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Abstract

:

In the present investigation, green nano-zerovalent copper (GnZVCu), activated carbon (AC), chitosan (CS) and alginate (ALG) nanocomposites were produced and used for the elimination of chromium (VI) from a polluted solution. The nanocomposites GnZVCu/AC-CS-alginate and AC-CS-alginate were prepared. Analysis and characterization were performed by the following techniques: X-ray diffraction, energy dispersive X-ray spectroscopy, scanning electron microscopy, transmission electron microscopy and Fourier transform infrared spectroscopy. The SEM analysis revealed that the nanocomposites are extremely mesoporous, which leads to the greatest adsorption of Cr+6 (i.e., 97.5% and 95%) for GnZVCu/AC-CS-alginate and AC-CS-alginate, respectively. The adsorption efficiency was enhanced by coupling GnZVCu with AC-CS-alginate with a contact time of 40 min. The maximum elimination of Cr+6 with the two nanocomposites was achieved at pH 2. The isotherm model, Freundlich adsorption isotherm and kinetics model and P.S.O.R kinetic models were discovered to be better suited to describe the exclusion of Cr+6 by the nanocomposites. The results suggested that the synthesized nanocomposites are promising for the segregation of Cr+6 from polluted solutions, specially the GnZVCu/AC-CS-alginate nanocomposite.
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1. Introduction


The potential risk of heavy metal pollution to the environment has been arousing increasing public anxiety due to its extensive occurrence [1]. One of the most common contaminants is chromium, which is found in industrial wastewaters resulting from activities such as electroplating, metal finishing, leather tanning, textile activities and steel fabrication [2,3]. Moreover, it contaminates surface waters and groundwaters [4]. Naturally, Cr(VI) is present in two stable oxidation states, the first is Cr(VI) (hexavalent) and the second is a Cr(III) (trivalent) state. The first is much more toxic than the second [5,6]. Cr(VI) is considered harmful to humans when its concentration exceeds 0.05 mg·L−1 in drinking water [7]. Consequently, it is necessary to eliminate Cr(VI) anions from contaminated water [8]. Adsorption, chemical precipitation, biological reduction; ion exchange and adsorption are treatment processes that have been studied for Cr(VI) elimination [9,10,11].



Nowadays, using biomaterials as adsorbents is desirable due to their low cost and simple convenience [12]. For example, biopolymers are extensively applied in water-treatment owing to their wide variety of uses, biodegradability and ecological nature for instance [13]. Sodium alginate and chitosan are biopolymers with exclusive properties, for example hydrophilicity, biocompatibility, and non-toxic nature. Chitosan and alginate are polyelectrolyte polymers of opposite charges [14] and chosen as a source of biomaterial for the elimination of Cr+6.



Chitosan, a cationic, a hydrophilic polymer is obtained from chitin by deacetylation of aminoacetyl groups. Chitin is a major component of crustaceans’ shells, fungal cell walls and insects’ cuticle [15]. Alginate (ALG) is an anionic biopolymer that has receivedfurther consideration lately. It was studied as an adsorbent material for the elimination of water pollutants [16]. Because of itss properties such as hydrophilicity, biodegradability, and abundance in Nature, alginate is favored over other materials. Furthermore, the existence of carboxylate groups (–COOH) in alginate offers the capability to form complex multivalent ions. ALG has been modified into several forms with chitosan [17], cellulose, polyurethane, and activated carbon to improve its sorption capability for heavy metals removal from aqueous solutions and heavy metals have been successfully removed using a chitosan and sodium alginate composite [18].



Simultaneously, activated carbon has been used in environmental treatments because of the following properties: high surface area and functional groups [19]. For these reasons, activated carbon is ofterbcombined with composites for water treatment. Moreover, GnZVCu is added to activated carbon AC, CS and ALG to increase stability and efficiency. The green nZVCu is specifically chosen due to its catalytic activity and non-toxic nature [20]. The GnZVCu coupled with AC, CS and ALG were studied for the elimination of chromium Cr+6 from contaminated water.



The purposes of this study were to establish some new environmentally-friendly green nZVCu nanocomposites (i.e., GnZVCu/AC-CS-alginate and AC-CS-alginate). The analysis and description of the nanocomposite was performed using the SEM, XRD, EDX, TEM and FTIR techniques to investigate the adsorption capacity of the newly synthesized nanocomposites for hexavalent Cr+6. The chromium Cr+6 concentration was measured by a UV spectrophotometer. Different isotherm adsorption, kinetic models and thermodynamic parameters have been investigated to examine the adsorption process of chromium Cr+6 on the synthesized nanocomposites.




2. Results


2.1. Investigation of the Materials’ Properties


2.1.1. Fourier Transform Infrared Spectroscopy Study


Figure 1 shows the Fourier transform infrared (FTIR) spectrum of the GnZVCu/AC-CS-alginate and AC-CS-alginate nanocomposites; before and after chromium Cr+6 adsorption. The broad peaks observed between 3200 and 3500 cm−1 were attributed to the intermolecular-hydrogen bonded O-H and N-H groups of chitosan, alginates and activated carbon in the nanocomposites [21]. The bands at 1619 and 1635 cm−1, are ascribed to C-C and C-O vibrations in the activated carbon and alginate, respectively. The expected peaks over 1620–1610 cm−1, ascribable to the amide groups of chitosan cannot be observed [22], because they are overlapped by the stronger COO- band of alginate [23]. The peaks observed at 1334 and 1031 cm−1 suggest the existence of OH bending and C-O stretching vibrations [24]. The non-appearance of the band related to the amine group (1160 cm−1) in the GnZVCu/AC-CS-alginate and AC-CS-alginate nanocomposites spectra validates the development of electrostatic-interactions between chitosan’s amino-groups (NH3+) with a positive charge and alginate’s carboxylic units (COO-) with a negative charge [25]. As demonstrated in Figure 1B, in Cr-sorbed GnZVCu/AC-CS-alginate, it was noticed that the -OH or NH2 stretching vibration bands at 3444 cm−1 moved to 3426 cm−1. This suggests the establishment of hydrogen bonds between the hydrogen atoms on the NH2 groups and O atoms of the oxyanionic Cr(VI) species [26]. In the meantime, the slight movement of the peak related to the (-COO) peak from 1635 to 1637 cm−1 is suggestive of interactions between (-COO) groups and Cr(VI). Meanwhile, Figure 1B recorded after Cr(VI) adsorption illustrates a slight shifting in the peaks seen at 1383 and 1031 cm−1 to 1384 and 1032 cm−1 indicative of interactions between the sorbent and Cr(VI). The previous dislocations describe the electrostatic-interaction between Cr(VI) and COO, OH, NH3+ groups. The wavenumbers (cm−1) for the dominant peaks from the FTIR study for Cr(VI) adsorption are listed in Table 1.




2.1.2. X-ray Diffraction Study


X-ray diffraction (XRD) analysis facilitates the determination of the crystalline or amorphous nature of the synthesized nanocomposites. The formation of the GnZVCu/AC-CS-alginate and AC-CS-alginate nanocomposites is displayed in Figure 2. The XRD analysis of the synthesized (GnZVCu/AC-CS-alginate shows a short broad peak obtained at 2θ = 23.5°. On comparing the XRD patterns, it was found that the hump appeared in GnZVCu/AC-CS-alginate XRD pattern indicates the composite is an amorphous material. The GnZVCu is a key factor in the accessibility to internal sites. Many studies have shown that decreasing the crystallinity causes an improvement in the heavy metal sorption properties [27]. From the observed results it is evident that the GnZVCu/AC-CS-alginate has a more amorphous nature which make it suitable for the adsorption process.




2.1.3. Morphology and Elemental Composition of the Materials


The morphology and elemental composition of the synthesized GnZVCu/AC-CS-alginate and AC-CS-alginate nanocomposites before and after binding with Cr+6 were investigated. Figure 3 illustrates the surface morphology of all the synthesized nanocomposites, that were discovered to be rough and porous. The nanocomposite surfaces also displayed a significant number of widespread holes of various sizes. The surface properties, rough, porous and wide spaces are ascribed to the molecular diffusion [22]. Consequently, the synthesized porous nanocomposites will facilitate the high removal of Cr+6 from contaminated waters [28]. The surface morphologies of the (GnZVCu/AC-CS-Alginate) and (AC-CS-Alginate) nanocomposites were similar, as shown in Figure 3B. The Cu containing nanocomposite(GnZVCu/AC-CS-Alginate) shows nanostructures of Cu on its surface (Figure 3B,D).



Energy dispersive X-ray (EDX) evaluation confirmed the adsorption of Cr+6 ions on the nanocomposites’ surfaces. The EDX analysis of (GnZVCu/AC-CS-Alginate) and (AC-CS-Alginate) nanocomposite before and after binding with Cr+6 are shown in Figure 4. The EDX analysis of the (AC-CS-Alginate) and (GnZVCu/AC-CS-Alginate) nanocomposites before adsorption reveals peaks related to the elements carbon, oxygen and calcium (Figure 4A,C). Moreover, the EDX data verifies the existence of elemental Cu in the (GnZVCu/AC-CS-Alginate) nanocomposite. After adsorption, the EDX analysis proves the presence of chromium element in both composites. Thus, EDX verifies the trapping of Cr+6 ions on the (GnZVCu/AC-CS-Alginate) and (AC-CS-Alginate) nanocomposites surfaces via chelating and other linkages creating coordinated bonds.




2.1.4. TEM Analysis


The TEM results of green nano-zerovalent copper (GnZVCu), (GnZVCu/AC-CS-Alginate) and (AC-CS-Alginate) nanocomposites are displayed in Figure 5. In the TEM image of green nano zerovalent copper (GnZVCu), it is obvious that the GnZVCu nanoparticles are reduced in size to a range from 5 to 15 nm and are homogenously dispersed with less accumulation. The TEM of (GnZVCu/AC-CS-Alginate) and (AC-CS-Alginate) nano-composites in Figure 5B,C display a dense and porous structure with a particle size of 8–16 and 6–10 nm, respectively. It is clear that when (GnZVCu) is added to (AC-CS-Alginate) nanocomposite, the mean particle size was slightly increased.





2.2. Performance of the Nano-Composites in the Removal of Cr+6


2.2.1. Effect of pH on the Nanocomposite Performance


The influence of pH on the (GnZVCu/AC-CS-Alginate) and (AC-CS-Alginate) nano-composites’ adsorption capacity was examined as the pH was varied from 2 to 8. The results in Figure 6A show that a high adsorption capacity of Cr+6 (96% and 94%) happens at low pH values for (GnZVCu/AC-CS-Alginate) and (AC-CS-Alginate) nanocomposites, respectively. Several investigators have recorded similar findings [29,30], whereby the maximum removal of Cr+6 occurred in an acidic medium at pH 2 and decreased after that. The explanation might be an increase in the electrostatic interaction between Cr+6 and the nanocomposites at pH 2. The most possible structures of Cr(VI) existing in solution are Cr2O72−, CrO42−, HCrO4− and H2CrO4, which depend on the solution pH, the concentration of Cr(VI) and redox potential [31]. In acidic solution; where the pH extends from 2 to 4, HCrO4− is the most important Cr(VI) species [32], while in a neutral medium with a pH varying from 4 to 7, CrO42− is the main phase. The beneficial influence of low pH can be ascribed to the negative charge neutralization on the nanocomposite surface by additional hydrogen ions, thus accelerating the diffusion of hydrogen chromate ions (HCrO4−) and their consequent adsorption. The lower removal efficiency of Cr+6 by both nanocomposites at pH > 2 might be ascribed to better movement of H3O+ in the solution that subsequently competes against Cr+6. The adsorption capacity of (GnZVCu/AC-CS-Alginate) is higher compared with (AC-CS-Alginate) nanocomposites, which is related to the fact that zerovalent Cu provides electrons to the solution, which reduces the donation of protons in the solution and accordingly, causes an increase in the electrostatic interaction between the Cr+6 and the nanocomposites [33].




2.2.2. Contact Time Effect


The contact time effect on Cr6+ adsorption by both (GnZVCu/AC-CS-Alginate and (AC-CS-Alginate) nanocomposites is presented in Figure 6B. The elimination percentage of Cr6+ ions was measured at specific time points varying between 5 to 80 min with an initial concentration of 10 ppm Cr6+ and pH 2 utilizing 0.4 g/50 mL of nanocomposite. Figure 6B shows that the adsorption of chromium was fast for the first 10 min and then it continued at a slower rate until it reached saturation. The early fast rate might be related to the large number of vacant sites present during the early phase and in time the surface sites become exhausted. Within 10 min, the percentage removal of Cr6+ was up to 90%. The equilibrium was established after 40 min. One may draw a conclusion based on these findings that (GnZVCu/AC-CS-Alginate and (AC-CS-Alginate) nanocomposites are effective adsorbents of Cr6+ from an aqueous solution.





2.3. Effect of Cr (VI) Ion Concentration


The impact of the Cr6+ concentration on the adsorption process was investigated from 10 to 50 ppm with 0.4 g/50 mL of nanocomposite, 40 min contact time and a pH = 2, as characterized in Figure 6C. It was found that Cr(VI) adsorption increased when the chromium concentration decreased for both that (GnZVCu/AC-CS-Alginate and (AC-CS-Alginate) nanocomposites. This behavior is attributed to the fact that there are more active sites in the nanocomposites adsorbents’ surfaces available for chromium retention at high dilution. It is seen that as the initial concentration of Cr6+ increased, the absorption capacity of AC-CS-Alginate was lowered in contrast with that of the GnZVCu/AC-CS-Alginate nanocomposite. This is may be related to the presence of zerovalent copper in (GnZVCu/AC-CS-Alginate) nanocomposite that donates electrons to the aqueous solution, which tends to improve the absorptivity of Cr6+ ions.




2.4. Kinetic Models


The kinetics data for the adsorption of Cr(VI) on (GnZVCu/AC-CS-Alginate) and (AC-CS-Alginate) nanocomposites were examined via three several kinetic models [34] (pseudo-first order reaction (PFOR), pseudo-second order reaction (PSOR) and intraparticle diffusion models). The best conditions were fixed as pH 2, the amount of nanocomposites were 0.4 g/50 mL, the contact time was 40 min, and 10 ppm was selected as the initial Cr6+ concentration.



2.4.1. Pseudo-First Order Reaction Kinetics


The reaction kinetics related to a PFOR are presented in Figure 7 and can be calculated by the following equation [35]:


Log (qe − qt) − log qe = − Kads t/2.303



(1)




where the adsorption capacity at time t is denoted by (qt in mg/g) and (kads min−1) is the rate constant of PFOR adsorption.



In this work, the uptake of Cr6+ on GnZVCu/AC-CS-Alginate) and (AC-CS-Alginate) nanocomposites displayed a linear relationship. The slope and intercept data were obtained by plotting log (qe − qt) against the contact time (t) and hence calculating the values of (qe) and (kads). Figure 7A shows the PFOR kinetics. Moreover, Table 1 illustrates the PFOR correlation coefficients (R2) which are low for both (GnZVCu/AC-CS-Alginate and (AC-CS-Alginate) nanocomposites. In addition, there is a wide gap between the theoretical and experimental value of the equilibrium adsorption (qe), so the application of the PFOR model is deemed unsuitable.




2.4.2. Pseudo-Second-Order Reaction Kinetics


The PSOR kinetics model is calculated by the following equation [36]:


t/q = 1/K2qe2 + t/qe.



(2)




where k2 (g/mg/min) is the rate constant of the reaction. Figure 7B illustrates the relation between t/qt against t, the rate constant (k2) and equilibrium adsorption capacity (qe) represented by slopes and intercept values. Additionally, R2 values (the correlation coefficient) can be obtained. The obtained data display high a R2 (0.9999) for the (GnZVCu/AC-CS-Alginate) and (AC-CS-Alginate) nanocomposites. The collected data are summarized in Table 1. Also, the qe value, that was calculated, is compatible with the experimental data of the PSOR kinetics for both composites. Consequently, the adsorption for the (GnZVCu/AC-CS-Alginate) and (AC-CS-Alginate) nanocomposites fit well to pseudo-second order kinetics.




2.4.3. Mories–Weber Equation


Mories–Weber equation illustrates the intraparticle-mass-transfer-diffusion model [37] (see Figure 7C):


q = Kd (t)1/2.



(3)




where q (g/g) signifies the adsorbed Cr+6 ions, Kd means the intraparticle-mass-transfer-diffusion-rate constant, and t1/2 corresponds to the square root of time. Then, if the results are compatible with the intraparticle-diffusion, it is the only desirable step. Figure 7C illustrates the Morris-Weber kinetic equation plot. From the obtained data the first part of the relation is linear, that perhaps refers to the effect of the boundary layer. However, the second part is probably related to the effect of intraparticle diffusion [38]. These data indicate that all the uptake processes occur within the first 40 min in a certain linear way. Hence, the results confirm that the porosity of the nanocomposites superceded the effects of resistance to intraparticle diffusion [39]. From the calculations, the intraparticle diffusion rate constant (Kd) was 0.1725 and 0.1796 (g/g·min–1)) for the (AC-CS-Alginate) nanocomposite and (GnZVCu/AC-CS-Alginate) nanocomposite, respectively, revealing the interaction of Cr (VI) with both composites. From these findings, it is clear that the kd value of (GnZVCu/AC-CS-Alginate) nanocomposite is higher compared with that of (AC-CS-Alginate) nanocomposite. The data of the PFOR, PSOR, and Mories–Weber kinetic model calculations are presented in Table 2.





2.5. Isotherm Model


Isotherm model are required to interpret the adsorption process adequately [40]. Among the isotherm models the Freundlich, Dubinin-Radusekevisch-Kanager and Langmuir models were utilized to test the results. The optimum experimental conditions were selected as pH 2, the amount of GnZVCu/AC-CS-Alginate and AC-CS-Alginate nano-composites was 0.4 g/50 mL and the initial concentration of Cr(VI) was 10 ppm with a contact time of 40 min. The Langmuir isotherm is applied to elucidate substance adsorption via a homogenous surface with nominal interface among the adsorbed molecules [41]. This model assumes a regular adsorption on the surface of nanocomposites with a high value, based on the saturation level of the monolayer. The Langmuir model is characterized by the following linear equation [42]:


Ce/qe = 1/KL.qmax + (1/qmax).Ce.



(4)







KL (L·mg−1) identifies the capacity for monolayer adsorption of the heat of sorption, and the maximum adsorption capacity (qmax (mg·g−1)). Figure 8A,B illustrate the Langmuir adsorption isotherm, which is dependent on the monolayer adsorption of the adsorbate on the surface of adsorbent throughout the adsorption process. The Langmuir adsorption isotherm generally determines the equilibrium uptake of the homogeneous surface of adsorbents.



The Freundlich model is a primary empirical equation that is convenient to establish the exponential distribution of active centers. Moreover, it is exact for heterogeneous surfaces [43,44]; the model equation is represented as shown below:


ln qe = ln Kf + 1/n ln Ce.



(5)







Here Kf is identified the adsorption capacity and n is a measure of the intensity. Moreover, Kf is a proportional value for the adsorption capacity. Also, (n) means a favorable adsorption extent, so if the (n) value is higher than 1, it will assure the compatible nature of adsorption [45]. The data reveal that the Freundlich model is a better fit than the Langmuir model for both nanocomposites. The correlation coefficient (R2) values are listed in Table 2. Additionally, the value of R2 of a Freundlich model plotg for both (GnZVCu/AC-CS-Alginate) and (AC-CS-Alginate) is 0.9981 and 0.9918, respectively, which is higher than that obtained by a Langmuir isotherm. Also, the adsorption capacities suggest that the uptake of Cr ions may involve multilayer coverage on the (AC-CS-Alginate) and (GnZVCu/AC-CS-Alginate) surfaces (1.54 and 1.84 mg/g). Hence, the obtained data are a good match with the Freundlich model.




2.6. The (D-R) Isotherm


The Dubinin–Radusekevisch–Kanager isotherm is suitable for both adsorption processes and Gaussian energy distribution calculations on a heterogeneous surface. The model equation (D-R) is represented as the following expression [46]:


ln q = ln q(D-R) − βε2



(6)






ε = RT ln(1+1/Ce)



(7)




where: q(D-R) (mg·g−1) corresponds to the theoretical adsorption capacity, whereas the β is equivalent to the activity coefficient (mol2 kJ−2) the mean sorption energy, ε is the Polanyi potential), R is the ideal gas constant 0.008314 kJmol−1K−1 and T is the absolute temperature in K:


E = 1/(2β)1/2.



(8)







E (kJ mol−1) is known as the free energy change. The E value could be calculated to know the kind of reaction. Hence, If E < 8 kJmol−1, it will be expected that the physical forces may affect the adsorption process, while, if E lies between 8 to 16 kJmol−1, this means that the sorption process is governed by chemical ion exchange. Also, if E > 16 kJmol−1, it is predicted that the sorption is under particle diffusion control [47]. All results of the D-R models are summarized in Table 3. The E values are 0.7593 and 0.7383 kJ mol−1 for Cr+6 ions absorption onto the (AC-CS-Alginate) and (GnZVCu/AC-CS-Alginate) nanocomposites, respectively, so since E < 8 kJmol−1, the data suggest that the sorption process proceeds via physical adsorption [48].




2.7. Sorption Thermodynamics


The thermodynamic parameters standard-free energy (∆Go), standard- enthalpy (∆Ho) and standard-entropy (∆So) were applied to evaluate the thermodynamic feasibility and spontaneous nature of the adsorption process. These items were studied to explain the thermodynamic action of the removal of Cr+6 ions that are adsorbed on (AC-CS-Alginate) and (GnZVCu/AC-CS-Alginate) nanocomposites. The obtained outcomes were recorded at various temperatures (27, 40, and 50 °C). Then, the thermodynamic items were calculated via the following equation [48,49]:


∆Go = –RT ln Kd



(9)






∆Go = ∆Ho − T∆So



(10)






LnKd = −∆Ho/RT + ∆So/R



(11)




where R is the gas constant is (8.314 Jmol−1K−1), T the absolute temperature (K) and Kd the distribution coefficient. The data of ∆Go was calculated by Equation (9). Also, the thermodynamic items ∆So and ∆Ho were computed by Equation (10). From these results, it can be concluded that the amount of Cr+6 ion uptake by both nanocomposites decreased as the temperature was increased. This may be explained by the fact the increase in temperature will alter the contaminants’ solubility in a bulk solution to a larger extent than contrarily the adsorption of Cr+6 ions [50]. The values of the thermodynamic parameters for the sorption of Cr+6 ions on the (AC-CS-Alginate) and (GnZVCu/AC-CS-Alginate) nanocomposites are displayed in Table 4.



The negative values of ∆Go assure that the adsorption process was feasible and spontaneous. Furthermore, the negative values of ∆Ho show that the Cr+6 adsorption onto (AC-CS-Alginate) and (GnZVCu/AC-CS-Alginate) nanocomposites was exothermic in nature. The negative values of ∆So for (AC-CS-Alginate) and (GnZVCu/AC-CS-Alginate) nano-composites shows that the randomness decreased at the solid–liquid interfaces as a result of Cr+ adsorption onto the adsorbents’ surfaces. This implied that the adsorption process was energetically stable [51]. At high temperatures, the nZVCu composite was shown to be very stable compared with (AC-CS-Alginate) nanocomposite. The sorption tends to be physical-sorption as indicated by the ΔGo values less than 80 kJ mol−1. However, it may be chemisorption when ΔGo ranges from 80 to 400 kJ mol−1 [52], so from the ΔGo values that are listed in Table 5, the sorption of the (AC-CS-Alginate) and (GnZVCu/AC-CS-Alginate) nanocomposites is presumed ti be due to physical sorption. These results coincidence with the D-R isotherm results.





3. Materials and Methods


3.1. Materials


The materials were carried out in this research contained extra pure activated carbon, chitosan purchased from (Al-Gomhoria Company, Al-Mansoura City, Egypt), Sodium alginate, copper (II) sulphate pentahydrate (CuSO4·5H2O), potassium dichromate(K2Cr2O7) and calcium chloride (CaCl2) were obtained from Sigma-Aldrich (Cairo, Egypt). All the substances were of commercial grade and used without any purification.



3.1.1. Synthesis of Copper Nanoparticles


The production of green copper nanoparticles (GnZVCu) was performed using green tea leave extracts, according to the technique explained by Asghar [62]. Green tea leaves were purchased from a local market in Cairo (Egypt). Copper nanoparticles from green tea were produced utilizing CuSO4 with tea leaves extracts. Briefly, CuSO4 (1 mmol/L) and tea leave extracts were used in a 4:1 ratio by volume, and the solution was subjected to continuous stirring at 80 °C for 10 min. The resultant suspensions were settled at room temperature for 24 h to complete the reaction, then filtered and washed three times with DI-H2O to remove any unbound molecules. Lastly, Cu-NPs were dried at 65 °C for 3 h.




3.1.2. Preparation of GnZVCu/AC-CS-Alginate Nanocomposites


Sodium alginate (ALG) and calcium chloride (CaCl2) were dissolved in distilled water. The pH of the sodium alginate solution was adjusted to 5.1 using hydrochloric acid. In brief, 2 g of chitosan (CS) was mixed with 1% (acetic acid solution). The nanocomposite was created by mixing in a beaker with stirring GnZVCu (1.0 g), activated carbon (2.5 g), CS (2 g), and ALG (2.5 g) in the order of CS solution followed by ALG solution, and subsequently activated carbon (AC) and finally GnZVCu. A solution of calcium chloride (2 mL, 3.35 mg/mL) was then added dropwise to the beaker with continuous stirring for 2 h at room temperature using a disposable syringe. Afterwards, the obtained GnZVCu/AC-CS-alginate nanocomposite was left in CaCl2 solution overnight with mild stirring, then washed various times and dried at 40 °C for one day. The other composite; AC-CS-alginate was prepared using the same procedure described above. Desiccators were used to store all of the nanocomposites that had been prepared [62]. The synthesis mechanism of copper nanoparticles-modified AC-CS-alginate composites is shown in Figure 9.





3.2. The Method of Chromium (VI) Analysis


The dissolved hexavalent chromium can be determined calorimetrically by reaction with diphenylcarbazide in acid solution (PH 1–3). The reaction was conducted by mixing of 2 mL diphenylcarbazide and 100 mL of diluted hexavalent chromium solution, and allowing the mixture to stand for 5–10 min. until a red-violet color was formed. The reaction is very sensitive, and the absorbance index per gram atom of chromium was measured at 540 nm.




3.3. The Nanocomposites Surface Characterization


3.3.1. Instruments


FTIR-spectroscopy (Genesis-II FT-IR spectrometer, ALT, San Diego, CA, USA) was used to illustrate the synthesized nano-composites. Moreover, scanning electron microscopy (SEM, Inspect S, FEI Company, Eindhoven, the Netherlands) and EDX (Quanta 200, FEL) tests were performed. Transmission electron microscopy (TEM) utilizing a JEM-HR-2001 model instrument (JEOL, Akishima, Japan) with an accelerating voltage of 200 kV was applied to gauge the materials’ particle sizes. In order to determine the materials’ compositions, X-ray diffraction (XRD) using a Philips PW 1050/70 diffractometer (Philips, Amsterdam, the Netherlands) was used.




3.3.2. Adsorption Examinations of Hexavalent Chromium Cr+6


In this study potassium dichromate (K2Cr2O7) was used as the source of Cr+6 ions. The Cr+6 adsorption method was as follows: 50 mL of Cr+6 solution was mixed with nanocomposite under various conditions. The experimental factors such as pH, temperature, time, and Cr+6 concentration adsorption performance on GnZVCu/AC-CS-alginate and AC-CS-alginate nanocomposites were examined. The value of the chromium Cr+6 pH was modified by applying dil. HCl and NaOH. The investigational experiments were conducted at (27 ± 1 °C). The variables examined were the solution pH (2, 6, 8, and 10), chromium Cr+6 initial concentration (10, 20, 30, 40, and 50 ppm), time of contact (5, 10, 40, 60, and 80 min) and amount of sorbents (0.4 g/50 mL). The quantity of adsorbed metal (qe) was defined by following Equations [63].


   Adsorption   Capacity    q e    =      (   C  o     −  C e   )  V  W    



(12)









   Cr   removal   efficiency %   =     (   C  o     −  C e   )   C  o        ×   100   



(13)




where Co and Ce are the initial and equilibrium concentrations (mg/L) of Cr (VI) ions; qe (mg/g) implies the equilibrium adsorption capacity; W (g) and V (L); are adsorbent weight and solution volume, respectively.






4. Conclusions


In the present study, (AC-CS-Alginate) and (GnZVCu/AC-CS-Alginate) were effectively prepared and used for the elimination of Cr+6 from contaminated solutions and analyzed through FTIR, SEM, XRD and TEM. The GnZVCu composite showed high performance in the removal of Cr+6, and was also found to have better stability and loading efficiency at high temperature compared with(AC-CS-Alginate) nanocomposite. The coupling of GnZVCu with AC-CS-Alginate was noticed to decrease the crystallinity, and thus lead to the highest elimination of Cr+6 as compared to (AC-CS-Alginate). The removal capacity is mostly reliant on the initial concentration of the heavy metal and the solution pH. The optimum pH for the elimination of Cr+6 from aqueous solution was pH 2. The adsorption and kinetic models of Cr+6 adsorption onto (AC-CS-Alginate) and (GnZVCu/AC-CS-Alginate) nanocomposites was discovered to fit a Freundlich adsorption and pseudo second-order rate equation well. The reaction was found to be exothermic and spontaneous. The sorption mechanism of (AC-CS-Alginate) and (GnZVCu/AC-CS-Alginate) nanocomposites is physical sorption. The developed composites displayed the ability to be useful as adsorbent materials for water treatment.
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Figure 1. F.T.I.R analysis of (A) AC-CS-alginate, Cr-sorbed AC-CS-alginate, (B) GnZVCu/AC-CS-alginate, Cr sorbed- GnZVCu/AC-CS-alginate nanocomposite. 
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Figure 2. XRD pattern of AC-CS-alginate and GnZVCu/AC-CS-alginate nano-composite. 
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Figure 3. Shows SEM of (A) AC-CS-alginate, (B) Cr-sorbed AC-CS-alginate, (C) GnZVCu/AC-CS-alginate, (D) Cr-sorbed GnZVCu/AC-CS-alginate nano-composite. 






Figure 3. Shows SEM of (A) AC-CS-alginate, (B) Cr-sorbed AC-CS-alginate, (C) GnZVCu/AC-CS-alginate, (D) Cr-sorbed GnZVCu/AC-CS-alginate nano-composite.



[image: Molecules 26 02617 g003]







[image: Molecules 26 02617 g004 550] 





Figure 4. EDX of (A) AC-CS-alginate, (B) Cr-sorbed AC-CS-alginate, (C) GnZVCu/AC-CS-alginate, (D) Cr-sorbed GnZVCu/AC-CS-alginate nanocomposite. 
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Figure 5. T.E.M. analysis of (A) (GnZVCu), (B) (AC-CS-Alginate), (C) (GnZVCu/AC-CS-Alginate) nanocomposite. 
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Figure 6. Effects of (A) (pH), (B) (contact time) and (C) (initial Cr(VI) concentration) on the adsorption of Cr (VI) by 0.4 g/50 mL nanocomposite. 
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Figure 7. The adsorption kinetics: (A) (P.F.O.R.), (B) (P.S.O.R.), (C) Mories−Weber equation for Cr(VI) adsorption on GnZVCu/AC−CS−Alginate and AC−CS−Alginate nano-composites (sorption time 40 min; sorbent dosage 0.4 g/50 m L, pH = 2). 
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Figure 8. The Langmuir adsorption for Cr ion removal on (A) AC-CS-Alginate nanocomposite and (B) GnZVCu/AC−CS−Alginate nanocomposite and Freundlich adsorption for Cr ion removal on (C) AC−CS−Alginate nanocomposite and (D) GnZVCu/AC−CS−Alginate nanocomposite (sorption time: 40 min; sorbent dosage: 0.4 g/50 mL, pH = 2). 
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Figure 9. The synthesis mechanism of copper nanoparticles-modified AC-CS-alginate composites. 
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Table 1. Wavenumbers (cm−1) for the dominant peaks from FTIR study for Cr(VI) adsorption.
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	S. No
	Frequency (cm−1)
	Functional Group





	1
	3426 cm−1
	OH or NH2 stretching



	2
	1637 cm−1
	COO stretching



	3
	1619 cm−1
	C-C stretching



	4
	1334 cm−1
	O-H bending



	5
	1031 cm−1
	C-O stretching
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Table 2. Calculations of P.F.O.R., P.S.O.R., and Mories–Weber equations.
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	Kinetic Models
	Parameter
	(AC-CS-Alginate)
	(GnZVCu/AC-CS-Alginate)





	PFOR
	qe, exp (mg g−1)
	1.187
	1.212



	
	qe, cal (mg g−1)
	0.9479
	0.0454



	
	Kads (min−1)
	1.0962
	1.1614



	
	R2
	0.7112
	0.8939



	PSOR
	qe, cal (mg g−1)
	1.2041
	1.2233



	
	K2 (g mg−1 min−1)
	0.9555
	1.2925



	
	R2
	0.9999
	0.9999



	Mories–Weber
	Kd (mg g−1 min0.5)
	0.1725
	0.1796



	
	R2
	0.9977
	0.9996
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Table 3. Kinetic Isotherm.
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	Kinetic Isotherm
	Parameter
	(AC-CS-Alginate)
	(GnZVCu/AC-CS-Alginate)





	Langmuir
	qe, exp (mg g−1)
	1.187
	1.212



	
	qe, cal (mg g−1)
	5.467
	5.810



	
	KL (L mg−1)
	0.365
	0.513



	
	R2
	0.990
	0.991



	Freundlich
	KF (moln−1 Ln g−1)
	1.54
	1.84



	
	N
	2.24
	2.260



	
	R2
	0.9918
	0.9981



	D-R model
	E (kJ mol−1)
	0.7593
	0.7383



	
	q(D-R) (mg g−1)
	2.705
	2.768



	
	R2
	0.9932
	0.9983
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Table 4. The data of thermal parameters of Cr+6 adsorption (10 ppm of 0.4 g/50 mL of nanocomposites, for a contact time of 40 min and at a pH of 2).






Table 4. The data of thermal parameters of Cr+6 adsorption (10 ppm of 0.4 g/50 mL of nanocomposites, for a contact time of 40 min and at a pH of 2).





	
Parameter

	
T (K)

	
A%

	
LnKL

	
∆Ho (KJ.mol−1)

	
∆So (J.mol−1.K−1)

	
∆Go (kJ.mol−1)

	
R2






	
Cr+6/(AC-CS-Alginate)

	
300

	
94

	
0.672

	
−23.393

	
−70.729

	
−1.619

	
0.9917




	
313

	
90.5

	
0.174

	
−0.455




	
323

	
87

	
−0.178

	
0.481




	
Cr+6/GnZVCu/AC-CS-Alginate

	
300

	
96

	
1.098

	
−21.461

	
−61.633

	
−2.747

	
0.9993




	
313

	
94

	
0.672

	
−1.754




	
323

	
91.7

	
0.322

	
−0.867
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Table 5. Adsorption performance of Cr (VI) onto different adsorbents.






Table 5. Adsorption performance of Cr (VI) onto different adsorbents.





	
Metal

	
Adsorbent

	
qe (mg/g)

	
Reference






	
Cr (VI)

	
Modified activated carbon

	
18.51

	
[53]




	
Graphene oxide–manganese ferrite (GMF) nanomaterials

	
34.02

	
[54]




	
Chitosan-based hydrogel

	
93.03

	
[55]




	
Synthesize dMgO/Fe3O4 nanocomposite

	
23.90

	
[56]




	
Activated carbon from Leucaena leucocepnala

	
13.85

	
[57]




	
Fe3O4-NH2 (amino functionalized magnetic nano-adsorbent

	
232.51

	
[58]




	
Magnetite nanoparticles

	
3.810

	
[59]




	
Magnetic multiwall carbon nanotubes

	
16.23

	
[60]




	
Fe3O4 nanoparticles capped with cetyltrimethylammonium bromide

	
18.50

	
[61]
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