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Abstract

:

In this study, we report one-pot, single step synthesis of silver nanoparticles stabilized by using arbutin. The concentration of reducing agent (NaBH4) used in the preparation was kept at double, and arbutin was used as a stabilizing agent. The confirmation of prepared silver nanoparticles was done by color change and UV-Vis surface plasmon resonance peak at 435 nm in UV-Vis spectrum. Size dispersion of nanoparticles was carried out by Dynamic Light Scattering (DLS) and surface charge on nanoparticles. Stability was analyzed by Zeta potential. A strong negative charge indicated that nanoparticles are well stabilized throughout the solution. Morphology and 3D topographic images were obtained by Atomic Force Microscopy (AFM). The crystalline nature of nanoparticles was elucidated by X-ray diffraction analysis. The size and morphology of solid, well-grinded nanoparticles was proceeded by Scanning Electron Microscopy (SEM). The catalytic activities of nanoparticles were carried out against methylene blue, methyl orange, safranin, and eosin. The results demonstrated that synthesized silver nanoparticles commenced the degradation reaction of dyes mentioned. Prepared silver nanoparticles are found to have adequate catalytic activity, as it can be comprehended in time-dependent UV-Vis spectrums of dyes after treating them with AgNPs.
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1. Introduction


From the early 21st century, nanotechnology has gained a remarkable status as scientists exploit its distinctive characteristics from drug delivery to cosmetics, wastewater treatment, and self-cleaning building surfaces [1]. Nanotechnology exhibits itself in a broad spectrum of materials that can be handy for a scientist [2]. Scientists are now implanting nanoparticles into various plants to invent a new nutrient delivery system [3]. Some relative examples include carbon nanotubes in tomato seeds [4] and zinc oxide nanoparticles in ryegrass’s root tissue [5]. A study further revealed that scientists utilized zinc-aluminum-layered double-hydroxide in order to control chemical compounds that balance the plant growth [6]. Fertilizers fused with cochelate nanotubes have been asserted to provide better yields [7]. Gold nanoparticles with a diameter of 1.6 nm regulated the DNA flow through nanopores ultimately resulted in very swift genome sequencing [8,9]. Meanwhile, bionanotechnology has appeared as a combination of biotechnology and nanotechnology for instituting eco-friendly and biosynthetic technology for synthesis of nanoparticles [10]. A variety of metallic nanoparticles have appeared, including alginate [11], magnesium, gold [12], zinc, copper, and titanium [13], but among all these, silver has appeared to be an excellent antimicrobial agent against various bacteria, viruses, and different eukaryotic microorganisms [14].



Over the centuries, silver has been used in meditating burns and dire wounds. Early in 1000 BC, silver was utilized in water cleansing [15]. Later, silver, and silver nitrate in its solid form, were used intensively in different cases, i.e., treating venereal diseases, perianal abscesses, antidoting ophthalmia neonatorum, and designing bandages for skin wounds [16,17]. However, in 1940 when penicillin was discovered, silver’s usage for wound treatment was minimized [18,19,20]. Methods reported for the synthesis of silver nanoparticles include biological methods, physical methods, and chemical methods [21].



The dimensional classification of silver nanomaterials was briefly described by Skorokhod and Pokropivny, which was expressed as 0D, 1D, 2D, and 3D depending on their usage in the specific fields of science, varying from biological sensor designing, energy storage, electronics, photo catalyst, to energy storage batteries [22,23,24,25,26]. Among all the classes mentioned above, one-dimensional silver nanowires (AgNWs) do possess major superiority due to their highest electro-conductive capability, and thus are being utilized in constituting nanodevices of high-quality value [27]. Another breakthrough of AgNWs enhancing the attraction of researchers towards it was the idea of substitution of indium tin oxide with AgNWs for the manufacturing of transparent thin films [28]. Right after that, AgNWs were processed against enormous applications, including nanogenerators [29], soft robots [30], fuel cells [31], supercapacitors [32], and stretchable electronics. AgNWs are easy to synthesize and are conveniently soluble in different solvents in order to pursue any solvent-based execution of specific application. The supremacy of AgNWs over ITO can also be accomplished as AgNWs seek minimum quantity of the starting material, imparting the same electronic properties as an alternative to ITO, whose negative consequences are brittleness, expense, and absorbing harmful UV radiations.



Organic dyes cover a vast area of industrial zone, including paper, plastic, ceramics, cosmetics, textile, and pharmaceutical. Their dispensation in the wastewater is a serious menace to both aquatic and human lives due to their carcinogenic and mutagenic effects [33]. Traditional methods that were used have now been found to be unproductive against the dyes due to their stable aromatic structure. In light of these problems, nanocatalysis is found to be a promising field, using metallic nanoparticles as a catalyst in the degradation of toxic dyes [34,35].



In the current study, we synthesized stable silver nanoparticles using Arbutin, a drug that was used as a stabilizing agent for the first time. A single one-pot method was selected to prepare nanoparticles at room temperature (26 °C). Different analytical techniques were utilized to confirm the well-dispersed nanoparticles. The whole mechanism for the reaction is mentioned below in Section 3. In addition, we carried out catalytic activity for the degradation of different toxic dyes. Moreover, to the best of our knowledge, no work has been done on either synthesis of arbutin-stabilized silver nanoparticles or their degradation trend against various classes of dyes. The method adopted for this purpose was cost-effective, eco-friendly, and green. The effect of synthesized silver nanoparticles on degradation from different intervals of time using NaBH4 as a hydrogen donor in the solution was examined. The results conclude that Arbutin stabilized nanoparticles can be used for any forthcoming biological advancements in order to design suitable antimicrobial agents.




2. Results


2.1. UV-Vis Spectroscopy


UV-Vis spectroscopy is a very efficient and definitive technique for analyzing the primary indication of formation of nanoparticles. The pattern of color change observed is shown in Figure 1a–c. The initial light yellow color of the solution turned darker yellow and finally changed to dark brown. The reduction of monovalent silver to zerovalent silver, and then its stabilization with arbutin was confirmed by UV-vis. Absorbance was selected up to 2 and wavelength was measured from 200 nm to 800 nm. Overall, 10 mL of distilled water was taken as reference. UV-Vis spectra were taken after each 10 min to find out the effect of time change on stability. UV-Vis spectra are given in Figure 2. A sharp peak at 435 nm indicated the formation and surface plasmon resonance of well-dispersed silver nanoparticles. This surface plasmon resonance is created when incident photons conduct with electrons of metal nanoparticles. In addition, pursuing the ideal quantities to obtain stable silver nanoparticles different concentrations of reducing agent NaBH4 and precursor AgNO3 along with arbutin were analyzed. Figure 3 illustrates different concentrations of AgNO3 and arbutin treated with the same quantity (30 mL) of NaBH4. Thus, a perception can be made that maximum quantity (10 mL) of AgNO3 and arbutin can result in the formation of stable and well-dispersed silver nanoparticles. Meanwhile, to avoid precipitation and contriving the absolute quantity of NaBH4, 5 repetitions of reactions were carried out. The results concluded that minimum concentration of NaBH4 (10 mL) gave rise to a greyish brown solution, which ultimately resulted in precipitation. However, as soon as we increased the concentration from 10 mL to 30 mL, the greyish brown color changed into a dark brown, which is a clear indication of well-stabilized silver nanoparticles. Figure 4 indicates the spectrum of different concentrations of NaBH4 against the same concentrations of precursor and drug. The same results have been published in various research works [36,37,38].




2.2. Dynamic Light Scattering and Zeta Potential


A Nano ZS zetasizer system (Malvern instruments) was used to perform zeta potential and DLS, aiming to calculate the surface charge and size distribution of silver nanoparticles in the solution. Both zeta potential and DLS are predicated on light scattering, and the analysis can be influenced by some of the factors, i.e., pH, ionic strength, sample preparation, sample concentration, effect of precipitation, shape, and rotational diffusion of nanoparticles [39]. Moreover, samples for analysis were kept sufficient diluted, as concentrated solutions are not recommended for DLS and Zeta potential measurement. The sample was loaded in a transparent cuvette and three measurements were recorded from it. DLS analysis depends upon the relation of particles with light. Figure 5a,b represent the spectrum of dynamic light scattering and zeta potential. Zeta potential spectra elucidated that synthesized silver nanoparticles have sufficient negative charge, which indicates that nanoparticles are stable and contribute to improved colloidal peculiarity. Figure 5b clearly depicts the presence of −27.2 surface charge of triple replications having standard and zeta deviation of 7.30 mV. A DLS image indicating size distribution of silver nanoparticles is given in Figure 5a. The spectrum shows three peaks at sizes of 101.5 nm, 19.20 nm, and 3.677 nm, respectively, with an average size value of 42 nm. The Polydispersity index (PDI) obtained was 0.239, which means that nanoparticles are perfectly dispersed in the solution. Some of the other specifications of DLS image are given below in Table 1.




2.3. Atomic Force Microscopy


Atomic force microscopy was carried out to analyze the size, morphology, and nanomechanical properties of prepared silver nanoparticles. A 5500 Atomic Force Microscope (Agilent technologies) was used for AFM analysis. A probe of Silicon nitride was used with the frequency of 298.563 kHz. Various measurements of AFM were carried out to find out if the probing of equipment affected the stability of synthesized silver nanoparticles. The height color scale was taken up to 2.5 μm. AFM images of silver nanoparticles are given in Figure 6a–e. It can be seen that round-shaped silver nanoparticles have uniform geometry and are well-dispersed throughout the solution without forming any aggregation. The main precedence of AFM over conventional imaging techniques like SEM and TEM is that AFM offers 3D imaging of nanoparticles to better understand nanoparticle geometry, shape, and volume. AFM analysis also visualizes the presence of attraction between cantilever sharp tips and the sample’s surface, as can be seen in Figure 6c,d.




2.4. X-ray Diffraction


XRD is a constructive technique to investigate the crystallinity, nature, and size of nanoparticles being examined [40]. The arrangement of patterns obtained from spectra provides information about its elucidation. This typical spectrum of every metal is then compared with the Joint Committee on Powder Diffraction Standards (JCPDS) library. The crystalline nature of silver nanoparticles was evaluated by XRD spectra by recording the spectra from 2θ range of 10–90°. The formation of a face-centered cubic structure was also confirmed by the analysis. The distinguished peaks at 2θ = 31.60°, 45.67°, 54.72°, 66.88°, and 76.22° represent the (111), (200), (142), (220), and (311) planes, respectively. The XRD spectra of silver nanoparticles is shown below in Figure 7. The same results have also been reported in various studies [41,42].




2.5. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy


SEM is a non-destructive technique which can be utilized to evaluate the nanoparticle composition, their morphology and surface topography [43]. It can also be used to find out the shape and size distribution throughout the sample. The sample was prepared by dropping a minute quantity of nanoparticles on a carbon-coated copper grid, extended by sputtering it with a conductive material. Figure 8a–c depict the SEM and EDX images of synthesized silver nanoparticles. It can be observed that round shaped nanoparticles are well-dispersed and homogenous. Some clusters are also obvious that are formed due to accumulation of silver nanoparticles between themselves. The average size of nanoparticles that appeared was 20–30 nm. The presence of silver metal is clearly visible in the EDX image.




2.6. FTIR Analysis


FTIR spectroscopy was performed to evaluate the presence of important functional groups. Figure 9 shows the FTIR spectra of prepared silver nanoparticles. A broad peak at 3307.63 cm−1 indicates the presence of –OH group, which might be derived from arbutin, assisting in the stabilization of nanoparticles. Other peaks at 2359, 1635, and 1011 cm−1 correlate to CO2, C=C stretching, and C-O moieties, respectively.




2.7. Catalytic Activity


2.7.1. Catalytic Activity of Methylene Blue


Methylene blue is a water-soluble tricyclic phenothiazine drug/dye. It has been extensively used in medicines and as a staining reagent. The catalytic activity of AgNPs against MB was carried out along with NaBH4. Time-dependent readings were monitored on a UV-Vis spectrophotometer. MB usually gives a strong peak at 664 nm. After recording UV-Vis spectra of MB, the NaBH4 solution was added. After the addition shoulder peak of MB shifted to lower absorbance value, the characteristic peak showed a slight downfall. Soon after the addition of as-synthesized silver nanoparticles, catalytic activity started to appear. After intervals of every two min peak’s absorbance tending to be lower, and as soon as the characteristic blue color of MB solution faded, there was no evidence of the presence of MB’s distinctive peak. Statistical data included the MB peak in UV-Vis (Figure 10a) after treating it with the NaBH4 solution (Figure 10b) degradation trend (Figure 10c), time dependent kinetically plotted graph (Figure 10d) and multiple peaks take after specific intervals of time, indicating the degradation of dye given below in Figure 11. The percentage degradation calculated for methylene blue was 94%. The rate constant calculated from the reaction absorbance value was 0.0517min−1.




2.7.2. Possible Mechanism of Degradation of Methylene Blue


A chemical illustration of degradation of methylene blue is given in Figure 12. Possible mechanism of degradation is also reported in these research papers [44,45,46,47,48,49,50,51].




2.7.3. Catalytic Activity against Methyl Orange


The catalytic activity of prepared silver nanoparticles was further extended against the degradation of methyl orange, an azo dye. Methyl orange can be usually observed in UV-Vis at 464 nm of wavelength due to the transition of azo group. UV-Vis spectra of methyl orange is also shown below in Figure 13a, while Figure 14 illustrates the degradation of methyl orange by the addition of NaBH4 first, and further with the solution of silver nanoparticles. It can be observed that an identical peak of methyl orange at 464 nm remained uninterrupted even after the addition of NaBH4, disclosing that -N=N- moiety prevails in the methyl orange solution in the presence of NaBH4 but only causes a minor downfall in absorbance value. The degradation trend of methyl orange after the addition of both NaBH4 and silver nanoparticles was measured spectrophotometrically, which was verified by a progressive decrease in absorption peak intensity. It was also observed that the degradation of methyl orange with NaBH4 without any catalyst has a much slower reaction rate. The degradation trend and kinetically plotted graph of methyl orange using AgNPs as a catalyst is given below in Figure 13b,c. Each spectrum was recorded after 4 min for an hour. The percentage degradation of methyl orange obtained after one hour was almost 92%. The value of rate constant K calculated from the formula was 0.0435 min−1.




2.7.4. Possible Mechanism of Catalytic Activity of Methyl Orange


Chemical illustration of degradation of methyl orange is given in Figure 15. The same chemical illustration of degradation is also reported in given research papers [52,53,54].




2.7.5. Catalytic Activity against Safranin O


Safranin is a heterocyclic dye that has an azine functional group in it. The occupancy of this dye in wastewater can spawn many harmful effects in aquatic ecosystems. Safranin O’s characteristic peak in UV-Vis can be observed at 520 nm. The catalytic activity of safranin O was carried out against prepared silver nanoparticles and NaBH4 as a catalyst, which was monitored via a UV-Vis spectrophotometer. Figure 16a depicts the UV-Vis spectra of safranin. The addition of NaBH4 solution gave rise to a slight downfall in the dye’s peak, which can be observed in Figure 16b. The degradation of organic dye was monitored for an hour in intervals of every four minutes (Figure 17). The degradation trend and, ultimately, reduction in absorption peak of safranin are shown in Figure 16c and 3.15, respectively. The percentage degradation in the case of Safranin O obtained was 87%. A kinetically time-dependent plotted graph (Figure 16d) showed that the reaction which followed the dynamic of pseudo first order and value of constant K calculated was 0.0341 min−1.




2.7.6. Possible Mechanism of Degradation of Safranin O


The chemical illustration of dye degradation of Safranin O is given in Figure 18. Ref. [55] Barman et al. reported the catalytic activity of silver nanoparticles against safranin O with the matched mechanism. The same mechanism is also depicted in these research works [56,57].




2.7.7. Catalytic Activity against Eosin Y


Eosin Y is a water-soluble tetrabromofluorescein dye commonly used in the paper and textile industries [58]. Metabolites of this fluorescein dye are very pernicious and carcinogenic to aquatic ecosystems; that is why the removal of this dye from wastewater is required. The most considerable primacy of catalytic activity of EY is its appropriate monitoring by UV-Vis spectroscopy. The degradation of Eosin Y dye was carried out in the presence of excessive NaBH4 to find out the catalytic proficiency of stable silver nanoparticles. The distinctive peak of EY dye was monitored at 514 nm which, when gradually lowered by passage of time and peak intensity, almost dropped to zero. Figure 19a depicts the UV-Vis spectra of Eosin Y, while treating the dye solution with NaBH4 solution caused a slight fall in the peak, which can be observed in Figure 19b. It can be witnessed from Figure 19b that reaction rate is very slow in the absence of the catalyst. As soon as we introduced silver nanoparticles in the solution reaction, the rate accelerated. Kinetically time dependent graph is shown in Figure 19c. A series of spectra showing degradation of dye monitored against silver nanoparticles are shown in Figure 20. The percentage degradation of Eosin Y dye calculated was 96%. While following the pseudo first order kinetics, the value of rate constant calculated was 0.0529 min−1, as can be observed from Figure 19d.




2.7.8. Possible Mechanism of Catalytic Degradation of Eosin Y


A chemical illustration of Eosin Y degradation is given below (Figure 21). The scheme was verified with research work published already [59,60].



Numerous reports are available concerning to the catalytic activity of silver nanoparticles against the degradation of hazardous dyes prepared biologically and chemically [61,62,63,64,65]. These studies conclude that smaller particle sizes tend to undergo excellent catalytic activity, minimizing the time required for degradation. Correspondingly, the availability of catalyst also increases the efficiency of catalytic activity due to the larger surface area obtainable. However, there is no such study reported where drug-loaded nanoparticles were being used for catalytic activity. The rate constant and percentage degradation calculated from our experiment were significantly better than the one reported. Therefore, drug-loaded nanoparticles can be used in industrial wastewater treatments.




2.7.9. Quenching Study against Eosin Y


The scavenger quenching experiment was performed against Eosin Y to better understand the title role of active species in catalytic degradation of organic dyes. For the experiment, 60 µL of Eosin Y dye was taken in a glass cuvette and examined against different scavengers, including methanol for OH radical scavenger and ammonium oxalate as an H+ scavenger. Figure 22 demonstrated that after the addition of oxalate, a modest inhibitory effect was noticed, where around 63% of dye was degraded. Meanwhile, the addition of methanol led to a remarkable loss in degradation, as 42% of the dye was degraded. This further proposed that hydroxyl radicals and superoxide radicals play a pivotal role in dye degradation being found as reactive species in the solution. The percentage degradation of Eosin Y without any scavenger was 96%. A study revealed that increasing air superficial velocity escalates the degradation rate of dyes as it enhances the production of OH radicals. Oxygen molecules present on the surface of the catalyst react with the free electrons available, leading to the formation of more dye oxidants (OH radicals) [66]. Hence, the deoxygenation of dye solution will unorthodoxly recede the degradation rate.






3. Experimental


3.1. Materials and Instrumentation


Silver nitrate (AgNO3, 99.8%), sodium borohydride (NaBH4, 98%), arbutin (C12H16O7), methylene blue (C16H18ClN3S), methyl orange (C14H14N3NaO3S), safranin (C20H19N4+.Cl−), and eosin (C20H6Br4Na2O5) were purchased from Sigma-Aldrich (St. Louis, Germany) and were subjected for reactions without any further purification. All solutions were prepared using double distilled water to avoid contamination and impurities. Evolution 300 UV-Visible spectrophotometer (ThermoScientific, Madison, WI, USA) was used for UV-Visible spectroscopy, Nano ZS zetasizer system (Malvern instruments, Malvern, UK) for DLS and zeta potential, 5500 Atomic Force Microscope (Agilent technologies, Santa Clara, CA, USA) for atomic force microscopy, and Bruker D8 venture X-ray powder diffractometer (Bruker, Billerica, MA, USA) for XRD analysis.




3.2. Synthesis of Silver Nanoparticles


All glassware was washed and dried carefully. A stock solution of 4 mM NaBH4, 2 mM AgNO3, and 2 mM of arbutin was prepared using chilled water in order to minimize the decomposition of salts. The quantity of NaBH4 was taken as double, as there should be enough reducing agent to reduce and cap the prepared nanoparticles. Overall, a 30 mL solution of NaBH4 was taken in a conical flask and 10 mL each of AgNO3 and Arbutin solutions were added by each drop being added after a second. The transparent solution of NaBH4 turned light yellow first, and after the whole addition of AgNO3 and arbutin solutions, the color changed from light yellow to dark brown. As soon as the addition was complete, stirring was stopped and the magnetic stirrer was removed so that if stirring was continued, the precipitation would start. The whole addition took almost five minutes. The prepared mixture was subjected for UV analysis and then stored for 10 days to check the stability of silver nanoparticles.




3.3. Preparation of Dye’s Solution for Catalytic Activity


Catalysis of various types of chemical reactions is a conceivable characteristic of metallic nanoparticles that may not happen. The catalytic activity of synthesized silver nanoparticles was carried out against methylene blue, methyl orange, Safranin O, and Eosin. All dyes for catalytic activity were purchased from Sigma-Aldrich. The reaction was carried out in a quartz cuvette and absorbance was monitored by UV-Vis spectrophotometer. In a typical experiment, 60 µL of each dye solution (5 mM) was mixed with 1.5 mL of distilled water and its UV-Vis spectra was obtained. A further 0.2 mL of NaBH4 (0.2 M) was mixed in the same cuvette, and a slight fall in absorbance was observed due to inadequate reaction rates in the reduction of dyes by NaBH4. Before performing the experiment, solutions of both NaBH4 and dyes were stored at 4 °C. Ultimately, 500 µL solution of silver nanoparticles (62.5 µM) was added into the spectrum, which was recorded for an hour after each 2 min. Sharp peculiar colors of dyes turned light and finally became colorless. Sharp characteristic peaks appeared first, which gradually went downward, and no absorbance was observed as soon as the solution turned colorless. The reaction was performed at room temperature, and it was continually stirred throughout the activity. Blank control was measured without any addition of silver nanoparticles solution. The degradation rate of all dyes was calculated by the formula given below:


Degradation rate (%) = (Co − Ct/Co) × 100



(1)




Here, Co is the initial absorbance value while Ct is the final absorbance value taken before and after catalytic activity. The chemical kinetics of decolorization of all dyes are found to be following pseudo first order, as it can be derived from the equation given below:


−Ln(C/Co) = kt



(2)




Here, k is the rate constant, Co is initial dye concentration, and C is final concentration of dye at given time t.




3.4. Characterization of Silver Nanoparticles Using UV-Vis, DLS, Zeta Potential, AFM, XRD, and SEM


After the physical observation of color changing from light to dark yellow, the solution was further analyzed for its characterization. The initial characterization carried out was UV-vis. After indicating characteristic peak of silver, the sample was used for other analytical techniques. To elucidate surface charge and size distribution, zeta potential and Dynamic Light Scattering were performed. AFM and SEM were used to investigate the morphology, shape, and size of nanoparticles. To calculate the crystalline structure, XRD was performed.





4. Conclusions


In summary, stable silver nanoparticles were prepared in an aqueous medium by using NaBH4 as a reducing agent and stabilized by Arbutin. The adopted method delivered highly crystalline and well-dispersed nanoparticles. Enhanced catalytic activity of AgNPs was performed against methylene blue, methyl orange, safranin O, and Eosin Y. Our work demonstrated that AgNPs can be used as an ideal degrading agent to remove toxic dyes from wastewater and neutralize them to much less harmful towards environment. Synthesized silver nanoparticles showed excellent catalytic degradation towards different classes of dyes. The degradation rate proved that Eosin Y degraded with the highest rate (0.0529 min−1), followed by methylene blue (0.0517 min−1), methyl orange (0.0435 min−1), and safranin O (0.0341 min−1), respectively. Nanoparticles being used as a catalyst can be recycled and removed from the reaction mixture by centrifugation. The method performed is simple, ecofriendly, cheap, and can be used for industrial and research purposes. Moreover, this new approach for using drug-mediated AgNPs holds several valuable attractions and offers an efficient and economic route to environmental protection.
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Figure 1. Color change observed after each 10 min escorted out by their UV-Vis spectrum given below ((a–c) pictures taken at 0, 10, and 20 min, respectively). 
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Figure 2. UV-Vis spectra of silver nanoparticles at different intervals of time. 
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Figure 3. UV-Vis spectra taken at different volumes of AgNO3 and arbutin solution. 
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Figure 4. UV-Vis spectra taken against different volumes of NaBH4 against the same volume of arbutin and AgNO3 solutions. 
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Figure 5. (a) DLS spectra of silver nanoparticles showing size distribution in the solution. (b) Zeta potential of synthesized silver nanoparticles. 
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Figure 6. AFM images of prepared silver nanoparticles, (a,b) 2D images, (c,d) 3D zoomed images of nanoparticles along Z-axis, and (e) size distribution throughout the solution. 
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Figure 7. XRD spectra of prepared silver nanoparticles. 






Figure 7. XRD spectra of prepared silver nanoparticles.



[image: Catalysts 12 01602 g007]







[image: Catalysts 12 01602 g008 550] 





Figure 8. SEM (a,b) and EDX images (c) of synthesized silver nanoparticles. 
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Figure 9. FTIR spectra of synthesized silver nanoparticles. 
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Figure 10. (a) UV-Vis spectra of methylene blue solution. (b) UV-Vis spectra of methylene blue solution after treatment with NaBH4. (c) Degradation trend of methylene blue monitored for an hour with regular intervals of 2 min showing decrease in absorbance, time-dependent kinetically plotted graph (d). 
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Figure 11. UV-vis spectrum recorded after treating solution of methylene blue with NaBH4 and synthesized silver nanoparticles (taken after each 2 min for an hour). 
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Figure 12. Possible mechanism of degradation of Methylene Blue. 
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Figure 13. (a,b) UV-Vis spectrum of methyl orange solution in water (a), degradation trend of methyl orange after addition of catalysts, kinetically plotted graph (c). 
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Figure 14. UV-Vis spectra of methyl orange after treating it with NaBH4 and silver nanoparticles respectively (taken after each 4 min for an hour). 
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Figure 15. Possible mechanism of catalytic activity of Methyl Orange. 
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Figure 16. UV-Vis spectra of safranin O dye (a), UV-Vis spectra of safranin O after treating with NaBH4 (b), degradation trend of safranin by passage of time (c), kinetically plotted graph between time and Ln (Co/Ct) (d). 
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Figure 17. Time-dependent spectra of dye degradation after addition of silver nanoparticles solution monitored after each 4 min. 
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Figure 18. Possible mechanism of degradation of Safranin O. 
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Figure 19. UV-Vis spectra of Eosin Y solution (a), UV-Vis spectra of Eosin Y after treating it with NaBH4 (b), degradation trend of EY dye after addition of silver nanoparticles solution (c), time-dependent kinetically plotted graph (d). 
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Figure 20. Series of spectra showing the degradation of EY against silver nanoparticles taken after each 4 min for an hour. 
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Figure 21. Possible mechanism of catalytic degradation of Eosin Y. 
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Figure 22. The effect of different radical scavengers on catalytic degradation of Eosin Y by arbutin-mediated AgNPs. 
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Table 1. Specifications of peaks observed in DLS.
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	Size (d.nm)
	% Intensity
	St. Dev. (d.nm)





	Peak 1
	101.5
	71.6
	59.04



	Peak 2
	19.20
	18.8
	5.815



	Peak 3
	3.677
	5.1
	0.9729
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