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Abstract

:

Over recent years, the ‘green’ chemistry approach to synthesizing nanoparticles has made significant developments. Because of their unique features, nanoparticles have received a lot of attention. The use of a bioflocculant to promote the environmentally friendly synthesis of copper nanoparticles is described in this paper. Copper nanoparticles were biosynthesized using bioflocculant which was produced from a yeast, Pichia kudriavzevii. The chemical reduction approach was used to synthesize copper nanoparticles (CuNPs) using a bioflocculant as a capping agent. Characterization of the as-synthesized copper nanoparticles was conducted using Fourier transform infrared (FT-IR) spectroscopy, UV-visible spectroscopy, X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM), and energy dispersive X-ray (EDX). The FT-IR spectra revealed characteristic peaks at 3267, 2956, 1656, 1059, and 511 cm−1 for the bioflocculant, while for the bioflocculant passivated CuNPs, the characteristic peaks were at 3482 (-OH), 3261, 1640, 1059, 580, and 519 cm−1 (Cu-O). These peaks revealed that functional groups such as hydroxyls, amines, and copper oxide bonds were present. The UV-Vis analysis showed surface plasmon resonance (SPR) at an absorbance range of 500–600 nm, with peak maxima at 555 and 575 nm for the as-synthesized CuNPs. The XRD pattern revealed planes such as (200) and (220) at 2θ = 43 and 52°, and the particle size (30 nm) was determined by the Debye–Scherrer equation. The transmission electron microscopy analysis revealed a spherical-shaped particle with an average size of 20 nm. The EDX analysis of the as-synthesized CuNPs revealed the presence of the element Cu, which was not present in the EDX image of the bioflocculant used in the synthesis of the CuNPs; this indicated the success of biosynthesis.
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1. Introduction


Nanoparticles have been studied in several branches of study, including chemistry, physics, medicine, biology, material science, and pharmacy. This is due to their unique optical and electrical properties that distinguish them from their bulk counter parts [1,2]. Nanomaterials are defined as elements with a dimension of 1 to 100 nanometers. The characteristics of nanoparticles are improved as their size is reduced [3]. These characteristics include increased surface area, enhanced surface reactivity, improved mechanical properties, altered optical and electronic properties, enhanced bioavailability, and cellular uptake. The major strength of nanomaterials to be used in various applications is determined by their physical and chemical features [4]. Nanoparticles can be used to provide new, cutting-edge applications in energy storage [5], optics [6], sensing [6], communications [7], data storage [8], biology and medicine [9], transmission [10], and environmental protection, among other fields [11]. Moreover, in recent years, major attempts have been made to generate a large number of nanoparticles/nanocrystals with regulated morphologies, sizes, and forms [12]. Copper, titanium, manganese, gold, silver, iron, tantalum, aluminium, or a combination of at least two of these nanoparticles are some of the nanoparticles being investigated [13].



Copper nanoparticles have gained researchers’ interest in recent years because of their attributes such as in-expensive production costs and antibacterial efficacy [14]. Nanoparticles have a high surface area to volume ratio, catalytic activity, magnetic properties, and optical properties when compared to precious metals such as gold, palladium, or silver [15]. Nevertheless, when exposed to air, their quick oxidation becomes the most difficult aspect of their preparation and storage. Scientists have used innocuous media such as argon and nitrogen to resolve these challenges of oxidation [16]. Copper salt is also protected or rather capped using reducing agents from being further oxidized.



The reducing and capping compounds utilized in the synthesis of nanoparticles have been discovered to be hazardous and expensive [17]. Consequently, the use of a bioflocculant has been seen as a better alternative in the chemical reduction process to counteract the toxicity of chemicals used as reducing agents and to synthesize copper nanoparticles for a greener environment [16]. The bioflocculant in the process acts as a reducing and a capping agent, making the procedure non-toxic, environmentally benign, and cost effective as bioflocculants are non-toxic. Several metallic and non-metallic nanoparticles have been in an increased demand in recent years owing to their fascinating characteristics [18].



Lee et al. [19] successfully produced stable copper nanoparticles (CuNPs) by treating an aqueous solution of copper sulfate pentahydrate with an extract derived from Magnolia kobus leaves. Stable copper nanoparticles were synthesized through a green approach utilizing Ocimum sanctum leaf extract, as developed by Kulkarni and Kulkarni [20]. CuNPs were biosynthesized by Varshney et al. [21] utilizing a Pseudomonas stutzeri bacterial strain isolated from wastewater originating from the electroplating industry.



Nanoparticles of various sizes, compositions, and forms have been synthesized by utilizing a variety of processes [15]. Physical and chemical processes are utilized in these treatments of nanoparticles synthesis. Laser ablation and high-energy irradiation techniques are utilized in physical procedures. Chemical procedures utilizing reducing agents are part of the chemical approach to the synthesis of nanoparticles [16]. Although chemical and physical methods are frequently used to generate nanoparticles, they are not only expensive but also damaging to the environment and living things [22]. The widespread usage of the produced products (bio-materials) necessitates significant energy use, the use of hazardous organic solvents, the production of new disposal intermediates, and, eventually, biological risks and environmental degradation [23]. Thus, in this paper we report the biosynthesis of copper nanoparticles using a bioflocculant produced by a yeast Pichia kudriavzevii as a stabilizing and capping agent and their characterization using various methods such as Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction pattern (XRD), transmission electron microscopy (TEM), ultraviolet visible microscopy (UV-Vis), scanning electron microscopy (SEM), and energy dispersive X-ray analysis (EDX).




2. Materials and Methods


2.1. Bioflocculant Source and Production Medium


The bioflocculant was produced from a yeast Pichia kudriavzevii, which was isolated from Kombucha tea SCOBY and identified as Pichia kudriavzevii MH545928.1 by using the 16S rRNA technique as described by Tsilo et al. [24]. The method outlined by Shukri [25] was followed to compose a bioflocculant production medium. The medium consisted of 1 L Kombucha tea broth, glucose (20 g), MgSO4.7H2O (0.2 g), (NH4)2SO4 (0.2 g), K2HPO4 (5 g), urea (0.5 g), yeast extract (0.5 g), and KH2PO4 (2 g) at pH 7 and was autoclaved at 121 °C for 15 min for sterility. After autoclaving, the medium was allowed to cool down before being inoculated with a fresh culture (revived overnight), and it was incubated for 60 h at 35 °C with agitation of 140 rpm in a shaker incubator.




2.2. Extraction and Purification of the Bioflocculant


Following 60 h of fermentation at 35 °C, the broth culture was removed and centrifuged for 15 min at 8000 rpm and at 4 °C. This was performed to separate the cells and insoluble substances before transferring the suspension to a clean beaker and discarding the sediment cells. Thereafter, 1 L of distilled water was added to the clear suspension, which was then re-centrifuged at 8000 rpm for 15 min at 4 °C. The solution was shaken and left to stand at 4 °C for 12 h after 2 volumes of ice-cold ethanol was added to the suspension. A precipitate was collected and vacuum-dried before being mixed with 100 mL of distilled water and the combination of chloroform and n-butyl alcohol (5:2 v/v). The mixture was allowed to stand at room temperature for 12 h. Thereafter, the precipitate was vacuum-dried to obtain a pure bioflocculant [26].




2.3. Synthesis of Copper Nanoparticles


A 200 mL solution of 3 mM copper sulphate was prepared with distilled water. Then, a 0.5 g of purified bioflocculant was added and the mixture was agitated for 10 min at room temperature in the shaking incubator at a speed of 200 rpm. The mixture was kept at room temperature for 24 h, and the precipitate was collected by centrifugation at 8000 rpm for 15 min at 4 °C. The visual observation of a color change from colorless to blue confirmed the synthesis of the CuNPs. The characterization of the as-synthesized material using various analytical techniques also confirms the formation of copper nanoparticles. A copper sulphate solution without bioflocculant was utilized as a control [26]. The vacuum-dried nanoparticles were kept in a safe place for further analysis.




2.4. Characterization of the Biosynthesized Copper Nanoparticles


The optical measurements of the produced copper nanoparticles and the bioflocculant were performed utilizing a Varian Cary 50 Conc. UV-Vis spectrophotometer (Orion AquaMate AQ8100, Gauteng, South Africa), with 0.1 mL of the sample diluted with 2 mL of distilled water. Quartz cuvettes were utilized to hold samples of about 1 cm path length. The absorption measurements were carried out in the wavelength range between 200–700 nm, with a resolution of 1 nm at room temperature.



The functional groups present in the bioflocculant, and the biosynthesized copper nanoparticles were identified and confirmed by utilizing a Fourier transform-infrared (FT-IR) Tensor 27 spectrophotometer (Bruker, Gauteng, South Africa) as part of the structural characterization. Pure solid materials were dried and crushed to a fine powder for FT-IR measurements, and the spectra were recorded using a Tensor 27 Bruker FT-IR spectrophotometer with a resolution of 4 cm−1 in the 4000 to 400 cm−1 range.



The X-ray diffraction (XRD) pattern was utilized to investigate the crystallinity of the dried copper nanoparticles. The patterns were recorded utilizing a Bruker D8 Advance diffractometer (Bruker, Gauteng, South Africa) equipped with Cu Kα1 radiation (λ = 1.54060 Å) at 40 kV/40 mA at ambient temperature. The dried sample was put on a flat sample holder and scanned in increments of 0.05 in a 0.003/s scan rate with a step size of 0.00657 between 5 and 90 °C.



The TEM micrographs were obtained using a JEOL 1010 transmission electron microscope (JEOL USA, Inc., Peabody, MA 01960, USA). By dabbing a drop of the diluted material onto the copper grid (150 mesh size), the specimens were made. At 100 kV accelerating voltage, the samples were observed, and a Magaview III camera was used to take digital images.



At 1000 keV/wavelengths of resolution, scanning electron microscopy (SEM-Sipma-VP-03-67, Johannesburg, South Africa) was utilized to provide a better image and the elements of both the bioflocculant and biosynthesized CuNPs. Using a PerkinElmer Thermal Analysis Pyris 6 TGA, thermogravimetric analysis measurements were taken on the copper nanoparticles as they were being synthesized (PerkinElmer, Inc., Waltham, MA 02451, USA). The temperature ramped up from 22 to 900 °C at a rate of 10 °C/min while the nitrogen gas flow rate was kept constant at 40 cc/min (Dlamini et al., 2019).





3. Results


3.1. FT-IR Analysis


Microorganisms produce bioflocculants with varying chemical compositions [24]. The flocculating action of a produced bioflocculant is exclusively determined by its chemical makeup, which is linked to the functional groups in the molecule. The functional groups in the molecule also act as a binding site for distinct colloids in solution [25]. The Fourier transform infrared (FT-IR) spectroscopy investigation revealed various functional groups present in the molecule. The FT-IR spectra of the bioflocculant and biosynthesized copper nanoparticles’ functional groups are shown in Figure 1. The figure showed the characteristic peak at 3267 cm−1 (-OH), 2956 cm−1 (O-H), 1656 cm−1 (C=C), 1059 cm−1 (C-N), and 511 cm−1 (C-l), which represents the different functional groups (hydroxyl, carboxylic acid, alkenes, amine, and halo compounds, respectively) present in the bio-flocculant. The characteristic peaks at band values of 3482 cm−1 (-OH), 3261 cm−1 (-OH), 1640 cm−1 (C=C), 1059 cm−1 (C-O), 580 cm−1 (C-Br), and 519 cm−1 (C-Br) showed the functional groups (hydroxyl, alkene, alcohol, and halo compounds, respectively) available in the as-synthesized copper nanoparticles. The band at 3267 cm−1 for the bioflocculant and those around 3482 and 3261 cm−1 for the CuNPs represent hydroxyl (-OH) groups and amine (-NH2) groups, respectively. These peaks have been reported to reduce Cu2+ to Cu0 [26]. The stretching vibration between 1059 cm−1 and 519 cm−1 could be assigned to the copper oxide bond in the as-prepared copper nanoparticles [27]. The study findings from the FT-IR spectra supported the hypothesis that the produced nanoparticles were coated with biomolecules that were in charge of reducing the copper oxide ions and protecting the nanoparticles in the biosynthesis of CuNPs [28]. An FT-IR analysis of CuNPs in a study by Harne et al. [29] demonstrated a prominent absorption band at 1610 cm−1 by a Calotropis procera L., which could be assigned to the binding of -NH-C=O to metal (copper) nanoparticles. They further reported additional important FT-IR bands at 2916, 1510, 1230, 1321, and 1027 cm−1, which all supported the formation of CuNPs. Another study by Saranyaadevi et al. [30] revealed peaks at 3901, 3840, 3842, 3460, and 1636 cm−1 in the FT-IR spectra. These results agree with those of the present study.




3.2. UV-Visible Spectroscopy Analysis


The UV-visible spectra of the bioflocculant and biosynthesized copper nanoparticles are shown in Figure 2. The surface plasmon resonance (SPR) spectra with absorption peaks between 200–350 nm were observed in the bioflocculant (Figure 2). The bioflocculant was revealed to have a sharp peak at around 250 nm. The peak maxima for the biosynthesized Cu nanoparticles were observed at 555 nm and 575 nm, which could be attributed to the copper nanoparticles. An SPR peak at around 553 nm was reported for bimetallic copper nanoparticles in a study by Punniyakotti et al. [27]. Rajesh et al. [28] documented CuNPs with surface plasmon resonance produced at 580 nm. The UV-vis spectra showed the Cu metal ion’s SPR action, which caused the formation of the highest absorbance of nanoparticles at about 555 nm [29]. A study by Amaliyah et al. [30] reported UV-vis spectra with two peak maxima at around 203–210 nm (first peak) and 234–255 nm (second peak). During synthesis, the solution (bioflocculant and 3 mM CuSO4) the color changed from white to blue, thus indicating the formation of copper nanoparticles. The surface plasmon vibration in the copper nanoparticles caused them to turn blue in solution. The color shift indicated the reduction of Cu ions into CuNPs by adding aqueous leaf extract of Cardiospermum halicacabum (CH) as a green reducing agent in a study by Punniyakoti et al. [27], and this color change indicated the formation of CuNPs. The color change could also be attributed to the interaction of metal nanoparticles conducting electrons with incoming photons [31]. One can deduce from this analysis that there is a relationship between the bioflocculant and the as-synthesized CuNPs as indicated by the peaks (Figure 2).




3.3. X-ray Diffraction Patterns


The crystalline properties of the produced nanoparticles were determined by utilizing X-ray diffraction (XRD). The diffractogram of the bioflocculant showed diffraction peaks at 2-theta equal to 20.1, 21.7, 24, 30.9, and 34.12°. When compared to the Cu nanoparticles, these peaks observed on a bioflocculant may be the result of impurities present in the molecule (Dlamini, 2017).



The X-ray diffraction profile of the biosynthesized copper nanoparticles using a bioflocculant as a passivating agent and the bioflocculant are shown in Figure 3. These diffraction peaks identified in the XRD spectra correspond to the planes (200) and (220) at 2-theta values of 43° and 51°, respectively. The diffraction peak (200) was shown to have the highest intensity peak. Other small peaks were observed at 23° and 29.6° representing the (100) and (110) planes, respectively, indicating the presence of Cu2O impurities in the as-synthesized Cu nanoparticles [32]. All of these peaks corresponded to the face centered cubic (FCC) structure and were in good agreement with the standard JCPDS No. 04-0836 cord [33]. The peak positions match those in the literature for metallic copper [34]. There were no further impurity-related peaks in the sample in relation to the JCPDS standards. Caroling et al. [35] reported the presence of Cu2O in the XRD spectra of CuNPs when the PEG (polyethylene glycol) 600 capping agent was absent, but when it was used, there was no Cu2O formed, so this meant that PEG 600 protected the synthesis of CuNPs from oxidation. However, in the present study, Cu2O was observed from the XRD spectra which means that the CuNPs’ formation was not well protected from oxidation. The crystallite size was estimated to be around 30 nm using Scherrer’s equation. Similar results were observed in a study by Akhter et al. [36] where they reported a crystallite size of above 30 nm for CuNPs using Scherrer’s formula. Muthulakshmi et al. [37] observed similar results for the biosynthesis of CuNPs using a bioflocculant from cellulose. Based on the XRD profile, it can be concluded that bioflocculant from Pichia kudriavzevii can be utilized to synthesize pure copper nanoparticles.



The Debye–Scherrer equation D =     K λ    β Cos θ      was used to calculate the average particle size of the CuNPs, where K is the Scherrer constant which is within the value of 0.9 to 1, D is the nanoparticles’ crystallite size at full width half maximum (FWHM), Lambda (0.541 nm) is the wavelength of the X-ray used in the XRD, β is the full width at half maximum diffraction peak, and θ is the Bragg’s angle.




3.4. TEM Analysis


The TEM image in Figure 4a shows the CuNPs that are agglomerated and are different from that of the bioflocculant (Figure 4b) used for its preparation. The bioflocculant showed particles that are rod-like and amorphous-mass-like, this cluster could be the reason behind the spherical shape observed on the bioflocculant-passivated CuNPs after synthesis. It was observed that the synthesized Cu nanoparticles were spherical in shape. The effective biosynthesis of CuNPs was demonstrated by TEM images, with the average particle size estimated to be 20 nm, which was almost similar to the particle size obtained from the XRD pattern. The TEM histogram also showed the average particle size of 20 nm, and the graph was unimodal. The histogram was shown to be skewed to the left, indicating that there were smaller particles observed. These findings are in accordance with those reported by Sharma et al. [38], where TEM analysis was used to determine the shape of the synthesized copper nanoparticles and they were spherical in shape with small diameters. Amer and Awwad [39] reported CuNP nanoparticles with an average particle size of 18 nm using TEM analysis. While in other study by Chandra et al. [40], the TEM micrograph revealed particles with spherical morphology and a size range of 15 nm. The idea that the bioflocculant acts as a capping agent to obtain the dominating fashioning of spherical CuNPs is supported by these data [41].




3.5. Thermogravimetric Analysis


The biosynthesized copper nanoparticles were subjected to thermogravimetric analysis to see how they react to extremely high temperatures. Figure 5 shows the results of a study on the thermal behavior of copper nanoparticles as a function of percentage weight residues at increasing temperatures between 24 and 900 °C in comparison to that of a bioflocculant used for their preparation. It was discovered that there were three phases to the breakdown of the copper nanoparticles. The weight loss in the first phase (24–102 °C) corresponds to the loss of water and any other volatile substances. The weight loss for the copper nanoparticles was discovered to be 2.55% within this range, and for the bioflocculant, it was 3.69%. In the case of modified copper sulphate, it reflects a minor reduction in water absorption because of the in situ biosynthesized CuNPs. The copper NPs and bioflocculant composites were shown to have less thermal stability in the second phase (99–205 °C). The organic material that was present in both the copper nanoparticles and the bioflocculant may have degraded throughout this phase. The weight loss at this stage was 19.54 wt% for both samples. Similar findings were made when Ocimum sanctum leaf extract was used as a reducing agent in the case of cellulose nanocomposite films containing in-situ-produced CuNPs [42]. The biosynthesized CuNPs lost about 10.6% of their weight in the third stage (205–895 °C), which was a higher temperature. However, it could be noted that the weight loss (17.5%) of the bioflocculant was higher at higher temperatures (205–895 °C) compared to that of the CuNPs (10.6%). This could be because of the bioflocculant being used during synthesis as a stabilizing and protecting agent for the CuNPs. The bioflocculant used in CuNP synthesis was previously reported to be thermally stable [24].



The combination of sugars and amino acid components was discovered, as revealed by the FT-IR analysis, suggesting that the biosynthesized CuNPs have thermo-labile and thermostable contents. The first weight loss may have been caused by the evaporation or surface absorbance of both moisture and water or it may have been due to the presence of C=O and -OH functional groups in the molecular chain of the bioflocculant/copper nanomaterials formed in the presence of a bioflocculant. Ashok et al. [43] reported similar findings with three stages of thermal degradation of CuNPs. In another study by Prabhu et al. [44], it was reported that the sample’s carbonaceous matter was dissipated in the third stage, which had a weight loss of 0.881% between 550 and 800 °C. This affirmed our study’s findings whereby 10.6% weight loss was reported for temperatures above 205 °C.




3.6. SEM Analysis


The biosynthesized CuNPs were discovered to be irregular in shape, primarily in the form of polygons, squares, and some spherical particles in clusters and aggregated in smaller clusters, as shown by the SEM image (Figure 6a). The bioflocculant’s cumulus-like shape is demonstrated in Figure 6b. This make-up of the bioflocculant enabled the biosynthesis of the CuNPs. The formation of CuNPs by the bioflocculant is attributed to electrostatic interactions and hydrogen bonds between the bio-organic capping molecules [45]. These nanoparticles’ aggregation and amalgamation is a clear indication of their high surface energies [46]. It has been reported that the stability of nanocomposites and agglomeration are significantly impacted by ecological variables [47]. Consequently, throughout the generation of nanoparticles, they bind to one another and spontaneously form asymmetric clusters [48].




3.7. EDX Analysis


The purified bioflocculant and biosynthesized copper nanoparticles contain several different elements, as shown by the SEM-EDX data (Figure 7). The copper metallic nanomaterials are responsible for the significant peak at 1 keV seen in the EDX analysis of the generated copper nanoparticles (Figure 7b) [49]). The spectra also showed the presence of additional peaks with N, O, Mg, P, Ca, and Cu (around 8 and 9 keV) properties. In actuality, these elements came from the phytochemicals in the green tea used to prepare Kombucha tea [50]. These substances confirm once more that the biosynthesized nanoparticles were coated with the examined organic bio-matter. The EDX spectrum of the bioflocculant (Figure 7a) showed important elements such as carbon, nitrogen, and oxygen, among others, of which the bioflocculant was mainly composed, confirming it to be a polysaccharide. Other elements such as the existence of Cu (Figure 7b) affirmed that copper nanoparticles were successfully synthesized as copper was not present in the EDX of the purified bioflocculant. This, therefore, signifies the successful biosynthesis of CuNPs. In a study by Suarez-Cerda et al. [51], EDX examination revealed a signal which indicated there was substantial copper present but no oxygen, proving that metallic copper Cu-NPs were biosynthesized. While in another study by Asghar and Asghar [52], it was reported that, Cu signals with high specificity and strength were generated by the SPR and occurred at 8.04 and 0.93 keV for Lα and Kα nanoparticles, respectively. Due to the biomolecules from the plant that were bonded to the surface of the nanoparticles, the signal for C and O was also produced. Additionally, at around 3.69, 2.30, 1.74, 1.48, and 1.04 keV, the EDX patterns also revealed a few meager hints of Ca, S, Si, Al, and Na, respectively. The high levels of phosphorus on the EDX of the biosynthesized CuNPs could be the result of a bioflocculant used as a coating agent. There was about 14.44% wt of phosphorus on the structure of the bioflocculant used for synthesis; in the CuNPs’ EDX patterns, P could also be the cause of unintended side reactions leading to the incorporation of phosphorus species.





4. Conclusions


The purified bioflocculant from Pichia kudriavzevii was successfully utilized in the synthesis of copper nanoparticles, and the procedure proved to be quick, easy, and environmentally benign because it uses a bioflocculant which can be easily biodegraded. Characterization of the copper nanoparticles through FT-IR revealed the presence of some useful functional groups such as hydroxyl groups, amines, and CuO. The FT-IR also showed some similar functional groups between the bioflocculant and the copper nanoparticles such as -OH, NH2, and COOH. The UV-visible spectrum of the biosynthesized CuNPs showed the peak maxima at absorbance between 200–700 nm which confirms the formation of CuNPs. The TEM images indicated that the produced nanoparticles are close to spherical in shape with an average particle size of 20 nm which was also confirmed using Scherrer’s equation. The SEM-EDX results of the CuNPs showed elements such as C, O, Mg, P, Ca, and Cu with their weight percentages (wt%). Cu was present with 6.8%wt, showing that the bioflocculant used was able to act as a reducing and capping agent during synthesis.
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Figure 1. FT-IR spectra of the bioflocculant and ss-synthesized copper nanoparticles. 
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Figure 2. UV-visible spectra of the bioflocculant and biosynthesized CuNPs. 
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Figure 3. X-ray diffraction pattern of the bioflocculant and the as-synthesized copper nanoparticles. 
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Figure 4. TEM images of (a) the copper nanoparticles, (b) the bioflocculant, and (c) the particle size distribution histogram. 
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Figure 5. TG analysis of the bioflocculant and copper nanoparticles. 
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Figure 6. SEM images of (a) the biosynthesized CuNPs and (b) the bioflocculant. 
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Figure 7. Energy-dispersive X-ray spectra of (a) the purified bioflocculant and (b) the as-synthesized copper nanoparticles. 
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