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Abstract

:

ZnO/MWCNTs nanocomposite has significant potential in photocatalytic and environmental treatment. Unfortunately, its photocatalytic efficacy is not high enough due to its poor light absorbance and quick recombination of photo-generated carriers, which might be improved by incorporation with noble metal nanoparticles. Herein, Ag-doped ZnO/MWCNTs nanocomposite was prepared using a pulsed laser ablation approach in the liquid media and examined as a degradable catalyst for Rhodamine B. (RhB). Different techniques were used to confirm the formation of the nanostructured materials (ZnO and Ag) and the complete interaction between them and MWCNTs. X-ray diffraction pattern revealed the hexagonal wurtzite crystal structure of ZnO and Ag. Additionally, UV-visible absorption spectrum was used to study the change throughout the shift in the transition energies, which affected the photocatalytic degradation. Furthermore, the morphological investigation by a scanning electron microscope showed the successful embedding and decoration of ZnO and Ag on the outer surface of CNTs. Moreover, the oxidation state of the formed final nanocomposite was investigated via an X-ray photoelectron spectrometer. After that, the photocatalytic degradations of RhB were tested using the prepared catalysts. The results showed that utilizing Ag significantly impacted the photo degradation of RhB by lowering the charge carrier recombination, leading to 95% photocatalytic degradation after 12 min. The enhanced photocatalytic performance of the produced nanocomposite was attributed to the role of the Ag dopant in generating more active oxygen species. Moreover, the impacts of the catalyst amount, pH level, and contact time were discussed.






Keywords:


nanocomposite; NPs; water treatment; dye; laser ablation; Rhodamine B












1. Introduction


Due to the industry’s regular activities, dye pollution is one of the world’s most serious environmental problems. Paper printing, textile dyeing, cosmetics, and pharmaceuticals are just few industries that use synthetic colors. About 20% of the entire world’s dye manufacturing is wasted during the dyeing process. One of these dyes, Rhodamine B (RhB), a common dye used in industrial applications, can irritate the skin and eyes, as well as the gastrointestinal and respiratory tracts. Dye pollution is the easiest to discover because it can be noticed by the naked eye at very low levels. Furthermore, color inhibits the passage of light into the water, which has an adverse effect on the photosynthetic process that supports the living organisms’ environment under the water [1,2,3,4,5].



To overcome these hazard compounds, physical adsorption, chemical oxidation, and reverse osmosis membrane treatment processes are some of the physical and chemical techniques that can successfully remove dye pollutants from water. However, the cost of these techniques is very high, and there are some practical issues, such as the need to use many chemicals and incompletely degraded products produced during the oxidation process; therefore, these methods cannot be used to treat actual dye wastewater on a wide scale due to numerous practical issues, such as the disposal of a lot of adsorbent residue, expensive membrane treatment equipment, and operation costs. The catalytic reduction process shows a great achievement in the field of water treatment with the assistance of nanostructured materials for a fast reduction or oxidation reactions. This method is based on converting the hazard’s organic form to a nontoxic form that is capable of being safely degradable in the water without causing any side effects to the environment. When nanostructured materials are used as catalytic degradable materials, two ways could be used to achieve the reduction. One of these ways is the photocatalytic degradation method, which is based on generating powerful hydroxyl (OH) and superoxide (•O2) radicals. These radicals can non-selectively oxidize all types of organic molecules present in wastewater. The other method is the oxidation reduction catalytic degradation method. The photocatalytic technique has emerged as one of the possible processes for treating dye wastewater due to the benefits of low cost and ease of use. Therefore, it will be crucial to create new catalysts able to absorb sunshine or other forms of visible light that are inexpensive, simple to prepare, and available in a variety of materials in order to address the energy crisis and advance pollution prevention [6,7,8,9,10,11,12].



Recently, there have been significant advances in the field of nanotechnology, many of which have speeded it up. According to their types, procedures, morphology, size, crystal structures, and other characteristics, researchers are generating a diversity of nanomaterials with improved properties. Metals, their oxides (MOs), nano-graphenes, carbon nanotubes, and nano-composites are the most important nanomaterials that may be manufactured in a variety of ways with extreme precision. These nanomaterials have incredibly controlled size, larger surface area, easy fabrication methods, and unique features and uses, and they could be prepared chemically, physically, and through biological approaches [13,14,15,16,17]. For the degradation of organic dyes, several metal oxide semiconductors have been utilized, including titanium dioxide, ferric oxide, cadmium oxide, magnesium oxide, zinc oxide (ZnO), etc. Since ZnO has a wide band gap (3.37 eV) and a high excitonic binding energy, it has been regarded as an effective and non-toxic photocatalyst. Due to its safe performance, nanostructured ZnO has been widely employed in bio-imaging, drug delivery, antibacterial, biosensors, chemosensors, anticancer, solar cell applications, and photocatalysts. ZnO is a potential material for photocatalytic degradation of water contaminants in the field of water treatment, having exceptional activity, low cost, and environmentally acceptable features. After being exposed to photons with energy larger than or equal to its band gap, nanostructured ZnO suggests that reactive oxygen species are formed as a result of the interaction of charge carriers (excitons) with dissolved oxygen and water molecules. However, due to the decrease in the generation of species brought on by the simpler recombination of excitons, the photocatalytic activity of un-doped ZnO-NPs remains incredibly low [18,19,20,21].



Several crucial attempts have been made to improve the photocatalytic performance of ZnO-NPs by lowering the exciton recombination and, as a result, the creation of super-reactive oxygen species. Several strategies have been developed to improve nanostructured ZnO’s photocatalytic performance by producing more of these species. Because it traps electrons and intensifies the separation of charge carriers, doping metallic ions with ZnO lattice is one of the intriguing methods for enhancing photocatalytic performance. Noble metals, such as silver (Ag), have been favored for the doping of ZnO because of their high reduction potential and improved photo-degradation capabilities. Because of its high reduction potential, doping of ZnO with Ag is best suited for preventing the recombination of charge carriers by trapping photo-excited electrons from the conduction band (CB), increasing the number of species that react with the pollutant and destroy it [14,22,23,24]. Furthermore, the nanocomposite faced another problem that came from the hindered aggregation effect that was produced by the high amounts of the nanostructured materials, leading to a decrease in the dangling bonds and reactivity, consequently reducing the photocatalytic performance. Therefore, the use of matrix material with a surface-to-volume ratio, such as carbon nanotubes (CNTs), could represent the optimum solution for solving this problem. [25,26,27,28,29,30].



Different techniques could be used to synthesize nanostructured materials to create nanocomposite structures. Pulsed laser ablation in liquid media (PLAL) is an effective, simple, and environmentally friendly process that can create NPs with a wide range of sizes and functionalities by only changing the laser’s parameters and the type of liquid medium. PLAL has been used to create a wide variety of nanoparticles, proving their adaptability. The benefits of this process include its simplicity, low cost, lack of vacuum champers, and ability to produce NPs without contamination in an incredibly clean and dependable manner. To produce a tiny particle with a distinct feature at the nanoscale, the PLA approach relies on the employment of high-intensity short pulses of up to a nanosecond from an infrared laser source in a concentrated environment [31,32,33,34,35,36,37,38].



In this article, we used the eco-friendly pulsed laser ablation in liquid media technique to synthesize ZnO nanoparticles and decorate CNTs to create the ZnO/MWCNTs nanocomposite, followed by using the same method to generate Ag nanoparticles interacting with ZnO/MWCNTs forming Ag-doped ZnO/MWCNTs. After that, XRD, SEM, EDX, XPS, and UV-Vis studies were used to characterize the produced NPs and nanocomposites. The ability of the created nanocomposite structure to eliminate organic pollutants, such as Rhodamine B, was next examined. For that, the novelty of the work was based on the use of a simple, eco-friendly, and green method to generate two different types of nanostructured materials (semiconducting ZnO and noble metal Ag) and embedding them to the matrix of CNTs to form the Ag-doped ZnO/MWCNTs nanocomposite. This combination between semiconductors and noble metals allows for enhancing the photocatalytic activity against organic pollutants, such as Rhodamine B.




2. Materials and Experimental Work


2.1. Preparation of Ag-Doped ZnO/MWCNTs Nanocomposite


Zn pellet (Zn, BDH chemical Ltd. pool in UK) was used for the synthesis of ZnO nanostructured by pulsed laser ablation of cleaned Zn metal targets placed in a glass vessel filled with 5 mL of a solution of functionalized MWCNTs (f-MWCNTs) to produce the ZnO/MWCNTs nanocomposite, followed by repeating the previous procedure of pulsed laser ablation of another target, silver pellet (Ag, BDH chemical Ltd. pool in UK), immersed in the produced solution of the ZnO/MWCNTs nanocomposite. The functionalization procedure of MWCNTs was previously mentioned in the work of A. Mostafa et al. [39,40]. During this process, the laser beam of the Nd: YAG laser (λ = 1064 nm) with a 7 ns, a 10 Hz repetition rate, and 150 mJ of laser energy was focused on the surface of the target via convex lens for 10 min, as shown in the schematic diagram of the casting work in Figure 1.




2.2. Determination of Concentration of Nanostructured Materials


The amount of generation of the nanostructured material of ZnO or Ag can be simply estimated by using the following procedure. PLAL method was used to generate Ag NPs through ablation of an Ag plate. The amount of Ag NPs was related to the weight loss in the primary Ag’s precursor. So, the total number of Ag NPs was calculated as follows:


Weight of generated Ag = Weight of Ag(before PLAL) − Weight of Ag(after PLAL)











By knowing the volume of the solution (10 mL), the concentration of generated Ag NPs can be simply calculated as 8.2 µg/L.



The generated nanocomposite was collected, cleaned with ultra-pure water, filtered, and dried at 50 °C to guarantee only calculated silver was linked to CNTs. The nano-composite was immersed in 15 mL of 70% nitric acid to quantify the total amount of coated Ag NPs on CNTs. So, Ag+ concentration could be calculated. Based on Ag NPs only on the CNTs’ outer surface, the loading amount of Ag in CNTs (WAg) was determined by:


    Weight    decorated   Ag   on   CNTs    =    C  Ag +   V   M −  C  Ag +   V    








where CAg+, V, and M are the concentration of Ag+ in the solution, the volume of the solution (250 mL), and the weight of the produced nanocomposite (5 mg) [41]. The concentration of Ag nanoparticles decorated on CNTs showed the decorated Ag NPs on the nanocomposite could be simply calculated as 7.7 µg/L.




2.3. Characterization Techniques


The crystalline structure of the prepared samples was characterized using an X-ray diffractometer (Shimadzu XRD 7000, Kyoto, Japan). The absorbance spectra of the prepared materials were studied by a UV–VIS-NIR spectrophotometer (JASCO 570 UV–VIS-NIR, Tokyo, Japan). The identification of the oxidation state was carried out by an X-ray photoelectron spectrometer (Thermo Scientific K-ALPHA instrument, East Grinstead, UK). The morphological analysis was carried out by a scanning electron microscope with a beam voltage of 20 kV associated with an EDX analyzer detector (PHILIPS/FEI QUANTA 250, Prague, Czech Republic) to study the chemical composition using TEAM® software.




2.4. Adsorption Study


The degradation product, Rhodamine B (RhB, BDH Chemicals Ltd. pool in England), was used as a model pollutant for the degradation process, and the product’s photocatalytic activity was examined. As a UV light source in this investigation, a 40 W Xe lamp was used. In a typical experiment, the RhB solution was mixed with the photocatalyst. The suspension was discovered under light illumination after a 60 min dark adsorption period. The remaining RhB concentration was then measured using UV-visible absorption spectroscopy at 554 nm. Additionally, utilizing an appropriate amount of the photocatalyst (10–50 mg/L) with pH (pH = 3–11), contact time up to 140 min, and the starting concentration of RhB (5–110 mg/L), the photocatalytic performance of Ag-doped ZnO/MWCNTs was determined. Each experiment with a tested photocatalyst was repeated three times to evaluate the experimental errors. The following equation was used to compute the removal extent of RhB [42,43,44]:


Removal extent, percentage = (Co − Ca)/Co × 100



(1)




where Co and Ca are the concentration of the adsorbent material at the beginning of the adsorption process and after reaching the equilibrium of the adsorption process, respectively.




2.5. Desorption Study


To evaluate the reusability of native and modified sorbents in a successive adsorption and desorption process for a good number of recycles, we first carried out the RhB sorption under batch settings and then performed the desorption tests using 1 M of sodium hydroxide (NaOH) as the eluting agent. As with the sorption process, the desorption experiment begins with the addition of an appropriate amount of oven-dried sorbents to 100 mL of 1 M NaOH desorbing solution and then continues under conditions that are very similar to those of the sorption process. After that, the eluting agent was washed out of the regenerated sorbent with distilled water, and the sorbent was dried in a hot air oven. Once again, the same steps were used for a sorption–desorption cycle that may be repeated up to five times.





3. Results and Discussion


3.1. Investigation of the Prepared Ag NPs Doped ZnO/MWCNTs Nanocomposite


To verify the crystallinity and crystallite size, the XRD patterns of MWCNTs, ZnO/MWCNTs, and Ag NPs doped ZnO/MWCNTs nanocomposites were measured. The graphite structure of the MWCNTs is shown in Figure 2 along with how it developed in the diffraction patterns following embedding with ZnO NPs and then Ag NPs. The patterns demonstrate that the graphite structure coincided with the interplanar (002) of CNTs when the diffraction peaks at 26.10° occurred based on XRD card No. (PDF # 41-1487) [45]. Additionally, the diffractogram showed that MWCNTs decorated with ZnO NPs exhibit sharp peaks at 32.12°, 34.63°, 36.46°, 47.61°, 56.67°, 62.89°, 66.11°, 67.93°, and 69.01°. These diffraction peaks’ positions indicate the hexagonal wurtzite ZnO structure, since they correlate with the (1 0 0), (0 2 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2 0 0), (1 1 2), and (2 0 1) crystal planes, respectively, based on JCPDS card No. (36-1451) [46]. The diffractogram showed patterns with no additional diffraction peaks rather than a graphite structure and a ZnO structure. The sample was free of any impurities. The diffraction data clearly show that ZnO NPs had good crystallinity, with a predicted Scherer formula crystallite size of 22.5 nm. In other words, when Ag NPs were produced and doped with ZnO/MWCNTs, new diffraction peaks appeared at 38.41°, 44.47°, and 64.32°, respectively, corresponding to (111), (200), and (220), respectively, of the crystal faces of the silver structure, which was consistent with JCPDS card No. (65-2871) of the hexagonal wurtzite of the Ag structure [47]. It was concluded that the hybrids of Ag NPs doped ZnO/MWCNTs maintained the new crystal structure of the metal Ag, ZnO, and carbon nanotubes, which would be essential to guarantee the distinctive crystal structure and outstanding performance.



Using XPS, we were able to learn about the nature of the bonds in an Ag-doped ZnO/MWCNTs composite, as shown in the XPS survey spectra of the as-prepared sample in Figure 3a, where the Zn, Ag, O, and C core level peaks can be detected [48]. Figure 3b–e display the high-resolution XPS spectra of Ag 3d, Zn 2p, C 1s, and O 1s, respectively. In Figure 3b, the Ag 3d peak was deconvolved into two peaks by Gaussian fitting of Ag 3d5/2 and Ag 3d3/2 with binding energies of 368.2 and 373.3 eV, respectively, suggesting the existence of silver in the composite [48]. Additionally, as can be seen in Figure 3c, the Zn 2p spectrum was deconvolved into two peaks by Gaussian fitting (Zn 2p3/2 and Zn 2p1/2), which emerged at 1021.8 and 1048.8 eV, respectively, suggesting the existence of zinc in the composite [48]. Moreover, the O 1s peak was deconvolved into three peaks by Gaussian fitting of C=O, C-OH, Zn-O, and ZnO-C, as shown in Figure 3d, which are located at 529.9, 530.2, 531.7, and 532.9 eV, respectively. The presence of the CNTs’ backbone structure, as indicated by the first two tangled peaks, and the interaction of ZnO or Ag with the structure of the CNTs, as indicated by the third and fourth peaks, are both confirmed by the spectra. These XPS measurements, together with the microscopic findings, point to ZnO development occurring on the CNTS walls (presumably via the creation of Zn–O–C bonds) [49], as has been reported for metal/CNTs or metal oxide/CNT composite materials. Additionally, oxygen is likely directly bonded to the CNTS structure through the formation of strong covalent bonds between carbon and oxygen atoms (no Zn–C bonding was detected), as evidenced by the presence of oxygen components in the high-resolution XPS C 1s spectrum and the presence of carbon components in the O 1s spectrum [50,51]. According to Figure 3e, the high resolution of the C 1s peak was deconvolved into six peaks by Gaussian fitting located at 284.8, 285.6, 286.4, 287.1, 289.7, and 291.5 eV, which are attributed to the C-C, C-OH, C=C, O=C–O, C-O-Zn, and C-Ag groups. The first four peaks were related to the functionalized graphite structure of CNTs, while the last two peaks showed that ZnO and Ag interacted with the CNT skeleton [27,52,53]. Using their respective high-resolution XPS spectra, the amounts of the three precursor elements (C, O, Zn, and Ag) in the final composite structure were calculated. The atomic percentages of carbon, oxygen, zinc, and silver were found to be 40.67%, 32.22%, 18.17%, and 8.94%, respectively.



Figure 4 is the image of the SEM morphological analysis and elemental analysis of MWCNTs, ZnO/MWCNTs nanocomposite, and Ag-doped ZnO/MWCNTs. It shows that the image of the MWCNTs sample has smooth tubular shapes of the carbon nanotube structure, while the image of the ZnO/MWCNTs nanocomposite shows the tubular shape of MWCNTs decorated with highly distributed particles grown on their outer shape, whereas the image of the Ag-doped ZnO/MWCNTs nanocomposite shows that the amount of the distribution of particles on the tubular structure was increased, and the rate of roughness was increased, which was certainly related to the ablation of Ag metals and the embedding of another nanostructured material from the Ag nanostructured material. Moreover, the energy-dispersive X-ray (EDX) spectroscopy was used to examine the chemical purity and elemental composition of MWCNTs, ZnO/MWCNTs, and Ag doped with ZnO/MWCNTs. The EDX spectrum of the produced Ag NPs doped with ZnO/MWCNTs. The binding energies of Zn are associated, while the binding energies of Ag and oxygen are related to ZnO. Moreover, the presence of C is related to CNTs. Therefore, the EDX spectrum confirms that the synthesized hybrid structure contains the components Ag, Zn, C, and O [54,55].



The generated samples’ optical characteristics have a significant impact on the photocatalytic activity. In this investigation, the effect of Ag NP doping and ZnO NP surface decoration on the optical characteristics of ZnO/MWCNTs was assessed using UV-VIS-NIR spectroscopy. The absorption spectra of three samples are shown in Figure 5a, showing Ag NPs doped with ZnO/MWCNTs exhibit the maximum light absorption in the 400–700 nm regions. The following equation can be used to calculate the products’ band gaps [56]:


αhu = A(αhu − Eg)n








where α, hv, A, and Eg are the absorption coefficient, photon energy, constant, band gap energy, respectively. For a hybrid structure to function as an indirect transition semiconductor, n must equal 1/2. To calculate the energy gap, the plot of (hv)1/2 versus photon energy will be drawn. Pure ZnO/MWCNTs and ZnO/MWCNTs doped with Ag NPs had an estimated band gap of around 3.15 eV and 3.05 eV, respectively, as mentioned in Figure 5b. These findings support the doping of Ag NPs into the ZnO/MWCNTs matrix, since they demonstrate that adding Ag NPs causes the band gap of ZnO/MWCNTs to decrease. Based on the previous studies, this is because of the impurity that was introduced into the ZnO grains and may have trapped electrons stimulated from the conduction band, leading to a narrowing of the band gap and a continuous energy level [57].




3.2. Adsorption Process


3.2.1. Affected Parameters of the Adsorption Process


The following test circumstances and parameters were used for optimizing the photocatalytic process, as 10–50 mg of the catalyst, 3–11 pH of the solution, 0–140 min of the reaction contact time, 5–110 mg/L of the RhB concentration, and 100 mL of the RhB comprised the reaction conditions.



The outcomes are displayed in Figure 6a. RhB was rapidly removed when the catalyst concentration was increased from 10 mg to 50 mg, rising from 12.44% and 35.29% of 10 mg to 40.01% and 95.53% of 40 mg for ZnO/MWCNTs and Ag-doped ZnO/MWCNTs, respectively. As the elimination percentage rises, the amount of pollutants that can be degraded per unit mass of the catalyst progressively reaches its maximum, and as the catalyst concentrations rise further, the ability to improve degradation efficiency is severely constrained. Therefore, in this experiment, a catalyst dosage setting of 40 mg is ideal [11,12].



In Figure 6b, by measuring the absorbance at 553 nm, the photocatalytic degradation of RhB utilizing the produced nanocomposite was assessed at various time intervals for 40 mg of the catalyst and at pH 10. With increasing irradiation time, a considerable decline in the RhB absorbance intensity at maximum 553 nm was seen, indicating a drop in dye concentration. According to a plot between the time and percent degradation efficiency of RhB, the deterioration effectiveness of RhB grows from 65.97% to 96.01% when the illumination time reaches 120 min and when the ZnO/MWCNTs decorated with Ag NPs is used [58,59,60,61].



According to research, industrial wastewater contains a wide range of pH values and plays a crucial role in the organic matter’s ability to decompose. Therefore, it is crucial to assess the effectiveness of the catalyst at various pH levels. A catalyst’s surface charge and the surface charge of organic dyes are both affected by pH, which also impacts how quickly the dye binds to the catalyst, and therefore, the rate of catalyst degradation. Therefore, using HCl and NaOH solutions to change the pH of the RhB solution, the impact of pH on the degradation process was investigated. Figure 6c demonstrates that the rate of degradation rose as the pH value increased, reaching a high (95%) at pH 11 (basic), starting to decline at pH 12 (80%), and reaching a minimum (20%) at pH 2 (acidic), which is also compatible with the literature. The catalyst and dye may repel each other electrostatically in acidic conditions where RhB occurs in cationic form (RhB+), which reduces the effect of dye degradation due to RhB+ being deprotonated when forming the zwitterion in basic media. So, the adsorption on the catalytic surface becomes difficult to be induced. In other words, at the fundamental conditions (above pH 11), the concentration of OH ions rises to the point where they cover the whole surface of the catalyst and leave it negatively charged. In this case, the adsorption process becomes easier due to the electrostatic attraction force produced from RhB+ and the negatively charged surface of the catalyst. So, the attraction of the RhB by the catalyst surface increases. Moreover, the radical •OH is capable of being easily generated by hydroxide ions on the surface of the nanocomposite, leading to a logical enhancement of the photocatalytic process [62,63,64].



Different initial dye concentrations were used to study the impact of the initial dye concentration on the degradation efficiency of the synthesized nanocomposite (Figure 6d). The findings demonstrated that the degrading efficiency of the catalysts increased with increasing initial RhB concentration from 33.21% to 95.12% for Ag-doped ZnO/MWCNTs, with an increase in RhB from 5 mg/L to 110 mg/L, whereas it was noted that the rate was slightly increased with the concentration increase, and this may be related to two factors: (i) as the dye concentration is increased, a high number of RhB molecules will accumulate on the catalyst’s surface, preventing more of the dye molecules from reaching the surface; Second, (ii), when the dye molecules replicate, there will not be any available active sites for reaction. So, the increase rate would be slowed down [4,65,66,67].




3.2.2. Kinetic Study


The photocatalytic activity of ZnO/MWCNTs and their doping with Ag NPs to decompose RhB when exposed to light is depicted in Figure 7. After 120 min of ultraviolet exposure, compared to the pure ZnO/MWCNTs, Ag NPs doped MWCNTs have a higher photocatalytic degradation rate. MWCNTs, on the other hand, have a low photocatalytic activity in both regions. As a result, due to pure ZnO/MWCNTs having around 3.2 eV band gap, pure ZnO/MWCNTs can only be stimulated under UV light (376 nm). On the other hand, Ag NPs doped ZnO/MWCNTs exhibit improved photocatalytic capabilities in visible light, which is attributed to the narrowing of the band gap in comparison to pure ZnO/MWCNTs. Additionally, the photocatalytic activities of pure ZnO/MWCNTs and those doped with Ag NPs were compared using the results of the kinetic investigation. The reaction rate constants (k) can be determined by fitting the experimental data with the following pseudo-first-order reaction model [68,69,70]:


Ln (Ct/Co) = kt








where the initial RhB concentration, the RhB concentration at time t, and the first-order rate constant are represented by Co, Ct, and k, respectively. Figure 7 shows that the estimated data may be successfully fitted with the pseudo-first-order model. The rate constants for pure ZnO/MWCNTs and their decoration are 0.01098 min−1 and 0.03056 min−1, respectively, indicating the more significant photocatalytic activity of Ag-doped MWCNTs in comparison to the pure MWCNTs, while the degradation of RhB dye is almost negligible under UV light irradiation in the absence of the photocatalyst, demonstrating the potential of ZnO/MWCNTs before and after embedding with Ag as a catalyst for the photocatalytic degradation of organic dyes. Moreover, the concentrations of RhB remain almost constant and almost negligible throughout the experiment in the presence of the photocatalyst (Ag-doped ZnO/MWCNTs) and in the absence of the catalyst [71]. The performance of the Ag-doped ZnO/MWCNTs nanocomposite in comparison with some representative materials reported in previous works was tabulated in Table 1.




3.2.3. Mechanism


Based on the experimental results, a suggested and schematic description of the photocatalytic activity of Ag NPs doped with ZnO/MWCNTs to destroy RhB under UV light was put forward. The pure ZnO/MWCNTs were unable to produce electron–hole pairs. The absorption of UV light generates electron–hole pairs in the nanocomposite particles. The holes react with the adsorbed H2O molecules to create •OH, while the electron reduces O2 and generates O2•, H2O2, and •OH. The superoxide radicals (•O2) and the photo-generated holes in the valence band (VB) have the potential to destroy RhB directly or indirectly by reacting with water to produce hydroxyl radicals (•OH). In addition, the photo-generated holes in the valence band (VB) have the potential to destroy RhB directly or indirectly by reacting with water to produce hydroxyl radicals (•OH) [73,74]. The radical-trapping experiment was mentioned in the schematic diagram of degradation of RhB in Figure 8.




3.2.4. Reusability


In addition, the photocatalyst’s stability and usability are critical in real-world applications. As a result, after five consecutive cycles of UV irradiation (Figure 9), the photocatalytic performance of ZnO/MWCNTs with decorating Ag NPs was examined. The results showed that the photocatalytic performance of Ag NPs doped ZnO/MWCNTs was greater than 80% after five subsequent cycles, indicating its stability and reusability for practical applications. The losses in the degradation efficiency of the prepared nanocomposite in the reusability experiments were due to a decrease in the active sites on the nanocomposite’s surface from using NaOH, which peeled its active areas, leading to the tendency of the catalyst to agglomerate, mass loss, and some disintegration during the recovery process of the catalyst [75].






4. Conclusions


In conclusion, we successfully prepared a new and sophisticated form of ZnO/MWCNT embedded with Ag nanoparticles. A dual procedure of pulsed laser ablation in liquid medium was successfully used to fabricate Ag-doped ZnO/MWCNTs, which might be used as an RhB-degradable catalytic material. ZnO/MWCNTs were created using the PLA of a Zn target immersed in f-MWCNTs, which served as a solvent and matrix source for a further PLA of Ag immersed in the ZnO/MWCNTs solution that was created in the first PLA process. Notably, no extra reducing agents or surfactants were required in the synthesis. To characterize the produced materials, XRD, UV-vis, FE-SEM, XPS, and EDX were used. After that, the adsorption study showed that the effective RhB degradation from aqueous solutions was accomplished by the adsorbent, with an even better removal at low concentrations of about 40 mg/L of the adsorbent. According to the research, the adsorption is pH dependent, with pH 11 producing the greatest clearance. The removal process was controlled using pseudo-first-order rate kinetics. According to the adsorption results, RhB may be effectively removed from aqueous solutions using a hybrid composed of Ag-doped ZnO/MWCNTs.







Author Contributions


Conceptualization, A.M.M., T.A.A. and E.A.M.; methodology, S.M.A., R.A.R., E.A.M. and F.H.A.; software, H.A.A., T.A.A., F.H.A., R.A.R. and A.M.M.; formal analysis, A.M.M. and H.A.A.; investigation, A.M.M., R.A.R., R.A.P., S.M.A. and E.A.M.; resources, T.A.A., E.A.M. and F.H.A.; data curation, H.A.A.; writing—original draft preparation, A.M.M., E.A.M. and H.A.A.; writing—review and editing, F.H.A., R.A.R. and R.A.P.; visualization, A.M.M., E.A.M. and R.A.R.; supervision, A.M.M.; project administration, A.M.M., T.A.A. and F.H.A.; funding acquisition, F.H.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Princess Nourah bint Abdulrahman University Researchers Supporting Project number (PNURSP2022R71), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors express their gratitude to Princess Nourah bint Abdulrahman University Researchers Supporting Project number (PNURSP2022R71), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia. Additionally, the authors would like to thank the Deanship of Scientific Research at Umm Al-Qura University for supporting this work by Grant Code: (22UQU4320141DSR60).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Velidandi, A.; Pabbathi, N.P.P.; Baadhe, R.R. Study of parameters affecting the degradation of rhodamine-B and methyl orange dyes by Annona muricata leaf extract synthesized nanoparticles as well as their recyclability. J. Mol. Struct. 2021, 1236, 130287. [Google Scholar] [CrossRef]

	



Hu, C.; Le, A.T.; Pung, S.Y.; Stevens, L.; Neate, N.; Hou, X.; Grant, D.; Xu, F. Efficient dye-removal via Ni-decorated graphene oxide-carbon nanotube nanocomposites. Mater. Chem. Phys. 2021, 260, 124117. [Google Scholar] [CrossRef]

	



Wang, Y.; Jiang, F.; Chen, J.; Sun, X.; Xian, T.; Yang, H. In Situ Construction of CNT/CuS Hybrids and Their Application in Photodegradation for Removing Organic Dyes. Nanomaterials 2020, 10, 178. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Wang, Y.; Lu, H.; Li, X. Preparation of CoFe2O4–P4VP@Ag NPs as effective and recyclable catalysts for the degradation of organic pollutants with NaBH4 in water. Int. J. Hydrogen Energy 2020, 45, 16080–16093. [Google Scholar] [CrossRef]

	



Chen, Y.; Qian, J.; Wang, N.; Xing, J.; Liu, L. In-situ synthesis of CNT/TiO2 heterojunction nanocomposite and its efficient photocatalytic degradation of Rhodamine B dye. Inorg. Chem. Commun. 2020, 119, 108071. [Google Scholar] [CrossRef]

	



Ait-Touchente, Z.; Khalil, A.M.; Simsek, S.; Boufi, S.; Ferreira, L.F.V.; Vilar, M.R.; Touzani, R.; Chehimi, M.M. Ultrasonic effect on the photocatalytic degradation of Rhodamine 6G (Rh6G) dye by cotton fabrics loaded with TiO2. Cellulose 2020, 27, 1085–1097. [Google Scholar] [CrossRef]

	



Li, Y.; Lu, H.; Wang, Y.; Li, X. Deposition of Au nanoparticles on PDA-functionalized PVA beads as a recyclable catalyst for degradation of organic pollutants with NaBH4 in aqueous solution. J. Alloys Compd. 2019, 793, 115–126. [Google Scholar] [CrossRef]

	



Gai, G.; Wang, L.; Zhao, L.; Bi, F.; Xiao, S.; Zhao, G.; Zou, S. Facile electrospinning fabrication of nickel oxide nanotubes and their photocatalytic properties. J. Mater. Sci. Mater. Electron. 2017, 28, 7271–7276. [Google Scholar] [CrossRef]

	



Mohamed, M.M.; Osman, G.; Khairou, K. Fabrication of Ag nanoparticles modified TiO2–CNT heterostructures for enhanced visible light photocatalytic degradation of organic pollutants and bacteria. J. Environ. Chem. Eng. 2015, 3, 1847–1859. [Google Scholar] [CrossRef]

	



Guo, H.; Jiao, T.; Zhang, Q.; Guo, W.; Peng, Q.; Yan, X. Preparation of Graphene Oxide-Based Hydrogels as Efficient Dye Adsorbents for Wastewater Treatment. Nanoscale Res. Lett. 2015, 10, 272. [Google Scholar] [CrossRef]

	



Yan, Y.; Sun, H.; Yao, P.; Kang, S.-Z.; Mu, J. Effect of multi-walled carbon nanotubes loaded with Ag nanoparticles on the photocatalytic degradation of rhodamine B under visible light irradiation. Appl. Surf. Sci. 2011, 257, 3620–3626. [Google Scholar] [CrossRef]

	



Chen, M.-L.; Oh, W.-C. Photodegradation of organic dyes over nickel distributed CNT/TiO2 composite synthesized by a simple sol-gel method. Mater. Sci. 2011, 29, 112–120. [Google Scholar] [CrossRef]

	



Mostafa, A.M.; Mwafy, E.A. Laser-assisted for preparation Ag/CdO nanocomposite thin film: Structural and optical study. Opt. Mater. 2020, 107, 110124. [Google Scholar] [CrossRef]

	



Mostafa, A.M.; Mwafy, E.A. Synthesis of ZnO/CdO thin film for catalytic degradation of 4-nitrophenol. J. Mol. Struct. 2020, 1221, 128872. [Google Scholar] [CrossRef]

	



Alkallas, F.H.; Ahmed, H.A.; Alrebdi, T.A.; Pashameah, R.A.; Alrefaee, S.H.; Alsubhe, E.; Trabelsi, A.B.G.; Mostafa, A.M.; Mwafy, E.A. Removal of Ni(II) Ions by Poly(Vinyl Alcohol)/Al2O3 Nanocomposite Film via Laser Ablation in Liquid. Membranes 2022, 12, 660. [Google Scholar] [CrossRef]

	



Mostafa, A.M.; Mwafy, E.A.; Awwad, N.S.; Ibrahium, H.A. Synthesis of multi-walled carbon nanotubes decorated with silver metallic nanoparticles as a catalytic degradable material via pulsed laser ablation in liquid media. Colloids Surf. A Physicochem. Eng. Asp. 2021, 626, 126992. [Google Scholar] [CrossRef]

	



Mostafa, A.M.; Mwafy, E.A.; Awwad, N.S.; Ibrahium, H.A. Linear and nonlinear optical studies of Ag/Zn/ZnO nanocomposite thin film prepared by pulsed laser deposition technique. Radiat. Phys. Chem. 2021, 179, 109233. [Google Scholar] [CrossRef]

	



Mostafa, A.M.; Mwafy, E.A.; Toghan, A. ZnO nanoparticles decorated carbon nanotubes via pulsed laser ablation method for degradation of methylene blue dyes. Colloids Surf. A Physicochem. Eng. Asp. 2021, 627, 127204. [Google Scholar] [CrossRef]

	



Mostafa, A.M.; Menazea, A. Laser-assisted for preparation ZnO/CdO thin film prepared by pulsed laser deposition for catalytic degradation. Radiat. Phys. Chem. 2020, 176, 109020. [Google Scholar] [CrossRef]

	



Alkallas, F.H.; Ahmed, H.A.; Pashameah, R.A.; Alrefaee, S.H.; Toghan, A.; Trabelsi, A.B.G.; Mostafa, A.M. Nonlinearity enhancement of Multi-walled carbon nanotube decorated with ZnO nanoparticles prepared by laser assisted method. Opt. Laser Technol. 2022, 155, 108444. [Google Scholar] [CrossRef]

	



ElFaham, M.M.; Mostafa, A.M.; Mwafy, E.A. The effect of reaction temperature on structural, optical and electrical properties of tunable ZnO nanoparticles synthesized by hydrothermal method. J Phys Chem Solids. 2021, 154, 110089. [Google Scholar] [CrossRef]

	



Mostafa, A.M.; Mwafy, E.A.; Lotfy, V.F.; Basta, A.H. Optical, electrical and mechanical studies of paper sheets coated by metals (Cu and Ag) via pulsed laser deposition. J. Mol. Struct. 2019, 1198, 126927. [Google Scholar] [CrossRef]

	



Mostafa, A.M.; Lotfy, V.F.; Mwafy, E.A.; Basta, A.H. Influence of coating by Cu and Ag nanoparticles via pulsed laser deposition technique on optical, electrical and mechanical properties of cellulose paper. J. Mol. Struct. 2020, 1203, 127472. [Google Scholar] [CrossRef]

	



Mostafa, A.M.; Mwafy, E.A.; Awwad, N.S.; Ibrahium, H.A. Au@Ag core/shell nanoparticles prepared by laser-assisted method for optical limiting applications. J. Mater. Sci. Mater. Electron. 2021, 32, 14728–14739. [Google Scholar] [CrossRef]

	



Alkallas, F.H.; Toghan, A.; Ahmed, H.A.; Alrefaee, S.H.; Pashameah, R.A.; Alrebdi, T.A.; Mwafy, E.A.; Mostafa, A.M. Catalytic performance of NiO nanoparticles decorated carbon nanotubes via one-pot laser ablation method against methyl orange dye. J. Mater. Res. Technol. 2022, 18, 3336–3346. [Google Scholar] [CrossRef]

	



Altowyan, A.S.; Toghan, A.; Ahmed, H.A.; Pashameah, R.A.; Mwafy, E.A.; Alrefaee, S.H.; Mostafa, A.M. Removal of methylene blue dye from aqueous solution using carbon nanotubes decorated by nickel oxide nanoparticles via pulsed laser ablation method. Radiat. Phys. Chem. 2022, 198, 110268. [Google Scholar] [CrossRef]

	



Mwafy, E.A.; Mostafa, A.M.; Awwad, N.S.; Ibrahium, H.A. Catalytic activity of multi-walled carbon nanotubes decorated with tungsten trioxides nanoparticles against 4-nitrophenol. J. Phys. Chem. Solids 2021, 158, 110258. [Google Scholar] [CrossRef]

	



Abozied, A.M.; Mostafa, A.M.; Abouelsayed, A.; Hassan, A.F.; Ramadan, A.A.; Al-Ashkar, E.A.; Anis, A. Preparation, characterization, and nonlinear optical properties of graphene oxide thin film doped with low chirality metallic SWCNTs. J. Mater. Res. Technol. 2021, 12, 1461–1472. [Google Scholar] [CrossRef]

	



Alrebdi, T.A.; Ahmed, H.A.; Alkallas, F.H.; Mwafy, E.A.; Trabelsi, A.B.G.; Mostafa, A.M. Structural, linear and nonlinear optical properties of NiO nanoparticles–multi-walled carbon nanotubes nanocomposite for optoelectronic applications. Radiat. Phys. Chem. 2022, 195, 110088. [Google Scholar] [CrossRef]

	



Alamro, F.S.; Mostafa, A.M.; Ahmed, H.A.; Toghan, A. Zinc oxide/carbon nanotubes nanocomposite: Synthesis, characterization and catalytic reduction of 4-nitrophenol via laser assistant method. Surf. Interfaces. 2021, 26, 101406. [Google Scholar] [CrossRef]

	



Mostafa, A.M. The enhancement of nonlinear absorption of Zn/ZnO thin film by creation oxygen vacancies via infrared laser irradiation and coating with Ag thin film via pulsed laser deposition. J. Mol. Struct. 2021, 1226, 129407. [Google Scholar] [CrossRef]

	



Mostafa, A.M. Preparation and study of nonlinear response of embedding ZnO nanoparticles in PVA thin film by pulsed laser ablation. J. Mol. Struct. 2021, 1223, 129007. [Google Scholar] [CrossRef]

	



Altowyan, A.S.; Mostafa, A.M.; Ahmed, H.A. Effect of liquid media and laser energy on the preparation of Ag nanoparticles and their nanocomposites with Au nanoparticles via laser ablation for optoelectronic applications. Optik 2021, 241, 167217. [Google Scholar] [CrossRef]

	



Mostafa, A.M.; Mwafy, E.A.; Awwad, N.S.; Ibrahium, H.A. Catalytic activity of Ag nanoparticles and Au/Ag nanocomposite prepared by pulsed laser ablation technique against 4-nitrophenol for environmental applications. J. Mater. Sci. Mater. Electron. 2021, 32, 11978–11988. [Google Scholar] [CrossRef]

	



ElFaham, M.M.; Okil, M.; Mostafa, A.M. Effects of post-laser irradiation on the optical and structure properties of Al2O3 nanoparticles produced by laser ablation. J. Appl. Phys. 2020, 128, 153104. [Google Scholar] [CrossRef]

	



Al-Kadhi, N.S.; Pashameah, R.A.; Ahmed, H.A.; Alrefaee, S.H.; Alamro, F.S.; Faqih, H.H.; Mwafy, E.A.; Mostafa, A.M. Preparation of NiO/MWCNTs nanocomposite and its application for cadmium ion removal from aqueous solutions. J. Mater. Res. Technol. 2022, 19, 1961–1971. [Google Scholar] [CrossRef]

	



Alrebdi, T.A.; Ahmed, H.A.; Alsubhe, E.; Alkallas, F.A.; Mwafy, E.A.; Pashameah, R.A.; Toghan, A.; Mostafa, A.M. Synthesis of NiO-PVA nanocomposite by laser assisted-method and its characterization as a novel adsorbent for removal phosphate from aqueous water. Opt. Laser Technol. 2022, 156, 108526. [Google Scholar] [CrossRef]

	



Alamro, F.S.; Toghan, A.; Ahmed, H.A.; Mostafa, A.M.; Alakhras, A.I.; Mwafy, E.A. Multifunctional leather surface embedded with zinc oxide nanoparticles by pulsed laser ablation method. Microsc. Res. Tech. 2022, 85, 4, 1611–1617. [Google Scholar]

	



Mwafy, E.A.; Mostafa, A.M. Efficient removal of Cu (II) by SnO2/MWCNTs nanocomposite by pulsed laser ablation method. Nano-Struct. Nano Objects 2020, 24, 100591. [Google Scholar] [CrossRef]

	



Mwafy, E.A.; Mostafa, A.M. Multi walled carbon nanotube decorated cadmium oxide nanoparticles via pulsed laser ablation in liquid media. Opt. Laser Technol. 2019, 111, 249–254. [Google Scholar] [CrossRef]

	



Alamro, F.S.; Mostafa, A.M.; Abu Al-Ola, K.A.; Ahmed, H.A.; Toghan, A. Synthesis of Ag Nanoparticles-Decorated CNTs via Laser Ablation Method for the Enhancement the Photocatalytic Removal of Naphthalene from Water. Nanomaterials 2021, 11, 2142. [Google Scholar] [CrossRef]

	



Liu, Z.; Zhang, W.; Liang, Q.; Huang, J.; Shao, B.; Liu, Y.; Liu, Y.; He, Q.; Wu, T.; Gong, J.; et al. Microwave-assisted high-efficiency degradation of methyl orange by using CuFe2O4/CNT catalysts and insight into degradation mechanism. Environ. Sci. Pollut. Res. 2021, 28, 42683–42693. [Google Scholar] [CrossRef] [PubMed]

	



Kamali, N.; Mehrabadi, A.R.; Mirabi, M.; Zahed, M.A. Comparison of micro and nano MgO-functionalized vinasse biochar in phosphate removal: Micro-nano particle development, RSM optimization, and potential fertilizer. J. Water Process Eng. 2021, 39, 101741. [Google Scholar] [CrossRef]

	



Huo, J.-B.; Yu, G.; Wang, J. Adsorptive removal of Sr(II) from aqueous solution by polyvinyl alcohol/graphene oxide aerogel. Chemosphere 2021, 278, 130492. [Google Scholar] [CrossRef] [PubMed]

	



Howe, J.Y.; Rawn, C.J.; Jones, L.E.; Ow, H. Improved crystallographic data for graphite. Powder Diffr. 2003, 18, 150–154. [Google Scholar] [CrossRef]

	



Zhang, J.; Sun, L.; Liao, C.; Yan, C. A simple route towards tubular ZnO. Chem. Commun. 2002, 3, 262–263. [Google Scholar] [CrossRef] [PubMed]

	



Kalaivani, R.; Maruthupandy, M.; Muneeswaran, T.; Beevi, A.H.; Anand, M.; Ramakritinan, C.; Kumaraguru, A. Synthesis of chitosan mediated silver nanoparticles (Ag NPs) for potential antimicrobial applications. Front. Lab. Med. 2018, 2, 30–35. [Google Scholar] [CrossRef]

	



Li, M.; Huang, W.; Qian, W.; Liu, B.; Lin, H.; Li, W.; Wan, L.; Dong, C. Controllable Ag nanoparticle coated ZnO nanorod arrays on an alloy substrate with enhanced field emission performance. RSC Adv. 2017, 7, 46760–46766. [Google Scholar] [CrossRef]

	



Li, Z.; Yin, L. Sandwich-like reduced graphene oxide wrapped MOF-derived ZnCo2O4–ZnO–C on nickel foam as anodes for high performance lithium ion batteries. J. Mater. Chem. A 2015, 3, 21569–21577. [Google Scholar] [CrossRef]

	



Zhao, F.; Qian, W.; Li, M.; Li, W.; Chen, L.; Zhong, F.; Huang, W.; Dong, C. Directly grown carbon nanotube based hybrid electrodes with enhanced thermo-cell performances. RSC Adv. 2017, 7, 23890–23895. [Google Scholar] [CrossRef]

	



Yang, Z.-F.; Li, L.-Y.; Hsieh, C.-T.; Juang, R.-S. Co-precipitation of magnetic Fe3O4 nanoparticles onto carbon nanotubes for removal of copper ions from aqueous solution. J. Taiwan Inst. Chem. Eng. 2018, 82, 56–63. [Google Scholar] [CrossRef]

	



Kim, J.D.; Yun, H.; Kim, G.C.; Lee, C.W.; Choi, H.C. Antibacterial activity and reusability of CNT-Ag and GO-Ag nanocomposites. Appl. Surf. Sci. 2013, 283, 227–233. [Google Scholar] [CrossRef]

	



Mwafy, E.A.; Gaafar, M.; Mostafa, A.M.; Marzouk, S.; Mahmoud, I. Novel laser-assisted method for synthesis of SnO2/MWCNTs nanocomposite for water treatment from Cu (II). Diam. Relat. Mater. 2021, 113, 108287. [Google Scholar] [CrossRef]

	



Saravanakkumar, D.; Devi, S.U.; Sivaranjani, S.; Gnanasaravanan, S. Nano engineering, Applications, Structural investigation on synthesized Ag doped ZnO-MWCNT and Its applications. J. Nano Sci. Nano Eng. Appl. 2018, 8, 2321–5194. [Google Scholar]

	



Yousif, L.N.; Ibrahim, N.M.; Kamel, R.I.; Rahmah, M.I. Synthesis And Studied Structural and Morphological Properties of 1-Dimensional Zno-Ag2O-Ag Nanowire. IOP Conf. Ser. Earth Environ. Sci. 2022, 961, 012016. [Google Scholar] [CrossRef]

	



Basha, M.A.-F.; Mostafa, A.M. UV-induced macromolecular and optical modifications in gelatin solid films with transition metal chlorides. J. Mol. Struct. 2019, 1182, 181–190. [Google Scholar] [CrossRef]

	



Chan, Y.Y.; Pang, Y.L.; Lim, S.; Lai, C.W.; Abdullah, A.Z.; Chong, W.C. Biosynthesized Fe- and Ag-doped ZnO nanoparticles using aqueous extract of Clitoria ternatea Linn for enhancement of sonocatalytic degradation of Congo red. Environ. Sci. Pollut. Res. 2020, 27, 34675–34691. [Google Scholar] [CrossRef]

	



Zhu, J.; Zhang, X.; Qin, Z.; Zhang, L.; Ye, Y.; Cao, M.; Gao, L.; Jiao, T. Preparation of PdNPs doped chitosan-based composite hydrogels as highly efficient catalysts for reduction of 4-nitrophenol. Colloids Surf. A Physicochem. Eng. Asp. 2021, 611, 125889. [Google Scholar] [CrossRef]

	



Sharma, K.; Majhi, S.; Ali, M.; Singh, R.; Tripathi, C.S.P.; Guin, D. Fabrication of Reduced Graphene Oxide-Silver/Polyvinyl Alcohol Nanocomposite Film for Reduction of 4-Nitrophenol and Methyl Orange Dye. ChemistrySelect 2021, 6, 6071–6076. [Google Scholar] [CrossRef]

	



Cai, Y.; Yang, F.; Wu, L.; Shu, Y.; Qu, G.; Fakhri, A.; Gupta, V.K. Hydrothermal-ultrasonic synthesis of CuO nanorods and CuWO4 nanoparticles for catalytic reduction, photocatalysis activity, and antibacterial properties. Mater. Chem. Phys. 2021, 258, 123919. [Google Scholar] [CrossRef]

	



Yang, T.; Tang, Y.; Liu, L.; Gao, Y.; Zhang, Y. Cu-anchored CNTs for effectively catalytic reduction of 4-nitrophenol. Chem. Phys. 2020, 533, 110738. [Google Scholar] [CrossRef]

	



You-Ji, L.; Wei, C. Photocatalytic degradation of Rhodamine B using nanocrystalline TiO2–zeolite surface composite catalysts: Effects of photocatalytic condition on degradation efficiency. Catal. Sci. Technol. 2011, 1, 802–809. [Google Scholar] [CrossRef]

	



Byrappa, K.; Subramani, A.K.; Ananda, S.; Rai, K.M.L.; Dinesh, R.; Yoshimura, M. Photocatalytic degradation of rhodamine B dye using hydrothermally synthesized ZnO. Bull. Mater. Sci. 2006, 29, 433–438. [Google Scholar] [CrossRef]

	



Le, A.T.; Samsuddin, N.S.B.; Chiam, S.-L.; Pung, S.-Y. Synergistic effect of pH solution and photocorrosion of ZnO particles on the photocatalytic degradation of Rhodamine B. Bull. Mater. Sci. 2021, 44, 5. [Google Scholar] [CrossRef]

	



Zulfiqar, M.; Lee, S.Y.; Mafize, A.A.; Kahar, N.A.M.A.; Johari, K.; Rabat, N.E. Efficient Removal of Pb(II) from Aqueous Solutions by Using Oil Palm Bio-Waste/MWCNTs Reinforced PVA Hydrogel Composites: Kinetic, Isotherm and Thermodynamic Modeling. Polymers 2020, 12, 430. [Google Scholar] [CrossRef]

	



Shi, Y.; Xing, Y.; Deng, S.; Zhao, B.; Fu, Y.; Liu, Z. Synthesis of proanthocyanidins-functionalized Fe3O4 magnetic nanoparticles with high solubility for removal of heavy-metal ions. Chem. Phys. Lett. 2020, 753, 137600. [Google Scholar] [CrossRef]

	



Mukwevho, N.; Gusain, R.; Fosso-Kankeu, E.; Kumar, N.; Waanders, F.; Ray, S.S. Removal of naphthalene from simulated wastewater through adsorption-photodegradation by ZnO/Ag/GO nanocomposite. J. Ind. Eng. Chem. 2020, 81, 393–404. [Google Scholar] [CrossRef]

	



Sadegh, H.; Ali, G.A.; Makhlouf, A.S.H.; Chong, K.F.; Alharbi, N.S.; Agarwal, S.; Gupta, V.K. MWCNTs-Fe3O4 nanocomposite for Hg(II) high adsorption efficiency. J. Mol. Liq. 2018, 258, 345–353. [Google Scholar] [CrossRef]

	



Khan, M.M.R.; Akter, M.; Amin, K.; Younus, M.; Chakraborty, N. Synthesis, Luminescence and Thermal Properties of PVA–ZnO–Al2O3 Composite Films: Towards Fabrication of Sunlight-Induced Catalyst for Organic Dye Removal. J. Polym. Environ. 2018, 26, 3371–3381. [Google Scholar] [CrossRef]

	



Katheresan, V.; Kansedo, J.; Lau, S.Y. Efficiency of various recent wastewater dye removal methods: A review. J. Environ. Chem. Eng. 2018, 6, 4676–4697. [Google Scholar] [CrossRef]

	



Molla, A.; Sahu, M.; Hussain, S. Under dark and visible light: Fast degradation of methylene blue in the presence of Ag–In–Ni–S nanocomposites. J. Mater. Chem. A 2015, 3, 15616–15625. [Google Scholar] [CrossRef]

	



Hosseini, F.; Kasaeian, A.; Pourfayaz, F.; Sheikhpour, M.; Wen, D. Novel ZnO-Ag/MWCNT nanocomposite for the photocatalytic degradation of phenol. Mater. Sci. Semicond. Process. 2018, 83, 175–185. [Google Scholar] [CrossRef]

	



Rohilla, S.; Gupta, A.; Kumar, V.; Kumari, S.; Petru, M.; Amor, N.; Noman, M.T.; Dalal, J. Excellent UV-Light Triggered Photocatalytic Performance of ZnO.SiO2 Nanocomposite for Water Pollutant Compound Methyl Orange Dye. Nanomaterials 2021, 11, 2548. [Google Scholar] [CrossRef] [PubMed]

	



Saravanakkumar, D.; Oualid, H.A.; Brahmi, Y.; Ayeshamariam, A.; Karunanaithy, M.; Saleem, A.M.; Kaviyarasu, K.; Sivaranjani, S.; Jayachandran, M. Synthesis and characterization of CuO/ZnO/CNTs thin films on copper substrate and its photocatalytic applications. OpenNano 2019, 4, 100025. [Google Scholar] [CrossRef]

	



Kumar, N.; Mittal, H.; Alhassan, S.; Ray, S.S. Bionanocomposite Hydrogel for the Adsorption of Dye and Reusability of Generated Waste for the Photodegradation of Ciprofloxacin: A Demonstration of the Circularity Concept for Water Purification. ACS Sustain. Chem. Eng. 2018, 6, 17011–17025. [Google Scholar] [CrossRef]








[image: Membranes 12 00877 g001 550] 





Figure 1. Schematic structure of preparation of Ag-doped ZnO/MWCNTs nanocomposite. 
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Figure 2. XRD diffractogram of MWCNTs, ZnO/MWCNTs, and Ag-doped ZnO/MWCNTs nanocomposite. 
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Figure 3. (a) A survey scan of XPS patterns of Ag-doped ZnO/MWCNTs nanocomposite and its HR spectra of (b) Ag 3d, (c) Zn 2p, (d) O 1s, (e) C 1s. 
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Figure 4. SEM image. EDX analysis and mapping of Ag-doped ZnO/MWCNTs nanocomposite. 
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Figure 5. (a) Absorption spectrum of MWCNTs, ZnO/MWCNTs, and Ag-doped ZnO/MWCNTs nanocomposite and (b) their energy transition via Tauc relation. 
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Figure 6. Effect of (a) initial catalyst concentration, (b) contact time, (c) pH, and (d) dosage amount of RhB on the removal of RhB. 
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Figure 7. Absorption kinetic via pseudo-first order against RhB in the presence and absence of photocatalyst (ZnO/MWCNTs and Ag-doped ZnO/MWCNTs) and irradiation light. 
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Figure 8. Schematic illustration of the photocatalytic mechanism of the photocatalyst for degradation of RhB. 
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Figure 9. The usability of Ag-doped ZnO/MWCNTs as a catalytic degradable material against RhB. 
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Table 1. The catalytic degradation of different organic pollutants over other nanocomposite-based Ag/ZO/MWCNTs catalysts.
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	Pollutant
	Catalyst
	K (min−1)
	Physical Shape
	Ref.





	phenol
	1%CNT loaded with ZnO-Ag
	0.0045
	powder
	[72]



	phenol
	5%CNT loaded with ZnO-Ag
	0.0057
	powder
	[72]



	phenol
	10%CNT loaded with ZnO-Ag
	0.0068
	powder
	[72]



	phenol
	20%CNT loaded with ZnO-Ag
	0.0051
	powder
	[72]



	Methylene blue (MB)
	CNTs loaded ZnO/Ag
	0.0282
	powder
	[25]



	RhB
	Ag-doped ZnO/MWCNTs
	0.03056
	powder
	This study
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