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Abstract

:

The biogenic synthesis of copper oxide nanoparticles was explored using the Myriophyllum spicatum plant through a process involving co-precipitation and was utilized as an effective photocatalyst for the reduction of Cr(VI) and Pb(II) ions in an aqueous solution. The plant-mediated CuO nanoparticles were characterized using microscopic techniques (TEM and SEM), FT-IR, and XRD analyses. The amount of the reduced metal ions was determined by UV–visible and Atomic Absorption (AA) spectrophotometers. The analyses of the functional group present in the leaf extract revealed the type of bioactive molecules that were involved in the formation of copper oxide nanoparticles. The nanoparticles were used in the photo-enhanced reduction of hexavalent Cr and divalent Pb ions, and the impact of solution pH, initial metal concentrations, and photocatalyst dosage was investigated to establish the optimal performance of the CuO nanoparticles. Results revealed a direct association between the reduction of metal ions and catalyst dosage in both cases. A maximum percentage reduction of 89.2% and 79.1% was achieved for Cr(VI) and Pb(II), respectively, using 3 g of the CuO nanoparticles. This confirms that the CuO nanoparticles exhibited higher efficiency for Cr(VI) reduction as compared to Pb(II) reduction and indicates that CuO nanoparticles are a promising photocatalyst that is capable of reducing these metal ions into less toxic products.
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1. Introduction


Chromium and lead are well-known metals that have found useful applications in industry. However, in their ionic form, specifically hexavalent chromium and divalent lead, they pose some health hazards to humans, plants, and other living organisms. Thus, they are regarded worldwide as prioritized toxic pollutants. The presence of these toxic metal ions in domestic water may be attributed to natural sources or activities that include the disposal of effluents into the environment by industries such as leather, ceramic, steel, and alloy-producing industries [1]. High concentrations of chromium and lead in humans through water consumption are dangerous since these ions are mutagenic and carcinogenic [2].



Hexavalent chromium is highly toxic to the human body, and its good solubility in solution improves the active transport of chromate across biotic membranes [3]. Therefore, it has a diverse range of negative health effects, such as gingivitis, chronic bronchitis, pneumonitis, lung cancer, respiratory tract disease, and liver and kidney diseases [4]. Similarly, exposure to lead also causes health issues such as brain and central nervous system damage, anxiety, delusions, the inhibition of hemoglobin formation, increased aggression, mania, and suicidal tendencies. Furthermore, the inhalation of lead could result in its accumulation in the system and may cause kidney damage, colic pains, miscarriage, liver disorder, loss of appetite, and cancer [5].



Due to changes in physicochemical conditions, the reaction of various forms of Cr and Pb found in water may vary due to their different sources compared to other heavy metals. The concentration of chromium and lead in surface waters is usually low and at the μg/L level, often between 0.3 and 6 μg/L [6]. However, the maximum allowable limit for Cr(VI) and Pb (II) in drinking and industrial water (as recommended by the WHO) is from 0.05 to 5 mg/L and 0.01 to 0.15 mg/L, respectively [7,8,9]. The speciation of these metal ions has been a longstanding analytical challenge, and their selective determination is necessary due to their toxicity [10]. Due to serious environmental regulations imposed on the use of these species, mineral processing or metal-finishing industries continue to inspire studies on the appropriate disposal route of Pb- and Cr-laden effluents.



Chromium and lead ion removal has been achieved by ion exchange [11,12], adsorption [13,14], precipitation [15,16], and photocatalytic processes [17]. The hydroxides of most heavy metals are usually insoluble; therefore, lime is commonly used to precipitate them from water. The colloidal state of the precipitated materials is one of the challenges faced by this process in reaching the desired effluent limits, and this has limited the performance of this method [18]. Several studies have reported Pb(II) and Cr(VI) removal from water using adsorption techniques and efficient adsorbents [19]. Despite the effectiveness of this process, the production of secondary waste remains a major drawback associated with the use of the adsorption process [20,21]. These drawbacks can be alleviated by employing a photocatalytic approach that completely reduces Cr(VI) and Pb(II) into less harmful and useful materials [22]. Thus, this offers an additional advantage and has high economic feasibility for industries, provided that an appropriate and eco-friendly photocatalyst is utilized.



Several semiconductor nanoparticles, such as ZnO [23], TiO2 [24], and CuO [25], have been used for the reduction of these metal ions into less harmful materials. The synthesis route and the properties of the nanoparticles influence their performance. For instance, heterojunction systems or plant extract-based nanocomposites have been reported to exhibit higher efficiency compared to single or unmodified semiconductors [26]. In plant-mediated synthesis, the choice of the synthesized nanoparticles, the route/method used in the synthesis, and the type of the phytocomponents determine the performance of the catalyst in the reduction process of the target metals [27]. For example, CuO has been synthesized via different synthesis routes, such as the alcohol–thermal approach [28,29], microwave irradiation [30], the precipitation method [31], and the biogenic approach [32]. It has been reported that the biogenic approach using a suitable plant extract [32,33] is more efficient, economical, and environmentally friendly. CuO synthesized using plant extract has been used for the degradation of dyes [34] and organic compounds [35]. In addition, the efficiency of CuO nanoparticles in Cr(VI) and Pb(II) removal from water has been reported [36,37]. Therefore, the synthesis of CuO using a Myriophyllum spicatum extract was explored for Cr(VI) reduction.



Myriophyllum spicatum is a submerged aquatic plant that is known to grow in still or slow-moving water. It originated from North Africa, Asia, and Europe, but it is also distributed across the globe, extending from northern Canada to South Africa. It is considered to be a highly invasive species and was first found in southern Africa in 1829 near the Vaal River [38]. Myriophyllum spicatum leaves are abundantly available, cost-effective, and possess functional groups that could enhance photocatalytic activity. Therefore, they were selected for this study [39].



In this study, an aqueous extract of Myriophyllum spicatum was used to mediate the synthesis of CuO nanoparticles, which was used as a photocatalyst for the reduction of Cr(VI) and Pb(II) from water. Biogenic synthesized CuO nanoparticles were characterized to establish the physiochemical properties using structural, spectroscopic, and morphological techniques. The photocatalytic efficiency for the reduction of Pb(II) and Cr(VI) was evaluated, and key operating parameters, such as initial metal ions (Pb(II) and Cr(VI)) concentration, initial pH, and catalyst dosage and were studied to establish the performance of green-based CuO nanoparticles.




2. Experimental Section


2.1. Materials


Fresh Myriophyllum spicatum leaves were collected from the Vaal River, South Africa, and were properly identified. A total of 0.1 M HCl and NaOH were used to alter the initial pH. Copper acetate, potassium dichromate, and lead nitrate salts were purchased from Sigma-Aldrich, Pretoria, South Africa. The deionized water used for solution preparation was processed by the Model Select Analyst HP40 (UK). All chemicals used were of analytical grade.




2.2. Myriophyllum spicatum Leaf Extract’s Preparation


Myriophyllum spicatum leaves were collected, double-washed with purified water to remove the adhering dirt, and then shade-dried for 7 days [40,41]. About 8 g of blended leaves were added to 80 mL of deionized water and then heated at 70 °C for 5 h. The mixture was then filtered and cooled to 25 °C before being stored in a refrigerator.




2.3. Biogenic Synthesis of CuO Nanoparticles


Biogenic CuO-NPs were synthesized following the reported procedure by Singh et al. [42]. Copper acetate monohydrate was used as a base precursor, and about 4 g was dissolved in a known amount of purified water and stirred continuously for 10 min. A total of 20 mL of Myriophyllum spicatum extract (pH value 7.2) was added to the copper acetate monohydrate drop-wise, and the solution color changed to darkish brown upon the addition of the leaf extract. While stirring, the solution was heated at 80 °C for 4 h. The solution was centrifuged, dried at 90 °C overnight, and then calcinated at 400 °C for 4 h.




2.4. Characterization of the Prepared CuO Nanoparticles


The functional group in the plant was analyzed using FT-IR spectroscopy by a Perkin Elmer Spectrum 100 spectrometer, and the measurement was recorded between 500 and 4000 cm−1 at a resolution of 4 cm−1. Absorption measurements were carried out using a Varian UV–Vis spectrophotometer. A Bruker D8 Advanced XRD machine was used for the diffraction pattern of the sample, and the obtained patterns were compared to the standard JCPDS database [43]. Morphological properties were studied using a JEOL 6400F Field Emission SEM at 5 kV and Hitachi HF–2000 TEM at 200 kV.




2.5. Photocatalytic Reduction of Cr(VI) and Pb(II) in Water


The reduction of the Cr(VI) and Pb(II) ions in simulated water was investigated separately using plant-based CuO nanoparticles under visible light irradiation. A circulating water source in the reactor vessel with a 250–W Xe discharge lamp was used. About 50 mg/L concentration of both metal ions and 1–3 g of the CuO nanoparticles were used. The nanoparticles were introduced into the aqueous pollutant’s solution and stirred magnetically in the dark for one hour until the adsorption equilibrium was reached. The mixture was then irradiated with the visible lamp for 90 min of continuous stirring. The aliquots were taken from the solution after 5 min and subsequently at 10 min intervals over a 90 min period. The degradation efficiency of the chromium and lead ions was studied using a UV–Vis spectrophotometer and an Atomic Absorption Spectrophotometer (AAS). The photocatalytic reduction of Pb(NO) was observed by AAS at wavelength 217.0 nm.



The percentage photocatalytic reduction of both Cr(VI) and Pb(II) ions was calculated using the following equation:


  Reduction   yield   % =     C   0   −   C   e         C   0     × 100  



(1)




where C0 is the initial concentration, and Ce is the concentration of metals after a specific time.





3. Results and Discussion


3.1. X-ray Diffraction (XRD) Studies


The formation of copper oxide NPs using Myriophyllum spicatum plant extract was confirmed by XRD analysis, and the diffraction pattern is presented in Figure 1. The patterns displayed peaks located at 2θ = 36.18°and 39.17°, which are assigned to the planes of (−111) and (111), respectively [44]. This corresponds to the standard card number of ICSD 98-006-9757 [45], and there are no characteristic impurity peaks of CuO, Cu2O, or Cu(OH)2 nanoparticles displayed in the XRD pattern, indicating that a pure monoclinic crystalline structure of CuO nanoparticles was formed [46]. The crystal structure of CuO nanoparticles in Figure 1 shows how the Cu and O atoms are arranged in the crystal lattice of CuO, in which the Cu atom is coordinated by four coplanar O atoms like a rectangular parallelogram. Copper atoms have the large spheres, and O atoms have the smaller spheres. The shaded part in the crystals is two CuO2 chains [47]. The CuO forms two different ribbons of parallelograms in the (110) and   (   1  ¯   10) directions [48]. The average crystalline size of the CuO-NPs calculated by the Scherer formula was to be around 32.54 nm.




3.2. Fourier Transform Infrared (FT-IR) Spectroscopy


FT-IR analysis was used to identify the functional groups present in the plant, and the spectrum is shown in Figure 2. These bioactive molecules present in the leaf extract Myriophyllum spicatum play a role in mediating the nanoparticle synthesis. In the spectrum, the broadband in the 3263–3550 cm−1 vibrational frequency is the O-H stretching vibration, while the absorption peak at 2919 cm−1 is attributed to the C-H vibration of saturated carbon. This peak appears at slightly below 3000 cm−1 and often appears at a lower frequency than the C-H of unsaturated carbon, which appears at slightly beyond 3000 cm−1. The peaks at 1721 cm−1 and 1247 cm−1 are ascribed to C=C and C-OH stretching, respectively. The band, which appears at 564 cm−1, is attributed to the vibration due to the Cu-O bond, and this confirms the synthesis of CuO nanoparticles [49]. These functional groups are indicative of the presence of phytochemicals such as tannins, flavonoids, proteins, carboxylic acids, and alkaloids in the formation of CuO nanoparticles [49,50]. The observed peaks are similar to the vibrational bands reported for CuO nanostructures in other studies [51,52].



Figure 3 presents the UV–Vis spectrum of CuO. Absorption spectroscopy is the most important method of analysis for CuO NP surface plasmon resonance (SPR) detection. This property is a phenomenon that occurs due to the collective oscillation of electrons in the conduction band that is in resonance with the oscillating electric field of the incident light, leading to the production of energetic plasmonic electrons via non-radiative excitation [53]. Therefore, the absorbance peak at 384 nm is attributed to copper oxide, which is in agreement with some related studies on the plant-mediated biosynthesis of CuO-NPs [54,55,56].



The band-gap energy of the CuO nanoparticles was estimated using the Tauc plot and Equation (2) for a direct transition in semiconductors, which is given by:


    α h γ   = c ( h v − E g )  



(2)




where hγ and α are the incident energy of the photon and the absorption coefficient, respectively; c is a constant; and Eg represents the band-gap energy. A plot of (αhγ)2 versus the photon energy (E = hγ) gives the value of the band-gap energy as the intercept on the x-axis, as shown in the inset of Figure 3. The band-gap energy was obtained as 2.65 ev, which is a blue shift in terms of the bulk CuO (1.85 eV) [57]. This variation could be attributed to the consequence of the quantum confinement effect emanating from the reduction in the nanoparticle’s size [58,59] and similar to the values reported for previous studies [60,61].




3.3. Morphological Studies


As well as providing information on the surface morphology, SEM analysis also displays the structure and degree of agglomeration of nanoparticles [27]. The SEM micrographs of copper oxide nanoparticles at different magnifications are evenly distributed and homogeneous (Figure 4a,b). Both magnifications show the spherical morphology of the as-synthesized CuO nanoparticles. This observation is also confirmed by TEM analysis (Figure 4c), which presents spherical particles with obvious agglomeration that is often associated with high-temperature products [62,63]. It was evident that CuO-NPs were poly-dispersed and spherical. The particles were in the size range 21–42 nm, and the average particle size was 29 nm. The mapping image shows evenly distributed particles, which confirms that the copper and oxygen were well distributed across the matrices of the metal oxide nanoparticles (Figure 4d–f). Figure 4g presents the EDS analysis of synthesized CuO nanoparticles, which displays copper (Cu) and oxygen (O) as the main components in the spectrum. The weight percentage of copper and oxygen was calculated to be 73.15 and 22.17%, respectively. A similar observation was reported in previous work on Cu NPs and CuO-NPs [31,64].




3.4. Photocatalyst Reduction of Cr(VI) to Cr(III) and Pb(II) to Pb(0)


The existence of hexavalent chromium is in three different ionic forms, which include HCrO4−, CrO4, and Cr2O72− [65]. The hexavalent chromium species are predominated in different solution pHs. Chromium ions exist in both neutral and basic media, while the hydro chromium can be found in lower pHs.



The amount of Cr(VI) or Pb(II) remaining at any given time was calculated using the relationship shown in Equations (3) and (4):


  [   C r   ( T o t )   ] − [ C r ( V I ) ] = [ C r ( I I I ) ] ,  



(3)






        C r   ( T o t )       − [ C r   V I   ]     [ C r   ( T o t )   ]    



(4)







Therefore, three stages are involved in the reduction of Cr(VI) to Cr(III). First, Cr(VI) reduces to Cr(V) by reducing the molecular oxygen to hydrogen peroxide. After that, Cr(V) produces hydroxyl radicals and then produces intermediates, which are Cr(IV), free radicals, and Cr(III) as the final product [66,67].



Idris et al. [68] reported the reduction of Pb(II) to Pb(0), which usually occurs at acidic suspension pH, and the color changes could be observed on the photocatalyst surface at the end of the experiment, which confirms the photocatalytic response. Metallic lead was observed as a black deposit on the photocatalyst (CuO) after the run, which can be identified as PbO2. Murruni et al. [69], who reported the photocatalytic removal of Pb(II) using Pt–TiO2 powders, suggested the validity of a similar pathway for Pb(II) reduction to metallic lead as follows:


    P b   2 +   +   e   −   →   P b   +    



(5)






    P b   +   +   e   −   → P b ( 0 )  



(6)








3.5. The Effects of Solution pH on the Cr(VI) and Pb(II) Reduction


The solution pH was investigated to establish the impact of surface charge, which depends on the pH of the solution being positive in an acidic medium and negative in an alkaline medium. Figure 5a,b display the impact of solution pH in the photocatalytic reduction of Cr(VI) and Pb(II), respectively. pH 4–8 was investigated in the reduction of both toxic metals onto CuO nanoparticles. Surprisingly, a similar trend was observed in both metal ions; however, CuO-NPs have a higher affinity for Cr(VI) compared to Pb(II) at the optimum pH of 4.2 [70]. For example, at a low pH of the solution, a higher reduction of both Pb(II) and Cr(VI) occurred. As the pH increased, the reduction of both metal ions decreased. This might be due to the decrease in the amount of H+ ions in the solution. The electrostatic interaction between the positively charged metal ions and the negatively charged site of nanoparticles might be the main mechanism that governs the reduction of these ions in water. Therefore, the fate of the photocatalytic reduction of these metal ions depends on the surface charge of the semiconductor–electrolyte interface.




3.6. Effect of Catalyst Dosage on the Metal Reduction Process


The quantity of nanoparticles used to treat a liter of water has an impact on the rate of reduction of metal ions in water. As is evident in the plot presented in Figure 6a,b, the photocatalytic reduction rate of Cr(VI) and Pb(II) increases with an increase in catalyst dosage. However, the rate of both metal reductions became constant with the use of 3 g/L, and little or no further increase in the reaction rate was observed beyond the usage of 3 g. This is an indication that more particles are available for excitation with an increase in catalyst dosage. Therefore, there might be a greater possibility of electron–hole pair generation upon exposure to light [71]. A maximum percentage reduction of 90.2% and 79.1% was achieved for Cr(VI) and Pb(II), respectively, with the use of 3 g of CuO nanoparticles.




3.7. Effect of the Concentration of Metals on Their Reduction Process


The concentration of both ions varied between 25 and 100 mg/L, and the influence of change in concentration on the reduction of ions was observed, as shown in Figure 7a,b. An indirect relationship between concentration increases and the rate of reduction of the metal ions was observed. This might be because the movement of both ions towards the semiconductor surface was hindered due to the high concentration of metal ions. Therefore, Cr(VI) and Pb(II) ions were not permitted to reach the desired active site within the time domain and, therefore, decreased the rate of ion reduction in water [72].



The gradual reduction of both metal ions can be observed with a decrease in initial metal ion concentration (Figure 8). The ultrafast charge carrier separation and photo absorption might be responsible for the highest reduction activity obtained with the use of biogenic CuO. According to the results obtained for Cr(VI) and Pb(II), the optimum catalyst loading amount of 3 g/L exhibited a higher photocatalytic reduction in Cr(VI) as compared to Pb(II) reduction in the solution [73]. As such, the intensity of Cr (VI) ion absorption peaks decreases with increasing irradiation time, and about 89.2% reduction of Cr (VI) to Cr(III) was achieved within 90 min. A color change from yellow to colorless confirmed the reduction of toxic chromium in the solution [74]. A similar reduction pattern or mechanism was observed in the reduction of Pb(II) to Pb(0); however, biogenic CuO seems to have a higher affinity for Cr(VI) compared to Pb(II). Therefore, about a 79.1% reduction of toxic lead was achieved. The experiment performed in the dark to achieve the adsorption–desorption equilibrium for both metal ions could be considered insignificant under the same conditions because only 3% and 2% reduction of Cr(VI) and Pb(II), respectively, were recorded. This therefore indicated the importance of light in the reduction process.




3.8. Mechanism of the Biogenic CuO Photocatalytic Process in the Reduction of Cr(VI) and Pb(II)


A schematic diagram of the photocatalytic activity of the biogenic CuO nanoparticles is presented in Figure 9. When holes are generated in the valence band, a source of light induces electrons to excite from the valence to the conduction band [75]. The H2O molecules in the reaction are oxidized by holes to more reactive OH radicals. Therefore, the oxygen molecule is reduced to O− 2 radicals due to the presence of excited electrons in the conduction band, and H2O2 is reduced to OH radicals, too. The reduction of Cr(VI) and Pb(II) to Cr(II) and Pb(0), H2O, and other mineralization products can be attributed to the oxide and hydroxyl radicals formed by CuO nanoparticles [76]. The study also observed from Table 1 that the current approach gave a very good metal ion reduction compared to other CuO-based photocatalysts.




3.9. Reusability of the Copper Oxide Nanoparticles on Cr(VI)


The stability of the biogenic copper oxide nanoparticles on Cr(VI) reduction was investigated to establish the robustness of the nanoparticles after a few runs. About 3 g/L CuO was used in four cycles using a solution of 25 mg/L of Cr(VI), and the result is presented in Figure 10. After each cycle, the CuO catalyst was filtered, dried, and used for the next experiment. The CuO nanoparticles were found to be moderately stable up to their fourth cycle [77]. Although the Cr(VI) reduction decreases as the reusability cycle increases from cycles 1–4, stability was maintained because the difference between the performance of the catalyst is insignificant [78]. A decrease from 89.2 to 70% Cr(VI) reduction was noticed as the reusability cycle increased from the first to the fourth cycle. This observation could be attributed to the accumulation of byproducts on the active surface sites of the catalyst and the loss of some amount of catalyst during the filtration process. Ravele et al. [79] reported that the economic value of any photocatalyst in water treatment can be determined by the cycling stability test because less photocatalyst would be needed to reduce Cr(VI) from water, therefore saving some cost. Similar observations have been reported in other studies [80,81].



The high reduction percentage obtained with the use of the biogenic CuO nanoparticles compares favorably with other CuO-based nanoparticles reported in other studies (Table 1).





 





Table 1. Comparison of photocatalytic reduction values obtained from CuO nanoparticles with the percentage Cr(VI) reduction of different CuO-based photocatalysts, as reported in the literature.






Table 1. Comparison of photocatalytic reduction values obtained from CuO nanoparticles with the percentage Cr(VI) reduction of different CuO-based photocatalysts, as reported in the literature.





	Photocatalysts
	Pollutant Treated
	% Reduction
	References





	Biogenic CuO nanoparticles
	Cr(VI)
	89.2
	This study



	CuO-Kaolin
	Cr(VI) in electroplating wastewater
	79.6%
	[80]



	Cupriavidus basilensis CuO
	Cr(VI)
	44.7%
	[81]



	CuO-ceramic ultrafiltration membrane
	Cr(VI)
	88.08%
	[82]



	Doped CuO
	Cr(VI)
	72%
	[83]



	Undoped CuO
	Cr(VI)
	56%
	[83]










4. Conclusions


The synthesis and application of CuO nanoparticles mediated by the extract of Myriophyllum spicatum in the reduction of Cr(VI) and Pb(II) ions under visible light was investigated. The as-synthesized nanoparticles were characterized by XRD, SEM, TEM EDX, and UV–Visible spectroscopy. Fourier transform infrared analysis confirmed the existence of phytochemicals induced by the plant extract during the synthesis of the copper oxide nanoparticles. X-ray diffraction analysis of the particles revealed the formation of CuO with a monoclinic phase. Photocatalytic analysis indicated that plant-based CuO nanoparticles exhibited superior reduction efficiency of Cr(VI) (89.2%) compared to Pb(II) 79.1%. As pH increased from 4 to 8, reduction efficiency decreased. An increase in catalyst dosage was found to be directly proportional to the reduction of Cr(VI) and Pb(II), while an increase in the concentration of Cr(VI) impeded the removal process.
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Figure 1. XRD of CuO nanoparticles synthesized using aqueous extract of Myriophyllum spicatum plant. Inset is the crystal structure showing copper atoms (red spheres) and oxygen atoms (green spheres) [47]. 
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Figure 2. FT-IR spectrum prepared from the extract of the Myriophyllum spicatum plant. 
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Figure 3. (a) UV–Vis spectrum, and (b) Tauc plot of CuO (inset) prepared from the extract of the Myriophyllum spicatum plant. 
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Figure 4. SEM at (a) low and (b) high magnification; (c) TEM micrograph; (d) elemental mapping; (e) Cu and (f) O; (g) EDX spectra of CuO nanoparticles prepared from the aqueous leaf extract of the Myriophyllum spicatum plant. 
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Figure 5. Effect of solution pH on the reduction of (a) Cr(VI), and (b) Pb(II) using plant-based CuO (conc. of photocatalyst = 3 g/L, conc. = 50 mg/L). 
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