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Abstract

:

The green synthesis of nanoscale materials is of special interest to researchers all over the world. We describe a simple, robust, inexpensive, and environmentally friendly approach to the synthesis of gold, silver, and iron nanoparticles using a variety of biomolecules/phytochemicals as potential reducers and stabilizers. The green approach to the controlled synthesis of nanoparticles with different morphologies is based on the use of plant extracts. Green synthesized nanoparticles can be used as catalysts, photocatalysts, adsorbents, or alternative agents for the elimination of various organic dyes. The kinetic enhancement of nanoparticles for the degradation/removal of dyes could provide significant and valuable insights for the application of biochemically functionalized nanoparticles in engineering. In this review, current plant-mediated strategies for preparing nanoparticles of gold, silver, and iron are briefly described, and morphologically dependent nanoparticles for the degradation of organic pollutants in wastewater are highlighted. Overall, the approach presented in the article supports environmental protection and is a promising alternative to other synthesis techniques.
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1. Introduction


Currently, nanotechnology is one of the most promising research fields regarding the development of nanomaterials and especially nanoparticles (NPs) ranging from 1 to 100 nm in size. It has been the center of attention due to the synthesis of nanoparticles of various materials to be used in different sectors thanks to their unique physical and chemical properties when compared to the corresponding bulk materials. These distinctive properties, related to the high surface to volume ratio of nanoparticles or quantum effects, have attracted notable interest from chemists, biologists, physicists, and engineers [1]. In the past decade, the synthesis of engineered nanoparticles including metals, metal oxides, non-metals, lipids, and polymers, as well as various nanocomposites, has attracted increasing interest for various applications, in emerging technologies and in consumer products such as optical, electrical, and catalytic devices, sensors, electronic devices, and other products used for personal care, biomedicine, antibacterial purposes, agriculture, renewable energy, water and soil treatment, etc. [2,3]. Inorganic nanoparticles, especially those that are purely made from gold, silver, copper, etc., have unique optical and photo-thermal properties due to their well-known localized surface plasmon resonance (LSPR) and their broad absorption spectrum in the visible region of electromagnetic radiation. Gold and silver nanoparticles have enhanced optoelectronic properties, stability, and biocompatibility. Therefore, they have been used in products within different industrial fields, such as medicine, food, biomaterials, sensing, dye-sensitized solar cells, catalysis, and photocatalysis [4].



In the last few decades, a great deal of research on nanoparticle synthesis has emphasized their use in biological procedures and applications in the engineering and biomedical fields. Bottom–up approaches are preferred over top–down approaches for the fabrication of nanoparticles, and it can be carried out through physical, chemical, and bio-assisted methods. Surface-modified metal nanoparticles can be synthesized by the reduction of metal ions followed by the capping or surface functionalization of nanoparticles; agents such as gallic acid, citric acid, polyphenols, starch, polysaccharides, proteins, terpenoids, saponins, surfactants, and polymers have been used to enhance the stability of nanoparticles [5]. The stability of the surfaces of organically capped metal nanoparticles could be influenced differently by environmental conditions such as temperature, pH, humidity, the presence of interfering ions, and light when compared to the typical inert conditions for nanoparticles [1].



To date, various popular physical and chemical methods have been involved in nanoparticle synthesis, including solution-phase synthesis, chemical reduction, the sol–gel technique, evaporation–condensation, hydrothermal synthesis, the wet chemical method, sonochemical synthesis, the microwave method, the laser ablation method, and ball milling [6], in which a large amount of solvent is required in order to obtain pure and well-defined nanoparticles. However, these methods are costly and also create various problems for the ecosystem and the environment. To overcome these issues, safe, inexpensive, environmentally friendly, green methods that can be easily scaled up for the large-scale production of nanoparticles are recommended using various plant materials/biomolecules due to the generation of environmentally benign products and byproducts after the completion of nanoparticle synthesis [7]. Furthermore, these methods do not require harsh conditions such as high temperature, pressure, and energy or the use of toxic chemicals (Figure 1). Therefore, various natural materials adopted for the biosynthesis of nano- and micro-scaled inorganic materials having different compositions, sizes, shapes, and controlled dispersity are needed; this remains an unexplored area of nanotechnology research but is recommended due to the potential benefits of simplicity and sustainability [8]. Extracts of plants or their parts, such as roots, leaves, fruits, flowers, bark, and seeds, have been extensively screened for their ability to promote the biosynthesis of different kinds of metallic NPs, oxide NPs, and chalcogenide NPs [9].



The increased popularity of research on gold (Au), silver (Ag), and various types of iron/iron oxide (Fe/FeO-NPs) nanoparticles in the past several decades has attracted much attention due to the ease of synthesis via the use of safe, green methods involving biomolecules and phytochemicals; these can be further used in a wide variety of engineering and biomedical applications. As a result of the large specific surface areas of Ag, Au, and Fe/FeO-NPs, the large band gap, and the reactive surfaces of iron oxide nanoparticles, they could be a good choice for the photocatalysis and adsorption of various synthetic dyes [10].



In recent decades, wastewater or effluent containing non-biodegradable dyes and organic pollutants from various industries, factories, and laboratories have been discharged into water reservoirs without any treatment, and it poses a growing global environmental hazard [11]. In general, chromophores and auxochromes are both key components of organic dyes: chromophores are the main coloring group that is responsible for producing the color variety in the visible region due to delocalized electron systems with conjugated double bonds (n→π* and π→π*), whereas auxochromes are responsible for intensifying the color of the chromophore. They are usually electron-donar or electron-withdrawal substituents that enhance the color intensity by altering the overall energy of the electronic systems. The usual chromophores are –C=C–, –C=N–, –C=O, –N=N–, –NO2, and the quinoid rings, whereas the auxochromes are –NH3, –COOH, –SO3H, and –OH groups. Different groups of dyes can be distinguished and easily identified according to the chemical or chromophore structure. The generic name of the color index (CI) of each different organic dye is given to determine its application characteristics and its color [12]. These dyes are widely used in large quantities in many industries for various applications such as textiles, papers, leathers, foodstuffs, cosmetics, laser materials, xerography, laser printing, gasoline, additives, etc. In most cases, byproducts discarded from industries contain dyes and heavy metal ions, or both [13]. It is estimated that over 15% of the total worldwide production of dyes is lost in their synthesis and dyeing process [14]. Most of these anthropogenic dyes are toxic, carcinogenic, and reduce the light penetration into aqueous systems. Consequently, it causes serious concern to society because of its complex structures and non-biodegradable nature, which has a negative effect on photosynthesis, is toxic for living organisms, is harmful to human health, and contributes significantly to the overall imbalance of the ecosystem [15].



Wastewater with high concentrations of biodegradable pollutants could be treated using biological treatment methods. However, wastewater from many industries such as pharmaceuticals, textiles, and agriculture often contains toxic pollutants with low biodegradability [16]. Photocatalysis is an environment friendly, sustainable, and energy-saving technique that has proven to be a promising alternative for the degradation of many organic pollutants. Photocatalysis in the water treatment process is based on the advanced oxidation process, which has progressed rapidly since Fujishima and Honda discovered the photoelectrochemical water splitting reaction using a semiconductor in 1972 [17]. Photocatalysts are responsible for exploiting solar energy to degrade pollutants that make the photocatalysis treatment process economically viable [18]. Although most research has worked on synthetic or model solutions, research on real industrial wastewater or surface water is very limited.



The contents of this review article can be briefly focused on the latest breakthroughs in green production of gold, silver, and iron/iron oxide nanoparticles using different plant materials/biomolecules and their instrumental characterization. Furthermore, special attention is given to the possible use of nanoparticles for the degradation/remediation of organic pollutants in wastewater (Figure 2) and may open new avenues for the development of nanoscience and nanotechnology in agroindustry.



Numerous studies have been conducted, and widely reviewed papers are available on the synthetic procedures of gold, silver, and iron nanoparticles. Here, we briefly report an update of the discussion on their existing green synthetic approaches using different plant materials (Figure 3), large-scale fabrication, and their remediation techniques. Then, it is followed by a description of their optical, morphological, spectroscopic, crystalline structures, and catalytic properties.




2. Surface Plasmon Resonance


More than 100 years ago, R.W. Wood first reported the phenomenon of the surface plasmon resonance (SPR) in 1902 [19], where he observed a form of abnormal incident, angle-dependent bands on a metal-supported diffraction grating shed by polarized light. His concept of the SPR phenomenon has been extensively explained and elaborated by many researchers from their work. To date, numerous scientific fields have taken advantage of the SPR either directly or indirectly from simple optical detection techniques to solar energy conversion technology [20]. In addition to extensive and intensive research work on SPR, its sub-area, localized surface plasmon resonance (LSPR), has also attracted a lot of attention to the development of nanotechnologies [21]. The dipole plasmon mode, the quadrupole mode, and the significantly advanced plasmon mode are fundamental plasmonic resonances responsible for the LSPR of the plasmonic NPs.



Among these, the dipolar plasmon resonance is the most relevant factor responsible for the photocatalytic applications. This occurs due to the coherent oscillation of surface conduction electrons in plasmonic nanoparticles upon excitation by electromagnetic radiation at the interfaces between metal and dielectric media. LSPR usually occurs when plasmonic nanoparticles are significantly smaller than the wavelength of the incident light. The LSPR wavelength and absorption efficiency can simply be altered by changing the sizes, shapes, compositions, and dielectric environments of the plasmonic NPs [22]. The dimensions of the nanostructures allow the plasmon to oscillate locally, inside the nearby metal surface. Under light irradiation, the electric field is displaced by conduction electrons qualified for nuclei, prompting a large electric dipole. At the same time, a restoring force arises as a result of the Coulomb attraction between the electrons and nuclei. The result is a resonanting oscillation of the conduction electrons at a certain frequency. The LSPR characteristics may lead to various mechanisms of energy transfer from the plasmonic NPs to the metallic oxide semiconductors. Moreover, they offer versatile means to enhance the efficiency of each energy transfer progression [23]. LSPR and plasmonic nanoparticles can provide a couple of advantages over traditional SPR. Firstly, the LSPR measurement platform does not need a prism, and the angle of incident light is not as important as in the SPR platform; this means that the design of a plasmonic device can be much more affordable and flexible, and it is not susceptible to vibration or mechanical noise. The LSPR shows relatively less sensitivity to bulk refractive index changes compared to the SPR due to the short range of the enhanced electromagnetic field, so more focused studies on reactions or sites of interest are available without much interference from bulk solvent [22].



There are multiple reasons for the dominance of gold and silver nanoparticles in plasmonic nanoparticles research due to its chemical inertness, oxidation free, and high biocompatibility, which is crucial for biomedical applications [24]. It can be easily tuned to absorb and scatter light throughout the visible and near-infrared regions (LSPRs 300 to 1200 nm). Figure 4 shows the typical visual image of the SPR, the UV-visible spectra, and transmission electron microscope image of as-synthesized gold nanoparticles using Persea americana (Avocado) oil. It clearly confirmed that LSPR depends on the composition and morphology of the nanoparticles and other surrounding factors. The formation of magenta/pinkish purple in the gold solution supports the reduction from Au3+ to Au0, and this was confirmed by the appearance of a single surface SPR absorption peak at 520 nm using a UV-visible spectrophotometer, corresponding to the spherical shape and the absorption spectrum of the nanoparticles recorded between 300 and1100 nm in direct sunlight for 120 min. In contrast, the presence of a weak band above 1000 nm indicates the formation of triangular gold nanoparticles. As-synthesized gold nanoparticles were stable for two months without change in color and absorbance pattern. The TEM results of prepared gold nanoparticles using avocado oil under real sunlight irradiation were non-aggregated, well dispersed with an average size ranging from 20 to 100 nm in diameter (Figure 4), and also indicated the co-existence of spherical, quasi-spherical, decahedral, and triangular nanoparticles [25].




3. Gold Nanoparticles


These days, numerous research works have been done in connection with gold nanoparticles and have attracted increasing interest in their unique properties. It is notable that their morphology-dependent optical, chemical, and electronic properties offer promising applications in many areas, including catalysis [26]. It displays extensive UV light absorption, causing the transition of 5d electrons to the 6 sp band (interband electron transitions) and also its significantly enhanced catalytic activity [27]. Photocatalysis is an advanced solar light driven physicochemical technology applicable to the photodegradation of organic pollutants. Nowadays, the biosynthesis of gold nanoparticles appears to be a cost-effective and more promising alternative than chemical synthesis due to its ease of availability, simplicity, and eco-friendliness. Recently, extracellular biosynthesis methods employing various plant extracts, including Cinnamomum zeylanicum leaf, Zingibe rofficinale root, Aloe vera, Plukenetia volubilis oil, Rambutan peel, sugar beet pulp, edible mushroom, and Lantana camara berry have emerged as non-hazardous alternatives to chemical synthesis procedures for the bulk production of nanoparticles [28]. Table 1 presents the synthesis of gold nanoparticles using different plant extracts and its degradation efficiency. The general reaction involving the synthesis of gold nanoparticles using plant extract follows:


Au3+ + –CHO/–OH →Au0 + –COOH/C=O.



(1)







Kumar et al. (2018) synthesized multiple shapes of gold nanoparticles having an average size of 48.8 ± 24.8 nm (Figure 4). FTIR analysis confirmed that unsaturated fatty acids, vitamin E, vitamin C, vitamin B6, β-carotene, and capped with carboxylic acid (–COOH) groups of fatty acid in avocado oil were responsible for the synthesis of gold nanoparticles by reducing Au3+ to Au0. Prepared gold nanoparticles not only showed higher antioxidant activity (≈30%) than avocado oil against 1,1-diphenyl-2-picrylhydrazyl but also proved considerable photocatalytic decomposition activity of the methylene blue (>84%, 10 mg/L) with a rate constant k = 0.0057664 min−1 in solar light [25]. Kumar et al. 2015 synthesized gold nanoparticles using Capsicum baccatum L. (Aji Amarillo/Chilli) fruit extracts and studied their photocatalytic activity against methylene blue dye. C. baccatum L. is a traditional vegetable crop in Latin America including Ecuador, Peru, Argentina, Bolivia, Brazil, Chile, Costa Rica, Hawaii, and it is also cultivated in many countries around the world. The green-synthesized nanoparticles were spherical in shape with an average size of 23.9 ± 9.7 nm and exhibited 50% MB photodegradation after 5 h [29]. A study report by Paul et al. (2016) demonstrated that Parkia roxburghii leaf (dried biomass) mediated the synthesis of gold (Au) and silver (Ag) nanoparticles by the dried biomass of Parkia roxburghii leaf where the leaf biomass acts as both reducers as well as stabilizers. The specific UV-visible spectra of the synthesized AuNPs and AgNPs showed SPR at 555 and 440 nm after incubation for 12 h. The TEM image showed that AuNPs were monodispersed, spherical in shape, with sizes in the range of 5–25 nm. On the other hand, the AgNPs were polydispersed and quasi-spherical in shape, with sizes ranging from 5 to 25 nm. Investigation of the photocatalytic activities of Au and Ag NPs under solar light illumination reveals that both these particles have pronounced effect on the degradation of methylene blue and rhodamine B dyes; the ‘k’ values with gold nanoparticles were found to be 0.263 and 0.209 min−1, whereas with AgNPs, they were found to be 0.188 and 0.174 min−1 [30].



Plants and their phytochemicals play an important role in the biosynthesis of nanoparticles mainly due to their easy availability and ecofriendly nature. Baruah et al. (2018) reported on a green technique using Alpinia nigra leaf extract for the synthesis of gold nanoparticles and evaluated their photocatalytic activities. The presence of flavonoid in A. nigra leaves is confirmed through High-Performance Liquid Chromatography (HPLC) analysis. The TEM micrographs showed that the average particle size of the nanoparticles was 21.52 nm and predominantly spherical, and it also showed very good photocatalytic degradation of methyl orange (83.25%) and rhodamine B (87.64%), respectively in the presence of direct sunlight [31]. In another investigation by Desai et al. (2018), green synthesis of photoluminescent gold nanoparticles using Kokum fruit (Garcinia indica Choissy) extract with enhanced catalytic and antioxidant activities was reported. The optimized condition for the biosynthesis of gold nanoparticles was 1:3 ratio of 0.6 mM HAuCl4 to extract at pH 4, 80 °C for 15 min. The investigation confirmed that the photocatalytic activity of gold nanoparticles for the degradation of methylene violet dye in the presence of visible light (89.17%, k = 0.014 min−1) was slightly faster than UV light (86.02%, k = 0.0025 min−1) [32]. Kumar et al. (2016) investigated the morphology-controlled biosynthesis of gold nanoparticles by adding small amounts of L. camara flower extract. The UV-visible absorption spectra for the biosynthesized gold nanoparticles showed a single λmax at 530 nm corresponding to a monodisperse and spherical nanogold of average size 10.6 ± 2.9 nm. The gold nanoparticles as prepared were non-aggregated and showed significant photocatalytic degradation activity against MB (>62%, 10 mg/L) in the presence of sunlight. In addition, the experimental approach is fast, cheap, environmentally friendly, and can be used as an alternative agent for the removal of anthropogenic MB dye from waste water [33]. They also developed an ecofriendly methodology irradiated by sunlight to obtain gold nanoparticles using Sacha inchi oil. Sacha inchi (Plukentia volubilis L.) is a promising crop that originated from the Andes region, whose star-shaped seed oil has a bitter taste and is enriched with omega 3, 6, 9 fatty acids (35–60%) and proteins (27%). The spectroscopic and morphological properties of gold nanoparticles revealed the SPR peak at 515–520 nm with an average size of 5–15 nm and an almost spherical shape. The synthesized gold nanoparticles showed promising photocatalytic activity for the degradation of MB (>75%) under exposure to sunlight [34]. Mythili et al. (2018) utilized market vegetable waste for the biosynthesis of gold nanoparticles and substituted harmful chemicals by using the green method. Furthermore, the gold nanoparticles obtained from vegetable waste have been characterized by different microscopic and spectroscopic techniques. Spherical particle sizes ranged from 10 to70 nm with significant antibacterial activity against clinical microorganisms/pathogens [35]. Devi et al. (2015) reported an environmentally benign synthesis of gold nanoparticles in aqueous medium via Mimosa pudica leaves extract at room temperature. The synthesized particles were monodispersed and had a spherical shape, with an average diameter of 16 nm. The ensuing gold nanoparticles were further used as an efficient nanocatalyst in aqueous medium for the degradation of rhodamine B in the presence of NaBH4 at room temperature. In the presence of nanogold, the rate of reaction was abruptly enhanced by first-order kinetics with a catalytic efficacy of k = 0.6319 min−1 compared to the slow reaction in the absence of a nanocatalyst. Such significant catalytic behavior of gold nanoparticles is due to the availability of a high surface area and a large number of active sites for the reactant molecules to interact by serving an electron relay effect [36].



Mata et al. (2016) synthesized two different sizes of gold nanoparticles using 1% and 5% concentrations of an aqueous extract of Plumeria alba flower. The formation of size-controlled gold nanoparticles showed SPR peaks at 552 and 536 nm corresponding to the spherical shape of nanoparticles of size 28 ± 5.6 and 15.6 ± 3.4 nm, respectively. Furthermore, the size-dependent catalytic activities of both gold nanoparticles were analyzed on six hazardous dyes, and the smaller-sized AuNPs exhibited higher catalytic activity than the larger nanoparticles. Not only catalytic activity but also the small-sized gold nanoparticles exhibited more pronounced antibacterial activity with an inhibition zone of 16 mm at a concentration of 400 μg/mL against Escherichia coli. The process of electron transfer between the NaBH4 donor and an acceptor dye in the presence of gold nanoparticles is the basic mechanism behind the catalysis [37]. Polyphenols-stabilized gold nanoparticles were synthesized using Cassytha filiformis plant extract. The average size of gold nanoparticles was found to be 12 nm and demonstrated photocatalytic degradation of cationic dye such as methylene blue by alkaline pH and sunlight. Green synthesized gold nanoparticles showed antimicrobial activity by confirming a significant inhibition of Mycobacterium smegmatis growth (zone of inhibition: 20 mm). Additionally, the maximum dye loading capacity of gold nanoparticles were 595.23 mg/g, and the dye degradation efficiency was found to be 87% after 20 min [38]. Naik et al. (2013) prepared Au/TiO2 nanocomposites using the aqueous extract of Cinnamomum tamala leaves as the reductant via a green method [39]. Analytical characterization exhibited the formation of well-dispersed gold nanoparticles, which attached to the TiO2 surface. Furthermore, the nanogold/catalyst prepared by the green method was evaluated for the photocatalytic degradation of MO as a model reaction. It was found that the degradation rate of MO dyes using Au/TiO2 nanocomposites was first-order kinetics with a rate constant of 0.346 h−1, and the nanocomposites modified with 2% by weight of gold nanoparticles exhibited 2.5 times higher degradation activity toward the MO dye compared to TiO2 under solar light irradiation. The effect of parameters such as pH and plant extract concentration has been evaluated on the morphology of AuNPs and photocatalytic degradation of MO. The gold nanoparticles synthesized using a root extract containing 5, 7-dihydroxy-6-metoxy-3′, 4′-methylenedioxyisoflavone (Dalspinin) of Dalbergia coromandeliana were first reported by Umamaheswari et al. (2018). The SPR observed at 532 nm and the TEM images confirmed that the synthesized gold nanoparticles were about 10.5 nm small, monodisperse, spherical form, and stable for more than 5 months without any aggregation. Whereas, the XRD-SAED pattern confirms the crystal nature of gold nanoparticles and showed good catalytic degradation of congo red and methyl orange, which followed the pseudo-first order kinetics, with a rate constant of 4.5 × 10−3 s−1 (R2 = 0.9959) and 1.7 × 10−3 s−1 (R2 = 0.9918), respectively [40].



In another investigation, Sterculia acuminate fruit extract was utilized for the biosynthesis of isotropic spherical gold nanoparticles as both reducing and capping agents. The size of the synthesized gold nanoparticles ranged from 9.37 to 38.12 nm and showed SPR at 539 nm. It was also found that synthesized nanoparticles showed efficient catalytic reduction/degradation of different organic dyes including methylene blue (k = 0.04314 min−1), methyl orange (k = 0.04502 min−1), and direct blue 24 (k = 0.00606 min−1). The rate of degradation of methylene blue and methyl orange were found to be faster than other pollutants [41]. Paul et al. (2015) accomplished the biosynthesis of gold nanoparticles by reducing the HAuCl4 aqueous solution with Pogestemon benghalensis leaves. The UV-visible spectrum of the synthesized spherical and triangular gold nanoparticles with sizes 10–50 nm showed a surface plasmon resonance around 555 nm after 12 h. The XRD pattern confirms the formation of a face-centered cubic structure of gold having an average crystallite size of 13.07 nm. The catalytic degradation rate of MB dye using gold nanoparticles was found to be 0.1758 min−1 under visible light illumination [42]. Rapid microwave-assisted synthesis of gold and silver nanocatalysts using the aqueous leaf extract of Mussaenda glabrata was reported by Francis et al. (2017). Gold nanoparticles showed SPR peaks at 541 nm, and the average size observed was 10.59 nm (spherical and triangular). The catalytic rate constant for gold nanoparticles using the reducing agent NaBH4 for rhodamine degradation was k = 0.7250 min−1, whereas for methyl orange, it was 3.8617 min−1. It is suggested that anthropogenic pollutants were effectively remediated from aquatic environment and waste water sewages of dye industries using the prepared nanocatalyst [43]. Ali et al. (2020) reported that the Glomus aureum fungus mediated extracellular biosynthesis of gold nanoparticles. The biosynthesized gold nanoparticles exhibited anti-bacterial potential and effective photocatalytic activity for the degradation of methyl orange dye (45%) within 6 h under solar light illumination and also favors the ability of the nanocatalyst for the elimination of other toxic pollutants from water [44]. Kumar et al. (2019) synthesized multistructural gold nanoparticles using 2 mM of chloroauric acid and an aqueous solution of Sansevieria roxburghiana leaf extract by 60 min at 40 °C. A mixture of spherical, trianglular, hexagonal, rod, and decahedral shaped gold nanoparticles was obtained [45]. It exhibited catalytic potential for the degradation of organic pollutants such as 4-nitrophenol (87.98%, k = 0.5098 min−1), acridine orange (40.44% and k = 0.0673 min−1), congo red (93.09%, k = 0.3320 min−1), bromothymol blue (88.16%, 0.2092 min−1), phenol red (85.88% and k = 0.1202 min−1), and methylene blue (49.62% and 0.0118 min−1), respectively. In another study, gold nanoparticles fabricated from the novel biomaterial spider cobweb followed the hydrothermal path and also showed photocatalytic dye degradation. The synthesized gold nanoparticles showed a SPR at 540 nm, spherical shape, well dispersed with an average size range of 40 nm. Both dyes, rhodamine B (80.64%, 5 ppm, 7 h) and methylene blue (79.32%, 5 ppm, 3 h), were degraded with gold nanoparticles as a photocatalyst; this is due to more sensitivity to light and reduces the electron–hole recombination [46]. Chokkalingam et al. (2019) biofabricated gold nanoparticles by the method of green chemistry using an ecofriendly aqueous extract of Angelica gigasstem and had an important application of environmental remediation [47]. In this study, the synthesized gold nanoparticles exhibited photocatalytic degradation activity on eosin Y (83%) and malachite green (65%) dyes under UV irradiation.




4. Silver Nanoparticles


The fabrication of silver nanoparticles via a bottom–up approach with the desired quality is one of the most exciting aspects of modern nanoscience and nanotechnology. Metallic silver nanoparticles exhibit amazing photocatalytic activity during the irradiation of light under the UV-visible region due to its interb and transition of electrons. To date, numerous reports have shown that silver nanoparticles absorb electromagnetic radiation from 380 to 450 nm, in the visible region by means of a phenomenon known as the excitation of LSPR [48]. Under the ultrasonic irradiation, the spherical shape of silver nanoparticles was synthesized by the NaOH-starch reduction method and showed only one SPR band at 420 nm [49]. In addition, semicrystalline, silver nanoparticles with a spherical shape, a size around 15–80 nm, and a wider band at λmax = 440 nm were observed when AgNO3 is treated with an aqueous extract of Andean cabbage as reducing and stabilizing agents (Figure 5a) [50] whereas, an average size of 20.5 ± 1.5 nm obtained from Mortiño berry as the reductant is shown in Figure 5b. Their study confirmed that the nanoparticles organically coated with vitamins, polyphenolics, and anthocyanins of Mortiño berry were stable for one month with a slight change in UV-visible absorption at λmax 405 nm [51]. All analytical characterization techniques reveal that the synthesized silver nanoparticles were highly dispersed, spherical with an average size of 20.5 ± 1.5 nm, stable, monodispersed, and face-centered cubic in nature. It showed a very high photocatalytic degradation activity against MB dye (5 mg/L, k = 0.00707788 min−1) under direct sunlight. Table 2 presents the synthesis of silver nanoparticles using different plant extracts and its degradation efficiency. The general reaction involving the synthesis of silver nanoparticles using plant extract:


Ag+ + –CHO/–OH → Ag0 + –COOH/C=O.



(2)







Alternatively, silver nanoparticles synthesized with gallic acid–chitosan using an ultrasound-assisted chemical reduction method were characterized by Guzmán et al. (2019). Their study demonstrated that the silver nanoparticles obtained were monodispersed, had a spherical shape with an average size of 26 ± 10 nm, showed a peak at 412 nm, and were stable for four weeks without any noticeable change in size [52]. We have noticed that the size distributions of nanoparticles and their polydispersity are directly proportional to the width of the SPR, whereas the presence of two or more plasmonic resonances indicated silver nanoparticles of irregular shape, depending on the nanoparticles’ symmetry. Kumar et al. (2014) synthesized silver nanoparticles in the presence of Sacha inchi oil and sunlight. The TEM characterization revealed that the nanostructure was highly dispersed, distorted cubic/square in shape, and 60 nm in size. Two absorption peaks around the wavelength of 380 nm and 480 nm confirm the presence of irregularly shaped silver nanoparticles in the solution and showed photocatalytic activity in the decomposition of the MB (10 mg/L, >65%, k = 2.776 × 10−3 min−1) without using any reducing agent [53]. Sharma et al. (2018) reported green synthesized spherical silver nanoparticles using onion (Allium cepa) extract that vary in particle size from 50 to 100 nm with a zeta potential value of −29 mV. Synthesized silver nanoparticles capped with the phenolic group have an excellent catalytic effect on the degradation of methylene blue, methyl red, eosin yellowish dye, safranin, direct, and reactive dye [54], respectively. Lantana camara L. is a notorious weed and popular ornamental garden plant with various flower colors, red, pink, white, yellow, and violet. Recently, Kumar et al. (2016) have synthesized silver nanoparticles using an ethanolic extract of L. camara flower as both the reducing and stabilizing agent. The synthesized silver nanoparticles are spherical with 33 ± 5 nm average size and appeared at 470 nm. It was found that the photocatalytic degradation rate constant (k) for methylene blue was higher (k = 3.40736 × 10−3 min−1) when 1 mL of silver nanoparticles were used and the percentage of optimized degradation was 70.20% at 10 mg/L of MB within 6 h [55]. Silver nanoparticles were synthesized using Angelica gigasstem stem, which explained their photocatalytic activity. The biosynthesized silver nanoparticles were spherical, showed a SPR at 414 nm, and also exhibited photocatalytic degradation of eosin Y (67%) and malachite green (64%), respectively [47].



Vizuete et al. (2016) reported an environmentally friendly synthesis of spherical and 10–30 nm sized silver nanoparticles at λmax = 423 nm by reducing silver ions using fruit extracts of Shora (Capparis petiolaris) and sunlight. It has shown that the sunlight irradiation step is more useful compared to other parameters such as pH, concentration, or temperature for the synthesis of silver nanoparticles. Furthermore, the synthesized nanoparticles showed photocatalytic activity and are well fitted by a first-order rate law for the degradation of MB (>58%, k = 0.0025293163 min−1) [56]. Arunachalam et al. (2012) presented a Coccinagrandis leaf extract-mediated bioreductive synthesis of 20–30 nm-sized Ag particles and demonstrated the use of an ecofriendly and low-cost biological reducing agent to generate metallic nanoparticles. Synthesized nanoparticles were crystallized in a face-centered cubic symmetry, exhibited photocatalytic activity by degradation of Coomassie Brilliant Blue G-250 under UV light, and may be used for water purification systems in the future [57]. The rapid microwave-assisted biofabrication of silver nanoparticles using leaf extract (aq) of Mussaenda glabrata was studied by Francis et al. (2017). They concluded that the SPR peak at 415 nm corresponds to the spherical shape of silver nanoparticles of average size 51.32 nm and showed lower degradation of rhodamine (k = 0.4464 min−1) and methyl orange (k = 0.7910 m−1) with respect to the synthesized gold nanoparticles [43]. Kou and Varma (2014) explored a microwave-irradiated, fast (within 5 min), and green synthesis of hybrid AgCl/Ag plasmon nanoparticles using beet root juice. Interestingly, beet juice containing a sugar-rich agricultural product served as a reducing reagent, and the obtained size of AgCl/Ag nanocomposites was smaller than the AgCl reaction precursor. This bottom–up hydrothermal synthesis of the prepared nanomaterial displayed good photocatalytic activity for the degradation of the MO dye [58]. In another study, cheaply available Sacha inchi shell biomass (SISB) was reported for the biosynthesis of monodispersed silver nanoparticles and showed photocatalytic activity for the remediation of methyl orange dye. Optical and microscopic techniques have indicated that the SPR at 420 nm corresponds to the spherical shape with 7.2 nm sized silver nanoparticles. In addition, the experimental evidence showed that the maximum photocatalytic effect for the removal of MO was observed at pH 2 (≈60%, 5 h, 64 mg/L) in the presence of silver nanoparticles and sunlight with a rate constant k = 0.0008898 min−1 [59]. The results of the FTIR revealed that an organic layer formed around the silver nanoparticles and the reduction of Ag+ to Ag0 had mostly been carried out by polysaccharides present in SISB. Figure 6a shows that the FTIR absorption spectrum of SISB-coated silver nanoparticles at 3286 cm−1 corresponds to –NH2 and –OH groups due to the presence of a macromolecular association in cellulose, pectin, etc. The bands at 1597 cm−1, 1242 cm−1, and 1030 cm−1 are observed as CO–NH–, –SO3, and C–O–C stretching vibrations in the amide linkages, sulfate, and glycoside in the SISB, correspondingly [59]. In contrast, Figure 6b shows FTIR spectrum of silver nanoparticles synthesized by Taxo (Passiflora tripartita) fruit extract. The peak around 3339 cm−1 was attributed to the O–H, either alcoholic or polyphenolic stretching, and those at 2946–2834 cm−1 indicated C–H (aliphatic) stretching. The peak located at 1654 cm−1 represented the C=O stretching in the carboxyl or C=C–C=O stretching in the conjugated carboxyl. The vibrational peak observed at 1019 cm−1 corresponds to secondary –OH stretching, indicating that the secondary –OH also participates in nanoparticles synthesis. P. tripartita pigments are mainly composed of glucose, C-glycosides, and O-glycoside derivatives as functional groups [27], which may be participated in reducing the Ag+ to Ag0 [60].



Vanaja et al. (2014) prepared silver nanoparticles using Morinda tinctoria leaf extract under different pH conditions, and the synthesized nanoparticles were further characterized by different optical, microscopic, and spectroscopic techniques. They concluded that the size as well as the quantity of silver nanoparticles formed are strongly dependent on the pH, and basic pH supports the biosynthesis of silver nanoparticles, whereas no silver nanoparticles were detected in the acid medium. Spherical-shaped silver nanoparticles were prepared with size ranging from 79 to 96 nm and showed photocatalytic activity by degrading the MB dye (95%), efficiently [61]. Varadavenkatesan et al. (2016) reported a simple, rapid, and non-hazardous method for synthesizing silver nanocatalyst using Mussaenda erythrophylla leaf extract. It displayed a distinct SPR peak at 414 nm corresponding to the UV-visible spectrum of silver nanoparticle. SEM and EDAX analysis confirmed the formation of sub-100 nm sized particles and the existence of elemental silver in the sample. In contrast, the zeta potential value of −47.7 mV and XRD analysis define the good stability and the face-centered cubic crystalline nature of the silver nanoparticles. The synthesized silver nanocatalysts were exploited to degrade the MO using NaBH4 as a reductant [62]. Not only silver nanoparticles, Kumar et al. also synthesized silver-doped titanium dioxide nanoparticles (Ag/TiO2 NPs) using Nephelium lappaceum L. peel extracts in an ecologically and economically favorable way. A wide range of spectroscopy and microscopy techniques were performed to ascertain the synthesis of Ag/TiO2 NPs and the study of its photocatalytic activity on the MB dye. The synthesized Ag/TiO2 NPs enhanced the photocatalytic degradation activity of MB (81.6%, k = 0.002495 min−1) under direct solar light irradiation and highlighted the use of discarded agricultural waste in wastewater remediation [63]. In 2017, Bordbar reported on the successful design and preparation of silver nanoparticles immobilized on the waste almond shell surface (AgNPs/almond shell) using phenolic acid or flavonoids of Ruta graveolens leaf extract and investigated its catalytic performance in the reducing MB, rhodamine B, and 4-NP at room temperature. The 5–15 nm sized heterogeneous AgNPs/almond shell nanocatalyst is easily prepared and can be recycled and reused seven times without significant loss of activity [64]. Punica granatum or pomegranate fruits were characterized by their high polyphenol content and antioxidant properties. Meena Kumari and Philip (2015) first reported the P. granatum fruit juice-mediated biogenic reduction and stabilization of gold and silver ions at room temperature. The formation, morphology, and crystalline structure of the synthesized silver and gold nanoparticles were determined using different analytical techniques, whereas FTIR confirmed the partial role of phenolic hydroxyls in the reduction of Au3+ and Ag+ to Au0 and Ag0. The synthesized silver and gold nanocatalyst showed dye degradation, and the rate constants were well fitted with pseudo first-order kinetic data. Kinetic data plots suggest the fast removal of MB in the presence of gold nanocatalyst and MO in the presence of silver nanocatalyst. It can be concluded that the catalytic activity of gold nanoparticles is in the order of MB > MO > EY, while that of silver nanoparticles is in the order of MO > EY > MB [65]. Edison et al. (2016) showed the efficacy of Terminalia cuneata bark extract synthesized silver nanoparticles to catalyze the reduction of direct yellow-12. The major phytoconstituents present in the extracts of T. cuneata were mostly tannins and polyphenols, which act as reducers as well as capping agents and provide stability to silver nanoparticles, as evident in the FTIR study. The phytosynthesized silver nanoparticles were crystalline, face-centered cubic geometry oriented in the (111) plane and had a distorted spherical shape with the size ranging approximately from 25 to 50 nm. A complete decolorization of direct yellow-12 was observed within 40 min in the presence of silver nanoparticles and NaBH4 [66].



Kaviya and Prasad (2015) developed a green methodology for the synthesis of the ZnO-Ag nanocomposite using pomegranate peel extract as a reductive and stabilizing agent [67]. Based on the SEM, TEM, and HRTEM images, the prepared ZnO-Ag nanocomposite was well dispersed, had a custard-apple shape, and had a size around ≈100 nm. The good dispersion of silver nanoparticles on ZnO and the uniform shape lead to excellent charge separation, cause better photocatalytic action in MB degradation, and means they can be reused for five cycles without losing catalytic action. Gupta et al. (2011) evaluated the nature of nanoparticles for the catalytic decomposition of MO in the presence of sodium borohydride. They synthesized spherical and 10 nm size of gold, silver, and platinum nanoparticles by reducing the corresponding salt using tannic acid. The silver nanoparticles have an enhanced catalytic effect compared to gold and platinum (kAgNPs >> kAuNPs > kPtNPs > kuncatalyzed) on MO degradation due to the low value of silver work function compared to gold and platinum. Since sodium borohydride is such a strong reducing agent, it is not able to reduce methyl orange in the absence of a catalyst, indicating the catalytic efficacy of metal nanoparticles [68]. In 2018, Veisi et al. prepared spherical silver nanoparticles using Thymbra spicata leaf extract via Ag+ ion reduction using polyphenolic compounds and flavonoids present in the extract. The green synthesized silver nanoparticles displayed high catalytic activity in the reduction of 4-nitrophenol, rhodamine B, and methylene blue by sodium borohydride in H2O under mild conditions, and this heterogeneous catalyst could be used in eight cycles without significant loss of activity [69]. In 2017, a green and mild method was suggested by Khodadadi for the preparation of Ag/Hazelnut shell nanocomposites using Origanum vulgare leaf extract in the absence of any surfactant. The nanocomposite was prepared by reducing the Ag+ ions into silver nanoparticles and their immobilization on the hazelnut shell surface using the hydroxyl groups of the phenolic present in the extract. Furthermore, it exhibited high catalytic activity and can be reused for five cycles in the reduction of methyl orange and Congo red using NaBH4 as a reducing agent [70]. In another study, Wang et al., 2018 developed an ecofriendly procedure for the biosynthesis of silver nanoparticles with the reduction of Ag+ to Ag0 by flavonoid fractions of the leaves of Psidium guajava. The results showed that stable spherical silver nanoparticles were prepared within 10 min and showed an SPR peak at 420 nm with a particle size of 15–20 nm. As-prepared silver nanoparticles exhibited good catalytic degradation potency for methyl orange and Coomassie brilliant blue G-250, under solar or UV irradiation [71]. In 2016, a group of researchers used a paper wasp (Polistes sp.) nest extract for the synthesis of silver nanoparticles. The prepared nanoparticles were crystalline, polydispersed, and anisotropic in shape, including spherical, triangular, hexagonal, rod, and rhombus with size ranges from 12.5 to 95.55 nm. The synthesized nanoparticles showed (a) 93.1% degradation of malachite green dye, (b) excellent antimicrobial activity against multi-drug-resistant bacteria and fungi, (c) blood anticoagulation, and thrombolytic activities [72].



In 2017, Qing et al. succeeded in synthesizing silver nanoparticles using waste tea extract as a reducing and capping agent. The green synthesized silver nanoparticles were characterized by different analytical techniques and exhibited a catalytic degradation activity against cationic dyes of more than 65%, but there was no catalytic degradation of anionic dyes at room temperature, and it follows a pseudo-second-order model for dye degradation [73]. In another study, Raj et al. (2020) biosynthesized highly stable silver nanoparticles by a cheap and eco-friendly method using leaf extract of Terminalia arjuna and employing it as a catalyst for removing hazardous dyes such as methyl orange, methylene blue, congo red, and 4-nitrophenol. The organically coated and reddish-brown color silver nanoparticles showed a single SPR peak at 418 nm and a spherical shape of particles of size ranged between 10 and 50 nm confirmed by microscopic studies. The XRD analysis proved the face-centered cubic crystalline nature, whereas the negative value of the zeta potential (−21.7) indicated the stability of the silver nanoparticles. The synthesized nanoparticles exhibited strong dye degradation and followed the pseudo-first-order reaction kinetics as MO (86.68%, k = 0.166 min−1), MB (93.60%, k = 0.138 min−1), CR (92.20%, k = 0.182 min−1), and 4NP (88.80%, k = 0.142 min−1), respectively [74]. In 2016, Vanaamudan et al. reported the preparation of silver nanoparticles using palm shell extract [70]. It is suggested that the presence of hydroxyl, carbonyl, and carboxyl groups in the extract could be responsible for the process of reduction and complexation during nanoparticle synthesis. Silver nanoparticles showed potential catalytic performance in the degradation of copper phthalocyanine-based dye—Reactive blue-21, azo dye—reactive Red-141, and a xanthene dye—rhodamine 6G (Rh-6G) dye as well as their binary combinations using H2O2. In this study, the radicals formed during the oxidation of silver nanoparticles by H2O2 could be utilized for dye degradation [75]. David and Moldovan also reported a green method of synthesizing silver nanoparticles using the fruit extract of Viburnum opulus L. as a source of bioactive compounds, which can act as reducing agents of the silver ions and also as stabilizing agents of the obtained nanoparticles. Biosynthesized silver nanoparticles were confirmed by various spectroscopic and microscopic analyses. It showed the characteristic absorption peak at 415 nm corresponding to the surface plasmon vibration of colloidal silver, and the nanoparticles obtained were spherical in shape, with an average diameter of 16 nm, monodispersed, and face-centered cubic crystal form. The catalytic ability of silver nanoparticles in the degradation of tartrazine, carmoisine, and brilliant blue FCF dyes was studied by NaBH4, in which the results for the degradation of brilliant blue FCF were outstanding [76]. In 2016, Patil et al. suggested a green and facile hydrothermal route for the preparation of 10–50 nm sized silver–zinc oxide nanostructures using Azadirachta indica leaf extract. According to the results obtained, the prepared nanostructures showed face-centered cubic and wurtzite structure for silver and ZnO. It exhibited effective and faster photodegradation of MB in an aqueous medium under natural sunlight compared to the untreated ZnO nanostructure [77].




5. Iron and Iron Oxide Nanoparticles


In recent years, the preparation and application of nano-scale zero valent iron (nZVI/Fe0) and iron oxide nanoparticles (FeONPs) with novel properties and functions have been widely studied, due to their nano-range size, high surface area to volume ratios, superparamagnetism, and unique physicochemical properties, especially in environmental remediation practices. As the particle size decreases, the proportion of surface and near surface atoms increases. Surface atoms tend to have more unsatisfied or dangling bonds with concomitantly higher surface energy. Thus, the surface atoms have a stronger tendency to interact, adsorb, and react with other atoms or molecules in order to achieve surface stabilization. Among all iron nanoparticles, nZVI has excellent electron-donating properties and it is fairly reactive in water under ambient conditions, making it a versatile remediation material [78].



Iron oxide nanoparticles with different polymorph structures have been extensively studied for environmental remediation due to their extensive applications throughout contemporary science and technological innovation. The most popular iron oxide nanoparticles are the magnetite (Fe3O4, ferrimagnetic, superparamagnetic when the size is less than 15 nm), maghemite (γ-Fe2O3, ferrimagnetic), hematite (α-Fe2O3, weakly ferromagnetic or antiferromagnetic), and FeO (wustite, antiferromagnetic), among which magnetite and maghemite are very promising and popular candidates, since its biocompatibility has already been proven [79]. The α-Fe2O3 is a nontoxic, inexpensive, stable, and abundant material possessing a suitable bandgap of 2.2 eV. It has provided purposes through catalysts, high density permanent magnetic storage media, solar energy conversion, water splitting, pigments, water purification, gas sensors, and anti-corrosive agents. It can be activated by visible light radiation and is an extremely active catalyst for the photodegradation of organic pollutants [80]. The Fe3O4 and γ-Fe2O3 nanoparticles are widely used in permanent magnetic resonance image resolution (MRI) as contrast agents, for hyperthermia cell labeling, as ferrofluids, for anticancer therapies, for targeting drug delivery, and for separation due to their nontoxicity and biocompatibility. Fe3O4, which is a black ferromagnetic iron oxide of both Fe(II) and Fe(III), has been the most extensively studied because of the presence of the Fe2+ state with the potential to act as an electron donor [81].



In 2009, Hoag et al. synthesized nZVI at room temperature with tea (Camellia sinensis) polyphenols and their formation indicated by color changes in the reaction mixture from pale yellow to dark greenish/black within a few minutes. The results revealed that as the concentration of nZVI increases, the surface area to volume ratio of nano iron increases, the catalytic rate of H2O2 also increases, and the highest rate of degradation of bromothymol blue occurs (k = 0.1447 min−1) [82]. Kumar et al. (2016) efficiently developed the synthesis of spherical magnetite nanoparticles (Fe3O4 NPs) mediated by Andean blackberry (Rubus glaucus Benth) leaf. The suggested method is simple, low cost, and ecofriendly, and blackberry leaf containing flavonoids, ellagic acid, tannins, etc. can replace the use of toxic chemicals for the biosynthesis of magnetite nanoparticles. It has been reported that synthesized Fe3O4 NPs with an average size of 54.5 ± 24.6 nm exhibited photocatalytic degradation activity of organic dyes such as MB (k = 0.0105475 min−1), CR (k = 0.0043240 min−1), and MO (k = 0.0028930 min−1), efficiently [83]. The control of the size and morphology is not straightforward, because plant extracts are composed of a number of components. Huang et al. (2014) synthesized iron nanoparticles (FeNPs) using green, Oolong, and black tea extracts (caffeine/polyphenols) as reducing and capping agents, instead of using environmentally toxic sodium borohydride. They concluded that the best method of degrading malachite green dye was FeNPs synthesized with green tea extracts. Furthermore, the kinetics for the degradation of malachite green using FeNPs, which are well fitted to a pseudo-first-order reaction kinetics model with an activation energy of more than 20 kJ/mol, suggest a chemically diffusion-controlled reaction. The degradation of malachite green dye with FeNPs was due to the adsorption of dye to FeNPs, oxidation of iron, and cleaving of the C=C– and =C=N– bond, which was connected with the benzene ring [84]. Table 3 presents the synthesis of iron/iron oxide nanoparticles using different plant extracts and its degradation efficiency.


Fe3+ + 3H2O → Fe(OH)3↓ + 3H+ (pH > 9~10)



(3)






Fe(OH)3↓ + –CHO/–OH → Complexation → Fe0↓/FeO↓/α-Fe2O3 NPs↓/γ-Fe2O3 NPs↓



(4)






FeO + α-Fe2O3 + (–CHO/–OH) + Heat (78–80 °C) → Fe3O4 NPs↓ + Carbonic acid (R–COOH)



(5)







Recently, Fe3O4 nanoparticles were synthesized by Cynara cardunculus leaf extract, and Ruíz-Baltazar et al. (2019) presented a novel, green, and eco-friendly synthetic route for producing iron oxides nanoparticles. The structural characterization of the Fe3O4 nanoparticles was carried out by different characterization techniques, including Raman spectroscopy. The synthesized Fe3O4 NPs showed a catalytic degradation activity against methylene blue dye, and their degradation rate/kinetic adsorption behavior is governed by the pseudo-second-order model (type 2). This may be due to the ionic exchange and chemisorption process between the positive partial charges of the Fe3O4 nanoparticles and the molecule of the MB [85]. Luo et al. (2015) proposed a single-step synthesis of nZVI/Fe0 NPs using grape leaf extract, and a cost-effective method for the in situ rapid remediation of effluent containing Orange II is suggested. Kinetic studies confirm that >92% of Orange II has been removed by FeNPs at high temperature, which were based on adsorption and reduction processes. Different spectroscopic and microscopic analyses showed that the FeNPs were composed of phytochemicals, hydrous iron oxides, and Fe0, thus providing evidence of the adsorption of Orange II onto hydrous iron oxides and its reduction by Fe0. The LC-MS analysis confirmed the cleavage of an asymmetrical azo bond and liberation of products such as 2-naphthol during degradation [86]. Herein, Anchan et al. (2019) prepared magnetic FeO-NPs (γ and α–Fe2O3phases) by using the leaf extract of Peltophorum pterocarpum for the first time. As-synthesized rod-like FeO-NPs were agglomerated due to the magnetic property of iron and witnessed in FE-SEM images where the average crystallite size was 16.99 nm with a specific surface area (66.44 m2/g). The Fenton-like catalytic efficiency of FeO-NPs was satisfactorily fitted to a second-order model for the 90% degradation of methylene blue dye with a degradation constant of 0.0987 L/mg min over 220 min [87].



Lin et al. (2015) demonstrated the fabrication of iron-based nanoparticles (FeNPs) under various atmospheric gases (N2, O2, and air) to understand how atmospheres impacting on the reactivity of Fe NPs and the prepared FeNPs were further used for the degradation of MB. It was observed that the change in morphology of FeNPs before and after reaction with MB is confirmed by the results of SEM and FTIR. Furthermore, the data were fitted well to the pseudo-second-order adsorption and pseudo-first-order reduction models, confirming that the degraded products were benzothiazole and the remediation of MB by an adsorption and reduction [88] method. Muthukumar and Matheswaran (2015) reported Amaranthus spinosus leaf extract mediated the green synthesis of FeONPs. The synthesized NPs were spherical in size, 91 nm, and had a rhombohedral phase structure. The photocatalytic color removal efficiency for MO (75 ± 2%) was higher than MB (69 ± 2%) using as-synthesized FeO-NPs under sunlight irradiation, and subsequently, its catalytic activity was compared with chemically synthesized FeO-NPs [89]. More recently, Rather and Sundarapandian have synthesized rod-shaped magnetic iron oxide nanostructures by green methods using the aqueous leaf extract of Wedelia urticifolia and characterized by UV-Vis spectroscopy, FTIR, XRD, particle size analyzer, and TEM. Characterization techniques revealed that the rod-shaped nanostructures were monodispersed and weakly ferromagnetic with an average length of 70 nm and a width range of 15–20 nm, and they possess strong ability to degrade methylene blue dye [90]. Another study by Lohrasbi et al. (2020) successfully synthesized FeO-NPs via an ecofriendly method using aqueous leaf extract of Plantago major and evaluated their ability to remove dyes. The synthesized FeO-NPs were characterized by the different analytical techniques, including the vibratory sample magnetometer and thermogravimetric analysis. As-synthesized FeO-NPs were spherical in shape with diameters in the range of 4.6–30.6 nm and efficiently removed 83.33% of methyl orange with H2O2 in a 6 h process [91]. Prasad et al. (2017) has developed a facile and ecofriendly method for the synthesis of Fe3O4 magnetic nanoparticles using an aqueous extract of Pisum sativum peels. After synthesis, the Fe3O4 NPs were characterized by FTIR, XRD, TEM, and Raman spectroscopy. The results confirmed the ferromagnetic nature of Fe3O4 NPs, and the spherical size varies between 20 and 30 nm with agglomeration. Furthermore, the catalytic properties of Fe3O4 NPs for the degradation of methyl orange (MO) dye in aqueous solution were investigated by UV-visible spectroscopy [92]. Recently, Kumar et al. (2020) introduced the biosynthesis of iron oxide nanoparticles using non-edible peel extracts from Citrus paradisi. The DLS and TEM analysis confirms that the FeONPs are mostly spherical shape, aggregating in nature with an average size of 28 to 32 nm, whereas XRD analysis confirmed the co-existence of a mixture of Fe3O4, α-Fe2O3, and γ-Fe2O3 nanoparticle. Prepared iron nanoparticles exhibited antioxidant activity against 1, 1-diphenyl-2-picrylhydrazyl and the removal of MR (96.65%, 50 mg/L), MB (80.76%, 10 mg/L), and MO (89.64%, 10 mg/L) dyes [93]. The biofabrication of Fe nanoparticles using Hibiscus sabdariffa (Roselle) flower extract is an eco-friendly and cost-effective protocol that was first reported by Alshehri et al. in 2017. Hibiscus sabdariffa is a strongly basic dye with a large number of medicinal applications and is used for a variety of diagnostic purposes. From the transmission TEM analysis, it is clear that the particles are mainly spherical with a size of 100 nm. Then, the synthesized FeO-NPs were utilized as a photocatalyst for the degradation of the toxic organic dye CR, and maximum dye degradation efficiency was observed at a pH of 4 with 15 mg of Fe nanoparticles. A degradation rate of 96.1% was achieved at a dye concentration of 100 mM at room temperature (30 °C) [94]. In another study, FeONPs were synthesized with an aqueous extract of Ruellia tuberosa leaf; further characterization of FeONPs was performed using UV-vis spectroscopy, showing a visible peak at 405 nm, and TEM analysis revealed 52.78 nm hexagonal nanorods with agglomeration. FeONPs showed higher antibacterial activity against Escherichia coli, Klebsiella pneumoniae, and lesser antibacterial activity against Staphylococcus aureus. The photocatalytic ability of the synthesized FeONPs was demonstrated by the degrading crystal violet dye under solar irradiation up to 80% [95]. Recently, Kumar et al. (2021) reported a simple, one-pot and green method for the biosynthesis of single-phase maghemite (γ-Fe2O3) nanoparticles using an aqueous fruit extract from Ficus carica. The XRD pattern confirmed the purity of γ-Fe2O3 nanoparticles, while TEM micrographs confirmed the formation of spherical and 4–6 nm sized nanoparticles. In addition, γ-Fe2O3NPs showed considerable antioxidant activity against DPPH and catalytic activity for the reduction of 4-nitrophenol (49.975 × 10−3 min−1) using NaBH4 [96]. Such desired advantages make Fe/FeO-NPs suitable for various bioengineering purposes and catalysis applications.




6. Mechanism for Degradation of Organic Dyes Using Nanoparticles


Photocatalytic activity is the ability of a material to create an electron–hole pair as a result of exposure to solar radiation. The photocatalytic activity of phytochemicals modified metal nanoparticles has been studied extensively because of its potential use in sterilization, sanitation, and remediation under exposure to solar/visible/ultraviolet. It is also applied as an anti-soiling, antifungal, anti-bacterial, and antiviral agent, in air purification and deodorizing, and in wastewater treatment. The ability of gold, silver, and iron/iron oxide nanoparticles as a photocatalyst for the remediation of organic dyes and wastewater treatment is extensively studied [11]. The mechanism of catalysis in the presence of NaBH4 and MNPs/Au/Ag/FeNPs can be described as an electron transfer process from donor NaBH4 to an acceptor dye. MNPs act as an electron relay and trigger the movement of the electron from the BH4− ion (donor B2H4/BH4−) to the organic dye (acceptor) and thus cause a reduction of the dye. The BH4− ion was simultaneously adsorbed on the surface of NPs, and thus, electron transfer occurs from the BH4− ion to the organic dye through NPs [97].



Using solar energy is an interesting aspect in photocatalytic technologies. Solar photocatalysis has become an important area of research in which sunlight is the source of illumination to perform various photocatalytic reactions to different kinds of dyes. In the literature, research on photocatalysis reveals that photocatalytic activity can be strongly dependent on the crystallographic structure, morphology, and particle size [98]. The photocatalytic mechanism of MNPs/Au/Ag/FeNPs can be schematically illustrated in Figure 7.



Although direct photocatalysis is thermodynamically feasible but not common, indirect photocatalysis is another approach that explains the process of photocatalysis, in which the excitons formed do not react directly with the dye molecules. Instead, they react with the exciton trapping molecules adsorbed on the catalyst surface to form free radicals, which then react with the dye molecules [99]. During the photocatalytic process, the absorption of photons by the nanophoto catalysts leads to the excitations of electrons from the valance band (VB) to the conduction band (CB), generating electron (e−)/hole (h+) pairs. The holes can react to the H2O molecule and transform to hydroxyl radical (•OH) and hydronium ions (H+), as depicted in Equation (7); the holes may also react with the surface-adsorbed hydroxide ions to form hydroxyl radicals as in Equation (8). The excited electrons react with oxygen molecules and hydronium ions to form hydrogen peroxide, which can further dissociate in the presence of oxygen to form hydroxyl ions, as depicted in Equations (9)–(11). Eventually, the transformed active species and also h+ could react effectively to the organic dye. The electrons in the conduction band are captured by oxygen molecules dissolved in the suspension and in the valance band captured by OH− or H2O species absorbed on the surface of the catalyst to produce the hydroxyl radicals (•OH). Then, these hydroxyl radicals oxidize the pollutants/dye to small inorganic molecules [100,101]. In addition, the large surface area of MNPs can cause desorption of the colorless final product.



The photocatalytic degradation process may be represented by the following reaction:


MNPs + hν → h+ + e− (photogeneration of excitons)



(6)






H2O + h+ → ●OH+ H+



(7)






OH−+ h+ → ●OH



(8)






e− + O2 → ●O2−



(9)






●O2− + H+ → ●OOH/H2O2



(10)






H2O2 → ●OH + ●OH



(11)






Dye + hν → Dye*.



(12)






Dye* + O2 or ●OH or ●O2− → (unstable intermediate) → degradation products (CO2 + H2O)



(13)








7. Toxicological Issue


The toxicological risks of MNPs have attracted widespread attention, and many studies have been published that have contributed to understanding MNPs-induced toxicity on different in vitro and in vivo living systems. The applicability of nanostructured materials involves the development of products into industrial materials, medicine, nutrition, textiles, cosmetics, electronics, and energy, and it offers new opportunities for social and economic development. MNPs easily enter into the human body through skin uptake, inhalation, and intravenous injection due to their small particle sizes; there is a serious negative impact on the environment, and ecological systems should be carefully evaluated [102,103]. The interaction of MNPs with proteins, nucleic acid, and cell membrane contributes to the toxicity. It has already been reported that MNPs toxicity is related to the generation of reactive oxygen species and causes multiple abnormal physiological effects, such as DNA damage, membrane damage, cell proliferation inhibition, inflammation, mitochondrial dysfunction, cell apoptosis, activation of antioxidant enzymes, depletion of antioxidant molecules (e.g., glutathione), binding and disabling of proteins, and others. Several major questions remain to be answered: (1) the toxic contribution from the ionic form versus the nano-form; and (2) the key enzymes and signaling pathways responsible for the toxicity.



Silver is an ancient antibiotic that has found many new uses due to its unique properties at the nanoscale. Due to its presence in many consumer products, the toxicity of nanosilver has become a hot topic. AgNPs can decrease cell proliferation and chemotaxis of the human mesenchymal stem cells, increase cytotoxicity and oxidative stress of the human hepatoma HepG2 cells, and have several other adverse effects [103]. Experimental evidence on human monocytes by Wang et al. has clearly confirmed that the chemical transformations of particulate silver from the elemental silver (Ag0) to Ag+ ions, Ag2O, and then to Ag2S- species are the main cause of toxicity. Therefore, the toxicity of nanosilver is closely related to the release of Ag+ [104]. The toxicity of MNPs is caused by the slow release of Mn+ ions, due to surface oxidation, other surface reactions, and the dissolution of MNPs in a biological or environmental medium. The toxicity of MNPs strongly depends on their size, shape, and doses. Smaller particles have a higher toxicity than larger particles, due to their larger surface area availability and thus a stronger ion release. In addition, they can more easily cross the biological barriers in living organisms, such as the blood−brain or the blood−testes barrier and cause cellular dysfunction [105]. The small size and variable properties of Ag/Au nanoparticles are suggested to be hazardous to the environment due to their irreversibly binding to B-form DNA [106]. The accumulation of Ag nanoparticles in various organs (lungs, kidneys, brain, liver, and testes) has been evidenced in animal studies [107]. The structure and properties of gold nanoparticles make them useful for a wide array of biological applications, and studies show that cationic gold particles are moderately toxic, while anionic particles are quite nontoxic [108]. The cytotoxicity of TPPMS/TPPTS-modified gold nanoparticles depended primarily on their size and not on the chemistry of ligand. The 1–2 nm particles were highly toxic, and the smaller gold compounds (Tauredon) and larger 15 nm gold colloids/AuNPs were comparatively nontoxic (100 fold and 60-fold higher concentrations), irrespective of the cell type tested [109]. The cell/tissue type, administration pathway, surface morphology, presence of protein corona, surface charge density, chemical composition, and charge of surface coating seem to be critical factors for Fe/FeONPs toxicity; usually, bare nanoparticles are more toxic than the organically coated ones. According to previous in vitro and in vivo studies, low toxicity by Fe/FeONPs is suspected [110]. Hoskins et al. [111] determined that Nano-Fe3O4 coated with poly(ethylenimine), which had a higher surface charge than nano-Fe3O4-poly(ethylenimine)-poly(ethylene glycol), exhibited greater cytotoxicity and ROS formation in human SH-SY5Y, MCF-7, and U937 cell lines, and it is also responsible for the formation of ROS and lipid peroxidation. To some extent, the morphology, charge, type of coating, and surface areas are strongly related to the nanotoxicity of MNPs in terms of cellular uptake and immune response.




8. Conclusions


In this review article, we have discussed the most commonly used gold, silver, and iron/iron oxide nanoparticles in wastewater treatment. All metallic nanoparticles were synthesized using different plant materials as reductants and a stabilizer without using fancy experimental equipment. Its beneficial effects include the solar light-harvesting potential for the degradation of organic dyes, shorter reaction time, low-cost reagents, and possible environmentally friendly alternatives to toxic chemical methods. The use of plant extracts is an alternative to explore the control in the shape and broad size distributions, and it is also attractive for the scaling up of metallic nanomaterials. Photocatalysis in the presence of gold, silver, and iron/iron oxide nanoparticles favors the ecofriendly remediation of organic dye pollutants in wastewater. The photocatalytic activity of smaller and spherical nanoparticles was higher as compared to larger and triangular nanoparticles. The phytochemically functionalized surface of nanoparticles creates the stability and biocompatibility. Meanwhile, the nanoparticles showed efficient photocatalytic activity against organic dyes and support the use of renewable energy for environmental protection. Green synthesized nanoparticles can be used as a photocatalyst/catalyst in industries and water purification.
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Figure 1. Schematic representation for the biosynthesis of different morphological metal nanoparticles. 
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Figure 2. Schematic diagram of the biosynthesis of gold, silver, and iron/iron oxide nanoparticles for the degradation of organic pollutants. 
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Figure 3. A variety of plant materials used for the biosynthesis of gold, silver, and iron/iron oxide nanoparticles for the removal of different organic dyes. 
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Figure 4. Visual, UV-visible, and transmission electron microscopy images of synthesized gold nanoparticles using avocado oil. 
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Figure 5. Visual and UV-Vis spectrum of silver nanoparticles synthesized using (a) Cabbage and (b) Mortino berry extract. 
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Figure 6. FTIR spectrum of silver nanoparticles synthesized using Taxo fruit and Sacha inchi shell biomass extract. 
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Figure 7. General mechanism for the photocatalytic degradation of different dyes using various nanoparticles of gold, silver and iron/iron oxide. 
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Table 1. Synthesis of gold nanoparticles using different plant extracts and its degradation efficiency.
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	Plant Materials
	MNPs
	Size and Shape
	Organic Dyes
	Catalytic Reagents/Sunlight
	Degradation (%) or Rate of Reaction (k)
	Ref.





	Persea americana (Avocado) oil
	AuNPs
	48.8 ± 24.8 nm, spherical, decahedron and triangular
	MB
	Sunlight
	>84%, 10 mg/L, 0.0057664 min−1
	[25]



	Capsicum baccatum fruit
	AuNPs
	23.9 ± 9.7 nm, spherical
	MB
	Sunlight
	>50%, 1.9585 × 10−3 min−1
	[29]



	Parkiarox burghii leaf
	AuNPs
	5–25 nm, quasi-spherical
	MB and Rhodamine B
	Sunlight
	0.263 and 0.209 min−1
	[30]



	Alpinia nigra leaf
	AuNPs
	21.52 nm, spherical
	MO and Rhodamine B
	Sunlight
	83.25% and 87.64%
	[31]



	Garcinia indica Choissy (Kokum) fruit
	AuNPs
	20–30 nm, spherical
	Methylene violet
	visible light, UV light
	89.17%, 0.014 min−1 and 86.02%, k = 0.0025 min−1
	[32]



	Lantana camara flower
	AuNPs
	10.6 ± 2.9 nm, Spherical
	MB
	Sunlight
	>62%
	[33]



	Plukenetia volubilis (Sacha inchi) oil
	AuNPs
	5–15 nm, spherical
	MB
	Sunlight
	>75%, 3.263 × 10−3 min−1
	[34]



	Mimosa pudica leaf
	AuNPs
	16 nm
	Rhodamine B
	NaBH4
	0.6319 min−1
	[36]



	Plumeria alba leaf
	AuNPs
	28 ± 5.6, spherical
	MB, Eosin Y, MR, CR, Ethidium bromide
	NaBH4
	>80%
	[37]



	Cassytha filiformis
	AuNPs
	12 nm, spherical
	MB
	Sunlight
	>87%
	[38]



	Cinnamomum tamala leaf
	Au/TiO2
	8–20 nm, spherical
	MO
	Sunlight
	0.346 h−1
	[39]



	Dalbergia coromandeliana root
	AuNPs
	10.5 nm, spherical
	Congo red and MO
	NaBH4
	4.5 × 10−3 s−1 and 1.7 × 10−3 s−1
	[40]



	Sterculia acuminate fruit
	AuNPs
	9.37 to 38.12 nm, spherical
	MB, MO and Direct blue
	Sunlight
	0.04314 min−1, 0.04502 min−1, 0.00606 min−1
	[41]



	Pogestemon benghalensis leaf
	AuNPs
	10–50 nm, spherical and triangular
	MB
	NaBH4
	0.1758 min−1
	[42]



	Mussaenda glabrata leaf
	AuNPs
	10.59 nm, spherical and triangular
	Rhodamine B, MO and 4-Nitrophenol
	NaBH4
	0.7250 min−1, 3.8617 min−1, and 0.3426 min−1
	[43]



	Glomus aureum fungus
	AuNPs
	<250 nm, irregular
	MO
	Sunlight
	45%
	[44]



	Sansevieria roxburghiana leaf
	AuNPs
	spherical, triangle, hexagonal, rod and decahedral
	Acridine orange, Congo red, Bromothymol blue,

Phenol red, and MB
	NaBH4
	40.44%,0.0673 min−1; 93.09%, 0.3320 min−1; 88.16%, 0.2092 min−1; 85.88%, 0.1202 min−1; 49.62%, 0.0118 min−1
	[45]



	Spider cobweb
	AuNPs
	40 nm, spherical,
	Rhodamine B andMB
	Sunlight
	80.64% and 79.32%
	[46]



	Angelica gigas stem
	AuNPs
	20–80 nm, spherical
	Eosin Y and Malachite green
	UV light
	83% and 65%
	[47]
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Table 2. Synthesis of silver nanoparticles using different plant extracts and their degradation efficiency.
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	Plant Materials
	MNPs
	Size and Shape
	Organic Dyes
	Catalytic Reagents/Sunlight
	Degradation (%) or Rate of Reaction (k)
	Ref.





	Andean Mortino berry
	AgNPs
	20.5 ± 1.5, spherical
	MB
	Sunlight
	0.00707788 min−1
	[51]



	Plukenetia volubilis (Sacha inchi) oil
	AgNPs
	60 nm, cubic/square
	MB
	Sunlight
	>65%, 2.776 × 10−3 min−1
	[53]



	Allium cepa (onion)
	AgNPs
	50 to 100 nm, spherical
	MB, MR, Eosin yellowish, Safranin, direct and reactive dye
	37 °C, visible light
	>80%
	[54]



	Lantana camara flower
	AgNPs
	33 ± 5 nm, spherical
	MB
	Sunlight
	70.20%, 3.407 × 10−3 min−1
	[55]



	Angelica gigas stem
	AgNPs
	spherical
	Eosin Y and Malachite green
	UV light
	67% and 64%
	[47]



	Capparis petiolaris fruit
	AgNPs
	10–30 nm, spherical
	MB
	Sunlight
	>58%, 2.53 × 10−3 min−1
	[56]



	Coccinia grandis leaf
	AgNPs
	20–30 nm, spherical
	Coomassie Brilliant Blue G-250
	Fluorescent UV light
	>30%, 90 min
	[57]



	Mussaenda glabrata leaf
	AgNPs
	51.32 nm, spherical
	Rhodamine B, MO and 4-Nitrophenol
	NaBH4
	0.4464 min−1, 0.7910 min−1, and 0.0943 min−1
	[43]



	Beet root
	AgCl/ Ag NPs
	100 nm, spherical
	MO
	Xe arc lamp
	>98%, 60 min
	[58]



	Sacha inchi Shell biomass (SISB)
	AgNPs
	7.2 nm, spherical
	MO
	Sunlight
	60%, 0.0008898 min−1
	[59]



	Morinda tinctoria leaf
	AgNPs
	79–96 nm, spherical
	MB
	Sunlight
	95.3% at 72 h
	[61]



	Mussaenda erythrophylla leaf
	AgNPs
	82–88 nm, spherical
	MO
	NaBH4
	>50%, 45 min
	[62]



	Rambutan Peel
	Ag@TiO2
	Spherical
	MB
	Sunlight
	81.6%, 0.002495 min−1
	[63]



	Punica granatum fruit
	AgNPs,
	36 nm, spherical
	MB, MO, Eosin Y
	NaBH4
	83%, 99%, 96%
	[65]



	Terminalia cuneate bark
	AgNPs
	25–50 nm
	Direct yellow-12
	NaBH4
	>95%, 40 min
	[66]



	Thymbra spicata leaf
	AgNPs
	7 nm, spherical
	4-Nitrophenol, Rhodamin B, MB
	NaBH4
	6.45 × 10−2 s −1; 5.74 × 10−2 s −1 and 8.64 × 10−2 s−1
	[69]



	Psidium guajava leaf
	AgNPs
	15–20 nm, spherical
	MO and Coomassie brilliant blue G-250
	Sunlight/UV light
	>60%
	[71]



	Terminalia arjuna leaf
	AgNPs
	10–50 nm, spherical
	MO, MB, Congo red, and 4- Nitrophenol
	NaBH4
	86.68%, 0.166 min−1;

93.60%, 0.138 min−1;

92.20%, 0.182 min−1;

88.80%, 0.142 min−1;
	[74]



	Viburnum opulus fruit
	AgNPs
	16 nm, spherical
	Tartrazine, Carmoisine and Brilliant blue FCF
	NaBH4
	28%, 45%, 38%
	[76]
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Table 3. Synthesis of iron/iron oxide nanoparticles using different plant extract and its degradation efficiency.
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	Plant Materials
	MNPs
	Size and Shape
	Organic Dyes
	Catalytic Reagents/Sunlight
	Degradation (%) or Rate of Reaction (k)
	Ref.





	Camellia sinensis leaf
	nZVI/ Fe0 NPs
	5 to 15 nm, spherical
	Bromothymol blue
	H2O2
	0.1447 min−1
	[82]



	Andean blackberry leaf
	Fe3O4 NPs
	54.5 ± 24.6 nm, spherical
	MB, CR, MO
	Sunlight
	0.0105475, 0.0043240, and 0.0028930 min−1
	[83]



	Green, Oolong, and black teas
	FeNPs
	40–50 nm
	MG
	Adsorption
	81.6%, 75.6%, and 67.1%
	[84]



	Cynara cardunculus leaf
	Fe3O4 NPs
	13.5 nm, Semi-spherical, aggregated
	MB
	Adsorption
	>90%
	[85]



	Grape leaf
	nZVI/Fe0 NPs
	18–30 nm
	Orange II
	High temperature
	>92%
	[86]



	Peltophorum pterocarpum leaf
	γ and α-Fe2O3NPs
	16.99 nm, rod-like
	MB
	Fenton
	90%
	[87]



	Green tea leaf
	FeNPs
	130–270 nm, aggregated
	MB
	NaBH4
	0.0404 min−1
	[88]



	Amaranthus spinosus leaf
	FeO-NPs
	91 nm, rhombohedral
	MO andMB
	Sunlight
	75 ± 2% and 69 ± 2%
	[89]



	Wedelia urticifolia leaf
	FeO-NPs
	70 nm, rod
	MB
	Sunlight
	0.3299 min−1
	[90]



	Plantago major leaf
	FeO-NPs
	4.6–30.6 nm, Spherical
	MO
	H2O2
	83.33%
	[91]



	Pisum sativum peel
	Fe3O4 NPs
	20–30 nm, spherical
	MO
	Adsorption
	96.2%,100 mg/L
	[92]



	Citrus paradise peel
	Fe3O4, α-Fe2O3 and γ-Fe2O3 NPs
	28–32, spherical aggregating
	MR, MB and MO
	Adsorption
	96.65%, 50 mg/L; 80.76%, 10 mg/L; and 89.64%, 10 mg/L
	[93]



	Hibiscus sabdariffa flower
	FeO-NPs
	10–100 nm, spherical
	CR
	UV-light
	96.1%, 100 mM, pH 4
	[94]



	Ruellia tuberose leaf
	FeO-NPs
	52.78 nm, hexagonal nanorods with agglomeration
	Crystal violet
	Sunlight
	80%
	[95]



	Ficus carica fruit
	γ-Fe2O3
	4–6 nm, spherical
	4-Nitrophenol
	NaBH4
	49.975 × 10−3 min−1
	[96]
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