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Abstract

:

Herein, respiratory nitrate reductases (NAR) were utilized in the biosynthesis of zero-valent iron (ZVI) graphene nanocomposite as a simultaneous reducing and capping agent, for the first time, to efficiently adsorb methylene blue (MB) and direct red-81 (DR-81). Under anaerobic conditions, the greenly synthesized graphene was incubated with iron precursor in the presence of crude-NAR enzyme for 48 h to obtain the ZVI graphene composite followed by characterizing this composite using physiochemical analyses. Scanning and transmission electron microscopy, energy dispersive X-ray spectroscopy and X-ray diffraction techniques assured the chemical composition and the interaction between ZVI and graphene. The influences of operating conditions such as contact time, pH and adsorbent dose on the adsorption efficacy were explored in the case of ZVI graphene, graphene and ZVI. ZVI graphene nanocomposite displayed the highest removal efficiency of MB and DR-81 compared to graphene and ZVI-NPs. The removal percentages of DR-81 and MB by ZVI graphene nanocomposites were 88.3 ± 2.66% and 87.6 ± 2.1%, respectively, at pH 7, adsorbent dose 20 mg/50 mL, initial MB or DR-81 concentration of 10 mg/L and shaking speed of 150 rpm. A pseudo first-order model could describe the adsorption kinetics, and the adsorption mechanism was discussed. The promising results of the current study support the potential of the recruitment of ZVI graphene nanocomposites in eliminating various pollutants from industrial effluents on a larger scale. Further, the prepared nanohybrid can be used in other applications such as photocatalysis, Fenton and persulfate activation processes.
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1. Introduction


The expansion of industrial activities such as cosmetics, leather, ink, textiles and printing contributes to the release of heavily contaminated effluents containing dyes to water streams [1,2]. Azo dyes constitute almost 50% of the global production (700,000 ton/year) and during the dyeing process, about 20% of the dyes can be discharged to water sources [3]. The presence of dyes in water bodies inhibits light penetration and photosynthesis and reduces the dissolved oxygen ratios resulting in threats and risks to humans and animals [4]. Therefore, it is imperative to effectively treat effluents containing dyes before discharge to the environment. Many physical, chemical and biological treatment methods have been proposed for the removal of dyes [5,6,7]. The azo dyes are highly resistant to being degraded by microorganisms and they are toxic to bacteria which make the biological treatment ineffective [8]. Similarly, the removal of dyes by physical–chemical treatment processes such as adsorption, photocatalysis, ozonation and membrane filtration has been investigated [9,10,11,12]. However, these methods are associated with some drawbacks such as high costs and the production of toxic by-products [13].



The adsorption process is a promising, inexpensive, simple and efficient treatment process for the removal of industrial effluents (e.g., dyes) compared to previously mentioned techniques [14]. Activated carbon is a commonly employed adsorbent for the removal of bio-resistant pollutants (dyes) from aqueous solutions [15]. However, activated carbon challenges the high cost and requirement of frequent regeneration which obstruct the reusability and full-scale application [16]. Hence, there is an increasing need for the preparation of effective adsorbents with low costs. Zero-valent iron (ZVI) has recently pulled wide heed due to its low cost, high reactivity, green impact, high surface area as well as its capability to reduce oxidized contaminants [12,17]. ZVI is commonly prepared via the liquid-phase reduction in iron salts using strong reducing agents (e.g., sodium borohydride). In spite of the simplicity, short time and high reactivity of the liquid reduction method, this method suffers from shortcomings such as high costs, toxicity of the reducing agent and poor stability of prepared nanoparticles [18]. Moreover, the release of nanomaterials prepared from harmful chemicals after the treatment process has a negative impact on the aquatic and terrestrial environments [19]. Therefore, the efforts have been directed to prepare nanoparticles using ecofriendly materials (e.g., bacteria, plants, algae). In this study, we employed respiratory nitrate reductase (NAR) enzyme as a green reducing and stabilizing agent to replace toxic reducing agents needed in the preparation of ZVI nanoparticles. Due to the toxicity of metal ions to bacteria, bacteria start to protect themselves and then, metal ions can bioaccumulate or biomineralize into the cells after the reduction of metal ions to a lower state [20]. The biosynthesis of ZVI can reduce the cost, protect the environment from toxic chemicals and produce stable nanoparticles.



Another problem facing ZVI is the fast aggregation and formation of the iron oxide layer which reduces the reactivity and reducibility of ZVI [12,21]. To overcome this problem, pure ZVI can be supported with different materials such as silica, kaolinite, starch and graphene [22,23,24]. Several studies in recent years recorded the efficiency of graphene and its oxide, in particular as a nanosorbent, in different remediation applications of polluted environments by the dint of its high theoretical surface area (~2620 m2/g), high electrical conductivity and stability [5]. In this work, a ZVI graphene nanocomposite was prepared by reducing iron salt in the presence of graphene, which was produced from plastic waste, by the catalysis of NAR enzyme. The use of graphene can reduce the agglomeration and the oxidation of ZVI, facilitate the electron transfer from ZVI surface to the pollutant and improve the dispersibility of the nanoparticles [25]. Moreover, the conversion of plastic waste (polyethylene terephthalic) to graphene participates in the management of environmental problems related to the release of plastic wastes to the environment and reduction in costs related to the disposal of plastic waste [26]. Liu et al. (2014) prepared ZVI supported by graphene for the removal of phosphorus from aqueous solutions [25]. They stated that the prepared composite attained a high removal of phosphorus.



In this study, the novel procedures for the biological synthesis of ZVI graphene nanocomposite were provided. The synthesized ZVI graphene nanocomposite was utilized for the removal of methylene blue (MB) and direct red-81 (DR-81). The effects of operating parameters such as contact time, pH and adsorbent dosage were investigated. The removal mechanism and adsorption kinetics of MB and DR-81 were explored.




2. Materials and Methods


2.1. Materials


Plastic bottle wastes were collected from the garbage of City of Scientific Research and Technological Applications in Borg Al Arab, Alexandria. Sodium citrate (Na3C6H5O7, 98%), hydrochloric acid (HCl, 97%), sodium chloride (NaCl, 97%), magnesium sulfate heptahydrate (MgSO4·7H2O, 99%), ferrous chloride tetrahydrate (FeCl2·4H2O, 95%), sodium molybdate (Na2MoO4·2H2O, 99%), copper sulfate (CuSO4·5H2O, 95%), cobalt chloride hexahydrate (CoCl2·6H2O, 98%), manganese chloride tetrahydrate (MnCl2·4H2O, 97%), zinc sulfate (ZnSO4, 93%), potassium phosphate (KH2PO4, 95%), dipotassium hydrogen phosphate (K2HPO4·7H2O, 97%) and potassium nitrate (KNO3, 98%) were procured from Sigma-Aldrich and used without modifications.




2.2. Biosynthesis of ZVI Graphene Nanocomposite


Initially, graphene and ZVI-NPs were prepared following the procedures described in detail by El Essawy et al. (2017) and Zaki et al. (2019) [27,28]. For the preparation of ZVI graphene nanocomposite, respiratory membrane-bound nitrate reductase enzyme (NAR) was recruited as reducing and stabilizing agent simultaneously in an in situ synthesis process. NAR enzyme as well as electron shuttling molecules commence nitrate reduction and shuttle electrons to iron ions. Then, the oxidation states of metal ions can change via redox reaction until reaching zero-valent state and forming ZVI-NPs [28,29]. In the presence of graphene, the enzymatically generated ZVI-NPs bind to graphene particles, forming ZVI graphene nanocomposites. Firstly, about 108 CFU/mL (0.5 McFarland) of bionanofactory strain P. mirabilis 10B was precultured anaerobically in the optimized broth that enhances and induces the growth of NAR enzyme, of the following ingredients (g/L): sodium citrate 7.5, NaCl 0.5, MgSO4·7H2O 0.12, FeCl2·4H2O 0.24, Na2MoO4·2H2O 0.015, CuSO4·5H2O 0.06, CoCl2·6H2O 0.04, MnCl2·4H2O 0.03, ZnSO4 0.31, KH2PO4 3.0, K2HPO4·7H2O 1.0 and KNO3 5.0 at pH 7.0. The inoculated broth was incubated anaerobically at 30 °C for 48 h in anaerobic jar. After incubation, a considerable bacterial biomass was harvested by centrifugation at 10,000 rpm for 20 min. The harvested cells were washed several times by sterile distilled water and the, suspended in 80 mM potassium phosphate buffer (pH 7.0) and exposed to mild osmotically shock disruption followed by centrifugation at 5000 rpm for 5 min to eliminate unbroken cells and cell debris. Thereafter, the obtained spheroplast was subjected to centrifugation at 10,000 rpm, 4 °C for 60 min. The precipitated pellets were resuspended in 80 mM potassium phosphate buffer (pH 7.0) and utilized as a complete membrane-bound αβγ complex of NAR. Finally, 0.2 gm of graphene was added to crude-NAR suspension that was supplemented by 1.5 mM of Fe (NO3)3·9H2O. The overall mixture was incubated under anaerobic conditions for 48 h at 30 °C. The obtained ZVI graphene nanocomposite was collected, washed and dried at 80 °C for 2 h for subsequent characterization and application.




2.3. Characterization of ZVI Graphene Nanocomposite


The crystallographic information of ZVI graphene nanocomposite was investigated by an X-ray diffraction (XRD, Shimadzu-7000, USA) using Cu Kα radiation (λ = 1.54056 Å), voltage of 40 KV, current of 30 mA and scan speed of 10 °/min. The incorporation of ZVI in carbon matrix of graphene was affirmed via the specification of elemental composition using energy dispersive X-ray spectroscopy (EDX) analyzer and elemental mapping combined with transmission electron microscope (TEM, JEOL JSM 6360LA, Japan). Additionally, TEM and scanning electron microscopy (SEM) (JEOL JEM-1230) with an accelerating voltage of 200 kV were employed to study the morphology of the synthesized composite. Raman spectra (Jaso, Japan) were recorded to specify the molecular structure of the synthesized nanoparticles. Raman spectra were set in the 4000–400 cm−1 region with a step size of 1 cm−1. Fourier transform infrared spectroscopy (Shimadzu, FTIR-8400S) was performed to specify the functional groups using KBr pellets in the 4000–400 cm−1 region with a step size of 1 cm−1. Surface area was estimated using Belsorp-max automated apparatus (BEL Japan) and the sample was degassed at 200 °C for 3 h. The data of nitrogen (adsorption–desorption isotherms) were recorded at 77.53 K.




2.4. Experimental Procedures


A stock solution with a concentration of 1000 mg/L was prepared for direct red-81 (DR-81) and methylene blue (MB) by dissolving 1 g of the dye in 1 L of distilled water. The adsorption batch experiments were conducted in 100-mililter beaker with 50 mL of the dye solution and the solution was shaken at a speed of 150 rpm. The effects of different parameters such as contact time (15–120) min, adsorbent dose (20, 40, 60, 100 mg/50 mL), and pH (3, 7, 9, 11) were studied at an initial dye concentration of 10 mg/L. Samples were withdrawn and then centrifuged prior to the measurements by UV–Visible spectrophotometer (Labomed model, Inc., Los Angeles, CA, USA) at wavelengths of 500 and 664 nm for DR-81 and MB, respectively. The comparison between the performance of pure ZVI-NPs, graphene and ZVI graphene nanocomposite was performed at pH 7, initial dye concentration of 10 mg/L, adsorbent dose of 20 mg/50 mL and shaking speed of 150 rpm. The adsorption kinetics were investigated using pseudo first- and second-order models and intraparticle diffusion on a time range (0–90 min) at pH 7, adsorbent dose 20 mg/50 mL, initial MB or DR-81 concentration of 10 mg/L and shaking speed of 150 rpm. The equations and discussion of these models were provided in detail in our previous work [9]. In reusability study, the particles were compiled after each run and left at room temperature to dry, thence they can be used in next cycles.





3. Results and Discussion


3.1. Characterization of ZVI Graphene Nanocomposite


In the present study, the NAR enzyme was successfully utilized as a catalyzing and stabilizing agent to synthesize ZVI graphene nanohybrid. Generally, the biological approaches of nanomaterial synthesis are advantageous over other traditional physicochemical means. They are characterized by their cost-effectiveness, non-toxicity, biosafety and ecofriendliness. They reckon on the utilization of biological molecules in the reduction of bulk parent materials into their nanoform; neglecting by such way the usage of hazardous reductants, high-temperature or energy-intensive processing [28,29]. It is noteworthy to mention the characteristic role of nitrate reductases (NRs), which belong to oxidoreductases groups. They are mainly catalyzing organic material oxidation and play crucial function in pollution remediation and eventually participate in the nitrogen cycle. Recently, NRs were reported in various investigations addressing nanostructure synthesis in green biological methods [29,30]. The ZVI graphene nanocomposite was analyzed by various characterization techniques. SEM and TEM images of pure graphene were provided in the Supplementary Materials (Figure S1) to show the changes in the morphology in the case of the composite. Figure 1a,b shows TEM and SEM images of ZVI graphene biocomposites with particle size ranged from 2.3 to 7 nm, indicating the incorporation of ZVI-NPs in the graphene matrix. However, the magnetic properties of ZVI-NPs resulted in the aggregation of ZVI-NPs in chain-like forms.



Additionally, the EDX pattern in Figure 1c confirmed the presence of both carbon and iron at their characteristic positions (0.277 and 6.4 keV, respectively) with atomic percentages of 50.8% and 36.5%, respectively. Other peaks at 0.39 and 2.3 keV were ascribed to nitrogen and sulfur with atomic ratios of 9.2 and 3.5%, respectively. Interestingly, the existence of nitrogen and sulfur might be owing to the bounded bacterial biomolecules during the synthesis process, such as amino groups (−NH3+) and sulfhydryl (SH) groups, which could eventually provide the nanocomposite with self-functionalizing and stabilizing properties. However, a Cu peak was also detected due to the copper grid that was used to hold the samples. The XRD pattern in Figure 1d demonstrates the XRD pattern of bare graphene showing only the diffraction planes of graphene. The XRD pattern in Figure 1e affirmed the interaction between the graphene and ZVI-NPs. The peak at 24.67° is attributed to the (002) diffraction plane of graphene [3]. The sharp peak at 44.4° is attributed to the (110) diffraction plane of ZVI-NPs, whereas the peaks at 31.7°, 35.56°, 51.82° and 59.92° are attributed to the iron oxides formed on the ZVI surface due to the oxidation that might be occurred during washing, drying and processing of the nanocomposite [2,31].



Raman spectra of pristine graphene are given in Figure 1f, showing only the D and G bands of graphene. Figure 1g shows the Raman spectra of ZVI graphene. The peaks at 1332.19 cm−1 and 1590.5 cm−1 are ascribed to the D and G bands of graphene [25]. The peaks at wavenumbers lower than 1000 cm−1 (around 75 cm−1, 550 cm−1 and 750 cm−1) are attributed to the Fe-O bond, confirming the presence of iron oxides on the surface of ZVI-NPs [31]. Supplementary Materials Figure S2a,b shows the adsorption–desorption isotherms and FTIR spectra of graphene. The surface area was 721.7 m2/g. The bands in FTIR spectra at 3447, 1636, 1219 and 1105 cm−1 are indexed to O-H, C=O, O-H, C-O-C and C-O bonds, respectively [27]. Additionally, the band at 1600 cm−1 is imputed to the C==C bond [27]. Figure S2c,d demonstrates the FTIR spectra and adsorption–desorption isotherms of ZVI graphene. The presence of the hydroxyl group (O-H) was confirmed through the bands at 1610 and 3420 cm−1. The band at 1350 cm−1 is assigned to the COO− group [32]. Moreover, the band at 1020 cm−1 is attributed to the C-O bond. The bands at 476 and 628 cm−1 are imputed to the Fe-O bond. The surface area of ZVI graphene was estimated (55 m2/g). Figure S2e,f,g shows the elemental mapping of graphene and ZVI graphene [33]. In the case of graphene, only carbon was detected. Whereas carbon, iron and oxygen were detected in the elemental mapping of the composite.




3.2. Application of ZVI Graphene Nanocomposite in Cationic and Anionic Dye Removal


As observed in Figure 2a,b, the alterations in the UV–vis spectra (from 200 to 800 nm) of DR-81 and MB were monitored upon treatment with ZVI graphene nanocomposite, ZVI and graphene. The spectrum patterns of DR-81 and MB (controls) exhibited the main absorption peaks at 500 and 664 nm for DR-81 and MB, respectively, due to the azo bond, which almost disappeared in the supernatant of the treated samples especially in the case of ZVI graphene. Such vanishing of both peaks reflected the successful removal of both dyes. Our results are coincident with those investigated by Samy et al. (2020) [34]. However, the adsorption process was confirmed by SEM in Figure 2c,d. The pores in the case of ZVI graphene nanocomposite approximately disappeared due to the filling of pores by the dye molecules confirming the high adsorption performance of the dyes by the biosynthesized composite. These things considered, new peaks were formed due to the formation of chemical bonds between the iron oxide layer and dye molecules, as revealed by Raman spectroscopy (Figure 2e,f).



Additionally, XRD and FTIR of ZVI graphene after adsorption of DR-81 and MB are given in Supplementary Materials Figure S3a,b. The intensity and transmittance decreased after the adsorption of DR-81 and MB. The change in the intensity and transmittance might be due to the bonds formed between the adsorbent’s surface and adsorbate. EDX of ZVI graphene after adsorption in Figure S3c,d showed the introduction of Cl and Na in the case of MB and DR-81, reaffirming the bonding between the adsorbent’s surface and the adsorbate.




3.3. Effect of Contact Time


A comparison between the adsorption performance of ZVI-NPs, graphene and ZVI graphene nanocomposite was conducted to specify the required time for achieving equilibrium and choose the best material, as shown in Figure 3a,b. The experiments were conducted at pH 7, adsorbent dose 20 mg/50 mL, initial MB or DR-81 concentration of 10 mg/L and shaking speed of 150 rpm. The results showed that 90 min was the equilibrium time in the cases of MB and DR-81. The prolonged equilibrium time indicated the porous structure and high surface area of the prepared composite. Gajera et al. (2022) reported an equilibrium time of 2 h [35]. Moreover, the ZVI graphene nanocomposite showed higher adsorption performance towards MB and DR-81 compared to ZVI-NPs and graphene. The removal efficiencies of DR-81 were 61.4 ± 1.6%, 49.8 ± 1.7% and 88.3 ± 2.66% in the cases of graphene, ZVI-NPs and ZVI graphene nanocomposite, respectively, whereas the removal efficiencies of MB were 68.8 ± 3.1%, 53.3 ± 2.39% and 87.6 ± 2.1% after 90 min with the same order. The extension of the reaction time did not greatly improve the removal percentage because the pores became saturated and the adsorbents’ surfaces reached an equilibrium state [25]. The biogenic ZVI graphene nanocomposite attained a removal efficiency of 91.8% and 91.3% for DR-81 and MB, respectively, after 120 min. The synergistic effects of graphene and ZVI-NPs were the major reason for such high removal ratios. The graphene participated in the enhancement of ZVI-NPs dispersion and reduction in aggregation [36]. Graphene exhibited higher performance than ZVI-NPs due to its high surface area, while pure ZVI-NPs might agglomerate which decreased the surface area, thereby reducing the adsorption efficiency.



The rate constants of the pseudo first-order model were estimated in the case of graphene, ZVI and ZVI graphene via the linear plot of ln(qe-qt) versus time, as shown in Figure 3c,d. The high coefficient of determination values and the slight difference between experimental adsorption capacity and estimated adsorption capacity from the first-order model at equilibrium affirmed the suitability of the first-order model to describe adsorption kinetics. The rate constants were 0.0273, 0.0236 and 0.0434 min−1 for graphene, ZVI and ZVI graphene, respectively, in the case of DR-81, whereas the rate constants were 0.026, 0.0245 and 0.0352 min−1 for the synthesized materials with the same order in the case of MB. The high-rate constant in the case of the composite compared to graphene and ZVI was in agreement with the results obtained from the comparison between the three materials. Second-order and intraparticle diffusion models were also provided in the Supplementary Materials (Figure S4). Table S1 shows the constant rate (K1 and K2), coefficient of determination (R2) and adsorption capacity at equilibrium (qe) in the cases of first- and second-order models as well as the constants and R2 of the intraparticle diffusion model. According to R2 values in Table S1, the second-order model could not describe the adsorption process. Additionally, obtained qe from the second-order model is far from the experimental value. The intraparticle diffusion model displayed the multilinearity of the adsorption process.




3.4. Effect of Adsorbent Dose


Figure 4a,b shows the effect of adsorbent dose on the removal efficiency of DR-81 and MB at pH 7, shaking speed at 150 rpm and initial dye concentration of 10 mg/L after a contact time of 90 min. The increase in the graphene dose from 20 mg/50 mL to 60 mg/50 mL resulted in the raising of the removal efficiency from 61.4 ± 1.6% to 88.9 ± 1.9% in the case of DR-81 and from 68.8 ± 3.1% to 89.8 ± 2.4% in the case of MB. However, the increase in graphene dose above 60 mg/50 mL did not show any amelioration in the removal efficiency in both dyes. Regarding ZVI, the increase in the ZVI dose above 60 mg/50 mL showed slight improvement in the adsorption efficiency. In the case of ZVI graphene, upon increasing the dose from 20 mg/50 mL to 40 mg/50 mL, the enhancement of the removal efficiency from 88.3 ± 2.66% to 96.88 ± 1.9% in the case of DR-81 and from 87.6 ± 2.1% to 98.66 ± 1.9% in the case of MB was noticed. The raising of ZVI graphene to 100 mg/50 mL just increased the removal efficiency to 99.77 ± 3.1% and 99.6 ± 2.6% in the cases of DR-81 and MB, respectively. In general, the raising of adsorbent dose increases the number of binding sites which contributes to the amelioration of adsorption performance. Howbeit, doses above the optimum value might decrease or cause a slight improvement of the removal efficiency because of the possible agglomeration of nanoparticles. The agglomeration of nanoparticles could decrease the surface area and, consequently, reduce the active adsorption sites [37]. Mensah et al. (2022) reported the same observation and showed that the increase in the adsorbent dose above 0.2 mg/mL did not boost the adsorption ratio [3].



The stability of the prepared composite was examined under five repetitive runs (450 min, 90 min for each run) for the adsorption of DR-81 and MB, as shown in Supplementary Materials Figure S5. The slight decrease in adsorption percentage in the sequential runs assured the stability of the composite. Howbeit, the decrease in the adsorption ratio might be due to the loss of adsorbent during sampling.




3.5. Effect of pH


The effect of pH was studied by varying pH from 3 to 11 (using 1 M of HCl or NaOH) at initial dye concentration of 10 mg/L, adsorbent dose of 40 mg/50 mL and shaking speed of 150 rpm, as shown in Figure 5. Point of zero charge (PZC) of ZVI is nearly eight, as reported by Sun et al. (2015) [38]. At pH < PZC, the adsorbent’s surface charge becomes positive, and DR-81 is an ionic dye. Therefore, the removal efficiency was improved in acidic and neutral conditions due to the attractive forces between the adsorbent’s surface and DR-81 molecules. The elimination efficiency increased from 96.88 ± 1.67% to 99.4 ± 1.9% by decreasing pH from 7 to 3 using the ZVI graphene nanocomposite. On the other hand, the removal efficacy went down in alkaline conditions due to the repulsive forces between negatively charged adsorbent’s surface and anionic dye molecules. The removal efficiencies were 85.6 ± 2.3% and 78.9 ± 2.67% at pH 9 and 11, respectively, using the ZVI graphene nanocomposite. In the case of MB, the removal efficiencies decreased at pH 3 and it was 81.4 ± 1.9% due to the repulsive forces between positively charged sorbent’s surface and cationic dye. However, at neutral pH, the removal efficiency was high. The increase in pH from 3 to 7 resulted in the raising of hydroxyl ions which could be adsorbed on the adsorbent’s surface and, consequently, MB as a cationic dye could be adsorbed on the surface [39]. At high pH values, the removal efficiencies decreased to 88.7 ± 1.4% and 80.1 ± 1.1% at pH 9 and 11, respectively, in spite of the attractive forces between the adsorbent and adsorbate. At alkaline conditions, ZVI could be easily corroded and, consequently, iron hydroxides would be formed and precipitated [39]. The formed iron hydroxides could block the active sites and inhibit the electron transfer between ZVI and target pollutants which resulted in the decrease in removal efficiency [40]. Hamdy et al. (2018) reported the decrease in MB removal efficiency in alkaline condition due to the block of active sites of ZVI by the corrosion products [41]. In the case of the adsorption of MB and DR-81 over ZVI at pH > 7, the adsorption efficiency decreased due to the accelerated corrosion of ZVI, resulting in the formation of iron hydroxides that could block the binding sites and suppress the electron transfer [40]. At pH ≤ 7, the adsorption ratio went up in the case of DR-81 due to the attraction between DR-81 molecules and ZVI surface, whereas the adsorption percentage declined in the case of MB due to the repulsive forces [39]. The adsorption at pH 3 was lower than that of pH 7 due to the competition between MB molecules and Cl− on ZVI surface [42]. At pH ≤ 7, the graphene surface charge is positive, whereas it was negative at pH > 7, as reported by Yang et al. (2022) [43]. So, the adsorption efficiency improved in the case of DR-81 at pH < 7 due to the attraction forces, while the adsorption ratio of DR-81 went down at pH > 7 due to the repulsive forces. In the case of MB, the adsorption proportion decreased at pH < 7 due to the repulsive forces and the adsorption went up at pH > 7 owing to the attractive forces. In the case of MB at pH 7, the adsorbed hydroxyl ions on the adsorbent’s surface might increase the attractive forces, thus improving the degradation ratio.




3.6. Adsorption Mechanism


Figure 6 demonstrates the adsorption mechanism of DR-81 and MB on ZVI graphene nanocomposite’s surface. The adsorption of MB on the adsorbent’s surface might be owing to the hydrogen bonding between OH and COOH groups of the adsorbent and NH group of MB [44]. In the case of DR-81, the adsorption took place via hydrogen bonding between SO3−, NH and N=N of DR-81 and the hydroxyl group in the adsorbent [45]. Additionally, the hydrogen bonding could happen between COOH of the adsorbent and the NH group of DR-81. The adsorption could take place due to the electrostatic interaction between the COO− group (deprotonated form of COOH) of the adsorbent and NH+ of MB. Moreover, the adsorption might occur due to the electrostatic interaction between Na+ and the deprotonated form of COOH (COO−) in the case of DR-81 [46]. Further, the adsorption of MB or DR-81 might take place due to the π-π stacking between aromatic groups of MB or DR-81 and oxygen of the hydroxyl group in the prepared adsorbent [45,47]. Additionally, the adsorption could take place due to the Yoshida hydrogen bonding between benzene ring of DR-81 or MB and H in the hydroxyl group [45,48]. The decolorization of DR-81 and MB might also take place due to the reduction by atomic hydrogen (H*) formed owing to the reaction between electrons and H+ on the adsorbent’s surface [49]. Furthermore, the formed iron hydroxides could adsorb DR-81 and MB. The adsorption of DR-81 or MB on ZVI graphene is governed by hydrogen bonding, electrostatic interaction (attractive and repulsive forces), Yoshida hydrogen bonding and π-π stacking. So, the increase or the decrease in the adsorption percentage can be affected by the attractive or repulsive forces between the adsorbent and adsorbate, as explained in Section 3.5. The adsorption in the case of graphene could take place via the same mechanisms (hydrogen bonding, electrostatic interaction (attractive and repulsive forces), Yoshida hydrogen bonding and π-π stacking based on its functional groups, as previously described in the literature) [3]. In the case of ZVI, adsorption could occur via hydrogen bonding, electrostatic interaction (attractive and repulsive forces), Yoshida hydrogen bonding and π-π stacking [49]. Additionally, the removal of dyes via ZVI might take place by reduction and precipitation [50].





4. Conclusions


The excellent interaction between the graphene prepared from plastic waste and the biosynthesized ZVI under the catalysis of bacterial NAR enzyme was confirmed by different analytical techniques such as TEM, SEM, EDX, XRD and Raman spectra. The ZVI graphene nanocomposite achieved the highest removal efficiency compared to ZVI-NPs and graphene. The ZVI graphene nanocomposite attained a removal efficiency of 88.3 ± 2.66% and 87.6 ± 2.1% in the case of DR-81 and MB, respectively, after an equilibrium contact time of 90 min. The increase in adsorbent dose from 20 to 40 mg/50 mL resulted in the increase in the removal efficiency from 88.3 ± 2.66% to 96.88 ± 1.9% in the case of DR-81, compared to 87.6 ± 2.1% and 98.66 ± 1.9% in the case of MB. High removal efficiency of DR-81 was attained at acidic and neutral conditions, whereas the removal performance of MB was improved at neutral conditions using the ZVI graphene nanocomposite. The ZVI graphene had the highest adsorption rate in the case of MB and DR-81. The adsorption of MB or DR-81 on ZVI graphene surface could be due to hydrogen bonding, electrostatic interaction, Yoshida hydrogen bonding and π-π stacking. Such biogenic nanocomposite can contribute to lowering the toxicity and the costs of chemicals employed in the synthesis of ZVI-NPs and can overcome the hazards related to the plastic wastes. Additionally, the utilization of plastic wastes in the synthesis of graphene can contribute to the efficient management, reduction in greenhouse gases resulted from the burning or/and landfilling of plastic waste and scalable production of graphene. The high performance, biocompatibility and inexpensiveness of ZVI graphene nanocomposites can encourage decision makers to the full-scale treatment of industrial effluents by the biologically fabricated ZVI graphene nanocomposite. Further, we plan and advise other researchers to employ this efficient nanohybrid in other applications such as photocatalysis, Fenton reaction or persulfate activation system expecting high performance.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/su142114188/s1.





Author Contributions


Writing—original draft, M.S., M.E. (Marwa Elkady) and M.E. (Marwa Eltarahony); validation, M.S., S.Z. and A.K.; investigation, M.S., N.E. and M.E. (Marwa Eltarahony); formal analysis, M.S., N.E. and M.E. (Marwa Elkady); writing—review and editing, M.S., M.E. (Marwa Elkady) and M.E. (Marwa Eltarahony); methodology, M.E. (Marwa Eltarahony) and A.K.; supervision, M.E. (Marwa Eltarahony), S.Z. and M.E. (Marwa Elkady). All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data are provided.




Acknowledgments


The authors are grateful to Mansoura University for publication fee support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Samy, M.; Ibrahim, M.G.; Gar Alalm, M.; Fujii, M. Application of CNTs/LaVO 4 on Photocatalytic Degradation of Methylene Blue in Different Contact Modes. In Proceedings of the 2020 Advances in Science and Engineering Technology International Conferences (ASET), Dubai, United Arab Emirates, 4 February–9 April 2020. [Google Scholar]

	



Mensah, K.; Samy, M.; Ezz, H.; Elkady, M.; Shokry, H. Utilization of Iron Waste from Steel Industries in Persulfate Activation for Effective Degradation of Dye Solutions. J. Environ. Manag. 2022, 314, 115108. [Google Scholar] [CrossRef]

	



Mensah, K.; Mahmoud, H.; Fujii, M.; Shokry, H. Novel Nano-Ferromagnetic Activated Graphene Adsorbent Extracted from Waste for Dye Decolonization. J. Water Process Eng. 2022, 45, 102512. [Google Scholar] [CrossRef]

	



Wang, G.; Liao, Y.; Stejskal, J. Fabrication of Polyaniline/Poly(Vinyl Alcohol)/Montmorillonite Hybrid Aerogels toward Efficient Adsorption of Organic Dye Pollutants. J. Hazard. Mater. 2022, 435, 129004. [Google Scholar] [CrossRef]

	



Samy, M.; Ibrahim, M.G.; Gar Alalm, M.; Fujii, M.; Diab, K.E.; ElKady, M. Innovative Photocatalytic Reactor for the Degradation of Chlorpyrifos Using a Coated Composite of ZrV2O7 and Graphene Nano-Platelets. Chem. Eng. J. 2020, 395, 124974. [Google Scholar] [CrossRef]

	



Samy, M.; Ibrahim, M.G.; Fujii, M.; Diab, K.E.; Elkady, M.; Alalm, G. CNTs/MOF-808 Painted Plates for Extended Treatment of Pharmaceutical and Agrochemical Wastewaters in a Novel Photocatalytic Reactor. Chem. Eng. J. 2021, 406, 7. [Google Scholar] [CrossRef]

	



Samy, M.; Alalm, M.G.; Mossad, M. Utilization of Iron Sludge Resulted from Electro-Coagulation in Heterogeneous Photo-Fenton Process. Water Pract. Technol. 2020, 15, 1228–1237. [Google Scholar] [CrossRef]

	



Venkatesan, S.; Chen, Y.; Teng, H.; Lee, Y. Enhanced Adsorption on TiO2 Photoelectrodes of Dye-Sensitized Solar Cells by Electrochemical Methods Dye. J. Alloys Compd. 2022, 903, 163959. [Google Scholar] [CrossRef]

	



Mahanna, H.; Azab, M. Adsorption of Reactive Red 195 Dye from Industrial Wastewater by Dried Soybean Leaves Modified with Acetic Acid. Desalin. Water Treat. 2020, 178, 312–321. [Google Scholar] [CrossRef]

	



Samy, M.; Gar Alalm, M.; Fujii, M.; Ibrahim, M.G. Doping of Ni in MIL-125(Ti) for Enhanced Photocatalytic Degradation of Carbofuran: Reusability of Coated Plates and Effect of Different Water Matrices. J. Water Process Eng. 2021, 44, 102449. [Google Scholar] [CrossRef]

	



Elsayed, I.; Madduri, S.; El-giar, E.M.; Barbary, E. Effective Removal of Anionic Dyes from Aqueous Solutions by Novel Polyethylenimine-Ozone Oxidized Hydrochar (PEI-OzHC) Adsorbent. Arab. J. Chem. 2022, 15, 103757. [Google Scholar] [CrossRef]

	



Jankowska, K.; Su, Z.; Zdarta, J.; Jesionowski, T.; Pinelo, M. Synergistic Action of Laccase Treatment and Membrane Filtration during Removal of Azo Dyes in an Enzymatic Membrane Reactor Upgraded with Electrospun Fibers. J. Hazard. Mater. 2022, 435, 129071. [Google Scholar] [CrossRef]

	



Muthukumar, P.; Sowmiya, E.; Arunkumar, G.; Pannipara, M.; Al-sehemi, A.G.; Philip, S. Highly Enhanced Dye Adsorption of MoO3 Nanoplates Fabricated by Hydrothermal-Calcination Approach in Presence of Chitosan and Thiourea. Chemosphere 2022, 291, 132926. [Google Scholar] [CrossRef]

	



Chen, C.; Tseng, W.J. Preparation of TiN-WN Composite Particles for Selective Adsorption of Methylene Blue Dyes in Water. Adv. Powder Technol. 2022, 33, 103423. [Google Scholar] [CrossRef]

	



Zhang, R.; Zeng, L.; Wang, F.; Li, X.; Li, Z. Influence of Pore Volume and Surface Area on Benzene Adsorption Capacity of Activated Carbons in Indoor Environments. Build. Environ. 2022, 216, 109011. [Google Scholar] [CrossRef]

	



Chung, J.; Sharma, N.; Kim, M.; Yun, K. Activated Carbon Derived from Sucrose and Melamine as Low-Cost Adsorbent with Fast Adsorption Rate for Removal of Methylene Blue in Wastewaters. J. Water Process Eng. 2022, 47, 102763. [Google Scholar] [CrossRef]

	



Ren, J.; Zheng, L.; Su, Y.; Meng, P.; Zhou, Q.; Zeng, H. Competitive Adsorption of Cd(II), Pb(II) and Cu(II) Ions from Acid Mine Drainage with Zero-Valent Iron/Phosphoric Titanium Dioxide: XPS Qualitative Analyses and DFT Quantitative Calculations. Chem. Eng. J. 2022, 445, 136778. [Google Scholar] [CrossRef]

	



Puthukkara, A.R.P.; Jose, S.T.; Lal, D.S. Plant mediated synthesis of zero valent iron nanoparticles and its application in water treatment. J. Environ. Chem. Eng. 2021, 9, 104569. [Google Scholar] [CrossRef]

	



Bundschuh, M.; Filser, J.; Lüderwald, S.; Mckee, M.S.; Metreveli, G.; Schaumann, G.E.; Schulz, R.; Wagner, S. Nanoparticles in the Environment: Where Do We Come from, Where Do We Go To? Environ. Sci. Eur. 2018, 30, 6. [Google Scholar] [CrossRef]

	



Iravani, S. Bacteria in Nanoparticle Synthesis: Current Status. Int. Sch. Res. Not. 2014, 2014, 59316. [Google Scholar]

	



He, Y.; Fang, T.; Wang, J.; Liu, X.; Yan, Z.; Lin, H.; Li, F.; Guo, G. Insight into the Stabilization Mechanism and Long-Term Effect on As, Cd, and Pb in Soil Using Zeolite-Supported Nanoscale Zero-Valent Iron. J. Clean. Prod. 2022, 355, 131634. [Google Scholar] [CrossRef]

	



Ma, Q.; Teng, W.; Sun, Y.; Chen, Y.; Xue, Y.; Chen, X.; Zhang, C.; Zhang, H.; Fan, J.; Qiu, Y.; et al. Multi-Component Removal of Pb (II), Cd (II), and As (V) over Core-Shell Structured Nanoscale Zero-Valent Iron @ Mesoporous Hydrated Silica. Sci. Total Environ. 2022, 827, 154329. [Google Scholar] [CrossRef] [PubMed]

	



Kumari, B.; Dutta, S. Integrating Starch Encapsulated Nanoscale Zero-Valent Iron for Better Chromium Removal Performance. J. Water Process Eng. 2020, 37, 101370. [Google Scholar] [CrossRef]

	



Kakavandi, B.; Takdastan, A.; Pourfadakari, S. Heterogeneous Catalytic Degradation of Organic Compounds Using Nanoscale Zero-Valent Iron Supported on Kaolinite: Mechanism, Kinetic and Feasibility Studies. J. Taiwan Inst. Chem. Eng. 2019, 96, 329–340. [Google Scholar] [CrossRef]

	



Liu, F.; Yang, J.; Zuo, J.; Ma, D.; Gan, L.; Xie, B.; Wang, P.; Yang, B. Graphene-Supported Nanoscale Zero-Valent Iron: Removal of Phosphorus from Aqueous Solution and Mechanistic Study ScienceDirect Graphene-Supported Nanoscale Zero-Valent Iron: Removal of Phosphorus from Aqueous Solution and Mechanistic Study. J. Environ. Sci. 2014, 26, 1751–1762. [Google Scholar] [CrossRef] [PubMed]

	



Pet, P.; Waste, B. A Novel One Step Synthesis for Carbon Based Nanomaterials from a Novel One-Step Synthesis for Carbon-Based Nanomaterials from Polyethylene Terephthalate (PET) Bottles Waste. J. Air Waste Manag. Assoc. 2016, 67, 358–370. [Google Scholar] [CrossRef]

	



El, N.A.; Ali, S.M.; Farag, H.A.; Konsowa, A.H. Green Synthesis of Graphene from Recycled PET Bottle Wastes for Use in the Adsorption of Dyes in Aqueous Solution. Ecotoxicol. Environ. Saf. 2017, 145, 57–68. [Google Scholar] [CrossRef]

	



Zaki, S.A.; Eltarahony, M.M.; Abd-el-haleem, D.A. Disinfection of Water and Wastewater by Biosynthesized Magnetite and Zerovalent Iron Nanoparticles via NAP-NAR Enzymes of Proteus Mirabilis 10B. Environ. Sci. Pollut. Res. 2019, 26, 23661–23678. [Google Scholar] [CrossRef]

	



Eltarahony, M.; Zaki, S.; Elkady, M.; Abd-el-haleem, D. Biosynthesis, Characterization of Some Combined Nanoparticles, and Its Biocide Potency against a Broad Spectrum of Pathogens. J. Nanomater. 2018, 2018, 5263814. [Google Scholar] [CrossRef]

	



Golla, N.; Pradesh, A. Antibacterial and antiviral properties. Int. J. Pharma Sci. Res. 2019, 10, 1223–1228. [Google Scholar] [CrossRef]

	



Adel, A.; Alalm, M.G.; El-Etriby, H.K.; Boffito, D.C. Optimization and Mechanism Insights into the Sulfamethazine Degradation by Bimetallic ZVI/Cu Nanoparticles Coupled with H2O2. J. Environ. Chem. Eng. 2020, 8, 104341. [Google Scholar] [CrossRef]

	



Wu, M.; Ma, Y.; Wan, J.; Wang, Y.; Guan, Z.; Yan, Z. Investigation of Factors Affecting the Physicochemical Properties and Degradation Performance of NZVI@mesoSiO2 Nanocomposites. J. Mater. Sci. 2019, 54, 7483–7502. [Google Scholar] [CrossRef]

	



Ratanaphain, C.; Viboonratanasri, D.; Prompinit, P.; Krajangpan, S.; Khan, E.; Punyapalakul, P. Reactivity Characterization of SiO2-Coated Nano Zero-Valent Iron for Iodoacetamide Degradation: The Effects of SiO2 Thickness, and the Roles of Dehalogenation, Hydrolysis and Adsorption. Chemosphere 2022, 286, 131816. [Google Scholar] [CrossRef]

	



Samy, M.; Ibrahim, M.G.; Alalm, M.G.; Fujii, M. Modeling and Optimization of Photocatalytic Degradation of Methylene Blue Using Lanthanum Vanadate. Mater. Sci. Forum 2020, 1008, 97–103. [Google Scholar]

	



Gajera, R.; Patel, R.V.; Yadav, A.; Labhasetwar, P.K. Adsorption of Cationic and Anionic Dyes on Photocatalytic Flyash/TiO2 Modified Chitosan Biopolymer Composite. J. Water Process Eng. 2022, 49, 102993. [Google Scholar] [CrossRef]

	



Xing, R.; He, J.; Hao, P.; Zhou, W. Graphene oxide-supported nanoscale zero-valent iron composites for the removal of atrazine from aqueous solution. Colloids Surfaces A Physicochem. Eng. Asp. 2020, 589, 124466. [Google Scholar] [CrossRef]

	



Jing, Q.; Qiao, S.; Xiao, W.; Tong, L.; Ren, Z. Efficient Removal of 2,4-DCP by Nano Zero-Valent Iron-Reduced Graphene Oxide: Statistical Modeling and Process Optimization Using RSM-BBD Approach. Adsorpt. Sci. Technol. 2021, 2021, 7130581. [Google Scholar] [CrossRef]

	



Sun, X.; Kurokawa, T.; Suzuki, M.; Takagi, M.; Kawase, Y. Removal of Cationic Dye Methylene Blue by Zero-Valent Iron: Effects of PH and Dissolved Oxygen on Removal Mechanisms. J. Environ. Sci. Health Part A 2015, 50, 1057–1071. [Google Scholar] [CrossRef]

	



Elkady, M.F.; Hassan, H.S. Invention of Hollow Zirconium Tungesto-Vanadate at Nanotube Morphological Structure for Radionuclides and Heavy Metal Pollutants Decontamination from Aqueous Solutions. Nanoscale Res. Lett. 2015, 10, 1–6. [Google Scholar] [CrossRef]

	



Khan, A.; Muthu, S.; Park, J.; Lee, W.; Chon, C.; Sung, J.; Lee, G. Azo Dye Decolorization by ZVI under Circum-Neutral PH Conditions and the Characterization of ZVI Corrosion Products. J. Ind. Eng. Chem. 2016, 47, 86–93. [Google Scholar] [CrossRef]

	



Hamdy, A.; Mostafa, M.K.; Nasr, M. Zero-Valent Iron Nanoparticles for Methylene Blue Removal from Aqueous Solutions and Textile Wastewater Treatment, with Cost Estimation from Aqueous Solutions and Textile Wastewater Treatment, with Cost Estimation. Water Sci. Technol. 2018, 78, 367–378. [Google Scholar] [CrossRef]

	



Samy, M.; Mossad, M.; El-Etriby, H.K. Synthesized Nano Titanium for Methylene Blue Removal under Various Operational Conditions. Desalin. Water Treat. 2019, 165, 374–381. [Google Scholar] [CrossRef]

	



Yang, J.; Shojaei, S.; Shojaei, S. Removal of Drug and Dye from Aqueous Solutions by Graphene Oxide: Adsorption Studies and Chemometrics Methods. NPJ Clean Water 2022, 5, 5. [Google Scholar] [CrossRef]

	



Thi, T.; Nguyet, P.; Trinh, X.; Minh, D.; Hoang, T. Preparing Three-Dimensional Graphene Aerogels by Chemical Reducing Method: Investigation of Synthesis Condition and Optimization of Adsorption Capacity of Organic Dye. Surf. Interfaces 2021, 23, 101023. [Google Scholar]

	



Shahinpour, A.; Tanhaei, B.; Ayati, A.; Beiki, H.; Sillanpää, M. Binary Dyes Adsorption onto Novel Designed Magnetic Clay-Biopolymer Hydrogel Involves Characterization and Adsorption Performance: Kinetic, Equilibrium, Thermodynamic, and Adsorption Mechanism. J. Mol. Liq. 2022, 366, 120303. [Google Scholar] [CrossRef]

	



Galdames, A.; Ruiz-rubio, L.; Orueta, M.; Miguel, S. Zero-Valent Iron Nanoparticles for Soil and Groundwater Remediation. Int. J. Environ. Res. Public Health 2020, 17, 5817. [Google Scholar] [CrossRef]

	



Pasinszki, T.; Krebsz, M. Synthesis and Application of Zero-Valent Iron Nanoparticles in Water Treatment, Environmental Remediation, Catalysis, and Their Biological Effects. Nanomaterials 2020, 10, 917. [Google Scholar] [CrossRef]

	



Figueiredo, T.; Mayara, P.; Roberto, V.; Nunes, B.; Siqueira, C.; Picone, F.; Prediger, P. Instantaneous Adsorption and Synergic Effect in Simultaneous Removal of Complex Dyes through Nanocellulose/Graphene Oxide Nanocomposites: Batch, Fixed-Bed Experiments and Mechanism. Environ. Nanotechnol. Monit. Manag. 2021, 16, 100584. [Google Scholar] [CrossRef]

	



Eltaweil, A.S.; El-tawil, A.M.; El-monaem, E.M.A.; El-subruiti, G.M. Zero Valent Iron Nanoparticle-Loaded Nanobentonite Intercalated Carboxymethyl Chitosan for Efficient Removal of Both Anionic and Cationic Dyes. ACS Omega 2021, 6, 6348–6360. [Google Scholar] [CrossRef]

	



Boparai, H.K.; Joseph, M.; O’Carroll, D.M. Kinetics and Thermodynamics of Cadmium Ion Removal by Adsorption onto Nano Zerovalent Iron Particles. J. Hazard. Mater. 2011, 186, 458–465. [Google Scholar] [CrossRef]








[image: Sustainability 14 14188 g001 550] 





Figure 1. Physicochemical properties (a) TEM image, (b) SEM, (c) EDX pattern of ZVI graphene, (d) XRD pattern of graphene, (e) XRD of ZVI graphene, (f) Raman spectra of graphene and (g) Raman spectra of ZVI graphene [27]. 
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Figure 2. Absorption spectra of (a) DR-81 and (b) MB before and after adsorption over ZVI graphene, ZVI and graphene; SEM image of ZVI graphene after adsorption of (c) DR-81 and (d) MB; Raman spectra of ZVI graphene after adsorption of (e) DR-81 and (f) MB. 
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Figure 3. Effect of contact time on the adsorption efficiency of (a) DR-81 and (b) MB, and pseudo first-order kinetic model in the case of (c) DR-81 and (d) MB. 
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Figure 4. Effect of adsorbent dose on the removal efficiency of (a) DR-81 and (b) MB. 
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Figure 5. Effect of pH on the removal efficiency of (a) DR and (b) MB. 
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Figure 6. Adsorption mechanism of DR-81 and MB over ZVI graphene nanocomposite. 
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