipitation, to obtain the final composite material. Still, the use of plant extracts (organic compounds) can influence the reduction process. They can also stabilize the nanoparticles, promoting bonding to the biopolymer [31].



Fruits, seeds, stem, and leaf extracts from different plants contain useful polyphenols for metal reduction. These substances have been researched as bioreducing agents to synthesize nanoparticles, such as Vitex negundo L., E. condylocarpa, and Amaranthus dubius [32,33,34,35]; including Rumex acetosa [36], Eucalyptus globulus [37], Mukia maderaspatana [38], Camellia sinensis [39], Rosemarinus officinalis [40], Citrus maxima [41], Azadirachta Indica [30,42], green tea [43], eucalyptus [44], and Canna indica [21]. Additionally, waste materials such as banana peel and citrus juice waste have also been used.



Green plant leaves have recently been studied for the eco-friendly synthesis of iron nanoparticles, using Fe(II) or Fe(III) chloride solutions as precursors [30]. This synthesis is possible because these plants contain bioactive components, mostly polyphenols, that act as reducing and capping agents. Moreover, several applications and syntheses of metal oxide nanoparticles, particularly for iron, have been reported [45,46,47,48,49]. Jitendra et al. [50] reported that A. indica leaf extract assisted in the green synthesis of highly crystalline α-Fe2O3 nanomaterials with well-defined unique morphologies. Similarly, the green-synthesized mesoporous α-Fe2O3 had a surface area four times larger than the commercial α-Fe2O3 nanoparticles [39]. Moringa leaf contains various photochemical type-like flavonoids, such as polyphenols, rutin, kaempferol, chlorogenic acid, quercetin-malonyl-glucoside, glucosinolate, and isothiocyanates, with high antioxidant capacities. These are an alternative reducing agent for synthesizing iron oxide NPs [51,52].



Therefore, the present study aims to evaluate the iron nanoparticles and cellulose nanofibers (FeNPs/NFCs) performance for the removal of Cd(II) and Pb(II) from aqueous solutions and to examine the structure of the composite obtained from the cellulose nanofiber’s (from branch wood residues) contact with iron nanoparticles (from green synthesis with FeCl3 and leaf tea extract). Furthermore, the influence of contact time, temperature, and pH on adsorption experiments was determined, as were the adsorption mechanisms and thermodynamic, kinetic, and isothermal parameters of the studied systems.




2. Materials and Methods


2.1. Preparation of FeNP/NFC Composite


Large amounts of wood residues obtained from the pruning of the Moringa tree were collected from an orchard located in the municipality of Nueva Italia in the State of Michoacán, Mexico. These wood residues were used for cellulose extraction by Kraft pulping, followed by acid hydrolysis.



The cellulose nanofibrils (NFCs) were obtained using a high-intensity ultrasonication technique combined with cryo-crushing with liquid nitrogen. Wood chips from Moringa oleifera Lam. were cooked by Kraft pulping in a Kamir digester (METROTEC, model LB-16) with a capacity of 15 L and a speed of 5.16 r.p.m. The Kraft Pulping process was carried out with the following operating parameters: the temperature ranged from 160 to 170 °C with a boiling time of 20–30 min, a white liquor with sulfidity levels between 20 and 27% was used, using 200 g of wood chips (dry basis).



Chemical post-treatment to wood fibers by acid hydrolysis was performed with an H2SO4 solution 40% (v/v) at 80 °C for 2 h. The separation of fibers was carried out using a high-intensity ultrasonication technique combined with cryo-crushing with liquid nitrogen. The mechanical cryo-crushing with ice crystal formation slashed the vegetal fiber wall and released wall fragments. The ultrasonic treatment was carried out for 40 min at 60 kHz, and then the material was dried in an oven. Mechanical fibrillation was performed using liquid nitrogen and applying high shear forces.



The synthesis of the composite material (FeNP/NFC) was carried out by putting in contact 4 g of cellulose (Kraft pulp) and 40 mL of leaf extract. Fresh Moringa oleifera Lam. leaves were collected and carefully washed with deionized water, and they were dried at room temperature with constant ventilation. Then, 20 g of dried leaves sample were mixed with 150 mL distilled water at 60 °C for 45 min. The supernatant was filtered with a Whatman filter paper to produce the leaf extract, and was stored at 4 °C in the refrigerator. A 0.5 M solution of FeCl3.6H2O was subsequently adjusted at pH 8, using 0.1 N HCl and 0.1 N NaOH solutions. The leaf extract (pH 5.6) was added dropwise to the FeCl3 solution with continuous stirring at 60 °C for 180 min. The modified material FeNP/NFC was filtered and washed several times with distilled water to eliminate any excess of reactive components from the material; the modified material was allowed to dry and it was stored in a desiccator.




2.2. Characterization of FeNP/NFC Composite


Different methods were used to perform the characterization of Kraft pulp and composite material in order to determine their morphologies, semiquantitative elemental properties, and surface properties. Scanning Electron Microscopy (SEM) images were obtained using a JEOL JSM IT300LV microscope (Tokyo, Japan).



Fourier Transform Infrared Spectroscopy (FTIR) was used to examine the changes in the functional groups induced by the adsorbent synthesis and the adsorption process. The samples were analyzed in a Bruker® Tensor 27 FTIR spectrophotometer (Bruker Optics Inc., Billerica, MA, USA).



The zeta potential (ZP) was used to measure the electrical potential on the adsorbent’s surface. From the values of the zeta potential at different values 3 to 10 pH, the surface acidity or basicity and the isoelectric point were determined [16]. The FeNP/NFC material’s zeta potential was measured with a Nano Brook 90 Plus Zeta instrument.



X-ray Diffraction (XRD) measurements were conducted to determine the presence of the cellulose crystalline phase in the samples, using a Rigaku Ultima IV (Rikagu, Tokio, Japan). The diffracted intensity of the Cu-Kα (λ = 1.54 Å) was measured in a 2θ range. Data analysis to identify crystalline and amorphous phases was carried out using Match V. 1.10ª 2003–2010 Software (Crystal Impact, Bonn, Germany).



The FeNP/NFC composite oxides were analyzed on an energy dispersive X-Ray fluorescence spectrometer model Bruker S2PUMA with an Ag tube. Samples were analyzed to define the form of oxides.




2.3. Adsorption Experiments


2.3.1. Kinetics


Batch-type experiments with FeNP/NC were performed to determine Cd and Pb removal. Samples with 10 mL aliquots of a 2 mg/L metal solution were put in contact with 0.05 g of composite material in plastic flasks. The pHs of the initial solution for Pb and Cd were 2 and 3, respectively. The solutions’ pHs were adjusted to and maintained at 5 (by adding 0.01 M HCl or 0.05 M NaOH to the solutions) due to the cationic chemical species (II) present in the solution. The flasks were shaken, separately, at 100 rpm and 25 °C. The solutions’ concentrations were 2 mg/L for both Pb(NO3)2 and Cd(NO3)2·4H2O. The contact times ranged from 5 to 150 min to acquire the equilibrium time. After the contact time was achieved, the supernatants were separated by filtration, and the residual solution was analyzed for each metal by Flame Atomic Absorption Spectrometry (FAAS) (model Perkin Elmer® AANALYST 200, Waltham, MA, USA). The solutions were refrigerated at 4 °C and stored in amber bottles (plastic and glass) to avoid precipitation and oxidation during analysis. The experiments were performed in triplicate to determine reproducibility.



The Cd and Pb adsorption concentrations at equilibrium time during adsorption were calculated by:


   q t  =    (   C o  −  C t   )  V  m   



(1)




where qt is the amount of ion adsorbed, at a time (t), per weight of adsorbent (mg/g); Co is the initial concentration of heavy metal (mg/L); Ct is the concentration of heavy metal at that equilibrium time (mg/L); V is the volume of solution (L), and m is the mass of the adsorbent (g).



A batch removal system requires information about the optimum conditions that can only be acquired from kinetic models. Moreover, adsorption kinetics studies and their adjustment to empirical models allow the evaluation of removal mechanisms and are fundamental for selecting optimal design parameters for future effluent treatments. The data obtained from the kinetics tests were fitted to the Elovich, Lagergren (pseudo-first-order), and pseudo-second-order kinetic models by nonlinear regression analysis using Statistica 7.0 software. Such kinetic models were used in this research due to their wide use and acceptance in heavy metals removal studies.



The general expression of the pseudo-first-order rate, also known as the Lagergren model, is represented by the following equation [53].


   q t  =  q e   (  1 −  e  −  K l  t    )   



(2)




where KL is the Lagergren rate constant (1/min), qt is the amount of ions adsorbed, at a time (t), per weight of adsorbent (mg/g), and qe is the amount of ions adsorbed at the equilibrium (mg/g).



The pseudo-second-order model is based on the assumption that the rate-limiting step may be chemisorption [54]. Alternatively, the pseudo-second-order model is expressed in its linear form as follows:


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



(3)




where K2 is the pseudo-second-order rate constant for adsorption (g/mg min), qt is the amount of ions adsorbed, at a time (t), per weight of adsorbent (mg/g), and qe is the amount of ions adsorbed at the equilibrium (mg/g).



The Elovich equation is represented by the following [55], commonly used in the kinetics of the chemisorption of gases on solids:


   q t  =  1 b  ln  (  1 + a b t  )   



(4)




where qt is the amount of ion adsorbed, at a time (t), per weight of adsorbent (mg/g), qe is the concentration of solute removed at the equilibrium per weight of adsorbent (mg/g), KL is the pseudo-first-order kinetic constant (1/min), K2 is the pseudo-second-order rate constant of sorption (g/mg.min), and a and b are the Elovich constants related to the initial adsorption rate (mg/g min) and desorption rate (g/mg), respectively.




2.3.2. Isotherms


Adsorption isotherms were performed with Cd and Pb aqueous solutions at different concentrations to determine the systems’ equilibrium parameters. Plastic vials were used to put 0.05 g of FeNP/NC in contact with 10 mL of Pb and Cd solutions, separately, at different concentrations, ranging from 5 to 500 mg/L. Then, the vials were placed in a thermostat-adjusted water bath agitator. They were shaken at 100 rpm at different temperatures (25, 30, and 40 °C). All experiments were performed in triplicate. According to the chemical equilibrium diagram for cation ions in an aqueous solution, the pH values were selected. Cd ions predominate at pH values between 2 and 8 and Pb ions with pH values between 3 and 5.5. The pH 5 value was then set and adjusted with 0.01 M HCl and 0.05 M NaOH solutions, as required, before the adsorption experiments.



The experimental data from sorption isotherms of Pb and Cd were fitted to the following isotherm models by nonlinear regression analysis. The equation that expresses the Freundlich model is:


   Q e  =  K f   C e   1 n     



(5)




where Qe is the adsorption capacity of Pb(II) and Cd(II) of the adsorbents (mg/g), Ce is the equilibrium concentration of the metal ion in solution (mg/L), Kf is the equilibrium constant indicative of adsorption capacity, and n is the adsorption equilibrium constant whose reciprocal is indicative of adsorption intensity. The Freundlich model assumes that the adsorption process happened on heterogeneous surfaces [56].



Langmuir model could be represented by Equation (6) [57]:


   Q e  =    Q 0   K L   C e    1 +  K L   C e     



(6)




where Q0 represents the maximum monolayer adsorption capacity of Pb and Cd, and KL is the Langmuir constant (L/g). The Langmuir model is established based on forming a complete monolayer on the surface (mg/g).



Langmuir–Freundlich model is represented by Equation (7) [58]:


   Q e  =    K  L F    C e   1 n      1 +  a  L F    C e   1 n       



(7)




where KLF and aLF are empirical constants.





2.4. Thermodynamic Studies


The thermodynamic results were calculated from isotherm data of Pb and Cd at 25, 30, and 40 °C. The thermodynamic parameters were estimated to analyze the influence of temperature on metal ion adsorption, such as Gibb’s free energy change ΔG (kJ/mol), enthalpy change ΔH (kJ/mol), and entropy change ΔS (J/mol K) [4,59], using the following thermodynamic equations:


   K c  =    C  a d      C e     



(8)






   C e  =    C  i      (  1 −  F e   )   



(9)






   C  a d   =    C  i      F e   



(10)






   K c  =    F e    1 −  F e     



(11)






  Δ G ° = − R T l n  K c   



(12)






  Δ H ° = R    (     T 1   T 2     T 1  −  T 2     )  ln    K  c 1      K  c 2      



(13)






  Δ S ° =   Δ H ° − Δ G °  T   



(14)




where R = 8.314 J/mol K is the universal gas constant; Kc (mL/g) is the equilibrium constant; Ce is the concentration of the metal in the solution at equilibrium (mg/L); Ci is the initial concentration of the metal in the solution at equilibrium (mg/L); Fe is the fractional conversion of the sorption at equilibrium, and T is the thermodynamic temperature (K).



Van’t Hoff’s equation [59] allowed us to obtain the ΔH° and ΔS° values graphically:


  l n  K C  =   − Δ  H °    R   x   T   +   Δ  S °   R   



(15)







A graph of lnKc on the abscissa axis and 1/T on the ordinate axis should be linear, and the intercept would be equivalent to ΔS°/R, while the slope would be numerically equal to ΔH°/R.





3. Results and Discussion


3.1. Characterization of FeNP/NFC Composite


As shown in Figure 1, the surface morphology is significantly different before and after NFC impregnation with iron nanoparticles. After the hydrolysis and cryo-crushing process, NFC exhibited a cavernous network structure that has a smooth surface. Figure 1a,b, show the formation of several clefts or folds, which will help distribute the nanoparticles on the support material. The spaces between the microfibers collapse for wood and plant cellulose sources due to water molecules’ outflow. When the microfibers dry, all the hydrogen bonds between the fibrils are displaced, forming weak links. It is essential to indicate the effect of pH on the material because hydrolysis was generated in an acidic medium. The concentration of hydronium ions incorporated into the material increased and, therefore, they are attributed to agglomeration behavior [60,61]. Cellulose nanofibers tend to aggregate due to hydrogen bonding between the OH and COOH- groups [62,63].



The cryo-crushing process formed ice crystals that helped to slash vegetal fiber and expose more surfaces, which allowed access to chemical activation of various functional groups. Because of nanofibers’ exposure (Figure 1c), it can be established that the mechanical cryo-crushing and ultrasonic treatment were suitable for defibrillation of Moringa’s Kraft pulp. The average diameter of nanofibers reported in other studies ranged from 50 to 100 nm, depending on the cellulose source [63,64,65,66]. In this case, the nanofibers’ diameters ranged from 80 to 160 nm, as shown in Figure 1c, indicating nanofibers’ presence. These nanofibers are not clearly seen in Figure 1a,b due to the micrographs’ magnification. However, a nonhomogeneous accumulation of fibers can be observed in these micrographs (Figure 1a,b), which can also be denominated as microfibrillated cellulose (depending on the size and production process), consisting of cellulose nanofibers and nanofiber bundles [67,68].



Moreover, an increase in cellulose crystallinity has also been reported in NFC production from various sources [63,67]. In this case, such an increase was observed after the Moringa’s NFC synthesis process, compared to the Kraft pulp cellulose crystallinity, due to the breaking down of the hierarchical structure of the cellulose into individualized nanofibers of high crystallinity, with a reduction in amorphous parts [67]. The crystallinity of the Moringa’s NFC will be discussed further below. Furthermore, FTIR analyses of several NFC samples from different sources proved that chemical treatment also led to partial removal of hemicelluloses and lignin from the fibers’ structures. Still, the molecular structure of cellulose remained unchanged after chemical and mechanical treatments [64,67]. This behavior was also observed in the NFC from Moringa and will also be discussed further. Based on the above, the presence of cellulose nanofibrils in the Moringa composite can be confirmed.



In Figure 1d,e, micrographs of FeNP/NFC are observed. The surface showed a distribution of small particles which are related to NPs. Results for punctual Energy Dispersive X-Ray Spectroscopy (EDS) analysis (point A in Figure 1e) indicate high concentrations of carbon (C), oxygen (O), iron (Fe), chlorine (Cl), sodium (Na), and calcium (Ca), Figure 1e. Chlorine comes from the reactive solution used in FeNP/NCF preparation. The results indicate a certain percentage of Fe adhered to the surface, which is related to the synthesis of NPs. The alkaline pH system adjusted in the synthesis of nanoparticles helps incorporate hydroxyl groups (–OH) and NPs to the matrix. Hemicelluloses that still partially persist in the structure can inhibit nanofibrils’ coalescence during the synthesis of iron nanoparticles. The formation of several slits is observed, which helped distribute the nanoparticles on the support material and capture these ions [61].



The elemental mapping was performed to the FeNP/NFC samples after the adsorption process. In Figure 2a,b, the main elements present on the materials’ surfaces are carbon and oxygen in a higher proportion in weight, and low concentrations of dispersed forms of Cd and Pb. The sulfate (S), Ca, and Fe compounds contribute to Cd aggregates’ adsorption on the surface of the material observed at various sites. Sodium comes from cooking liquors of the Kraft pulping process: NaOH, NaS, and Na2CO3. Calcium and potassium are the main elements present in the wood. The sample’s composition with adhered particles of Cd is shown in Figure 3b at 5000×, where the spot analysis indicates solid Cd particles. The results demonstrate the presence of Cd at around 11% (w/w), forming various phases on the material. The sample analysis shows a decrease in Fe (with values <0.15%) compared to the samples before Cd adsorption, indicating a possible ion-exchange sorption mechanism. The spot analysis of the sample that adsorbed Pb (Figure 3a) reached a concentration near 1.05% (w/w). The carboxylic acids, phenols, and alcohols on the surface of the adsorbent were protonated, and the surface was negatively charged, allowing adsorption.



Figure 4 shows the FTIR spectra of NFC and FeNP/NFC. For both spectra, the broad peaks at 3406 and 3374 cm−1 are associated with -OH stretching vibration. The bands at 1636 and 1611 cm−1 are attributed to the water bending vibration. Displacement of these peaks is observed due to their intervention during the synthesis of the new material. In the case of the FeNP/NFC sample, the smaller peak at 2909 cm−1 corresponds to the -CH stretching of the aromatic rings and methylene (-CH2), which are associated with functional groups involved in the green synthesis of nanoparticles. The appearance of a band at 1456 cm−1 can be assigned to a -CH2 bending vibration and -OH deformation vibration, for the phenolic or alcoholic group.



Significant changes were observed in the bands from 1500 to 1000 cm−1. The bands from 1502 to 1418 cm−1 correspond to the aromatic elongation of C=C bonds and aromatic deformation vibration of C-C bonds. The stretching of carboxylic acids and esters peak is present at 1271 cm−1. Ether and free alcohol C-O stretching can also be observed at the bands from 1000 to 1280 cm−1. The adsorption peaks at 1161 and 661 cm−1 are attributed to asymmetric C-O-C and deformation of out-of-plane hydrogen of the C-H bond in the aromatic ring [69].



After the Fe nanoparticles’ impregnation on NFC, some peaks’ intensities increased in the spectrum of the FeNP/NFC composite (Figure 4)—mainly the bands that appeared in the region between 600 and 400 cm−1, which correspond to Fe oxides. The FTIR spectrum of FeNP/NFC exhibited peaks at 1611, 1551, 1463, 1376, 1031, and 600 cm−1. The broad peak at 601 cm−1 was attributed to stretching vibrations of Fe-O.



On the other hand, the O-Si-O and Si-CH functional groups were observed in the cellulosic material; thus, main peaks with stretching and bending vibrations from 1430 to 1100 cm−1 were noticed. The Si can also react with the noncellulosic components, where it can contribute to the Fe-O bond from 580 to 603 cm−1 due to the formation of the Fe-O-Si bond [70]. Furthermore, the peaks with lower intensities, at 511 and 675 cm−1, such as -MgO, are related to other oxides present in the material. These sites intervened in the adsorption and were largely attributed to the wood’s inorganic portion, and a smaller portion to the final material [71]



The peaks around 1376 and 1463 cm−1 increased their intensity; these are attributed to the -CH symmetric vibration of the polymeric matrix of NFC, mainly due to a strong hydrogen bond between the NFC groups and iron nanoparticles. The broad peak at 1031 cm−1 was associated with Fe-OH vibration; it indicates the incorporation of iron onto the surface [69]. The stretching vibration of O=S=O was observed at 1384 cm−1; the C-S group was found at 1200 cm−1 and the S=O group was identified at 1053 cm−1. These bands confirmed the presence of the sulfonic group. The effect of alkaline and acid treatments on cellulosic materials leads to surface activation with various functional groups such as -SH, -SOH2, -SO, -(CH3O)2SO2, and C-S, which can help in the adsorption process [4,56]. Bands at 2340, 2346, and 1478 cm−1 are typical of N vibrations, such as -NO2, C3HN+, and CN2; these groups were formed by the cellulose synthesis and extraction [72].



The Fourier Transform Infrared Spectroscopy (FTIR) analysis reveals (Figure 4) that the FeNP/NFC was esterified during the synthesis process at 1721 cm−1; this band is usually attributed to C=O stretching vibration, and a decrease in this band was observed for the FeNP/NFC sample. A new weak absorption peak appeared at 1427 cm−1, which could be attributed to the bending vibration of OH in carboxyl groups. On the other hand, a large amount of -COOH groups had been introduced to cellulose after the modification; these groups possess strong adsorption properties for heavy metal ions [73].



Figure 5 shows the FTIR spectra of FeNP/NFC adsorbent after Pb adsorption (PbRM) and after Cd adsorption (CdRM). It was observed that metal adsorption generated slight displacements in some bands and significant changes in the band frequencies of groups such as -OH, -COO-, C=O, C-O, and C-O-C; this suggests that such ionizable functional groups on the adsorbent surface can bond with the metal ion. For CdRM and PbRM, the stretching vibration peak of C-H observed at bands from 2800 to 3000 cm−1 disappeared, indicating that C-H may participate in the cross-linking reaction. Moreover, at the 1630 cm−1 wavenumber, band intensity changes can be attributed to the Pb(NO2) stretching vibration. Therefore, it can be established that amine groups in FeNP/NFC play an essential role in lead adsorption on this material by sharing one electron pair of the nitrogen atom with the Pb ions. The decrease in free carboxylic acid, iron oxide, iron hydroxides, amide, nitrogen dioxide, magnesium oxide, sulfur groups, and other possible sites indicates the same type changes upon sorption of Pb and Cd ions.



The zeta potential (ZP) value of FeNP/NFC increased from −11 to −23 mV; this lower negative value is due both to the polyphenolic components present in the extract during the synthesis of the material and also to the cellulose structure of the support material for the Fe nanoparticles (Figure 6) [34]. Different modification strategies create ionic groups on the surfaces of NFCs. Carboxymethylation, oxidation, and sulfonation are three routes that can add ionic groups on the surface of the cellulose. Carboxymethylation causes surfaces to be negatively charged, promoting stable suspension from carboxymethylated fibers. The oxidation process includes hydroxyl groups, which oxidize to aldehyde groups, followed by carboxyl groups. Sulfonation is considered as a way to induce an anionic charge on the surface with different functional groups such as -SO, -SH, and -HSO3− [74,75].



There is no evidence of an isoelectric point in the sample, which confirms that charge dissociation is virtually independent of pH. Under acidic conditions, as the pH decreases, the -COO- groups are converted to -COOH resulting in a lower density of surface charge, and therefore a reduction in mobility. Additionally, an increase in pH did not change the particle mobility significantly. In all of the pH ranges, the Zeta potential values were negative; therefore, it can be considered that the pH does not affect the surface loading properties of the material. Particles with low zeta potential have tended to agglomerate, while particles with high zeta potentials have been electrically stable.



On the other hand, the crystalline structure of cellulose is one of the most studied structural problems in polymer science, and its accurate description of the crystal structure remains a topic of discussion [76,77]. Therefore, an analysis of the crystal structure by XRD was carried out to determine the composite material’s crystalline state.



As shown in XRD patterns (Figure 7), there is strong diffraction at 14.63°, 16.7°, and 22.42° of FeNP/NFC, corresponding to the (101), (10 ī), and (002) crystalline planes for cellulose II, into the sample. The acid hydrolysis and cryo-crushing methods destroy the stable hydrogen bonds, generate free hydroxyl groups, and increase cellulose reactivity [73]. They were indexed in the structure of cellulose (JCPDS No. 50-2241). The diffraction intensity was weak for the (101) and (10 ī) crystal planes. These two peaks overlap with each other because they have a lower amount of lignin and hemicellulose, resulting from the adsorbent’s synthesis process.



It is difficult for chemical reactions to take place in the crystalline region because of its stable structure. Hence, it becomes an easily accessible and penetrable amorphous structure, increasing iron nanoparticles’ introduction [4,73]. XRD patterns show peaks related to amorphous and crystalline compounds (Figure 7). The nanoparticles in the material presented peaks at around 30° to 62°, which could be due to crystalline materials on organic matter.



The iron oxide phase in FeNP/NFC shows some intense XRD peaks—identified as maghematite (Fe2O3). These peaks and indices were 30.79° (220), 35.63° (311), 43.51° (400), 57.22° (511), and 62.79° (440), as can be observed in Figure 7. The diffraction peaks belong to iron oxide maghematite-C syn (No. 00-024-0081) with a rhombohedral structure. Different amorphous materials impregnated with nanoparticles have been reported, finding that the iron nanoparticles prepared with green tea extract were efficient in different aspects [34]. The polyphenolic compounds from tea do not possess a reduction potential negative enough to reduce from Fe3+ to Fe0 but can reduce Fe3+ to Fe2+, forming oxide/hydroxide nanoparticles.



The Energy Dispersive X-ray Fluorescence (EDXRF) analysis is shown in the spectrum of Figure 8. The peaks around 0.8, 6.4, and 7.05 keV are related to the Fe binding energies. Therefore, the EDXRF spectrum for Fe2O3 from the FeNP/NFC material, synthesized with aqueous extract of Moringa leaves, confirmed nanoparticles’ presence. The number of radicals present in the hybrid sample revealed the photocatalytic activity of the nanoparticles. The other intense peaks shown in the EDXRF spectrum are marked as salts’ structures derived from the extraction of the cellulose and its initial composition from the raw material derived from Moringa wood (Figure 8). The signal peak at 2.98 keV is assigned to silver (Ag), derived from its presence on the sample holder and tube in the instrument employed for the analysis; hence, the peak of iron looks smaller than silver. Potassium is essential for the growth of the tree, which can be seen in the graph’s 3.16 keV intensity. The EDXRF spectrum analysis indicates that the sample has a composition of approximately 32.81% Fe2O3 and is only one of the existing oxide groups in the material (Table 1). According to this result, the weight percent of metal oxides on cellulose increased, confirming that the iron nanoparticles were successfully incorporated. Other than iron, different compounds were identified, such as MgO, SiO2, P2O5, SO3, and Cl (Table 1). Inorganic material in wood is found as carbonates, oxalates, silicates, phosphates, and sulfates; or organized as carboxyl groups in the cellulosic materials [78].



Generally, tropical woods contain inorganic salts of calcium, potassium, and magnesium [78,79]. Mineral transport into the plants can occur through natural routes from the soil, where minerals are in abundance. Silica, phosphorus, magnesium, and potassium components of biomass contribute to the plant´s rigidness, growth, and posture [78,80,81]. Sulfur oxide is attributed to cooking Kraft pulp in the composition of the reagents in the white liquor. Chlorine can be attributed to the reagent used (FeCl3) in the nanoparticle synthesis process [82,83,84]. The inorganic substances found contributed to the various chemical reaction processes that took place during the synthesis of the composite, such as carboxymethylation, oxidation, hydrolysis, and sulfonation.




3.2. Adsorption Experiments


3.2.1. Kinetics


The adsorption kinetics results are shown in Figure 9. The adsorption kinetics of Pb(II) and Cd(II) ions in FeNP/NFC were significantly different. Cd’s adsorption in the initial stage was very fast in the first 5 min, where 22% of the total cadmium elimination was obtained. Still, it gradually slowed down and finally reached equilibrium with a maximum efficiency of 32%. In the case of Pb, the adsorption capacity was slow in the first 5 min, rapidly increased between 5 and 20 min, and then slowed down—being more constant up to 75 min (with adsorption of 40%). This adsorption system had an efficiency above 58%. The equilibrium time was selected after 150 min for both cations, and it was ensured that the adsorption equilibrium was reached in later experiments.



The adsorption phenomenon occurs at the surface, where the transport process and the diffusion of the adsorption are carried out between the film and the adsorbent. Moreover, the second phase is characterized by a slow adsorption rate due to the ions’ slow diffusion and surface phenomena, which indicates the rate-limiting step and the type of adsorption governing the system. The effective adsorption area on the adsorbent’s surface has many vacant bonding sites for the metal ions, and all resulted in easy adsorption. As adsorption proceeded, the concentration of metal ions and active sites decreased, resulting in a lower adsorption rate when the systems reached equilibrium.



The adsorption kinetic data were fitted to Pseudo-first-order, pseudo-second-order, and Elovich models. The correspondent parameters for each model are shown in Table 2. The high correlation coefficient values (R = 0.9858) obtained by the pseudo-first-order model for Pb adsorption indicates that sorption occurs exclusively at one site per ion and involves physisorption. This model suggests that the adsorption is superficial, and one solute molecule is adsorbed at one defined specific site. These sites were made up of the same type of functional groups. For both adsorption kinetics, the calculated values (qecalc) and experimental values (qe exp) were similar. The theoretical or estimated values are considered the adsorption capacity calculated by kinetic modeling. Thus, qe calc from the pseudo-first-order model resulted in 0.1348 mg/g for Cd and 0.3401 mg/g for Pb. Adsorption capacity experimental values (qe exp) were obtained from the experimental data graphs (Figure 9). Consequently, qe exp for Cd sorption was 0.1513 mg/g and 0.3109 mg/g for Pb.



The pseudo-first-order model can only be applied to describe the initial stage of adsorption. However, the pseudo-second-order model can predict the entire period of the adsorption behaviors. Therefore, the pseudo-second-order model can describe the adsorption behavior of the ions studied. In this model, the individual molecules join in two adsorption sites of the surface. They indicate that the sorption processes are entirely controlled by chemical processes and highlight their particularity in the electrical charge during equilibrium, such as the exchange of electrons or covalent forces.



According to the pseudo-second-order model constant (K2), it can be observed that the adsorption rate is higher for Cd (K2 = 0.4486 1/min) than for Pb (K2 = 0.0170 1/min). This fact corroborates the differences found for both cations’ adsorption kinetics, Cd, which implies a different equilibrium reaction for Cd compared to Pb. Cd’s kinetic reaction rate indicates that it is only involved with the functional groups on the external surface. Pb’s kinetics consist of multiple slow reactions between the outer surface and the material’s internal pores. Additionally, the adsorption of Cd ions by the adsorbent was described with the Elovich equation (R = 0.9895). However, when the Elovich model fitted Pb data, low correlation coefficients were observed. This model indicates that the adsorbent’s active sites are heterogeneous and exhibit different activation energies, based on a second-order reaction mechanism for a heterogeneous reaction process. Consequently, this model suggests that Cd removal occurs by a chemisorption process concerning the transfer or exchange of electrons, taking into account the metal’s oxidation state and the possible formation of complexes involved in it [85].




3.2.2. Isotherms


Figure 10 shows the adsorption isotherms of Cd in FeNP/NFC at different temperatures. Considering the Langmuir, Freundlich, and Langmuir–Freundlich models presented, the three models had a good fit for the three different temperatures, with R values > 0.9700 (Table 3). However, in solid–liquid systems, many factors come into play, such as hydration forces, mass transfer, etc., which makes it more complicated to define equilibrium behavior in a sorption system, and obeying a single isotherm does not fully reflect the entire adsorption process. Moreover, the isotherm’s suitability may be affected by experimental conditions, mainly the solute’s concentration range. Both Langmuir and Freundlich isotherms may adequately describe the same set of liquid–solid adsorption data at specific concentration ranges. The Langmuir–Freundlich isotherm model gives information about the adsorption on homogeneous and heterogeneous surfaces with the possibility of multilayer adsorption.



The Langmuir model was the one that best described all the isotherms of Cd at 25, 30, and 40 °C, with adsorption capacities of 21.233, 34.999, and 46.697 mg/g for each temperature, respectively. The Langmuir model was used to describe the monolayer adsorption at the adsorbent’s surface, considering the similar types of vacancies and similar forces binding Cd molecules to the adsorbent’s surface. The value of b in the Langmuir model suggests that the isotherm was favorable (0 < b < 1). In this context, the low b values reflect that adsorption is favorable: b > 1 is unfavorable, b = 1 is linear, 0 < b < 1 is favorable or b = 0 is irreversible. In this case, the respective b values for each evaluated temperature indicate that the adsorption process was favorable [12,86]. The Langmuir equation is valid for monolayer sorption onto a completely homogeneous surface with a finite number of identical sites and little interaction between adsorbed molecules. This fact means that once a metal ion occupies a site, it cannot have another place for adsorption, so the adsorption behavior is gradually reflected in the different tested concentrations of Cd.



Lead (Pb) isotherm data were also fitted to the same models mentioned above. The results are shown in Figure 11. It was noticed that the Langmuir–Freundlich model best described such data at 25, 30, and 40 °C, according to their correlation coefficients (R), shown in Table 3. This model describes the equilibrium relationship between adsorbate binding and heterogeneous or homogeneous surfaces [72]. These surfaces have spaces with different forces, where the adsorbate molecules bind to the surface. The isotherm at high solute concentrations indicated a duality of both monolayer and multilayer adsorption [72]. This fact reinforces the idea that the governing mechanism is more complicated for Pb (II) than for the weak bond of Cd (II). As a result, a Q0 cal value of 467.307 mg/g was obtained for the Pb system at 25 °C, and the Q0 cal values at 30 and 40 °C were 956.02 and 357.549 mg/g, respectively, as shown in Table 3. Some discrepancies regarding Q0 can be observed at 30 and 40 °C because of the relatively low R coefficients obtained in the Langmuir model’s fittings in such cases. These results complement together with the Freundlich model, so the adsorption intensity (n) was always <1 for Pb adsorption cases (Table 3). These values (0 < n < 1) indicated favorable adsorption. These facts support that the lead adsorption was superficial and multilayered, considered as a heterogeneous adsorption type. Additionally, the adsorption mechanisms varied depending on the solution’s concentrations. In this context, it is essential to emphasize that the FeNP/NFC composite can be considered highly efficient in removing Pb ions from aqueous solutions under these experimental conditions.



Polymers are heterogeneous materials containing sorption sites with various binding affinities and selectivities [45]. Hence, it can be suggested that the FeNP/NFC adsorbent has a heterogeneous surface, and Pb and Cd sorption onto this composite may present a multilayer behavior. The adsorption capacity of FeNP/NFC increased as the solute concentration rose until it reached the highest adsorption capacity. An increase in experimental adsorption capacity (qe exp) was observed in high-temperature conditions (Table 3) for both ions.



Previous studies indicated three explanations in the absorption behavior of specific metallic ions towards the adsorbent: radio, electronegativity, and charge [87]. It can be inferred from the results that the order of heavy metal ion removal efficiency under the experimental conditions was as follows: Pb(II) > Cd(II). The sizes of the ionic radius of the elements that are Pb (0.119 nm) > Cd (0.095 nm) should be taken into account. However, some studies conclude that the order of adsorption efficiency is due to the hydrated ionic radius of Pb (0.45 nm) < Cd (0.5 nm), highlighting a relatively smaller lead ion compared to cadmium. In aqueous solutions, ions form hydrate complexes with water, thus increasing the ionic size. Therefore, hydrated ions are transported to the surface of the material and diffuse into the pores [87,88,89].



The electronegativity is higher for lead ions (1.87–2.34) compared to cadmium (1.69). Phenomena, such as electrostatic interactions, covalent bonds, and ion exchange, could occur at the cellulose wall where cation bonding takes place. Adsorption or chelation involving hydroxyl functions, close to carboxylates or iron nanoparticles (-FeO, -FeOH), can increase the cation binding level [87].



The pH is an important parameter influencing the adsorption process at the water–sorbent interfaces. However, Pb and Cd’s adsorption on this adsorbent is independent of the pH according to the zeta potential results of the material. As mentioned above, the solution’s pH is reduced after the sorption process; this occurs because the deprotonation of the acidic functional groups of the adsorbent releases H3O+, allowing the metal cations to be adsorbed. The final pH value, obtained after the sorption experiments, was 3.6. Cd and Pb’s removal by adsorption, reported in the literature, ranges from 3 to 8 for this type of sample [73,74]. Therefore, all further kinetic adsorption experiments were performed at a pH of 5.



Some polymers have shown that various surfaces are nonionogenic and acquire a negative charge in aqueous solutions. It has been shown that the electrokinetic charges of polymer surfaces become more negative as surface hydrophobicity increases. FeNP/NFC contains carboxyl (-COOH) and hydroxyl (-OH) functional groups as part of their polymer structures. Therefore, the negative electrokinetic charge acquired in the material can be explained by the dissociation of the mentioned functional groups [90]. The zeta potential was negative in all the pH values investigated; thus, this material can help remove Cd and Pb in some chemical species present in the solution. Both metals have the same charge (+2). It makes adsorption favorable in the system under study, though it depends on the chemical species present. Cadmium exists as a different form of Cd2+, Cd(OH)+, Cd(OH)2, and Cd(OH)3− at different pH values. At pH < 8.0, the predominant Cd species are Cd2+ [91]. Furthermore, Pb has a different form in aqueous solution at different pH values, such as Pb2+, Pb(OH)+, Pb(OH)2, Pb(OH)3−, and Pb(OH)42−. Pb2+ is the dominant species under acidic conditions because the Pb2+ and Cd2+ ions begin to hydrolyze and then form a minimal amount of other chemical species. Some of these species could be unfavorable for adsorption on negatively charged materials at pH < 3 in solution, so a value of 5 as the initial pH was selected for all adsorption experiments. The intense competition between hydronium ions and cations (Cd or Pb ions) decreases the metal ion interaction with the sorbent’s binding sites by greater repulsive forces.



According to the Giles classification [92], sorption isotherms of Cd at 25, 30 and 40 °C can be included in S-type subgroup 2 (S-2). This fact indicates cooperative or complex adsorption with molecules that tend to be adsorbed in rows or groups. In celluloses, where free radical ions were involved in the adsorption, such as those present in this adsorbent, the solutes formed bonds with aromatic nuclei or their surroundings. Similarly, for the Pb isotherms at 25, 30, and 40 °C, the S-2 type can be described. The shapes of isotherms suggested one orientation of the adsorbed molecules stacked on the adsorbent’s surface. The polymeric hydrocarbons in this material clearly cannot have simple surfaces because of their complex three-dimensional structures. Nevertheless, they produce S-curves. The cause is not, in this case, competition with water in the solvent, but it is possibly promoted by some form or interlocking of the adsorbed molecules [92,93]. Being classified in subgroup 2 indicates that monolayer capacity has reached its maximum. The plateau’s height determines the surface cover for each solute molecule; additionally, electrostatic forces were involved in the adsorption. As seen in Figure 11, the length of the plateau showed an exposed surface, which easily attracted Cd and Pb ions. In nearly all cases, the isotherms have the S-shape. The adsorption sites appear to be isolated and negatively charged atoms.



A comparison of the maximum experimental adsorption capacities with similar adsorbents are shown in Table 4 for Cd and Pb. Differences in experimental conditions have been considered when comparing with other adsorbents. The advantage of using FeNP/NFC as an adsorbent is significant, and it can be observed that, compared with the other materials, it is highly efficient for removing Cd and, especially, Pb ions.



The adsorption capacities of synthesized nanocomposites in this study can be compared to other available adsorbents. Prasher et al. [94] indicated that the Pb(II) adsorption capacity obtained for the red algae biosorbent was superior compared to Cd(II) under similar experimental conditions. In some studies, this sorption behavior was also explained by the concepts of ionizing radio, electronegativity, and ion charge.
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Table 4. Cd and Pb adsorption capacities of different adsorbents.
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Adsorbent

	
qe exp. (mg/g)

	
Temperature (°C)

	
pH

	
Adsorbent Mass (g)

	
Solution Volume (mL)

	
Reference




	
Cd

	
Pb






	
FeNP/NFC

	
12.538

	
81.406

	
25

	
5

	
0.05

	
10

	
This study




	
13.737

	
89.221

	
30

	
5

	
0.05

	
10




	
14.489

	
89.088

	
40

	
5

	
0.05

	
10




	
Magnetic Bauhinia

	
0.83

	
14.14

	
25

	
5

	
2

	
50

	
[4]




	
purpurea (Kaniar)

	
0.86

	
1.02

	
30




	
powders

	
2.20

	
1.35

	
40




	
Biochar (waste agro-industry) FeSO4·7H2O

	
38.3 to 75.3

	
179-311

	
25

	
5

	
0.04

	
20

	
[95]




	
Banana peels

	
5.71

	
2.18

	
25

	
3

	
1.5

	
50

	
[96]




	
Polymer-modified magnetic nanoparticles

	
29.6

	
3.103

	
25

	
1 to 8

	
0.05

	
50

	
[97]




	
Chitosan/iron oxide nanocomposite

	
4.106

	
3.795

	
25

	
3

	
0.05

	
20,000

	
[98]




	
Sugar beet pulp

	
0.98

	
1.00

	
25

	
5

	
0.4

	
20

	
[99]




	
Sawdust (Fe3O4/SC)

	
63

	
--

	
27

	
6.5

	
0.4

	
50

	
[100]




	
22

	
--

	
1.2




	
25

	
--

	
2




	
Fe3O4 nanoparticles onto cellulose acetate nanofibers

	
--

	
44

	
27

	
6

	
0.1

	
50

	
[101]









Biochar from agro-industrial wastes (nut shield, wheat straw, grape stalk, grape husk, and plum stone) was evaluated by Trakal et al. [95]. The results indicated that this material was strengthened after Fe oxide impregnation, increasing Cd and Pb sorption capacities. Such higher capacities were attributed to the surface complexation of metals with carboxyl and hydroxyl functional groups. In this case, Pb’s adsorption capacity was higher than that of Cd, with different experimental conditions.





3.3. Thermodynamic Parameters


The analysis of these parameters allows the estimation of the feasibility of the adsorption process and the effect of temperature. The results of ΔH and ΔS were obtained from the slope and intercept of the graph lnKc versus 1/T (Figure 12), using isotherm data. Parameters ΔG°, ΔH°, and ΔS° for the metal ions adsorption with FeNP/NFC are listed in Table 5.



The negative values of ΔG indicate a spontaneous reaction of the adsorption process for the FeNP/NFC. However, only a slight decrease in Pb and Cd maximum adsorption capacities was observed as temperature increased. Therefore, a large amount of heat was consumed for the Pb and Cd ions to transfer from water into the surface of FeNP/NFC [26]. The ΔH° results are negative for both cations, indicating that the adsorption process is exothermic; the values of ΔH° < 0 and ΔS > 0 imply that it is spontaneous at all temperatures. The positive value of ΔS suggests an increased disorder in the system during the process of adsorption. A redistribution of energy between the heavy metals and FeNP/NFC occurred, which suggests increasing randomness with structural or solvation changes occurring at the solid/liquid interface [4]. Acidic functional groups in the adsorbent, such as carboxylic and carboxylate, decreased. The solvent–sorbent interactions were similar; therefore, the change in entropy decreased [59].




3.4. Adsorption Mechanism


A possible mechanism of nanoparticle formation is illustrated in Figure 13. Ferric chloride hexahydrate hydrolyzes to form the ferric hydroxide, releasing H+. The leaves extract partially reduces the ferric hydroxide to form NPs. Small Fe2O3 crystals were formed and placed at the coordination sites in a monodisperse form on the carrier. Physical or thermodynamic principles can also contribute to nanocrystals’ self-assembly [3]. They can provide heterogeneous coordination or nucleation sites needed to form complexes with the ion. The aldehyde groups of the extract oxidize the cellulose material’s corresponding structures [102,103]. The predominant flavonoids and polyphenols identified in the Moringa leaf extracts include rutin, kaempferol or isorhamnetin, isothiocyanates, chlorogenic acid, and quercetin-malonyl-glucoside. All these processes contribute to metal ion reduction [39,52]. The free radical scavenging activity of Moringa oleifera Lam leaf has been reported to be higher than synthetic antioxidant counterparts such as butylated hydroxytoluene (BHT), rutin, and ascorbic acid [51].



Cellulose nanofibers (NFCs) contain cellulose, simple sugars, and carbonaceous compounds that can bind to heavy metals. In nanoparticle synthesis, various compounds such as secondary metabolites and phytochemicals (phenolics, flavonoids, and fatty acids) have been introduced; these contribute to the metals’ adsorptions. The significant importance of the polymeric matrix support and the nanoparticles’ green synthesis processes can be attributed to carbonyl’s complexation capacity with the metal ions. Therefore, it is observed that carbonyls are partially converted into carboxylic anions [97]. The FTIR confirmed this conversion in NFC and FeNP/NFC samples where functional groups such as carbonyl (-C=O), carboxylate (-COO), carboxyl (-COOH) in the range from 1000 to 1640 cm−1 are shown. These functional groups contribute to the adsorption mechanisms in the CdRM and PbRM samples of the FTIR spectra. They showed a significant reduction in the 1270, 1268, and 1610 cm−1 peaks of the carboxyl group (-COOH). Other groups also participated, such as the sulfonic group (-SO) with a band at 1059 cm−1, iron hydroxide group (-FeOH) at 1023 cm−1, and iron oxide group (-FeO) at 601 cm−1.



The overall mechanism is a solid–liquid interfacial reaction, where Cd2+ and Pb2+ are represented as the metal ions (M2+), Figure 14:



The mechanism for removing Pb2+ and Cd2+ ions was adsorption onto metallic oxides and nonmetallic sites through ion exchange, electrostatic bonds, and hydrogen bridge bonds. Some oxides (MgO, SiO2, SO3, Fe2O3) cause ligand chelation due to oxygen in the range from 4.5 to 5 pH used in these experiments (Figure 14b). The negative charge of the adsorbent, independently of the solution’s pH, helps in the adsorption of these ions. These factors contribute to the formation of internal and external complexes by the various hydroxyl (-OH) groups present in the material, as shown in Figure 14c,d [56]. Electrostatic interactions would only occur with the weakest bound cations (Figure 14a). Hydroxyl (-OH) groups close to carboxyl (-COOH) groups would participate in the complexation of the highly bound cations and allow at least two functional carboxyl groups to contain a divalent cation.



The inner-sphere complex is formed by a covalent bond between the oxide’s oxygen on the adsorbent’s surface (-FeO) or the polymer’s oxygen with the metal ion (M2+). These possible mechanisms cause the loss of protons to the solutions, reducing the pH. Monodentate and bidentate complexes are formed depending on the presence of hydroxyl groups (Figure 15). The outer-sphere complex is formed when water is present between the adsorbed metal ion and the hydroxyl group on the iron (Fe-OH) surface. This complex can be distinguished because the bond is weaker than the inner-sphere complexes that form an electrostatic bond between the metal ions and the functional groups on the surface [3].



The Kraft pulping and acid hydrolysis processes formed the anionic sulfonated cellulose derivatives, where the oxidation of the cellulose and sulfonation with the reagents used in these processes occurs. Material modifications, such as mercerization or sulfurization, increase the adsorption capacity of lignocellulosic materials. Sulfonated nanocelluloses have a large number of binding sites due to the different surfaces observed in the material. The participation in the adsorption of the sulfonic groups was important, as well as the carboxyl or hydroxyl groups. Sulfur forms complexes with ligands with a more covalent character instead of ionic, where metal ions (M2+) bind with two oxygenates to form complexes, as illustrated in Figure 16a:



The exchange of metal ions (M2) with H+ ions of hydroxyl groups on the surface occurs because the cations in the aqueous solutions are hydrated; therefore, they are attracted to the surface’s functional group of interest. Mg2+ can participate in the adsorption. This result indicates that the magnesium ions, which were part of the MgO crystals in the FeNP/NFC composite, exchange with the M2+ during adsorption—Figure 16b [67]. As with many other adsorbent materials, there is the possibility that two or more mechanisms are involved in adsorption, as there are several active groups in FeNP/NFC.



The amino group on NFC, as mentioned above, influences the mechanism of lead removal. Metal ions can interact and bind with two binding sites on the surface [104]. There seems to be a significant impact on the ionization ability of –NH by pH, which affects the adsorption capacity of target ions. H+ concentration is high in solution when pH is low; thus, –NH of material is protonated in this environment. This behavior will enhance the electrostatic attraction of anions, further increasing target ions’ adsorption capacity [105].





4. Conclusions


Having Fe nanoparticles on the FeNP/NFC composite improved Cd and Pb selectivity during removal processes. The various chemical reaction processes (carboxymethylation, oxidation, hydrolysis, and sulfonation) occurred during the Kraft process, and acid hydrolysis increased the composite’s heterogeneous surface. The chemical structure of the FeNP/NFC surface (adsorption sites and hydroxyl coordination) depends on the oxides’ morphologies and the crystal structure. The high content of minerals or inorganic substances does not interfere with the adsorption process; otherwise, they helped to functionalize the material and diversify the adsorption mechanisms. Cd and Pb ions’ speciation in an aqueous solution at pH 5 affects and determines the charge that will allow adsorption. As seen in the zeta potential results, the composite is negatively charged, so cations were easily adsorbed. Cd and Pb sorption mechanisms are related to electrostatic interactions, hydrogen bonding, and ion exchange with biopolymer structures. The strong electrostatic interactions between the -OH ions and the carboxyl groups were essential to form inner-sphere and outer-sphere complexes in the material. The thermodynamic results indicate that both processes have exothermic reactions which are irreversible and stable. The pseudo-first-order model describes Pb sorption kinetics well. Still, the Elovich equation was also a good model to describe Cd sorption kinetics. Based on the adsorption capacities obtained in this study, FeNP/NFC can be considered as a highly efficient adsorbent to remove these ions from aqueous solutions, particularly for Pb.
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Figure 1. Scanning electron microscopy (SEM) micrographs of Cellulose nanofibers (NFCs): (a) X1000, (b) X15,000, (c) X20,000; iron nanoparticles and cellulose nanofibers (FeNPs/NFCs): (d) X1000, (e) X1500. 
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Figure 2. Elemental mapping of FeNP/NFC samples after adsorption of (a) lead (Pb) and (b) cadmium (Cd). 
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Figure 3. Spot analysis of composite samples after adsorption of (a) Pb and (b) Cd. 
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Figure 4. Fourier Transform Infrared Spectroscopy (FTIR) spectra of NFC and FeNP/NFC samples. 
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Figure 5. FTIR spectra of FeNP/NFC, adsorbent after Pb adsorption (PbRM) and after Cd adsorption (CdRM). 
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Figure 6. Zeta potential (ZP) of FeNP/NFC composite. 
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Figure 7. X-ray Diffraction (XRD) patterns of the FeNP/NFC, prepared with Moringa leaf extract. 
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Figure 8. Energy Dispersive X-ray Fluorescence (EDXRF) spectrum of the FeNP/NFC composite. 
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Figure 9. Cd and Pb adsorption onto FeNP/NFC composite as a function of time. 
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Figure 10. Cd adsorption isotherms onto FeNP/NFC composite at 25, 30, and 40 °C. 
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Figure 11. Pb adsorption isotherms onto FeNP/NFC composite at 25, 30, and 40 °C. 
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Figure 12. Van’t Hoff’s equation model for (a) Cd, and (b) Pb. 
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Figure 13. Schematic diagram of iron nanoparticle formation. 
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Figure 14. Metal ion (M2+) adsorption mechanisms on composite adsorbent: (a) electrostatic interactions, (b) ionic bond formation, (c) internal sphere complexes formation, (d) external sphere complexes formation. [3,56,85,102,103]. 
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Figure 15. Scheme of adsorption mechanisms on FeNP/NFC. 
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Figure 16. Adsorption mechanism on FeNP/NFC: (a) sulfur forms complexes and (b) ionic bonds. 
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Table 1. Composition of oxide groups in iron nanoparticles and cellulose nanofibers (FeNPs/NFCs).
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Formula




	
Concentration (%)




	
Formula

	
Concentration (%)






	
MgO

	
13.55




	
SiO2

	
20.65




	
P2O5

	
24.04




	
SO3

	
3.68




	
Cl

	
5.26




	
Fe2O3

	
32.81
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Table 2. Parameters of kinetic models for cadmium (Cd) and lead (Pb) adsorption onto FeNP/NFC.
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Model

	
Parameters

	
Metal Ions




	
Cd

	
Pb






	

	
qeexp.1 (mg/g)

	
0.1513

	
0.3109




	
Pseudo-first-order

	
KL (1/min)

	
0.2445

	
0.0220




	
qecalc. (mg/g)

	
0.1348

	
0.3401




	
R

	
0.9197

	
0.9858




	
Pseudo-second-order

	
K2 (1/min)

	
0.4486

	
0.0170




	
qecalc. (mg/g)

	
0.2937

	
0.7781




	
R

	
0.9611

	
0.9734




	
Elovich

	
a (1/min)

	
0.8112

	
0.00478




	
b (mg/g)

	
59.077

	
2.4590




	
R

	
0.9895

	
0.9204








1 Obtained from experimental data.
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Table 3. Parameters of kinetic models for Cd and Pb adsorption onto FeNP/NFC.
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Model

	
Parameters

	
Metal Ions




	
Cd

	
Pb




	
25 °C

	
30 °C

	
40 °C

	
25 °C

	
30 °C

	
40 °C






	

	
qeexp.1 (mg/g)

	
12.538

	
13.7377

	
14.4896

	
81.4064

	
89.2212

	
89.0882




	
Langmuir

	
Q0calc. (mg/g)

	
21.233

	
34.999

	
49.697

	
467.307

	
956.02

	
357.549




	
b

	
0.0040

	
0.0014

	
0.0010

	
0.0131

	
0.0084

	
0.0263




	
R

	
0.9789

	
0.9929

	
0.9924

	
0.9149

	
0.7274

	
0.7294




	
Freundlich

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

	
0.2601

	
0.0922

	
0.0775

	
4.1092

	
0.7209

	
1.4545




	
n

	
1.5275

	
1.2117

	
1.1443

	
0.8916

	
0.4163

	
0.5055




	
R

	
0.9617

	
0.9895

	
0.9891

	
0.9262

	
0.9180

	
0.8707




	
Langmuir–Freundlich

	
KLF (mg/g)(L/mg)1/nLF

	
0.8453

	
1.0635

	
0.2825

	
0.17961

	
0.3134

	
0.2995




	
aLF (mg/L)

	
1 × 10−4

	
2 × 10−6

	
3 × 10−6

	
0.1394

	
0.1223

	
0.1511




	
nLF

	
0.4763

	
0.4052

	
0.6554

	
3.1486

	
3.0864

	
3.2310




	
R

	
0.9234

	
0.8864

	
0.9731

	
0.9934

	
0.9390

	
0.9040








1 Obtained from experimental data.
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Table 5. Thermodynamic parameters for Pb and Cd adsorption on FeNP/NFC.
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Metal Ions

	
ΔG° (kJ/mol)

	
ΔH° (kJ/mol)

	
ΔS° (KJ/mol K)




	
25 °C

	
30 °C

	
40 °C






	
Cd

	
−64.339

	
−64.904

	
−66.031

	
−30.701

	
0.1128




	
Pb

	
−73.704

	
−74.250

	
−75.339

	
−41.222

	
0.1089
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