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Abstract

:

The crude extract of cinnamon (after abbreviated as KM) was used to produce silver nanoparticles (AgKM). This was subsequently utilized for the hydrothermal production of a composite consisting of AgKM decorated on zinc oxide (AgKM/ZnO) as a photocatalyst for reducing hexavalent chromium (Cr(VI)). Several methods e.g., XRD, SEM, TEM, XPS, PL, and RDB-PAS were used to analyze the optical and physicochemical properties of ZnO/AgKM samples in order to better comprehend the impact of the development of the AgKM-ZnO heterojunction in comparison to pure ZnO. In 60 min, the optimized ZnO/AgKM reduced Cr(VI) by more than 98%, with a rate constant 63 times faster than that of pure ZnO. The enhancement of the separation and transportation of photogenerated electron-hole pairs, as proven by a decrease in photoluminescence intensity when compared with ZnO, was attributed to the composite’s higher Cr(VI) reduction rate. Also, the formation of a new electronic level was created when AgKM are loaded on the surface of ZnO in the composites, as shown by the energy-resolved distribution of the electron trap (ERDT) pattern resulting to enhancement of light absorption ability by narrowing the energy band gap. Thus, ZnO/AgKM composite’s photocatalytic efficacy was enhanced by its narrow energy band gap and reduced charge recombination. Therefore, the newly produced ZnO/AgKM composite can be used as a photocatalyst to purify Cr(VI)-containing wastewater.
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1. Introduction


For nanoparticle synthesis, either the top-down or bottom-up approach can be used. This includes chemical, physical, and biological approaches. In chemical processes, it is assumed that highly hazardous reagents, carcinogenic solvents, and environmental degradation are produced. On the other hand, some physical methods are energy-intensive and require costly equipment. In addition, both procedures resulted in challenges controlling crystal development and subsequently caused particle aggregation due to the necessity for extra stages involving the inclusion of a stabilizer. Through the production of metal nanoparticles from biological sources, nanobiotechnology offers enormous potential to promote eco-friendly systems and industrial sustainability [1]. For example, metallic nanoparticles such as silver (Ag), gold (Au), iron (Fe), selenium (Se), etc, have been synthesized using various biological agents [2,3,4,5]. This method is highly efficient and more environmentally friendly than conventional methods [6], cost-effective, does not require high pressure and temperature [7], and is without toxic chemicals [8].



Nowadays, silver (Ag) in the form of nanoparticles is more required in industrial process than in bulky form. In recent years, the manufacture of silver nanoparticles (AgNPs) has been developed using green chemical and biosynthetic methods involving macro- (e.g., plants and its extracts) and microorganisms (bacteria, fungi, algae) as reducing agents [9].



Plant extracts are able to be utilized for biosynthesis of nanoparticles regarding their active compounds, i.e., sugars, green terpenoids, polyphenols, alkaloids, phenolic acids, and proteins, which used as capping, stabilizing, and reducing agents [10]. Owing to the abundance of tropical plants as well as possessing many biological activities such as antibacterial, antibiofilm, anthelmintic, anticancer, and antifungal activity [11,12,13,14,15,16], cinnamon (Cinnamomum verum) was used for the green synthesis of AgNPs. Cinnamon bark extract has been utilized widely for the synthesis of various metallic nanoparticles, such as Cu [17], Au [18], Ag [19], Se [20], as well as metal oxide nanoparticles, e.g., ZnO [21] and FeO [22]. A capping agent, cinnamic acid, is reported to be contained in cinnamon [23]. It has been revealed that the bioreduction of Ag+ [24] and AuCl4- ions in cinnamon is mostly due to polyols such as terpenoids, flavones, and polysaccharides [25]. Other studies reported that the extract of C. verum contains around 80 aromatic components, such as saponins, terpenes, alkaloids, flavonol, tannin, cinnamyl aldehyde, corvalol, glycerol, and cinnamyl acetate, eugenol, etc [16,26].



Of the various applications of nanoparticles, especially precious metals, AgNPs have gained particular attention, and their use has been extensively investigated. AgNPs have good characteristics that can be utilized in various fields, mostly in the medical fields as antimicrobials [27,28,29,30,31], antiseptic [32], anticancer [8], as well as other industrial applications, including catalyst in chemical reactions, spectrally selective coatings for absorption of solar energy [33], food additives, textile industry [34], agriculture [35] and others.



Photocatalysis is a unique approach that is widely used and utilized in many various fields of study, including the removal of dangerous inorganic and organic pollutants from wastewater, the purification of contaminated air, the elimination of pesticides, and others [36,37,38,39,40]. Zinc oxide (ZnO) is prominent material in the field of photocatalysis for environmental management system. It has exclusive nature, e.g., direct and wide band gap in the near-UV spectral region, robust oxidation capability, good photocatalytic property, and a large free-exciton binding energy [41,42,43,44,45]. Nonetheless, this material has few shortcomings for the wide band gap energy and photocorrosion, resulting in low photocatalytic efficiency [46].



To enhance the activity as well as circumvent the electron-hole pair recombination, AgNPs can be synthesized as nanocomposite, i.e., zinc oxide (ZnO) [47]. One of the intriguing applications of AgNPs is an Ag/ZnO nanocomposite that can be used as an antimicrobial and anticancer [48] as well as increasing photocatalytic activity [22,49] and others.



Here, we investigate the ZnO-doped green reduced AgNPs using crude extract of cinnamon (AgKM) that were manufactured separate step. Multiple methods were employed to characterize the optical and physicochemical features of the produced products. Furthermore, ZnO’s light-absorbing capacity was improved as a result of the production of heterojunction between ZnO and AgKM, which improved the separation of the e-–h+ pairs. The engineered materials showed remarkable charge transport characteristics and high photocatalytic activity for Cr(VI) degradation.




2. Results and Discussion


2.1. Phase Structure


The crystal phase structures of ZnO and ZnO/AgKM composites was determined using XRD analysis as are shown in Figure 1. In both the ZnO and ZnO/AgKM composites, distinct peaks were observed at 31.7°, 34.5°, and 36.3°, which correspond to the planes (100), (002), and (101) of the ZnO crystal phase, respectively (JCPDS No. 36-1451), indicating the successful hydrothermal production of ZnO. Due to the low concentration of Ag in the composites, the ZnO/AgKM composites exhibited no distinct peaks of Ag nanoparticles when AgKM solution was injected during composite synthesis. In addition, a decrease in the (101) plane’s peak intensity was found in the composite samples. This was attributable to the plan distortion by deposition of AgKM on the surface of ZnO. The crystallite size of ZnO and ZnO/AgKM composites was calculated based on XRD results. The crystallite size of ZnO, ZnO/AgKM-7 and ZnO/AgKM-10 was 583 Å, 560 Å and 575Å, respectively. It can be seen that the introduction of AgNPs on the surface of ZnO in the composite samples showed the smaller crystallite size of ZnO, suggesting that the successful formation of heterojunction between ZnO and AgNPs via deposition of AgNPs. Also, the smaller crystallite size of the composites might provide larger surface area due to smaller particles, resulting in the enhancement of photocatalytic performance.



The composition of AgNPs in the composites was elucidated using XRF analysis. It was found that the ZnO/AgKM-7 contains AgNPs content around 3.38%wt while the ZnO/AgKM-10 has AgNPs about 3.26 %wt. Both of the composite samples showed a similar composition of AgNPs (around 3.3%), however the AgNPs content still low for detection by XRD analysis.



However, the presence of AgNP was confirmed by later analysis such as SEM-EDX, TEM-EDX, and XPS.




2.2. Optical Properties


Light absorption ability and energy bandgap (Eg) of photocatalyst are significant optical properties for the photocatalytic reaction. Thus, the ZnO and ZnO/AgKM composites were determined by UV-DRS technique to elucidate its optical properties. As depicted in Figure 2a, ZnO displayed robust light absorption in the wavelength range of 300–400 nm, indicating that it can be employed as a photocatalyst primarily in the UV light region. However, the ZnO/AgKM composites absorbed substantially more ultraviolet and visible light than ZnO (approximate wavelength range of 300–700 nm). This implied that the ZnO’s optical characteristics were improved by the addition of AgKM. Thus, increasing the composite’s light-harvesting capability can enhance its photocatalytic Cr(VI) reduction activity due to the large creation of charge carriers that participate in photocatalysis. Using Tauc’s equation, the Eg values of ZnO and ZnO/AgKM composite samples were estimated. As depicted in Figure 2b, calculated Eg values for ZnO, ZnO/AgKM-7, and ZnO/AgKM-10 are 3.16, 3.12 and 3.11 eV, respectively. All ZnO/AgKM composites had a lower Eg than pure ZnO, which may be attributable to the formation of a new electronic level due to a surface defect generated by AgKM. The decreasing Eg values of the composites may boost the generation of the e−-h+ pairs during light irradiation, hence enhancing the photocatalytic efficacy of the composites for Cr(VI) reduction. The incorporation of AgNP on the surface of the composite can slightly reduce the energy band gap of ZnO because AgNP did not alter the structure of ZnO, but rather deposited on the surface of ZnO to prevent the recombination of charge carriers.



In addition, reversed double-beam photoacoustic spectroscopy (RDB-PAS) was used to examine the surface electronic properties of ZnO, ZnO/AgKM-7, and ZnO/AgKM-10 (Figure 3). In order to elucidate the surface electronic characteristics of a photocatalyst in relation to its photocatalytic activity, the ERDT pattern obtained from RDB-PAS analysis of ZnO, ZnO/AgKM-7, and ZnO/AgKM-10 was plotted as a function of the energy from the valence band top (VBT) vs the electron trap density. It can be seen that ZnO displayed an electron accumulation density peak at roughly 3.0–3.2 eV, which was close to the bottom of the material’s conduction band (CBB). The proximity of an electron trap state (ETs) to the CBB indicated that the synthesized ZnO photocatalyst possessed n-type semiconductor. However, the lower electron accumulation density of pure ZnO compared with TiO2 and C3N4 [50,51,52] may be attributable to the fact that pure ZnO has fewer empty electron trap states and smaller ETs. Intriguingly, the ERDT pattern of the ZnO/AgKM composites showed a modest shift to a higher energy level at 3.0–3.2 eV, indicating that the introduction of the AgKM on the surface of ZnO damaged the crystallinity of the ZnO main structure in the composite, which is consistent with the decrease in XRD intensity. In addition, the composites exhibited a larger electron accumulation density than the pristine, indicating that the surface defect of ZnO caused by decorated AgKM might generate additional electron trap states, resulting in a decrease in Eg of the composite. Moreover, it is probable that the electron in the electron trap states migrated to the AgKM, concurrently generating empty electron trap states to accept electrons during measurement. Also, the electron transport from ZnO to AgKM via the heterojunction effect between ZnO and AgKM could prevents the recombination of photogenerated electron-hole pairs.




2.3. Morphology Results


Figure 4 depicts the SEM-detected surface morphologies of ZnO, ZnO/AgKM-7, and ZnO/AgKM-10. In the case of pure ZnO (Figure 4a,b), the surface morphology revealed agglomerates of microscopic ZnO particles forming a flower-like structure with widths of around 3–4 nm. Intriguingly, the ZnO/AgKM composites displayed rod-like morphology which is piece of ZnO flower-like structure with smaller particle sizes than pure ZnO (Figure 4c–f), indicating that the inclusion of AgKM solution influenced the crystallization of ZnO particles. In addition, the smaller size of ZnO/AgKM composites may have a higher surface activity than that of pure ZnO, hence providing a larger surface active for photocatalytic Cr(VI) reduction. Also, ZnO, ZnO/AgKM-7, and ZnO/AgKM-10 had their elemental distributions clarified by scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX). SEM-EDX was used to confirm the presence of AgNPs in the ZnO/AgKM composites, despite the fact that there appears to be no difference. In addition, the signal of Ag can be observed in the composite and the location of Ag signal overlapped with Zn and O signals implying that AgNPs might present on the surface of ZnO (Figure 4g–i).



Additionally, TEM-mapping investigation verified the existence of AgKM on the surface of ZnO. As depicted in Figure 5(a,b), TEM investigation validated the morphology and particle size of produced AgKM. It can be noted that the well-distribution of small spherical particles was found under both synthetic circumstances (pH 7 and pH 10), indicating that the use of an organic extract from cinnamon could reduce Ag+ ions to AgKM and prevent their agglomeration. The particle size distribution of AgKM was analyzed and depicted in Figure 5c. It is evident that the smaller size of AgKM obtained at pH 7 corresponds to a larger contract area between ZnO and AgKM and a greater production of new electronic states by surface distortion of ZnO utilizing AgKM in the ZnO/AgKM-7. Moreover, the high magnification TEM image of ZnO/AgKM-7 unveil the dark spot on the surface of ZnO in the bright field image and brilliant spot on the surface of ZnO in the dark field image, which may be indicate to the existence of heavily Ag NPs on the surface of ZnO (Figure 5(d-g)). Moreover, TEM-EDX mapping of the ZnO/AgKM composites revealed the deposition of AgKM on the ZnO surface in the composites. The ZnO/AgKM composites exhibited significant Zn and O signals in their mapping, indicating that they were the primary constituents of ZnO, while the signals of Ag as minor components were located in the same area as the dark spot in the bright field TEM image, confirming the deposition of AgKM in the composite (Figure 5h).




2.4. Chemical State and Band Positions


The chemical states of Zn, O, and Ag, as well as the VB position of ZnO and the optimized ZnO/AgKM-7 composite were investigated by XPS analysis. Examining the spectra of ZnO and ZnO/AgKM-7 composites revealed that the synthesized samples primarily consist of Zn and O. Due to low addition content, the Ag signal was not clearly noticed in survey scans (Figure 6a). The Zn 2p spectrum of ZnO and ZnO/AgKM-7 composite for narrow scan is depicted in Figure 6b, where two peaks correspond to the Zn 2p orbitals of ZnO and ZnO/AgKM-7 composite. Zn 2p3/2 orbital may account for the strongest signal at 1021eV, whereas Zn 2p1/2 orbital is accountable for the remaining peak at 1045 eV. These two peaks’ binding energy corroborated the divalent status of the Zn ion in the ZnO structure. Moreover, Figure 6c depicts the O 1s spectra of ZnO and ZnO/AgKM-7 composite, which exhibit three distinct component peaks at 530.2, 531.1, and 532.3 eV, corresponding to the Zn-O bond, Zn-OH, and adsorbed H2O, respectively. Moreover, as shown by the spectra of the Ag 3d orbitals in Figure 6d, the two principal peaks at EB [Ag 3d5/2] was observed at 367.2 eV and 368.6 eV in the ZnO/AgKM-7 composite due to the Ag-O and decorated Ag(0) of AgKM present in the composite. Using XPS, the valence regions of ZnO and the ZnO/AgKM-7 composite were analyzed. As shown in Figure 6e, the predicted VB position of ZnO and ZnO/AgKM-7 are 2.5, 1.75, and 1.39 eV, respectively. In Figure 6f, the CB locations of ZnO and ZnO/AgKM-7 composite were calculated to be −0.66, −1.37 and −1.72 eV, respectively, using UV-DRS data.




2.5. Photocatalytic Cr(VI) Reduction


Under visible light irradiation, the photocatalytic activities of ZnO, ZnO/AgKM-7, and ZnO/AgKM-10 were determined by measuring the reduction of Cr(VI). In the photocatalytic reaction, the Cr(VI) was reduced by the electron which was produced from photocatalyst under irradiation. Also in the reaction ethanol was utilized as a hole scavenger to prevent re-oxidation of Cr(III).



In Figure 7a, under dark conditions, ZnO exhibited less Cr adsorption (about 1%) than the ZnO/AgKM-7 and ZnO/AgKM-10 composites, which had roughly 10% greater Cr(VI) adsorption capacity than pure ZnO. This could be a result of the increased electrostatic interactions between the surface active of ZnO/AgKM composites and Cr(VI) ions. To assess their photocatalytic activity under UV-visible light irradiation, the reduction efficiencies (C/C0) of Cr(VI) were determined for each sample. Basically, the adsorption of Cr(VI) under dark condition before catalytic reaction was conducted in order to prove the removal of Cr(VI) between adsorption and photocatalytic reaction. It is clear that in the dark condition, the concentration of Cr(VI) was reduced less than 10%. However, after irradiation, the concentration of Cr(VI) dramatically decrease proving that the main removal process of Cr(VI) is photocatalytic reaction. In detail, under the dark condition, the composite showed higher adsorption ability of Cr(VI) because the deposited AgNPs on the surface of ZnO reduced the particle size of ZnO confirmed by SEM image, resulting in providing larger active surface site for adsorption and photocatalytic reaction. In addition, C/C0 is the ratio between the concentration of Cr(VI) after treatment over the initial concentration of Cr(VI).



For Cr(VI) reduction, the photogenerated electron can react with Cr(VI) and reduced them to Cr(III) simultaneously the photogenerated hole was consumed by ethanol as a hole scavenger. After 60 min of reaction, the C/C0 values of ZnO, ZnO/AgKM-7, and ZnO/AgKM-10 were 0.54, 0.0178 and 0.125, respectively. Both ZnO/AgKM-7 and ZnO/AgKM-10 displayed photocatalytic Cr(VI) reduction activity (98%) within 60 min, demonstrating its suitability for Cr(VI) reduction. ZnO/AgKM composites exhibited greater photocatalytic Cr(VI) reduction activities than pure ZnO, as evidenced by the development of a novel electron trap state that decreased the energy bandgap. As shown in Figure 7b, the photocatalytic Cr(VI) reduction rates of ZnO, ZnO/AgKM-7, and ZnO/AgKM-10 were fitted using a pseudo-first-order kinetic model [53]. ZnO, ZnO/AgKM-7, and ZnO/AgKM-10 had reaction rate constants (k) of 0.0044, 0.0279 and 0.0143 min−1, respectively. ZnO/AgKM-7 had the greatest rate constant, with a value that was 63 times that of pure ZnO. The photo-reduction under light irradiation without the inclusion of the ZnO/AgKM-7 and the adsorption test under dark conditions utilizing the ZnO/AgKM-7 confirmed the removal process of Cr(VI), as shown in Figure 5c. It is evident that photo-reduction was unable to decrease the Cr(VI) concentration, while the adsorption-desorption equilibrium of Cr(VI) on the surface of the composite was obtained in less than 10% within 10 min and it stayed constant after the equilibrium was attained. In contrast, the photocatalytic process demonstrated a substantial decrease in Cr(VI) content after 60 min, indicating that photocatalysis is the major mechanism for reducing Cr(VI) (Figure 7c). Thus, these results reveal that decorating the surface of ZnO with decreased AgKM using cinnamon can dramatically promote the composite’s photocatalytic Cr(VI) reduction activity. The recycling test reusability was conducted using the spent photocatalyst from the previous cycle without any treatment (Figure 7d).




2.6. ZnO/AgKM-7 Stability


The stability and reusability of catalysts are critical to their practical application. Using five cycles of ZnO/AgKM-7 for Cr(VI) reduction, the product’s recyclability was examined. As depicted in Figure 7d, the photocatalytic Cr(VI) reduction over ZnO/AgKM-7 was maintained over five cycles with a remarkable removal percentage of over 96%, suggesting that ZnO/AgKM-7 has good stability and recyclability for photocatalytic Cr(VI) reduction under light irradiation. After the initial photocatalytic Cr(VI) reduction, the phase structure of ZnO/AgKM-7 after the first cycle was analyzed using XRD in order to compare its stability to that of fresh ZnO/AgKM-7. Comparing the two diffraction patterns reveals that the Cr(VI) reduction had no effect on the ZnO/AgKM-7 phase structures, as depicted in Figure 8a, demonstrating that ZnO/AgKM-7 is highly stable for Cr(VI) reduction.




2.7. Examination of the Transfer and Separation of Charges


The effect of heterojunction between ZnO and AgKM in the composite and the development of a new electron trap state by AgKM deposition on the surface of ZnO on the separation and transfer of e−-h+ pairs was investigated using PL analysis. The ZnO/AgKM-7 composite with the highest photocatalytic performance was chosen for comparison with the pure ZnO photocatalyst. As depicted in Figure 8b, the ZnO and ZnO/AgKM-7 emission spectra are in the 365–600 nm area. In general, a low PL intensity indicates a low rate of e−-h+ pair recombination. The heterojunction between ZnO and AgKM in the composite and development of new electron trap state in the ZnO/AgKM-7 improved the charge carrier separation, as demonstrated by the lowered PL emission intensity of ZnO/AgKM-7 relative to ZnO at about 400 nm for a 350 nm excitation wavelength. The development of the heterojunction between ZnO and AgKM in the composite and the formation of a novel electron trap state in the ZnO/AgKM-7 sample improved the electronic features, including charge separation and electron transport, as determined by the PL data. Moreover, through the TEM images (Figure 5), the deposition of AgNPs on the ZnO confirming that the surface heterojunction was formed in the composite.




2.8. Photocatalytic Mechanism


Scheme 1 illustrates a proposed photocatalytic Cr(VI) reduction process employing ZnO/AgKM-7 composite based on the outcomes of this work. The VB and CB of the composite ZnO/AgKM-7 were 1.75 and −1.37 eV, respectively. Under the influence of light, the ZnO/AgKM-7 composite produced e−-h+ pairs. The excited electrons migrated from the VB to a new electronic state formed by the defect in the ZnO structure and CB of ZnO, while concurrently producing holes in the VB. Then, the excited electron from ZnO can be segregated by migrating to the surface of AgKM via heterojunction to prevent the recombination of e−-h+ pairs, thereby enhancing the photocatalytic activity of ZnO/AgKM-7. Through the photocatalytic reaction, the accumulated electrons on the surface of AgKM can reduce Cr(VI) to Cr(III). Additionally, ethanol consumed h+ in the VB of ZnO/AgKM-7 via oxidation process to avoid the re-oxidation of Cr(III). The formation of a heterojunction with ZnO/AgKM-7 increased the amount of active electrons responsible for the photocatalytic reduction of Cr(VI). In the absence of light, there is no photocatalytic activity since the catalyst is incapable of producing electrons for Cr(VI) reduction. Consequently, only adsorption may occur in a dark environment.





3. Materials and Methods


3.1. Chemicals


Fujifilm Wako Pure Chemical Co. (Osaka, Japan) provided the following for the synthesis and all experiments: Ammonium hydrate (NH4OH, 28%wt NH4OH in water), zinc nitrate hexahydrate (Zn(NO3)2•6H2O), sodium chromate tetrahydrate (Na2CrO4∙4H2O), silver nitrate (AgNO3) and water. All of the chemicals used were of pure analytical grade and required no further purification. Ultrapure water was used in the experiments with the organic color solutions.




3.2. Preparation of the Plant Extract


An effective reducing agent for the synthesis of silver nanoparticles (AgKM) was cinnamon (Cinnamomum verum). The cinnamon bark was oven-dried at 80 °C for 12 h prior to grinding into a powder. The crude plant extract was prepared by boiling 10% w/v of plant powder with distilled water in a beaker glass for 10 min. The solution was allowed to cool to room temperature, then filtered using a Whatman no. 41 [54] filter. The unfiltered concentrate was put to use in subsequent testing.




3.3. Synthesis Silver Nanoparticles Using Crude Extract of Cinnamon (AgKM)


The formation of AgKM is reliant on a number of factors. The precursor used to create the AgKM was silver nitrate (AgNO3). A value of 2 mM was chosen as the concentration. The dilution rate of the crude extract applied to the Ag solution was 1% v/v. NaOH was used to bring the solution’s pH to 7 and 10. The solutions were shaken for 2 h at 30 °C and 200 rpm in an incubator. At the end of the incubation period, samples were taken out and analyzed to determine the particle size distribution.




3.4. ZnO and ZnO/AgKM Synthesis


Hydrothermal synthesis was used to create ZnO/AgKM composites. This was accomplished by adding 2.975 g of Zn(NO3)2•6H2O, 2.8 mL of 28%wt NH4OH in water, and a certain amount of AgKM solution (46.4 mmol) to a 100 ml Teflon autoclave, bringing the entire volume up to 50 mL with DI water, sealing the container, and heating it at 160 °C for 24 h. The resulting solid product was then filtered and washed multiple times with DI water and ethanol. In addition, the obtained solid products were dried at 75 °C for 24 h. The composites were denoted as ZnO/AgKM-7 and ZnO/AgKM-10 when the composites were prepared by extracting AgKM from solutions at pH 7 and pH 10, respectively. Additionally, pure ZnO was made in a similar fashion, minus the inclusion of AgKM solution.




3.5. Characterization


The crystal phase structures of all materials were determined using an Ultima IV X-ray diffraction (XRD) apparatus (RIGAKU, Akishima, Japan). The morphology and surface parameters of all samples were confirmed using scanning electron microscopy (SEM, VE-9800, Keyence, Osaka, Japan). Using JEM-2100HCKM (JEOL Ltd., Tokyo, Japan), TEM pictures and TEM-EDX mapping were also observed. UV-Vis diffuse reflectance spectroscopy (UV-DRS, UV-2450 Shimadzu, Kyoto, Japan) was utilized to determine the light absorption capacities of pure and composite samples. The VB sites of all samples were determined by X-ray photoelectron spectroscopy (XPS, ESCA 5800; ULVAC-PHI, Inc., Kanagawa, Japan). Photoluminescence (PL) spectroscopic measurements were performed utilizing an FP-6600 spectrofluorometer (JASCO Corporation, Tokyo, Japan, FP-6600 spectrofluorometer). Reversed double-beam photoacoustic spectroscopy (RDB-PAS) from 650 to 300 nm using an amplifier to double the photoacoustic signals revealed the energy-resolved distribution of electron trap (ERDT) patterns of the manufactured materials.




3.6. Photocatalytic Cr(VI) Reduction


Experiments were carried out to determine the efficacy of photocatalytic activity in the reduction of Cr(VI). About 50 mg of fabricated composites are typically mixed with 50 mL of 10 ppm Cr(VI) aqueous solution in the dark for 30 min until adsorption-desorption equilibrium is attained. Prior to the photocatalytic process, 0.5 M HCl and 0.5 M NaOH were added to the suspension solutions to adjust the pH to 3. A 500 W Xe lamp was then utilized to illuminate the suspensions. To recover the resultant composites, the suspensions were withdrawn and filtered through 0.45 m membrane filters while the light was on. The remaining Cr(VI) concentration were determined using diphenyl carbazide colorimetric analysis with a UV-Vis spectrometer set to 554 nm.





4. Conclusions


Utilizing cinnamon bark extract to reduce Ag+ ions lead to a stable and smaller size of AgKM (average 6–10 nm). ZnO/AgKM composites were effectively produced by hydrothermally treating ZnO precursors in the presence of AgKM solution. ZnO/AgKM-7 revealed a reaction rate constant 63 times greater than that of pure ZnO, resulting in a high rate reduction of Cr(VI) degradation. In addition, ZnO/AgKM-7 exhibited the greatest photocatalytic Cr(VI) reduction compared to all other samples. This may be owing to the smaller particle size of the composite, which can provide a more active surface and a lower recombination rate for charge carriers. PL results indicated that development of heterojunction between AgKM and ZnO in the ZnO/AgKM composite inhibited electron-hole pair recombination. In addition, increased light absorption was accomplished by decreasing the energy band gap, which was made feasible by loading AgKM onto the surface of ZnO in the composites, as confirmed by ERDT data. The combination of a low energy band gap and reduced charge recombination increased the photocatalytic efficiency of the ZnO/AgKM composite. This study proposes an alternative ZnO/AgKM photocatalyst for the efficient treatment of wastewater including inorganic contaminants.
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Figure 1. XRD patterns of ZnO, ZnO/AgKM-7 and ZnO/AgKM-10. 
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Figure 2. (a) UV-vis DRS spectra and (b) energy band gap plots of ZnO, ZnO/AgKM-7 and ZnO/AgKM-10. 
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Figure 3. ERDT/ CBB patterns including relative total electron trap density in brackets of ZnO, ZnO/AgKM-7 and ZnO/AgKM-10. 
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Figure 4. SEM images of (a,b) ZnO, (c,d) ZnO/AgKM-7, and (e,f) ZnO/AgKM-10 with different magnifications,and SEM-EDX images of (g) ZnO, (h) ZnO/AgKM-7, and (i) ZnO/AgKM-10. 
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Figure 5. TEM images of (a) AgKM produced at pH 7, (b) AgKM produced at pH 10, (c) particle size distribution of AgKM, (d,f) bright field images of ZnO/AgKM-7 and (e,g) dark field images of ZnO/AgKM-10. TEM-EDX images of (h) ZnO/AgKM-10. 
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Figure 6. XPS spectra of ZnO, ZnO/AgKM-7, and ZnO/AgKM-10: (a) survey spectra, (b) Zn 2p, (c) O 1s, (d) Ag 3d, (e) valence band energy region, and (f) band position. 






Figure 6. XPS spectra of ZnO, ZnO/AgKM-7, and ZnO/AgKM-10: (a) survey spectra, (b) Zn 2p, (c) O 1s, (d) Ag 3d, (e) valence band energy region, and (f) band position.



[image: Catalysts 13 00265 g006]







[image: Catalysts 13 00265 g007 550] 





Figure 7. (a) Time course and (b) pseudo-first-order kinetics plots of photocatalytic Cr(VI) conversion over ZnO, ZnO/AgKM-7 and ZnO/AgKM-10, (c) photo-reduction and adsorption test using ZnO/AgKM-7, (d) Photocatalytic Cr(VI) conversion over five cycles using ZnO/AgKM-7. 
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Figure 8. (a) XRD patterns of fresh ZnO/AgKM-7 and spent ZnO/AgKM-7, and (b) PL spectra of ZnO, ZnO/AgKM-7, and ZnO/AgKM-10. 
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Scheme 1. Photocatalytic degradation mechanism of Cr reduction over ZnO/AgKM composite. 
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