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Abstract

:

Chlorinated organic solvents (COSs) are a significant threat to human beings. In this study, nanoscale bimetallic Ni/Fe particles were synthesized from the reaction of sodium borohydride (NaBH4) with the reduction of Ni2+ and Fe2+ in an aqueous solution. The synthesized nanoscale zero-valent iron (nZVI) and Ni-nZVI were characterized by SEM (scanning electron microscopy), XRD (X-ray diffractometer), Brunauer–Emmett–Teller (BET), and transmission electron microscopy (TEM). The removal performance of trichloroethylene (TCE) over the nZVI catalyst and Ni-nZVI was evaluated. Ni-nZVI with different Ni contents exhibited good reactivity towards the dechlorination of TCE over a 1h period, and the pseudo-first-order rate constant for TCE dechlorination by Ni-nZVI was 1.4–3.5 times higher than that of nZVI. Ni-nZVI with 5 wt% Ni contents exhibited the best dechlorination effect; the removal rates of TCE and its by-product dichloroethylene (DCE) were 100% and 63.69%, respectively. These results indicated that the Ni nanoparticles as the second dopant metal were better than nZVI for TCE degradation. This determination of the optimal Ni-NZVI load ratio provides a factual and theoretical basis for the subsequent application of nano-metal binding in the environment.
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1. Introduction


Chlorinated organic solvents (COSs) are the most commonly used organic solvents in the chemical industry [1]. Excessive use of COSs, non-compliance with production processes, and illegal discharge jointly lead to organic contamination and leakage, posing a significant threat to human beings [2]. In recent years, due to the development of nanomaterials, which have high reducing activity, there have been more and more studies on the remediation of groundwater and soil with nanometer zero-valent metals. Fe is not only a safe, cheap, and easily available metal, but also, as zero-valent iron, has the characteristics of high efficiency and could be used as a permeability barrier material for remediation of groundwater pollution, which has broad development prospects [3,4]. Accordingly, nano-zero-valent iron (nZVI) has been proven to be able to successfully degrade COCs, including carbon tetrachloride (CT), trichloroethylene (TCE), etc., and to achieve a good removal effect in the remediation of contaminated sites. Zero-valent iron has mainly been used as a strong electron donor, and the electrons released are reduced with oxidants such as hydrogen ions, oxygen, water, and pollutants. This results in the low electron efficiency of zero-valent iron because many of the electrons donated by ZVI are used inside reactions, such as the reduction of water to hydrogen, rather than in the reduction of target contaminants [5,6]. In addition, these monometal degradation processes might produce more toxic intermediates, such as dichloroethylene (DCM) and vinyl chloride [7].



Bimetallic nanomaterials have the advantages of higher efficiency and more complete dechlorination, making the bimetallic system a way to overcome monometal incomplete dehalogenation defects and an effective way to completely remove chlorinated contaminants [8]. In the last few decades, bimetal systems, including Pd/Fe, Ni/Fe, Ni/Si, Cu/Zn, and Cu/Fe, have significantly improved dechlorination [9]. Among these bimetal nanomaterials, the first metal is generally a metal with lower redox potential, such as Fe, Mg, Al, Zn, Sn, Si, etc., and is an electron donor, while the second metal is often a metal with high redox potential, such as Cu, Ni, Ag, and Pd. The second metal could be used as a hydrogenation catalyst to increase adsorption to hydrogen, thus improving the dechlorination efficiency of chlorinated organic matter. Among these metals, Fe and Pd are the most studied bimetallic materials because Fe is low in cost and Pd has good hydrogen storage activity. As a transition metal, Pd has vacant orbitals and can combine with substances containing π electrons with double bonds to form transition compounds, which reduce the bond energy of C-Cl, which is required for the reaction, thus speeding up the reaction rate [10]. The high price of Pd metal greatly limits its wide application. Therefore, cheap nickel metal is used to replace precious metals as a catalyst for the dechlorination of chlorinated organic matter. Therefore, Ni/Fe bimetallic nanomaterials are an effective approach to treating contaminated water containing chlorinated hydrocarbons. The synthesis of Ni/Fe has been demonstrated to achieve more radical dechlorination of halogenated organics by NaBH4 co-reduction of Ni2+ and Fe2+ in an aqueous solution [11]. The use of Ni/Fe bimetal has many advantages. First, the metal Ni in the bimetal can be used as a catalyst, which effectively improves the hydrogenation dechlorination reaction. Second, metal Ni can also be used as an electron transfer medium, which can overcome the self-inhibition in electron transfer. Third, Ni/Fe nano-bimetal usually has a higher specific surface area and can have more active sites. The pH value of the system has a great influence on the performance of Fe. A low pH value (pH < 4) causes Fe to quickly disappear due to acidic corrosion (2Fe0 + 2H+ → Fe2+ + H2). High pH values (pH > 10) lead to iron precipitation through the formation of iron hydroxide and thus surface passivation (Fe0 + 2H2O → Fe2+ + H2 + 2OH−). Both conditions are unfavorable to the hydrodechlorination of chlorinated hydrocarbons. Weak acid-base conditions (4 < pH < 10) are more favorable for rapid hydrodechlorination of chlorinated hydrocarbon pollutants in aqueous solution. The reaction processes occur as follows: RCl + Fe0 + H+ → R-H + Fe2+ + C1, Ni + H2 → Ni·H2, and Ni·H2 + Ni-R-Cl → RH + H+ + Cl− + 2Ni. The dissolved oxygen (DO) value of the system has a great influence on the performance of Fe. DO and TCE decrease in synchronization and gradually decrease to a zero-oxygen state with the progress of the reaction. In terms of the reaction rates of hydrogen production and dechlorination, the reaction path of hydrodechlorination is also faster depending on the system’s pH value [12]. Jian et al. reported the use of membrane-immobilized Ni-Fe for rapid transformation of TCE to ethane [13]. Schrick et al. showed that the dechlorination effect of synthetic Ni/Fe nano-bimetal was 280 times that of commercial iron powder, indicating that the dechlorination effect of nano-Ni/Fe was stronger than that of nano-iron [11].



This study aimed to synthesize Ni/Fe nano-bimetal by the NaBH4 co-reduction method. TCE was selected as the target pollutant to explore the degradation efficiency and kinetics of Ni/Fe bimetallic particles on chlorinated hydrocarbons, determine the optimal load ratio, and analyze the degradation path and mechanism of the Ni-Fe bimetallic system on chlorinated hydrocarbons. The results provide a factual and theoretical basis for the subsequent application of nanoparticle metals in the environment. Previous reports show that an amorphous alloy structure can improve the reduction activity of a single metal [14]. The resulting Ni/Fe bimetallic nanomaterials as catalysts were analyzed by SEM, TEM, XRD, and XPS to evaluate the structure and the interaction between Ni and nZVIc. The effect of the mass ratio of Ni on the removal efficiency of TCE was also studied.




2. Material and Methods


2.1. Chemicals


Iron (III) chloride hexahydrate (FeCl3·6H2O, AR ≥ 99.0%), Nickel (II) chloride hexahydrate (NiCl2·6H2O, AR ≥ 99.0%), TCE (AR ≥ 99.5%), DCE (AR ≥ 99.5%), and NaBH4 (AR ≥ 98.0%) were purchased from Greagent Reagent Co., Ltd. Methyl Alcohol (CH3OH, HPLC ≥ 99.9%), Anhydrous ethanol (CH3CH2OH, HPLC ≥ 99.9%), hydrogen peroxide (H2O2, AR ≥ 30%), 1-Bromo-4-Fluorobenzene (RG ≥ 98%), and hydrogen chloride (HCl, 36–38% | AR) were obtained from Adamas Reagent Co., Ltd. The deionized water (DW, resistivity > 18.2 MΩ, initial pH = 7.0 ± 0.1, initial DO = 6.5 ± 0.1) used in this study was produced using the DirectPure UP HPLC ≥ 99.9% system (Shanghai RephiLe Bioscience, Ltd., Shanghai, China).




2.2. Synthesis of Ni-nZVI Nanohybrids


Ni-nZVI was prepared by the NaBH4 co-reduction method [15]. The specific steps were as follows: 150 mL deoxygenated DW and 350 mL deoxygenated ethanol were transferred into a three-necked flask and stirred at a fixed speed of 500 rpm. A solution of 18.23 mL of water containing 0.5 mol/L FeCl3·6H2O solution and certain amounts of 0.5 mol/L NiCl2·6H2O solution (0.091 mL, 0.136 mL, 0.915 mL, or 3.646 mL) was poured into a three-necked flask and stirred for another 20 min to achieve Ni/Fe proportions of 0.5%, 3%, 5% and 20 wt%. The 0.89 mol/L NaBH4 (40 mL) solution was slowly added to the mixture and stirred for 30 min. During the preparation process, nitrogen was continuously injected. Ultimately, the black particles of Ni-nZVI that were obtained were washed with 400 mL of deoxy ethanol at least 6 times. The resulting black particles were stored in a 50 mL vial filled with deoxygenated ethanol until use.




2.3. Materials Characterization


X-ray diffraction (XRD) patterns were collected on a Rigaku Ultimate IV X-ray diffractometer with Cu-α radiation at 40 kV and 40 mA. Scanning electronic microscopy (SEM) images were recorded on a Hitachi S4800 spectrometer. The Brunauer–Emmett–Teller (BET) surface area was measured with a nitrogen adsorption instrument (Micromeritics ASAP 2460 analyzer) at liquid-nitrogen temperature. X-ray photoelectron spectrometer (XPS) surveys were carried out with a Xi photoelectron spectrometer with monochromatic Al-Kα excitation (hv = 1486.6 eV) to determine the chemical composition of the samples. The binding energy of the C 1s peak (284.8 eV) was used to calibrate the peak positions. The concentrations of chloride ions were determined by ion chromatography (Dionex ICS 6000, Thermo Fisher Scientific, California, CA, USA) using a hydrophilic anion-exchange column (Dionex IonPac™ AG11-HC (4 mm × 250 mm)).




2.4. TCE Degradation


In accordance with the gravimetric method, TCE with a concentration of 400 μg/L was prepared. According to the dosage of nZVI (1000 mg/L) required, a certain volume of Ni-Fe composite material ethanol solution was removed into a 40 mL brown reaction bottle at room temperature (26–28 °C). The Ni/Fe composite material was quickly sucked to the bottom of the bottle with magnets. After pouring out the supernatant, it was dried rapidly under nitrogen. After 40 mL of 400 ug/L TCE solution was quickly added to the tubes, the degradation experiment ran for 5 h. Then, at each time point, two reaction samples were taken to detect DO and pH, and 5 mL of supernatant was absorbed with a sterilized syringe. After it was filtered through a filter membrane, this 5 mL was injected into the anion test tube, and the concentration of Cl− was detected. After the remaining solution was passed through the 0.45 μm nylon filter membrane, the content of chlorinated hydrocarbon was measured by GC-MSD (Agilent Technologies 8890 GC system/5977B GC-MSD–Teledyne Tekmar purge and trap system). Test conditions were: mass spectrometry (MS); DB-VRX capillary chromatographic column (30 m long, thickness of 1.4 μm, diameter of 0.25 mm, USE, USA); high purity (99.999%) helium as a carrying gas; and starting temperature in the GC oven set at 40 °C, maintained for 0.5 min, rising to 180 °C by a rate of 15.0 °C/min, then increasing at 15.0 °C/min to 200 °C, lasting 3.5 min. The ejector and detector temperatures were 220 °C and 250 °C, respectively. From the detected concentrations of TCE, pseudo-first-order rate constants were calculated with the equation: ln(C/C0) = −Kobs t, where Kobs = rate constant and C = the detected concentration of TCE at various stages (final, initial, and time-dependent). A plot of ln(C/C0) against time was constructed for each kinetic run, and the initial slope was determined for the evaluation of the rate constant for each kinetic experiment with a fixed time method.





3. Results and Discussion


3.1. X-ray Diffractometry


As is shown in Figure 1, the diffraction peaks at 2θ (44.673° (110), 65.021° (200) and 82.333° (211)) were the characteristic diffraction peaks of Fe0 (PDF-#.06-0696) [16,17]. The composite material had only a wide peak near 2θ = 44.673°, which indicates that Ni and Fe formed an amorphous alloy. Similar results were reported by Schrick et al. [18]. The bimetallic synergy caused by Ni addition might lead to a higher reduction activity, and this amorphous alloy structure is favorable for both reduction activities [14]. The diffraction peaks at 2θ equal to 44.507°, 51.846°, and 76.370° correspond to the (111), (200), and (220) planes of Ni metal (PDF-#.04-0850) [19,20]. Notably, 10% Ni-F material showed a Ni diffraction peak, probably because excess nickel covered the bimetallic surface [21]. It resulted in a failure to form a bimetallic system and the failure of pollutants to contact the zero-valent iron, reducing the degradation effect. Moreover, 10% and 0.5% Ni-nZVI composites exhibited a Fe2O3 diffraction peak at 8.68°, which might be due to the oxidation of partial Fe by O2 in water during the synthesis [22].




3.2. Morphology


The monometallic nZVI and co-reduced bimetallic 5% Ni-nZVI were both approximately spherical or chain-like (the magnetic interaction between particles) with a size range of 20–50 nm (see SEM Figure 2a,b) [23,24]. There were no apparent size differences between monometallic nZVI and Ni-nZVI with different Ni mass ratios. This could be explained by the low molar concentrations of Ni2+ and Fe2+ and the use of excess NaBH4 in the synthesis process, which resulted in uniformly distributed Ni-nZVI. Meanwhile, a uniform surface area was obtained by BET analysis (30–40 m2/g). Moreover, the uniform distribution of Ni-nZVI was observed from the EDS chart (see SEM-EDS Figure 2d–f), which might provide the basis for the synergistic action of bimetals, as reported by Nafis et al. [25]. Each particle consisted of a clear dark phase at its center, surrounded by a light layer corresponding to ZVI and a layer of passivated iron oxide (see TEM Figure 2c). However, the similarity of electron density between Ni and Fe made it impossible to determine the Ni doping position in nanoparticles from TEM.




3.3. X-ray Photoelectron Spectrometer


The elemental composition of the 5% Ni-nZVI composite along with its binding energy were analyzed by XPS (Figure 3). The oxygen spectrum deconvoluted into three types (Figure 3b): the anionic oxygen in the iron oxide of nZVI at about 529.60 eV; the oxygen-containing functional groups at about 531.18 eV; and the water at higher binding energies at 532.32 eV [26]. The chemical composition of nickel was identified by peak fitting, indicating that Ni2+/Ni3+ coexisted in the bimodal separation with binding energy at 856.48 eV (Ni 2p3/2) and 874.09 eV (Ni 2P1/2), and the binding energy difference was 17.61 eV. The result was the presence of Ni(OH)2 [27,28]. Ni doping increased the binding energy and promoted electron transfer, thus enhancing the reduction activity of the nickel-iron bimetallic material. According to Figure 3a, the signal peaks at 706.53 and 719.73 eV were attributable to the binding energy of Fe0. The signal peaks of Fe2+ (708.67, 717.99, 722.47, and 731.45 eV) and Fe3+ (711.26, 714.46, 724.65, and 727.26 eV) also appeared in the spectrum [29,30]. According to the peak area corresponding to each binding energy, the contents of Fe0, Fe2+, and Fe3+ were 8.83%, 46.10%, and 45.07%, respectively, indicating that various forms of iron series were loaded on the surface of the Ni-nZVI composite. The results imply that part of the ZVI in the Ni-nZVI composite was oxidized into Fe2+ and Fe3+ during storage and characterization [31].




3.4. Morphology TCE Degradation by Ni-nZVI and nZVI


Figure 4 shows the degradation of TCE and DCE in the reaction system of Ni-nZVI with different nickel contents. The time for nZVI to completely degrade TCE was 5 h and 4 h for 0.5% Ni-nZVI, 2 h for 3% Ni-nZVI, 1h for 5% Ni-nZVI, and 3 h for 10% Ni-nZVI. The bimetallic Ni-ZVI system degraded TCE 1.4–3.5 times faster than monometallic nZVI [11,32].



Figure 5a–d show the change in chloride concentrations during the Ni-nZVI-degraded TCE reaction system. Total carbon with different Ni contents showed a decreasing trend in the Ni-nZVI reaction system. As ethylene and ethane were gaseous products at room temperature and pressure, GC-VRX could not detect them, so chlorine conservation was used for further analysis. The final dechlorination amount of the 0.5% Ni-nZVI composite was 21.62% of the initial amount, while that of the 3% Ni-nZVI composite was 57.82%, that of the 5% Ni-nZVI composite was 63.69%, and that of the 10% Ni-nZVI composite was 42.41%. Moreover, Ni-nZVI with 5 wt% of Ni contents had the best dechlorination effect: removal rates of TCE and its by-product DCE were 100% and 63.69%, respectively.




3.5. Kinetic Analysis of TCE Degradation with Different Ni Contents of Ni-nZVI


As shown in Table 1, the degradation reactions of ZVI in halogenated hydrocarbons were all fitted with pseudo-first-order reaction kinetics [33,34]. The value of Kobs in the kinetic equation represents the apparent degradation rate; the higher the value of Kobs, the higher the degradation efficiency. The degradation rate constant K of 5% Ni-nZVI was much higher than that of nZVI, which might be optimal due to Ni loading. The active sites on the bimetal surface provided a position for the reductive dechlorination of TCE. With increasing Ni content load, the degradation performance increased, and 5% Ni content achieved the optimal results. A Ni content of 10% reduced degradation due to excessive Ni load on the surface of nZVI, which prevented the release of nZVI and affected the contact between pollutants and ZVI at the same time.




3.6. pH DO Change Analysis


The changes in pH and DO during the degradation of TCE in the bimetallic system are shown in Figure 6a,b, respectively. With the progress of the reaction, DO and TCE decreased in synchronization and gradually decreased to a zero-oxygen state. Meanwhile, pH gradually increased from 7 to about 8.8. The results show that pH and DO in solution were closely related to the degradation of TCE. The effect of pH on the reaction might be attributed to the participation of protons in the dechlorination reaction [35,36].





4. Conclusions


In this study, the reactivity of Ni/Fe nanoparticles and monometallic nZVI to TCE dechlorination has been systematically studied. Ni/Fe composites were prepared by the NaBH4 co-reduction method, which was characterized by XRD, SEM, BET, and XPS. SEM and XRD results showed that the Ni/Fe nanoparticles were successfully formed into amorphous alloys, and the Ni/Fe distribution was uniform. This amorphous alloy structure could improve the reduction activity of a single metal. By analyzing TCE degradation, it was found that the degradation efficiency of zero-valent iron particles was greatly improved, and the degree of dechlorination was more thorough after bimetallic modification. The apparent rates of TCE with Ni-Fe all appeared to be quantified with a pseudo-first-order kinetic model. The degradation efficiency first increased and then decreased with the increase in Ni. When Ni content was 5%, the maximum degradation kinetic constant was 2.358 h−1. The highest degradation rate of the Ni/Fe catalytic system was four times higher than that of a general single metal catalyst, which certified its efficient catalytic reduction capability. Ni metal is cheap and plentiful. Therefore, Ni/Fe composites have a great potential to be used as suitable materials for the remediation of halogenated organic compounds in polluted sites or plant treatment. In such cases, they could be applied as prospective materials for permeable reactive barriers or be used for high-end applications, e.g., the advanced treatment of groundwater or surface water.
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Figure 1. XRD images of nZVI and Ni-nZVI with different nickel contents. 
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Figure 2. (a) SEM images of nZVI; (b) 5% Ni-nZVI; (c) TEM images of 5% Ni-nZVI; and (d–f) SEM-EDS of 5% Ni-nZVI. 
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Figure 3. XPS analysis of 5% Ni-nZVI composite: (a) survey scans; (b) O1s; (c) Ni 2p; (d) Fe 2p. 
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Figure 4. Degradation of TCE by Ni-nZVI with different nickel contents. Initial TCE concentration = 400 ± 10 μg/L; initial pH = 7.0 ± 0.1, initial DO = 6.5 ± 0.1; nZVI for all experiments = 1000 mg/L; reaction volume = 40 mL. (a) TCE; (b) DCE. 
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Figure 5. The concentrations of chloride ions for Ni-nZVI degradation with different Ni contents: (a) 0.5% Ni-nZVI; (b) 3% Ni-nZVI; (c) 5% Ni-nZVI; (d) 10% Ni-nZVI. 
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Figure 6. Changes in pH and DO during the degradation of TCE by Ni-nZVI with different nickel contents: (a) DO; (b) pH. 
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Table 1. Kinetic parameters of TCE degradation.
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	The Reactants
	Reaction Time

(h)
	Degradation Rate

(%)
	Correlation

Coefficient
	Reaction Rate K (h−1)





	nZVI
	1
	47.85
	0.98
	0.675



	0.5% Ni-nZVI
	1
	60.01
	0.99
	0.909



	3% Ni-nZVI
	1
	89.28
	0.99
	1.663



	5% Ni-nZVI
	1
	98.18
	0.99
	2.358



	10% Ni-nZVI
	1
	72.91
	0.99
	1.250
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