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Abstract

:

This study focusses on the synthesis of silver nanoparticles (Ag-nPs) by citrus fruit (Citrus paradisi) peel extract as reductant while using AgNO3 salt as source of silver ions. Successful preparation of biogenic CAg-nPs catalyst was confirmed by turning the colorless reaction mixture to light brown. The appearance of surface Plasmon resonance (SPR) band in UV-Vis spectra further assured the successful fabrication of nPs. Different techniques such as FTIR, TGA and DLS were adopted to characterize the CAg-nPs. CAg-nPs particles were found to excellent catalysts for reduction of Congo red (CR), methylene blue (MB), malachite green (MG), Rhodamine B (RhB) and 4-nitrophenol (4-NP). Reduction of CR was also performed by varying the contents of NaBH4, CR and catalyst to optimize the catalyst activity. The pseudo first order kinetic model was used to explore the value of rate constants for reduction reactions. Results also interpret that the catalytic reduction of dyes followed the Langmuir–Hinshelwood (LH) mechanism. According to the LH mechanism, the CAg-nPs role in catalysis was explained by way of electrons transfer from donor (NaBH4) to acceptor (dyes). Due to reusability and green synthesis of the CAg-nPs catalyst, it can be a promising candidate for the treatment of water sources contaminated with toxic dyes.
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1. Introduction


Recently, different environmental pollutants such as toxic dyes have been identified as threats because these dyes are harmful for humans and aquatic life [1,2]. Discharge of these dyes containing effluents in the environment causes the natural ecosystem to become unbalanced [3]. Therefore, the effective removal of toxic dyes from wastewater or their conversation in usable sources before its discharge in the water system is a primary global issue [4]. Different methods like biodegradation, electrochemical, physicochemical and photochemical treatment including the advanced oxidation process via photo-catalysis or chemical reduction, adsorption and ultra-filtration have been adopted to address this problem [5,6]. Most of these methods are not useful for the treatment of dyes’ polluted wastewater. Methods such as the physicochemical method are inefficient for degradation of dyes due to their high stability. The biodegradation method, however, is cost effective, yet it is a very slow method, and dyes are also harmful for microorganisms. Adsorption transfers the toxic dyes from one medium to another rather than eliminating them. However, catalytic degradation of dyes has emerged as the best method for their treatment [1]. Harmful substances can be distrusted into less toxic or non-toxic substances via photo-catalysis [7,8] or chemical catalysis [9]. Various metal nanoparticles like Au, Pt, Pd, Fe and Ag-nPs are reported as catalysts for degradation of various toxic dyes [10,11,12,13]. One of the most commonly used metal nPs for direct reduction reactions of pollutants is iron nPs. These nPs are less toxic and cost effective. However, Ag-nPs are more stable and highly active catalysts for reduction reactions.



Among these nPs, silver nanoparticles (Ag-nPs) have been considered as interesting candidates over the last decade due to exceptional properties such as high catalytic activity with controlled surface area and low cost [14,15,16,17,18].



Several synthetic methods such as chemical, photochemical and electrochemical methods have been adopted to prepare Ag-nPs by treatment of silver salt [17,19]. However, these methods involve the use of toxic chemicals along with drastic reaction conditions and induce severe environmental pollutions. Due to negative impacts of these reported methods, a new method for preparation of Ag-nPs by plant extracts has been introduced [20]. Plant extract mediated synthesis of nPs tunes their size, shape and size distribution. The biological method for preparation of nPs exhibits several merits over other reported physiochemical methods such as use of non-toxic solvent (water), no utilization of toxic or harmful chemicals, mild reaction conditions and cost effectiveness. Mostly, plant extracts pose different organic compounds with different functional groups such as amino acid and carboxylic acid that act as stabilizing and reducing agents. Plant extracts also act as reducing and stabilizing agents due to the presence of polyphenols [21]. Size and shape of nPs can also be tuned by changing the contents of plant extract utilized during their preparation. Thus, alternatively, catalytic properties of nPs can also be tuned according to the requirement as catalysis is the surface phenomenon [22]. Due to these reasons, many researchers turned toward the utilization of biological units such as plant extract for preparation and stabilization of metal nPs [21,23]. Gardea-Torresdey at al. successfully fabricated Ag-nPs by growing live alfalafa plants in AuCl4 rich media and concluded that bio items can be used efficiently for preparation of inorganic nanoparticles [24]. Kasthuri et al. prepared Au-nPs by using the chloroauric acid as source of gold ions in the presence of phyllanthin extract at room temperature [22].



Citrus is one of the major fruit crops that is widely consumed as fresh fruit or juice by removing the peel. Peel of fruits is discarded as waste material. Citrus fruit peel has polyphenolic compounds, flavonoids, ascorbic acid etc. These phytochemical components have bioactive properties like antiproliferation, antibacterial, antifungal, antioxidant and antiviral activities [25]. Due to these functional groups, citrus peel extract also acts as a capping agent. Thus, Citrus paradisi peel extract induced nPs remain stable for a prolonged amount of time due to the formation of interaction between these functional groups and nPs [21]. Values of apparent rate constant and reaction completion time for reduction of dyes and aromatic compounds in the presence of different metal nanoparticles stabilized by a variety of plant extract for comparative purpose are given in Table 1. Activity of reported catalysts was high for reduction of different dyes as compared to previously used biogenic metal nanoparticles stabilized by plant extracts.



Many research papers used the Citrus paradisi peel extract for preparation of different metal nPs like Fe3O4 [26,27], ZnO [28] and Ag-nPs [21,25,28,29,30]. It acts as a reducing as well as a capping agent during preparation of Ag-nPs. Fabricated CAg-nPs find applications in synthesis of durable cotton and silk fabric due to their antibacterial and antimicrobial activity and essential oil effect due to the use of citrus plant extracts [31]. These nanoparticles also find use as potential bio-pesticides to control different types of pathogens in aqueous medium [25,32].



However, no one used these metal nanoparticles as catalysts for degradation of toxic dyes. Thus, we reported here for the first time the preparation of citrus peel induced biogenic CAg-nPs particles and their use as catalysts for degradation of different toxic dyes like CR, MB, MG, RhB and 4-NP. Recyclability and reusability of catalysts were also performed for reduction of CR. Prepared biogenic CAg-nPs particles were analyzed by UV-Vis, FTIR, DLS and TGA.




2. Materials and Methods


2.1. Materials


Congo red (CR) (98%), methylene blue (MB) (98%), malachite green (MG) (98%), Rhodamine B (RhB) (98%), 4-nitrophenol (4-NP) (98%), sodium borohydride (NaBH4) (98%) and silver nitrate (AgNO3) (98%) were purchased from Scharlau (Barcelona, Spain) and used as such without further treatment. Deionized water was used throughout the experimentation. Filtration of plant extract was done by Whatmann No. 1 filter paper (Merck Darmstadt, Germany).




2.2. Synthesis of CAg-nPs


Citrus paradisi peels were washed and completely dried in shade. The dried peels were grinded into fine powder using mortar. Afterward, 0.5 g of fine peel powder was stirred with 80 mL deionized water for 3 h in a flask at 60 °C on hotplate and filtered for further use. After that, a 30 mL peel extract was treated with 30 mL of 1.0 mM AgNO3 solution at 70 °C for 50 min on a hotplate in a round bottom flask under constant stirring and nitrogen supply. Reaction mixture turned light brown on treatment with plant extract. Afterward, a light brown emulsion type mixture was filtered and saved in a sample bottle covered with aluminum foil for analysis. It was also used as a catalyst for catalytic reduction of toxic dyes. Prepared CAg-nPs were also dried in powdered form for pursuing other analyses. Diagrammatic representation of preparation of biogenic CAg-nPs and their use as catalysts for reduction of CR are shown in Figure 1.




2.3. Characterization of CAg-nPs


Functional groups of plant extract and biosynthesized CAg-nPs particles were evaluated by scanning FTIR spectra. For this aim, FTIR spectra of powdered samples were scanned on RXI FTIR spectrometer (Perkin ELMER, Waltham, MA, USA). UV-Vis analysis of plant extract, aqueous solution of AgNO3 and biogenic CAg-nPs particles was also performed on a UV VIS Spectrophotometer (Stalwart, Germany) in the wavelength range from 250 to 750 nm at 25 °C. DLS analysis was done to check the particle size distribution of CAg-nPs particles. For this purpose, analysis was performed on B1-200SM (Brookhaven Instrument Corp, Holtsville, NY, USA at 90° (angle of scattering)) while the He–Ne laser was used as a light source with a wavelength of 637 nm. TGA analysis of plant extract and biogenic CAg-nPs particles was also done on Thermal analyzer (Model: SDT, Q-600, TA Shanghai, China) in the presence of N2.




2.4. Catalytic Reduction of Toxic Dyes


In addition, 0.060 mM CR and 7.88 mM NaBH4 were taken in a cuvette along with 1.8 mg/mL of CAg-nPs catalyst and spectra were recorded in the range of 380 to 680 nm with a one minute interval on a UV-Vis spectrophotometer (Stalwart, Dehli India) to check the reaction progress. CR reduction was also performed by varying the contents of reaction mixture such as NaBH4 (4.50 to 12.38 mM), CR (0.057 to 0.078 mM) and catalyst dose (1.2 to 2.7 mg/mL). Various other toxic dyes like MB, MG, RhB and 4-NP were also reduced successfully in the presence of biogenic CAg-nPs catalysts and NaBH4 reductants.





3. Results and Discussion


3.1. Analysis of Biosynthesized CAg-nPs


FTIR analysis of plant extract and CAg-nPs particles was done to show the interaction between different constituents of plant extract and silver nanoparticles as shown in Figure 2. Peaks of different functional groups appeared at almost the same position in the case of both plant extract and CAg-nPs particles. Peak appeared in the range of 2900 to 3400 cm−1 was due to stretching vibrations of O-H and NH2 groups present in plant extracts in the form of alcohols, amides, amines, esters, ethers and carboxylic acids [25]. Broadened peaks that appeared in the case of CAg-nPs particles as compared to plant extracts, relevant to stretching vibrations of these groups, are an indication of the involvement of these groups in the stabilization of fabricated silver nPs. A slight change in the peak positions of these groups in the case of CAg-nPs particles also illustrates their function as ligation agents. Bands appearing at 694.23 cm−1 in both plant extracts and CAg-nPs particles are an indication of the presence of aromatic hydrocarbons [39]. A peak seen at 1517.71 cm−1 is a characteristic signal of aromatic C=C bonds [25]. Peaks appearing at 1199.27 cm−1 are an indication of C–O stretching vibrations [17,40]. A peak appearing at 1638.85 cm−1 unveiled the vibrations of carbonyl group (C=O). Kasthuri et al. prepared biosynthesized gold and silver nanoparticle by using phyllanthin extract at room temperature and concluded that there is a formation of some sort of interaction between moieties of plant extract and metal nanoparticles by FTIR analysis [22].



UV-Vis spectra of CAg-nPs particles were also obtained at different time intervals during their preparation as shown in Figure 3. At the beginning, a mixture of plant extract and silver salt showed no peak. However, a small peak with low absorbance intensity appeared 16 min after the start of reaction. This peak became sharp, distinct and less broad with progress of reaction. An absorbance intensity of the peak also increased along with its shifting toward a high wavelength (red shifting). Actually, an increase in reaction time induces nucleation of metal nanoparticles to a large amount. Free electrons present on large sized Ag-nPs oscillate with electromagnetic radiations of low energy or high wavelength. As a result, the SPR band was red shifted. The change of appearance of suspension from light yellow to light brown also illustrates the successful fabrication of CAg-nPs particles.



UV-Vis spectra of plant extracts, aqueous AgNO3 salt and CAg-nPs particles were also recorded for comparison purposes as shown in Figure 4. No peak was seen in the case of plant extracts of aqueous solution of AgNO3. This shows the transparent nature of moieties of plant extract and silver nitrate salt to UV-Vis radiations. However, a sharp peak appeared at 405 nm in the case of CAg-nPs particles, which illustrates their successful fabrication. A single, sharp and prominent peak unveils the spherical shaped and narrow size distributed nPs [39]. This peak appears in the visible region due to the surface plasmon resonance (SPR) phenomenon of Ag-nPs. Actually, electrons present on the surface of nanoparticles exhibit oscillation. Oscillating electrons resonate with electromagnetic radiations of specific frequency and result in the appearance of SPR band in the visible region [41].



Time based stability of biogenic CAg-nPs particles was also checked. For this purpose, spectra of freshly prepared and 15-day-old CAg-nPs particles were obtained (Figure 5a). The SPR band appeared at the same position (405 nm) with a slight decrease in the absorbance value in both cases. These results show the stability of biosynthesized CAg-nPs particles. Actually, biomolecules present in plant extracts play a role as capping/stabilizing agents and enhance the life span of silver nanoparticles [1]. Particle size distribution of CAg-nPs was evaluated by DLS analysis and spectra are shown in Figure 5b.



The average diameter of CAg-nPs particles was found as 28 nm. TGA analysis of plant extract and biosynthesized CAg-nPs was done by changing temperature from 0 to 480 °C as shown in Figure 6. TGA curves for CAg-nPs and plant extract can be divided into three stages. The first stage in TGA curve of plant extract illustrates the weight loss with temperature increase up to 100 °C because of evaporation of water contents present in plant extracts [42]. In the second stage, due to an increase of temperature up to 250 °C, there was almost no change in weight loss. During this stage, most of the heat is absorbed by the biomacromolecules to decrease the strength of intermolecular forces. In the third stage, there was a sharp decrease in weight loss due to the decomposition of plant extract contents. However, in the case of biogenic CAg-nPs catalyst, there was a steady and sharp weight loss as temperature was increased from 0 to 350 °C with respect to plant extract thermal behavior. This sharp weight loss of biogenic CAg-nPs particles may be associated with assembling Ag-nPs that promote the decomposition of plant extract contents [22]. However, weight loss was not approached to zero due to the presence of silver nanoparticles in CAg-nPs particles. Thus, less weight loss was seen in the case of CAg-nPs particles as compared to pure plant extract at high temperature. Percentage content of Ag-nPs was also calculated by TGA analysis. It was seen that 15% silver nanoparticles were present in biosynthesized CAg-nPs as calculated from the difference of weight loss curves of CAg-nPs and of plant extract at 450 °C. Mata et al. also performed TGA analysis to study the thermal behavior of Plumeria alba extract treated gold nanoparticles and observed the same temperature induced weight loss trend [42]. Ayinde and coworkers investigated the size of Citrus paradisi peel extract induced Ag-nPs by SEM analysis [25]. The size of spherical shaped and bio-synthesized Ag-nPs was found as 14.84 nm. Kalia et al. also illuminated the shape of peel extract induced prepared Ag-nPs vis SEM analysis and observed the rod shape metal nanoparticles [43].




3.2. Catalytic Reduction of Toxic Dyes


Various toxic dyes are released into water sources due to massive industrialization [44]. These dyes are stable and highly dangerous for the environment. About 10–20% of dyes are lost in wastewater streams and make their removal a major concern [45]. The best way to reduce toxic effects of these dyes is to convert them into less toxic products by using NaBH4 as reductant. Thus, these products are alternatively reduced to further non-toxic products [46]. However, the reduction of dyes by BH4−1 ions is a thermodynamically favorable process. However, the conversion of dyes by BH4−1 ions in the absence of catalyst is kinetically unfavorable and such reactions proceed at a slow speed. This may be due to the energy barrier present between BH4−1 ions and substrate dyes [42]. Thus, non-catalytic reduction of dyes requires more time. However, the presence of metal nanoparticles (mNPs) in reaction mixture speed up the rate of reduction of dyes which result in increased reaction efficiency. mNPs exhibit a large surface area for reactant adsorption and result in high catalytic activity for dye reduction. Actually, mNPs provide a new path for the reactants with a low level energy barrier and convert them into products easily. Thus, mNPs catalysts act as conveyor belts for electron transfer from reductant to substrate and facilitate the reduction of toxic dyes.



CR is azo dye with carcinogenic and mutagenic nature [1]. It is red in color and shows maximum absorbance at 495 nm in UV-Vis spectra. In addition, 0.060 mM CR and 7.88 mM NaBH4 were added in quartz cells along with 1.8 mg/mL CAg-nPs catalyst and spectra were recorded (380 to 680 nm) with a time interval of one min at room temperature (Figure 7). The addition of CAg-nPs in mixture of CR and NaBH4 leads to a decrease in absorbance intensity of the peak. Thus, the decrease in absorption intensity shows the decrease in CR concentration with the passage of time according to Beer–Lambert law [45]. Actually, the catalyst acts as a carrier to transfer hydride and electrons from borohydride to dye.



The catalytic bleaching of red color of CR to white color was obtained in 9 min. The presence of CAg-nPs particles did not interfere in the monitoring of CR reduction by the spectrophotometer because the surface plasmon resonance (SPR) band of CAg-nPs particles appeared at 405 nm (Figure 4). The same reaction was also carried out as control reaction with NaBH4 (absence of catalyst) (Figure 8a), with plant extract (in the absence of NaBH4) (Figure 8b) and with catalyst (absence of NaBH4) (Figure 8) to confirm whether the fading of the red color of CR was due to its degradation induced by biosynthesized CAg-nPs catalyst or adsorption by plant extract or catalyst.



Absorbance intensity of peak was slightly decreased in the presence of NaBH4 and absence of CAg-nPs catalyst (Figure 8a). It explains the thermodynamic feasibility of reaction but the presence of large kinetic barrier between the reactants. No change in absorbance intensity of reaction mixture was observed in the presence of plant extract or Ag-nPs. These results explain that a decrease in absorbance intensity of CR or fading of its color was due to inclusion of a biogenic CAg-nPs catalyst in a reaction mixture that speeds up the rate of CR reduction in the presence of NaBH4. Results also explain that CR was reduced sharply in less time in the presence of catalyst rather than being adsorbed by the plant extract or Ag-nPs. Actually, reduction of CR was completed in a short time rather than being adsorbed by the surface. Thus, this result illustrates that the decrease in absorbance intensity of dye was due to catalytic reduction rather than adsorption phenomenon.




3.3. Kinetic Study


Monitoring of reaction was continued until the change in absorbance of reaction mixture became constant. Due to excessive use of NaBH4 as compared to CR (NaBH4/CR ≥ 100), the kinetic aspect of reduction reactions was explained by pseudo first order [ln(At/Ao) against time] [46]. CR was not reduced immediately after the addition of catalyst in the reaction mixture in the presence of NaBH4 reductant. This delay in reduction of CR was due to the presence of oxygen in reaction mixtures that prevents the immediate reduction of CR. Time between adding of catalyst in reaction mixture and start of reaction is called delay time. After delay time, CR was rapidly reduced to the product in the presence of CAg-nPs catalyst and reducing agent. As the Beer–Lambert law states, the At (absorbance at any time) and Ao (absorbance at zero time) are directly proportional to Ct (concentration at any time) and Co (concentration at zero time), respectively. Thus, the change in absorbance at λmax of CR actually explains its concentration at that specific time. Pseudo first order plots for CR degradation with and without CAg-nPs biogenic catalyst are shown in Figure 8a. Values of apparent rate constant (kapp) for CR reduction were calculated from linear regions of plots shown in Figure 8a. kapp for CR degradation was found as 0.468 and 0.003 min−1 with and without biogenic catalyst, respectively.



Percentage conversion of CR in product was also calculated for catalytic and un-catalyzed reaction [44]. Value of percentage conversion of CR with and without CAg-nPs biogenic catalyst was found to be 87.28% and 2.62%, respectively.



Varadayenkatesan et al. prepared Ag-nPs by using the flower extract of Thunbergia grandiflora and employ these particles as a catalyst for reduction of CR [34]. The value of apparent rate constant (kapp) for reduction of CR was found as 0.0999 min−1. Indana and co-workers utilized gum tragacanth fabricated Ag-nPs as a catalyst for reduction of CR using NaBH4 as reductant [33]. The value of kapp was found as 0.148 min−1 and reaction was completed in 15 min. Thus, results showed that our reported biogenic Ag-nPs catalyst showed high activity with less reaction time and high value of kapp as compared to previously reported work.




3.4. Effect of Reaction Conditions


Reduction of CR was also performed by changing the concentrations of CR (0.057 to 0.078 mM) while keeping NaBH4 and catalyst as 7.88 mM and 2.1 mg/mL, respectively. Values kapp, half life and reaction completion time for reduction of CR under its different concentrations are given in Table 2. It can be seen from Table 2 that the value of kapp was initially increased, attained the maxima and then was decreased as CR concentration was increased. At low contents of CR, both CR molecules and BH4−1 ions were adsorbed on the surface of catalyst simultaneously and results in a high value of kapp. However, at high concentrations of CR, most of the active sites of the catalyst are occupied by CR molecules as compared to BH4−1 ions. Due to insufficient adsorbed BH4−1 ions compared to CR molecules, the rate of catalytic reduction of CR was decreased. This leads to a low value of kapp. The plot of kapp vs. CR concentration for its reduction in the presence of reducing agent is shown in Figure 9a. The curve obtained for CR dependent kapp value shows that CR reduction followed the LH mechanism. According to this mechanism, reacting species like CR and BH4−1 ions were first adsorbed on a fixed number of active sites of biogenic CAg-nPs catalyst. Then, adsorbed CR molecules and BH4−1 ions reacted with each other on the surface of the catalyst, and CR was converted into environmental benign products. In the next step, adsorbed product was desorbed and diffused to bulk, making the availability of active sites for adsorption of more reacting species. Actually, biogenic CAg-nPs catalyst acts as a conveyer belt for speedy electrons transfer from BH4−1 ions to CR molecules due to the large surface area of nanoparticles. Thus, a high activity of CAg-nPs catalyst lies in their efficiency during electrons transfer process [42].



CR reduction was also done by varying the concentration of NaBH4 (4.50 to 12.38 mM) while CR and catalysts were taken as 0.072 mM and 2.1 mg/mL, respectively. Values of kapp, reaction completion time and half life for CR reduction by using different concentrations of CR are given in Table 2. Reaction completion time for CR reduction was first decreased and then was increased as the contents of NaBH4 in reaction mixture were increased. A trend observed for NaBH4 dependent values of kapp for CR reduction was similar to that of CR concentration depending on kapp value. A plot of kapp against the concentration of NaBH4 for CR reduction is shown in Figure 9b. kapp was first increased, approaching the highest values and then was increased as NaBH4 content in reaction mixture was increased.



The amount of catalyst was changed from 1.2 to 2.7 mg/mL in reaction mixture while the amount of NaBH4 and CR was kept as 7.88 and 0.072 mM, respectively, for reduction of CR. Values of kapp, induction time, reaction completion time and half life for CR degradation at different amounts of catalyst are given in Table 2. The value of kapp was increased with the increase of catalyst amount up to a limit, and then it became constant. Actually, a high catalyst dose offers a large number of active sites for the adsorption of reacting species. A high catalyst dose induced a high kapp value for CR reduction. At a very large amount of catalyst, all reacting species are adsorbed on the surface of the catalyst and lead to the saturation of catalyst surface. Thus, a further increase of the catalyst amount has no effect on the rate of reaction or on the value of kapp. As a result, the catalyst dependent value of kapp becomes constant at a high amount of catalyst as shown in Figure 8b. Previous studies show that catalytic reduction of dyes depends on the available active site on the surface of catalyst for adsorption of reactants as well as the number of nPs per volume. Thus, our results were found to be in agreement with the previous literature.




3.5. Reduction of Other Dyes and Nitroarenes


Various other toxic organic compounds like MG, MB, RhB and 4-NP having concentrations of 0.072 mM were also reduced individually in the presence of NaBH4 reducing agent and CAg-nPs catalyst as shown in Figure 10. Reactions were completed in feasible time intervals and monitoring of reaction was easy while using 0.072 mM solution of all dyes individually.



Various parameters for catalytic reduction of MG, MB, RhB and p-NP are given in Table 3. It was concluded that RhB was not reduced completely in the presence of catalyst as compared to MB and RhB. The decreasing order of reduction of dyes in terms of kapp was MB > MG > 4-NP > RhB. A high reduction efficiency of biocatalysts for MB was due to its nature. Mb was degraded easily while the lowest reduction efficiency for RhB was due to its complex structure.



Catalyst was recycled from the reaction mixture by performing centrifugation at a high speed and reused for CR reduction. There was not a remarkable decrease in the reduction efficiency of the catalyst for up to three consecutive cycles (reduction efficiency ≈ 87% to 82% from the 1st to 3rd cycle). Recoverability and reusability of catalyst were also investigated after three cycles. A sharp reduction in the value of percentage removal was observed. This may be due to coagulation of Ag-nPs due to repeated usage. Reduction efficiency of the biogenic CAg-nPs catalyst for different reusability cycles for CR reduction is shown in Figure 11.





4. Conclusions


This study presents the ecofriendly biogenic synthesis of CAg-nPs by an aqueous peel extract of Citrus paradise. FTIR and UV-Vis analysis demonstrates the involvement of different metabolites of plant extract in the bio-reduction process and stabilization of silver nPs. UV-Vis analysis also confirms the successful fabrication of silver nanoparticles along with their spherical shape and narrow size distribution. TGA analysis shows that the prepared biogenic CAg-nPs catalyst is incorporated with 15% silver nanoparticle contents. Catalytic activity of biogenic CAg-nPs was explored against the reduction of various toxic dyes such as CR, MB, MG, RhB and 4-NP using BH4−1 ions as hydrogen/electrons source. Results prove the remarkable catalytic efficiency of biogenic CAg-nPs nano-catalysts for reduction of reported dyes. The CAg-nPs catalyst was conveniently recovered from a reaction mixture by high speed centrifugation and applied for subsequent reaction without a remarkable decrease in its activity.



The CAg-nPs catalyst was applied to speed up the rate of reduction of selective dyes. However, textile industry wastewater contains a lot of other toxic chemicals. The effect of those chemicals on the activity of catalysts can also be addressed to make it effective for treatment of industrial wastewater.
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Figure 1. Scheme for preparation of Ag-nPs by the Citrus paradisi peel extract and its use as catalyst for reduction of CR. 
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Figure 2. FTIR spectra of plant extract and biosynthesized CAg-nPs. 
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Figure 3. Time based UV-Vis spectra during preparation of biogenic CAg-nPs. 
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Figure 4. UV-Vis spectra of plant extract, AgNO3 solution and CAg-nPs at room temperature. 
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Figure 5. (a) Time dependent stability of biosynthesized CAg-nPs and (b) particle size distribution of biosynthesized CAg-nPs particles. 
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Figure 6. TGA analysis of plant extract and CAg-nPs nanoparticles. 
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Figure 7. CR reduction in the presence of biosynthesized CAg-nPs catalyst ([CR] = 0.060 mM, [NaBH4] = 7.88 mM, catalyst = 1.8 mg/mL) at ambient temperature. 
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Figure 8. (a) Plot of ln(At/Ao) vs. time and (b) plot of catalyst dose vs. kapp for reduction of CR [conditions: CR = 0.045 mM, NaBH4 = 7.88 mM] at room temperature. 
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Figure 9. (a) CR concentration, (b) Sodium borohydride concentration dependent kapp relation for degradation of CR at ambient temperature (Reaction conditions: [NaBH4] = 7.88 mM, [CR] = 0.072 mM and catalyst = 2.1 mg/mL). 
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Figure 10. Catalytic reduction of various dyes (0.072 mM) such as (a) Mb, (b) MG, (c) RhB and (d) 4-Np in the presence of biogenic CAg-nPs catalyst (2.1 mg/mL) and NaBH4 (7.88 mM) at an ambient temperature. 
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Figure 11. Recyclability of biogenic CAg-nPs catalyst for reduction of CR (0.216 mM) in the presence of NaBH4 (24.03 mM) and catalyst (8.42 mg/mL) at an ambient temperature. 
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Table 1. Comparative analysis kinetic parameters for catalytic reduction of different dyes using different plant extract induced metal nanoparticles.
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Dye

	
Catalyst

	
Plant Extract

	
kapp (min−1)

	
Reaction Completion Time (min)

	
References






	
CR

	
Au-nPs

	
Salmalia malabarica gum

	
0.236

	
10

	
[10]




	
Ag-nPs

	
Gum tragacanth

	
0.148

	
15

	
[33]




	
Ag-nPs

	
Thunbergia grandiflora

	
0.099

	
18

	
[34]




	
Ag-nPs

	
Citrus paradise

	
0.591

	
5

	
This work




	
MB

	
Au-nPs

	
Salmalia malabarica gum

	
0.241

	
9

	
[10]




	
Ag-nPs

	
Gum tragacanth

	
0.182

	
12

	
[33]




	
Ag-nPs

	
Gmelina arborea

	
-

	
10

	
[35]




	
Ag-nPs

	
Citrus paradise

	
0.613

	
4

	
This work




	
4-NP

	
Ag-nPs

	
Coleus forskohlii root extract

	
0.101

	
24

	
[36]




	
Au-nPs

	
Prunus domestica (plum) fruit extract

	
0.114

	
9

	
[37]




	
Ag-nPs

	
Dolichos lablab

	
-

	
40

	
[38]




	
Ag-nPs

	
Citrus paradise

	
0.247

	
9

	
This work
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Table 2. Effect of CR, NaBH4 and catalyst contents for reduction of CR using biogenic CAg-nPs catalyst at ambient temperature.
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Contents

	
CR (mM)

	
NaBH4 (mM)

	
Catalyst (mg/mL)

	
kapp (min−1)

	
Half Life (min)

	
R2

	
Induction Time (min)

	
Reaction Completion Time (min)






	
CR

	
0.057

	
7.88

	
2.1

	
0.229

	
3.026

	
0.988

	
2

	
13




	
0.060

	
7.88

	
2.1

	
0.294

	
2.357

	
0.992

	
1

	
9




	
0.063

	
7.88

	
2.1

	
0.544

	
1.274

	
0.951

	
0

	
4




	
0.066

	
7.88

	
2.1

	
0.591

	
1.173

	
0.963

	
0

	
5




	
0.069

	
7.88

	
2.1

	
0.469

	
1.478

	
0.982

	
1

	
7




	
0.072

	
7.88

	
2.1

	
0.432

	
1.604

	
0.967

	
2

	
8




	
0.075

	
7.88

	
2.1

	
0.404

	
1.715

	
0.995

	
2

	
9




	
0.078

	
7.88

	
2.1

	
0.321

	
2.159

	
0.935

	
2

	
9




	
NaBH4

	
0.072

	
4.50

	
2.1

	
0.156

	
4.442

	
0.972

	
3

	
27




	
0.072

	
5.63

	
2.1

	
0.204

	
3.397

	
0.955

	
3

	
21




	
0.072

	
6.75

	
2.1

	
0.255

	
2.718

	
0.933

	
1

	
12




	
0.072

	
7.88

	
2.1

	
0.448

	
1.547

	
0.945

	
1

	
09




	
0.072

	
8.33

	
2.1

	
0.390

	
1.777

	
0.9664

	
0

	
09




	
0.072

	
9.00

	
2.1

	
0.281

	
2.466

	
0.9655

	
2

	
14




	
0.072

	
10.13

	
2.1

	
0.249

	
2.783

	
0.9372

	
2

	
16




	
0.072

	
11.25

	
2.1

	
0.194

	
3.572

	
0.978

	
2

	
20




	
0.072

	
12.38

	
2.1

	
0.160

	
4.331

	
0.965

	
3

	
22




	
Catalyst

	
0.072

	
7.88

	
1.2

	
0.157

	
4.414

	
0.997

	
3

	
26




	
0.072

	
7.88

	
1.5

	
0.173

	
4.006

	
0.994

	
2

	
23




	
0.072

	
7.88

	
1.8

	
0.218

	
3.179

	
0.982

	
1

	
19




	
0.072

	
7.88

	
2.1

	
0.281

	
2.466

	
0.978

	
1

	
15




	
0.072

	
7.88

	
2.4

	
0.292

	
2.373

	
0.995

	
0

	
14




	
0.072

	
7.88

	
2.7

	
0.293

	
2.365

	
0.999

	
0

	
12











[image: Table] 





Table 3. Reduction of various dyes in the presence of CAg-nPs using NaBH4 as reducing agent.
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	Dyes
	kapp (min−1)
	Intrinsic Rate Constant (mL·mg−1·min−1)
	Reaction Completion Time (min)
	Reduction Efficiency (%)





	MB
	0.613
	0.292
	4
	93.29



	MG
	0.451
	0.215
	7
	83.73



	4-NP
	0.247
	0.118
	9
	88.90



	RhB
	0.085
	0.041
	18
	60.53
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