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Abstract

:

Zinc oxide nanoparticles (ZnO NPs) with a high photocatalytic performance were prepared by using the aerobic combustion of saccharides such as glucose, fructose, dextrin, and starch with zinc nitrate. The ZnO NPs were characterized by using transmission electron microscopy (TEM), scanning electron microscopy (SEM), energy-dispersive X-ray scattering spectroscopy (EDX), X-ray powder diffraction (XRPD), and UV-vis spectroscopy. The TEM images revealed that the ZnO NPs have sizes ranging from ~20 to 35 nm with a bandgap of ~3.32 eV. The XRPD pattern revealed the hexagonal wurtzite crystalline structure of the ZnO NPs. The photocatalytic properties of the ZnO NPs were studied by the photocatalytic degradation of methyl orange (MO) in deionized water (DIW) and simulated fresh drinking water (FDW) under ultraviolet light (UV-B) and sunlight illumination. The terephthalic acid photoluminescence technique was also used to study the generation of a hydroxyl radical (•OH) by ZnO NPs. The saccharide-derived ZnO NPs exhibited higher photocatalytic activity than the nonsaccharide-derived ZnO NPs. Varying the type of saccharides used during the calcination had some effect on the degree of the catalytic enhancement.
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1. Introduction


Nanomaterials possess fascinating physical [1], chemical [2], and biological properties [3] that can help solve critical scientific and engineering problems today. They have received significant attention in a broad spectrum of applications, including but not limited to chemical catalysis [4], optics [5], photovoltaics [6], energy storage [7], sensors [8], electronics [9], biological and biomedical applications [10], and environmental remediation [11]. Among various nanomaterials, zinc oxide (ZnO) is the most extensively used material owing to its physicochemical properties, stability, availability, nontoxicity, and low cost [12,13]. As a photocatalyst, ZnO NPs can degrade organic pollutants in water [14,15]. However, nanoscopic ZnO (size 1–100 nm) is more suitable for photocatalytic applications than macroscopic ZnO. Nanoscopic ZnO has a higher specific surface area, surface energy, and a suitable bandgap for separating the electron/hole that eventually allows for additional activation sites for the interaction and degradation of the pollutant [16,17]. The degradation of organic contaminants by photocatalysis happens on the surface of the zinc oxide nanoparticles via redox processes. It is initiated by the electronic excitation between the valence and conduction bands [18]. Photocatalytic degradation is beneficial over other chemical processes as it is chemical-free and does not give rise to any other contamination.



Several strategies have been followed to synthesize photocatalytic ZnO NPs with various morphologies, such as nanorods [19], nanotubes [20], nanobelts, nanowires [21], and nanomushrooms [22]. Commonly employed techniques for synthesizing ZnO NPs include ball milling [23], combustion synthesis [24,25], the sol-gel process [26], hydrothermal [27,28] and chemical vapor deposition [29,30]. However, most techniques need expensive chemicals, complex approaches, and a long response time. Methods that produce ZnO NPs with readily available materials from biomass and use facile, cost-effective procedures are highly warranted. They can potentially enable local manufacturing enterprises, mainly when the products exhibit high catalytic activity.



The calcination synthesis of metal oxide nanoparticles in citric acid has been reported previously [31]. This synthesis involved a mixture of the metal salt and the organic compound that acts as a reducer at high temperatures (500 °C) in the presence of air. We reported a similar method using zinc nitrate as the oxidizer and sawdust as an organic compound [32].



Modern dyes are extensively used in textile dyeing, cosmetics, pharmaceuticals, papermaking, food industries, and so on [33,34]. Many of these dyes and their degradation products are toxic and can cause severe health conditions such as a respiratory tract infection, vomiting, pain, hemorrhage, and other diseases [35,36]. Most of these dyes are not readily degraded by light, heat, and the biological agents available in nature [37,38]. So, removing these dyes from water bodies is essential before discharging them into the environment.



Methyl orange (MO) is a cationic dye with many applications in food, cosmetic, textile, medicine, and leather-based industries [39,40]. The release of MO into the aquatic environment from various sources poses toxic effects on living beings, considering that this dye is genotoxic, carcinogenic, mutagenic, and resistant to degradation and remediation [41]. The persistent pollution of these water sources caused by the dye poses a significant threat to the ecological balance of the environment, and developing strategies for its elimination is necessary [42,43]. Therefore, the degradation or removal of MO is essential to prevent its adverse effects. Various physical, chemical, and biological methods have recently been used to eliminate MO from water [44,45]. However, photocatalytic advanced oxidation processes (AOP) have recently drawn considerable scientific interest in degrading organic pollutants effectively from an aqueous environment due to their advantages over other approaches such as adsorption, coagulation, precipitation, filtration, and so on [46]. Photocatalytic oxidative degradation is the chemical-free method for removing dyes and pollutants from the water. This process no longer produces any other impurities and can degrade organic contaminants to mineralization, whereas other techniques move pollution from one area to another [47].



This report describes a facile method to prepare ZnO NPs by combusting a saccharide, such as glucose, fructose, dextrin, or starch, with zinc nitrate. Four highly active ZnO NP samples named Glucose-ZnO, Fructose-ZnO, Dextrin-ZnO, and Starch-ZnO were prepared. The photocatalytic properties of the ZnO NPs were studied by using their ability to decompose MO in DIW (deionized water) and simulated FDW (fresh drinking water) under UV light and sunlight irradiation. A fluorescence test evaluated the photocatalytic hydroxyl radicals (•OH) generation by the ZnO NPs [48].




2. Materials and Methods


2.1. Materials


Glucose (C6H12O6 ≥ 99.5%), fructose (C6H12O6 ≥ 99%), dextrin ((C6H10O5)n ≥ 99.5%), starch ((C6H10O5)n ≥ 95%), zinc nitrate hexahydrate (Zn (NO3)2·6H2O ≥ 98%), terephthalic acid (C8H6dO4 = 98%), and sodium hydroxide (NaOH ≥ 98%) were purchased from Sigma Aldrich. Methyl orange (C14H15N3O3S > 98.0%) was purchased from TCI AMERICA. The salts used for the preparation of the simulated fresh drinking water matrices such as sodium bicarbonate (NaHCO3, 99.5–100.5%), calcium chloride dihydrate (CaCl2·2H2O, ≥99.5%), magnesium sulfate heptahydrate (MgSO4·7H2O, ≥98%), sodium silicate nonahydrate (Na2SiO3·9H2O, ≥98%), sodium nitrate (NaNO3, ≥99%), sodium fluoride (NaF, ≥99%), and sodium phosphate hydrate (NaH2PO4·H2O, ≥98%) were purchased from Sigma Aldrich, St. Louis, MI, USA.



The Analogue Hot Plate Stirrer (Fisher Scientific 11-600-49sh Isotemp, Hampton, NH, USA) was used to synthesize the ZnO NPs as a heating source. An ultraviolet box reactor (UVP Ultraviolet Cross-linker, Model CL-1000) containing UV-B fluorescent tube lamps was used for the photocatalytic degradation of MO and hydroxyl radical generation. The intensity of light was measured by using a digital Light Meter LX1330B, and the intensity of the light on the surface of the reaction was measured to be ~22,000 lux for the UV light in the box reactor and ~100,000 lux for natural sunlight. Syringe filters with a 0.45 μm pore size were obtained from VWR to filter the reaction mixture for the UV–visible spectroscopic analysis. Milli-Q water (>18.20 MΩ·cm resistivity) was obtained from the Milli-Q (Advantage A-10) water filter system. The simulated fresh drinking water (FDW) was prepared by dissolving 252 mg/L NaHCO3, 147 mg/L CaCl2·2H2O, 124 mg/L MgSO4·7H2O, 95 mg/L Na2SiO3·9H2O, 12 mg/L NaNO3, 2.2 mg/L NaF, and 0.18 mg/L NaH2PO4·H2O in the DIW, which was formulated in a previous report [48].




2.2. Chemical–Physical Characterization of ZnO NPs


Scanning electron microscopy (SEM) images and energy-dispersive X-ray (EDX) experiments were conducted by using the Hitachi SU3500 microscope, where carbon tape was used as a substrate for sample analysis. Transmission electron microscopy (TEM) experiments were performed by using a Hitachi H-7650 microscope with an acceleration voltage of 80 kV. A carbon-filmed copper grid (200 mesh) was deposited with a suspension of ZnO NPs (0.2 mg/mL) in water and air-dried before imaging. A Bruker D8 Discover X-ray diffractometer equipped with Cu Kα radiation (λ = 1.5418 Å) operating at 40 Kv and 30 mA was used to obtain the ZnO nanoparticle’s X-ray diffraction (XRD) pattern. The diffraction patterns of the samples were collected at room temperature within a detector angle (2θ) range between 10 and 80°. The X-ray photoelectron spectroscopy (XPS) analysis was performed with Thermo Scientific™ K-alpha™ equipment using a monochromated Al Kα X-ray source. The survey spectra were obtained with a 130 eV pass energy, while high-resolution analyses for specific core levels were performed at 20 eV pass energy. An argon ions flood gun was used to avert surface charging. All the binding energies were corrected with reference to carbon 1s at 284.8 eV. The UV–visible spectroscopic analysis was performed on the Agilent Cary 50 Conc UV–visible Spectrophotometer. A standard quartz cuvette (10 mm path length) was used as the sample holder for the UV-vis studies.



The determination of the ZnO NP crystal size was executed by utilizing an X-ray diffraction (XRD) data analysis in accordance with the Debye–Scherrer Equation (1).


Debye−Scherrer’s Equation, d = kλ/βcosθ



(1)







Initially, the XRD pattern underwent rigorous data processing involving nonlinear curve fitting, precisely Gaussian fitting, to extract the full width at half maximum (FWHM) values. Iterative procedures were applied to all the data points until convergence was achieved. The obtained FWHM values, expressed in radians, along with the peak position information extracted from the XRD pattern were subsequently employed in the Scherrer equation for the crystal size determination. The wavelength (λ) utilized by the XRD instrument was consistent with that of a copper source (Cu Kα) at 1.5406 Å. The Scherrer constant (k) applicable to spherical crystalline particles was determined to be 0.9; d is the crystallite size and β is the full width at half maximum of the most intense (101) diffraction peak.




2.3. Synthesis of ZnO NPs


Four different ZnO nanoparticle samples (Glucose-ZnO, Fructose-ZnO, Dextrin-ZnO, and Starch-ZnO) were synthesized by using a similar experimental procedure. For example, the synthesis of Glucose-ZnO is explained here: Glucose (1200 mg (3.51 mmol)), Zn (NO3)2·6H2O (3569.88 mg (12 mmol)), and 2 mL of DIW were thoroughly mixed in a 150 mL glass beaker. The beaker was then placed on a hot plate, which was preheated to its maximum capacity of ~550 °C, and the temperature on the bare surface of the hot plate was ~500 °C, which was confirmed with an IR temperature gun. Within a minute of heating or burning, the mixture on the hot plate turned into a thick/viscous solution and instantly decomposed into a blackish-brown foam while producing yellowish-brown gases. The hot plate with blackish-brown powder/foam was put in a well-ventilated fume hood as the NO2 and NOx gases formed due to the breakdown of the zinc nitrate salt. Afterward, the form turned into a powder/foam that was slowly poured with a spatula on the hot plate’s surface with the minimum spreading of powder or foam on the hot plate. During heating, the blackish-colored powder became a yellowish-white-colored powder of ZnO NPs. After cooling, the ZnO NP powder became white. The white ZnO NPs were collected in a vial with a spatula and were utilized for the characterization and photocatalytic studies.



A control ZnO sample (named ZnO-control) was also obtained by using the same experimental procedure except without using any saccharides in the reaction mixture. In detail, the ZnO-control was synthesized by burning a mixture of 3569.88 mg (12 mmol) of Zn (NO3)2·6H2O and 2 mL of DIW (without using a saccharide) at ~500 °C in a 150 mL glass beaker on the same hot plate.




2.4. Methyl Orange (MO) Photodegradation Reaction Procedure


The performance of the ZnO NPs towards the photodegradation of MO in DIW and simulated fresh drinking water was studied under UV and sunlight illumination. A 5 ppm (mg/L) MO solution was used for the photodegradation test in a 250 mL glass beaker. For effective photodegradation under UV light, 30 mg of the ZnO NPs was added to a 30 mL MO (5 ppm) solution, and the mixture underwent bath sonication for 15 min in the dark to reach the adsorption–desorption equilibrium between the MO dye and ZnO photocatalyst. Afterward, the mixture (the MO dye and ZnO photocatalyst) was placed under UV light in a box reactor for 35 min. While the mixture was under the UV light, a 1 mL sample was drawn every 5 min. The same study was conducted under direct natural sunlight. In total, 30 mg of the ZnO NPs was added to a 30 mL MO (5 ppm) solution, the mixture underwent bath sonication for 5 min, and then it was placed under natural sunlight for 18 min. Afterward, a 1 mL sample was drawn every 3 min and filtered with a syringe filter (0.45μm pore size) for UV-vis spectroscopic analysis. Finally, the MO degradation rate was monitored by observing the absorbance of MO at a 464 nm wavelength.




2.5. Fluorescence Test for the Hydroxyl Radicals Detection


A 5 × 10−3 M stock solution of sodium terephthalate was prepared by adding terephthalic acid with a stoichiometric amount of sodium hydroxide to the DIW. A total of 30 mL of the sodium terephthalate solution was added to a glass beaker from the stock solution and photoreacted with the ZnO NPs under UV light. About 1 mL of the sample was drawn and filtered with the 0.45 μm pore size syringe filters every 5 min during photocatalysis. The fluorescence spectrum was obtained with an excitation wavelength of 315 nm, and to determine the qualitative amount of hydroxyl radicals in the solution, the fluorescence emission intensity at 425 nm was utilized.





3. Results and Discussion


3.1. Synthesis of the ZnO NPs


The ZnO NPs were prepared by heating Zn (NO3)2·6H2O in the presence of different poly- or monosaccharides at ~500 °C, as shown in Scheme 1, and similarly to our previously reported method with sucrose [49].The poly- or monosaccharides actively participated in the reaction along with dioxygen from the air. The zinc salt participated as a noninnocent spectator, possibly forming a complex with the saccharides during the reactions. The saccharides decompose to form carbon intermediates and gases and are possibly catalyzed by the Zn(II) salt. The colors of the intermediates were black and changed to yellow until reaching a white color in the end. This synthesis produces the ZnO nanoparticles derived from the various saccharides and is facile and scalable.




3.2. ZnO NPs Characterization


3.2.1. TEM Analysis of the ZnO NPs


The results of the TEM images suggested that the ZnO NPs (Dextrin-ZnO, Fructose-ZnO, Glucose-ZnO, and Starch-ZnO) were of different sizes and shapes with smooth surfaces, Figure 1a–d. The TEM images also revealed that the particles tended to interconnect and overlap to form aggregates. The formation of aggregates and clusters could be indicated by the high surface energy and the high surface area of the ZnO NPs [50]. Using the ImageJ software, measuring the 100 randomly picked nanoparticle sizes, the ZnO NPs’ average size was nanometric with a mean diameter of about 20 nm for Dextrin-ZnO, 35 nm for Fructose-ZnO, 32 nm for Glucose-ZnO, and 22 nm for Starch-ZnO, Figure 1e.




3.2.2. SEM Image and EDX Spectrum of the ZnO NPs


The SEM and EDX images were obtained to observe the bulk morphology and the composition of the elements of the ZnO NPs, respectively. The SEM images of Dextrin-ZnO, Fructose-ZnO, Glucose-ZnO, and Starch-ZnO are shown in Figure 2. The SEM images are consistent with submicron granulated ZnO NPs with no particular differences between the saccharide-derived products.



An SEM-EDX analysis was carried out for the Glucose-ZnO, Fructose-ZnO, Dextrin-ZnO, and Starch-ZnO products to obtain the elemental composition, Figure 3a–d. The EDX spectrum of all the saccharide-derived ZnO nanoparticles determined that no impurity or adulteration was there in the as-synthesized product since strong and prominent peaks were generated by EDX spectra corresponding to Zn and O. This result of the SEM-EDX spectrum also confirmed the successful formation of ZnO nanostructures. The theoretical mass% ratio of Zn:O is 80.34%:19.66%, but as shown in Figure 3, the rations obtained from the saccharide-derived ZnO NPs are not stoichiometric. These variations may be due to impurities entrapped in the lattice of the ZnO NPs. However, the nature of these impurities was not determined.




3.2.3. UV–Visible Spectrum of the ZnO NPs


The UV–visible spectrum of the saccharide-derived ZnO NPs was determined in ethanol suspensions (0.125 mg/mL). The UV–visible spectrum of the Fructose-ZnO NPs is shown in Figure 4a. The UV–visible spectra of the rest of the saccharide-derived ZnO NPs are in the supportive information. All the ZnO NPs generated a characteristic UV-vis absorption band centered at around 375 nm. A characteristic peak at around 375 nm across all the ZnO NP samples indicates that they share a common optical property in the UV region. This observation suggests that there are no significant differences in the absorbance behavior of these samples at that wavelength. The absorption band in this region could be the excitation of electrons from the valence band to the conduction band (O2p→Zn3d). It was also noticed that all the synthesized ZnO nanoparticle samples were very absorptive at the UV region in distinction to the visible region of the electromagnetic spectrum. These results further support that all the ZnO NPs used in this study acted as immensely active photocatalysts under UV light illumination.



The optical band gap of the ZnO NPs derived from saccharides (Glucose-ZnO, Fructose-ZnO, Dextrin-ZnO, and Starch-ZnO) was estimated by using UV–visible absorption spectra and the Tauc equation [50], Figure 4b. The analysis for the remaining saccharide-derived ZnO NPs is in the supportive information. The calculated band gap energies for Glucose-ZnO, Fructose-ZnO, Dextrin-ZnO, and Starch-ZnO were 3.09 eV, 3.09 eV, 3.09 eV, and 3.11 eV, respectively. These results indicate that all the ZnO nanoparticle samples exhibit band gaps lower than that of bulk ZnO (3.37 eV). The decrease in the band gap is likely attributed to the presence of defect levels within the band gap and the incorporation of donor atoms from the valence band into the nanoparticles.




3.2.4. XRPD Analysis of the ZnO NPs


The ZnO NPs were further characterized by X-ray powder diffraction (XRPD) to obtain the sample’s crystalline structure and crystallite size. The diffraction patterns of the Fructose-ZnO NPs and ZnO-control are displayed in Figure 5. The XRD pattern of the rest of the saccharide-derived ZnO NPs is in the supportive information. The peaks at 2θ = 31.70°, 34.20°, 36.20°, 47.46°, 56.50°, 62.70°, 66.20°, 67.80°, 68.99°, 72.40°, and 77.10° 2 theta are characteristic of the ZnO crystalline hexagonal wurtzite structure (JCPDS 5-0664), in agreement with the ZnO-control [51,52]. However, the XRD peaks of the saccharide-derived samples are much broader than in the ZnO-control, suggesting structural differences in the crystal lattice.



The determination of the ZnO crystal size was derived from the XRD data in accordance with the Debye–Scherrer equation [53]. The average crystalline size of Dextrin-ZnO, Fructose-ZnO, Glucose-ZnO, and Starch-ZnO was calculated to be 20.9 nm, 25.3nm, 25.3 nm, and 18.2 nm, respectively. These values are close to the average obtained from TEM (Figure 1).



The XRPD pattern of the ZnO NPs was consistent with the expected trend observed for the other ZnO NPs [54]. However, the diffraction of the saccharide-derived ZnO NPs was broader than the control and other reported ZnO NPs, which indicates the presence of significant changes in the crystal structure that may be responsible for the enhanced photocatalysis.




3.2.5. XPS Analysis of the ZnO NPs


The XPS analysis was conducted to assess the elemental composition at the surface and chemical state of all the saccharide-derived ZnO NPs. Figure 6 shows the XPS survey spectrum of Fructose-ZnO, and the Supplementary Materials shows the XPS survey spectrum of the rest of the saccharide-derived ZnO NPs. The XPS study revealed that all the ZnO NPs derived from saccharides primarily consist of Zn and O with a small amount of C. It is possible that the C originates from the contamination of the instrument [55] or from biocarbon impurities in the samples. The XPS survey spectra showed the characteristic binding energies corresponding to the Zn and O states like those previously reported for ZnO [56]. Figure 6 shows the Zn 2p3/2 and Zn 2p1/2 peaks of Fructose-ZnO at 1022.4 and 1045.5 eV, respectively, which are similar to those observed before for ZnO [57]. The peak observed at around 532 eV in the O 1s binding energy indicated the presence of O in the ZnO NPs at 533 eV, which is attributed to the characteristic peaks of the Zn-O and Zn-OH bonds. The OH group was more likely formed due to the breaking down of the Zn-O-Zn bond and the subsequent formation of the Zn-OH bond during the synthesis [58].




3.2.6. Photocatalytic Degradation of Methyl Orange (MO)


All four ZnO NP samples and the control ZnO sample synthesized in this study were subjected to degrading the MO dye in deionized water (DIW) and simulated fresh drinking water (FDW) under UV light and sunlight irradiation. The photocatalytic efficiency was determined by the percent degradation of MO by using Equation (2). The degradation of MO was determined by its characteristic absorbance at 464 nm by using UV–visible spectroscopy:


  P e r c e n t   d e g r a d a t i o n =   C o − C t   C o   × 100 % =   A o − A t   A o   × 100 %  



(2)







Co is the initial concentration, Ct is the equilibrium concentration or concentration at time t, Ao is the initial absorbance, and At is the absorbance at time t of MO at 464 nm on the absorbance spectra.



As a representative, the time-dependent UV-vis spectrum of the MO solution during its degradation by Fructose-ZnO is shown in Figure 7a. It could be found that the MO concentration gradually decreased with the progression of the photocatalysis time. The absorption maxima dropped almost to baseline at 464 nm after 20 min of reaction, which suggested an efficient MO photodegradation in water by Fructose-ZnO. A similar UV-vis spectrum with a gradual decrease in the absorbance at 464 nm was obtained for the other ZnO NP samples (not shown here).



The percent of MO degradation with respect to time was calculated and is presented in Figure 7b. It was found that Fructose-ZnO was the most active photocatalyst, which completely decolorized the MO solution in ~20 min. Glucose-ZnO and Dextrin-ZnO achieved complete decolorization in ~25 min. Starch-ZnO demonstrated comparatively slower activity and reached the complete decolorization of MO after 35 min. While the photocatalytic activity of Fructose-ZnO, Glucose-ZnO, and Dextrin-ZnO vary slightly, Starch-ZnO showed relatively slower photocatalytic activity. Since starch is a large polysaccharide with an average molecular weight of 59.7 kDa, it is possible that its reaction with the zinc salt generated different intermediates than the reactions with the smaller saccharides. We speculate that the low-molecular-weight saccharides could have generated smaller intermediates that templated the formation of ZnO motifs with high photocatalytic activity. Although we do not have direct evidence explaining the variations in the photocatalytic activity between the saccharide-derived ZnO NPs, there could be several causes, such as differences in the surface area and the nature of the impurities or intermediates that templated the active nanostructures in the ZnO NPs, which warrant further investigation.



After 30 min of UV light exposure, the ZnO-control represented only about 22% MO degradation under the same experimental conditions, possibly due to the more thermodynamically stable state achieved when no saccharide was used during the synthesis. Moreover, no decolorization of the MO solution was observed by just the UV light irradiation. Therefore, it could be concluded from the SEM images and the photocatalytic performances that the saccharides assisted with the formation of a metastable state of ZnO with nanoscopic size ranges and with a high active specific surface area that allowed for a high photocatalytic performance.



The photocatalytic degradation kinetics of MO were studied by the pseudo-first-order kinetic model in Equation (3) [59,60], which is as follows:


kt = −ln (Ct/Co)



(3)







In Equation (3), k is the photodegradation rate constant (min−1), Co is the initial concentration of MO at the beginning of the reaction, and Ct is the concentration of MO at time t.



Figure 7c shows that MO photodegradation in the DIW followed the pseudo-first-order kinetics mechanism. The −ln(Ct/Co) versus time (t) graph followed the linear trends, and this linear relationship suggested that the photocatalytic reaction of MO degradation followed the Langmuir–Hinshelwood model [61]. The rate constants of MO degradation on different ZnO NPs were obtained from the slope of the linear fit trendlines. The rate constant values are summarized in Table 1 below. A digital photograph of the decolorization of the MO solution with the progression of photocatalysis by Fructose-ZnO is shown in Figure 7d.



The photodegradation of MO was further studied in a simulated fresh drinking water (FDW) matrix. Simulated FDW has multiple commonly dissolved salts with cations and anions. Considering the fact that the presence of dissolved salts is a factor that influences photocatalytic performances, this study further proves the efficiency and applicability of the ZnO NPs in real-life conditions. The UV–visible spectrum of the MO photodegradation with time in the simulated FDW by Fructose-ZnO, as a representative, is shown in Figure 8a. After 30 min of UV light illumination, almost a complete decolorization of MO was obtained, indicating that the ZnO NPs’ photocatalytic performance in the simulated FDW is almost the same as in the DIW. The percent degradation of the MO solution in the simulated FDW (Figure 8b) was also found to be similar to that in the DIW (Figure 7b). Therefore, it could be inferred that the photocatalytic performance of the ZnO NPs prepared in this study is very similar in different water matrices, irrespective of the presence of dissolved salts.



The −ln (Ct/Co) vs. time (t) graph followed a linear trend in MO degradation in the simulated FDW, like the MO degradation in the DIW, in Figure 8c. However, upon closer examination, it was observed that all the saccharide-mediated ZnO NPs and controls exhibited almost identical trends, as seen in Figure 7c, except Glucose-ZnO and Dextrin-ZnO, which displayed slight deviations from the linear trend. Yet, when the last data point for Glucose-ZnO and Dextrin-ZnO was removed, both datasets conformed to the expected pseudo-first-order kinetics. This leads to the belief that the final data point does not align with the rest of the dataset and significantly deviates when compared to the data mean at shorter time intervals. This could be due to the alteration in the ionic composition of the simulated FDW, which raises the possibility of interference by the ions in the noncatalytic process. Therefore, it is indicated that the MO photodegradation kinetics in the DIW and simulated FDW followed the pseudo-first-order reaction mechanism. Moreover, the linear relationship between −ln (Ct/Co) and time (t) of the photodegradation of MO followed the Langmuir–Hinshelwood (LH) mechanism as well [62]. The rate constants (kapp) of MO degradation were calculated from the slope of the −ln (Ct/Co) vs. time (t) graph, which is presented in Table 1.



The applicability of the ZnO NPs was further evaluated by the degradation of MO under sunlight irradiation. A bright sunny day was chosen to conduct the MO photodegradation reaction under natural sunlight, and the average sunlight intensity was measured to be ~100,000 lux during the photodegradation (The University of Texas at El Paso, coordinates: 31.7732° N, 106.5047° W; date: 08.04.2023; and time: 1:30 pm). The percentage of MO degradation with time by different ZnO NPs in the DIW under sunlight is shown in Figure 9a. It was found that Fructose-ZnO was the most active photocatalyst under direct sunlight and UV light and achieved almost the complete decolorization of MO in 12 min. In contrast, Dextrin-ZnO achieved almost complete decolorization after 15 min, and Glucose-ZnO achieved 92% decolorization after 15 min. Starch-ZnO demonstrated comparatively slower activity and reached 92% decolorization of MO after 18 min.



After 18 min of sunlight exposure, the ZnO-control represented about 19% MO degradation under the same experimental conditions when no saccharide was used during the synthesis. The nanostructured nature of the saccharide-derived ZnO NPs favors higher photocatalytic activity compared with the ZnO-control.



Figure 9b shows that MO photodegradation in the DIW under sunlight followed the same pseudo-first-order kinetics mechanism as the −ln(Ct/Co) versus time (t) graph, which followed the linear trends. This linear relationship further indicates that the photocatalytic reaction of MO degradation also followed the Langmuir–Hinshelwood model [63].



Comparing the MO degradation under UV light and sunlight irradiation, it was found that the MO degradation was faster under sunlight illumination. This could be due to the higher intensity of sunlight (~100,000 lux) compared to UV light (22,000 lux) in the box reactor. Within the solar spectrum, UV light accounts for approximately 3–5% (λ < 400 nm), while 47% is attributed to visible light (400 > λ < 700 nm), and the rest is in the infrared region [64]. This UV portion of the sunlight might have caused the photocatalytic activity of the ZnO NPs in MO degradation.



The rate constants of all the photocatalytic reactions performed in this study are given in Table 1.




3.2.7. Determination of ROS Generation by the ZnO NPs


The hydroxyl radical (•OH) generation was confirmed by the terephthalic acid (TA) photoluminescence (PL) study [65]. The mechanism of action of this study is explained as follows: sodium terephthalate reacts with the •OH (photocatalytically generated) on the ZnO NPs to form 2-hydroxy terephthalate, which denotes a strong fluorescence emission band centered at 425 nm at an excitation wavelength of 315 nm. Therefore, it could be said that the higher the fluorescence intensity, the greater the quantity of generation of •OH at the water–catalyst interface.



The results of the TA PL tests are shown in Figure 10. The reaction of terephthalate with the photocatalytically generated •OH radical to form 2-hydroxy terephthalate is shown in Figure 10a. Figure 10b shows the fluorescence emission spectra of the 2-hydroxy terephthalate solution with respect to time without the Dextrin-ZnO NPs. The fluorescence intensity of the 2-hydroxy terephthalate solution gradually elevated with the increment in the UV light exposure time, which proved the graduate increase in the production of •OH with respect to time under UV light illumination. The time-dependent fluorescence emission spectra of the 2-hydroxy terephthalate solution photocatalyzed by Dextrin-ZnO are shown in Figure 10c. Figure 10d shows the comparison in the production of •OH by the saccharide-derived ZnO NPs. Figure 10d was obtained by plotting the fluorescence intensity of the 2-hydroxy terephthalate solution at 425 nm vs. the time of light irradiation.



Based on the results of this PL study, it was found that the PL intensity of the TA solution at 425 nm catalyzed by the ZnO NPs was much higher than the control TA solution that did not have any ZnO. These results prove that the ZnO NPs generated the •OH during UV light irradiation.



Like the MO degradation, Fructose-ZnO and Glucose-ZnO showed a higher rate of •OH generation than the other ZnO NPs. Starch-ZnO had the slowest rate of •OH generation among all the ZnO NPs prepared in this study. These results further confirmed the ZnO NPs’ photocatalytic performance towards the MO’s oxidative degradation by radicals such as •OH, which can also degrade other organic pollutants in water and sanitize water.




3.2.8. Cyclic Stability of the ZnO NPs


The cyclic stability experiment was conducted to assess the stability of the ZnO NPs by performing the photodegradation of MO over three cycles. For that experiment, 30 mL of a 5 ppm MO solution with 30 mg of Fructose-ZnO NPs (as a representative) was added to a 250 mL beaker and exposed to the mixture under UV light for 30 min. Afterward, the mixture underwent centrifugation at a speed of 4000 rpm for 10 min to achieve a transparent supernatant. This transparent liquid was then subjected to UV-vis spectroscopy analysis to quantify the percent degradation of MO. This process was repeated for subsequent cycles by using the centrifuged ZnO NPs.



The photocatalytic activity of the ZnO NPs over the course of three cycles is illustrated in Figure 11. The results demonstrate that the ZnO NPs exhibited a reliable performance throughout the study. In each cycle, more than 95% of the MO was degraded by the ZnO NPs. Based on these findings, it can be inferred that the saccharide-derived ZnO NPs synthesized in this study have the potential to serve as a durable and effective photocatalyst for the degradation of organic pollutants in wastewater.






4. Conclusions


This study demonstrated that saccharides such as glucose, fructose, dextrin, and starch are excellent reagents for making ZnO NPs with high photocatalytic activity. The saccharide-derived ZnO NPs were characterized with XRPD, XPS, UV-vis, SEM-EDS, and TEM. They efficiently photodegraded MO dye in aqueous solutions under UV-C or natural sunlight irradiation. The highest photocatalytic activity was obtained with the Fructose-ZnO NPs, and the least active NPs were the Starch-ZnO NPs. The effectiveness of degrading MO was nearly equal in the deionized water and simulated fresh drinking water matrices. Based on the terephthalic acid photoluminescence test, the ability of the saccharide-derived ZnO NPs to generate hydroxyl radicals (•OH) was demonstrated. The present method offers a facile synthetic route for highly active ZnO NPs with a wide range of water treatment and sanitation applications.
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Scheme 1. Saccharide (glucose in the scheme above)-mediated combustion synthesis of ZnO NPs. 
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Figure 1. TEM images of the ZnO NPs (a) Dextrin-ZnO, (b) Fructose-ZnO, (c) Glucose-ZnO and (d) Starch-ZnO and (e) the average size of the ZnO NPs based on the TEM image. 
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Figure 2. (a) SEM backscattered electron images of Glucose-ZnO; (b,c) X-ray EDS mapping of zinc and oxygen, respectively; (d) SEM backscattered electron image of Fructose-ZnO; (e,f) X-ray EDS mapping of zinc and oxygen, respectively; (g) SEM backscattered electron images of Dextrin-ZnO; (h,i) X-ray EDS mapping of zinc and oxygen, respectively; (j) SEM backscattered electron images of Starch-ZnO; (k,l) X-ray EDS mapping of zinc and oxygen, respectively. Scale bar = 100 μm. Colors identify the indicated element. 
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Figure 3. EDX spectra showing the elemental composition of (a) Glucose-ZnO, (b) Fructose-ZnO, (c) Dextrin-ZnO and (d) Starch-ZnO. 
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Figure 4. (a) The UV–visible absorption spectrum of Fructose-ZnO NPs’ suspension in ethanol; (b) Tauc plot for the determination of bandgap of Fructose-ZnO. 
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Figure 5. XRPD patterns of Fructose-ZnO NP and ZnO-control. 
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Figure 6. XPS spectrum of Fructose-ZnO and ZnO-control. 
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Figure 7. (a) Time-dependent UV-vis spectra of MO (5 ppm) solution in DIW during photocatalysis by Fructose-ZnO. (b) Percent degradation of MO by ZnO NPs and controls. (c) Pseudo-first-order kinetics of MO photodegradation. (d) A digital photograph of degradation of MO solution during photocatalysis by Fructose-ZnO. 
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Figure 8. (a) Time-dependent UV-vis spectra of MO (5 ppm) solution in simulated FDW during photocatalysis by Fructose-ZnO. (b) Percent degradation of MO by ZnO NPs and controls. (c) Pseudo-first-order kinetics of the MO photodegradation. 
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Figure 9. (a) Percent degradation of MO in DIW under sunlight irradiation by ZnO NPs and controls. (b) Pseudo-first-order kinetics of the MO degradation under sunlight irradiation. 
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Figure 10. (a) Reaction of terephthalate with the photocatalytically generated •OH radical to form 2−hydroxy terephthalate, (b) time-dependent fluorescence emission spectra of 2−hydroxy terephthalate solution without ZnO NPs, (c) fluorescence emission spectra of 2−hydroxy terephthalate solution photocatalyzed by Dextrin-ZnO with respect to time, and (d) fluorescence emission intensity at 425 nm versus time graph for different saccharide-derived ZnO NPs. 
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Figure 11. Cyclic stability of Fructose-ZnO NPs during MO degradation for 3 cycles. 
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Table 1. Rate constants of all the photocatalytic reactions performed in this study.






Table 1. Rate constants of all the photocatalytic reactions performed in this study.





	ZnO Sample
	MO Conc.
	Water Matrix
	Light Source
	Rate Constant (min−1)
	R-squared Value





	Glucose-ZnO
	5 ppm
	DIW
	UV
	1.62 × 10−1
	0.98



	Fructose-ZnO
	5 ppm
	DIW
	UV
	2.65 × 10−1
	0.98



	Dextrin-ZnO
	5 ppm
	DIW
	UV
	2.00 × 10−1
	0.99



	Starch-ZnO
	5 ppm
	DIW
	UV
	1.19 × 10−1
	0.98



	ZnO-Control
	5 ppm
	DIW
	UV
	7.62 × 10−3
	0.98



	Glucose-ZnO
	5 ppm
	FDW
	UV
	2.54 × 10−1
	0.89



	Fructose-ZnO
	5 ppm
	FDW
	UV
	1.39 × 10−1
	0.98



	Dextrin-ZnO
	5 ppm
	FDW
	UV
	1.54 × 10−1
	0.87



	Starch-ZnO
	5 ppm
	FDW
	UV
	5.03 × 10−2
	0.99



	ZnO-Control
	5 ppm
	FDW
	UV
	5.57 × 10−3
	0.99



	Glucose-ZnO
	5 ppm
	DIW
	Sunlight
	1.28 × 10−1
	0.95



	Fructose-ZnO
	5 ppm
	DIW
	Sunlight
	2.82 × 10−1
	0.99



	Dextrin-ZnO
	5 ppm
	DIW
	Sunlight
	2.29 × 10−1
	0.99



	Starch-ZnO
	5 ppm
	DIW
	Sunlight
	1.32 × 10−1
	0.99



	ZnO-Control
	5 ppm
	DIW
	Sunlight
	3.50 × 10−3
	0.95



	MO Solution
	5 ppm
	DIW and FDW
	UV
	0.0
	NA



	MO Solution
	5 ppm
	DIW
	Sunlight
	0.0
	NA
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