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Abstract

:

The international challenges of water directed the scientists to face the environment-related problems because of the high concentrations of industrial pollutants. In this direction, the present study focuses on designing effective photocatalysts by explosive technique to use light as a driving force for removing industrial pollutants from water. These photocatalysts consist of gold, carbon species (nanotubes, nanofibers, and nanoparticles), and aluminum oxides. By controlling the explosive processes, two photocatalysts were prepared; one was based on carbon nanotubes and nanofibers combined with aluminum oxide, and the other contained the nanoparticles of both carbon and aluminum oxides. The Raman spectra, transmission electronic microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX), and mapping images confirmed the presence of these nanostructures in homogenous nanocomposites. The optical properties of the prepared nanocomposites were evaluated by UV–Vis absorbance, band gap energy, and photoluminescence (PL) measurements. The experimental results indicated that the presence of CNTs and CNFs led to a lowering of the band gap energy of the prepared nanocomposite to 2.3 eV. This band gap energy is suitable for obtaining an effective photocatalyst. This speculation was confirmed through photocatalytic degradation of the green dyes. The prepared photocatalyst caused a complete removal of the dyes from water after 21 min of light radiation. PL measurement indicated that the CNTs and CNFs have important roles in accelerating the photocatalytic degradation of the pollutants. A kinetic study confirmed that carbon nanotubes boosted the efficiency of the photocatalyst to accelerate the reaction rate of the photocatalytic decomposition of the green dyes more than four times faster than the photocatalyst based on the carbon nanoparticles. Finally, this study concluded that CNTs and CNFs are more favorable than carbon nanoparticles for designing effective photocatalysts to meet the special requirements of the markets of pollutant removal and water purification.
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1. Introduction


Environmental issues have made the current state of the world’s water supply dire. These issues became more dangerous because of the high concentrations of organic contaminants inside soil and plants in addition to the drinking water. Modern life and population growth have raised the risk of these issues. The scientists were prompted to face the international challenges of these environmental issues.



There are numerous drawbacks to the standard methods that are employed to deal with these issues. These standard methods are not efficient for all pollutants. Therefore, the photocatalysis technique is considered a benign solution for water-related problems because the light is the driving force in this technique for removing the pollutants. In this direction, several studies have used light to perform photocatalytic degradation processes for purifying water from industrial pollutants [1,2,3,4,5,6]. In these studies, the main objective of the researchers focused on designing effective photocatalysts to increase the performance of the photocatalytic processes [7,8,9,10,11,12]. The market significance of photocatalytic degradation techniques is diminished because of the limited applications and the drawbacks of conventional photocatalysts such as titanium oxides and zinc oxides. Consequently, alternative photocatalysts are required for photocatalytic processes in order to circumvent the limitations of traditional photocatalysts [13].



Using nanomaterials, a variety of methods have been employed to improve the efficiency of photocatalysts in the photocatalytic decomposition of contaminants in water. Carbon nanotubes were used to increase the efficiency of titanium oxides by preventing the recombination reaction [14]. Milidrag et al. [15] developed photocatalysts by combining titanium oxide with iron oxide nanoparticles to achieve 85% dye decolorization in water. In 2023, heterostructures of titanium oxides were prepared to raise the efficiencies of photocatalytic degradation for aspirin and methyl orange by 80–95% [16]. In the same year, Indira et al. [17] used a nanocomposite based on titanium oxide, cerium, and chitosan to achieve 95% RhB dye degradation. In 2024, nanoparticles of TiO2 were combined with the cement slurry to produce photocatalysts for degrading nitrogen oxides in vehicle exhaust [18]. By mixing zeolite with titanium oxide, 65% photocatalytic degradation of sulfamethoxazole was achieved after 120 min of UV irradiation [19]. Full photocatalytic degradation of methylene blue dye was achieved after 150 min of UV radiation using Zn-Ti oxides [20]. The photo-activity of titanium oxide was improved by mixing it with cellulose acetate nanofibers and biochar to enhance the photodegradation up to 95% [21,22]. Sifat et al. [23] reported that the photocatalysts titanium oxides and zinc oxides were effective for removing ~98% of crystal violet and triphenyl-methane dyes from water after 120 min of UV irradiation.



Recently, several studies confirmed the importance of the carbon species, such as graphene, graphite, carbon nanotubes, carbon nanofibers, and nanoparticles, for building effective systems for photocatalytic applications and solar cells [24,25,26,27,28]. Although the carbon species are useful for increasing the performance of photocatalysts, the cost and the morphology of the carbon species are important factors in producing the photocatalysts. The current study will deal with these two factors. The current study controlled the morphology of the carbon species and reduced the cost of production of carbon nanotubes and nanofibers. These carbon species are usually produced above 500 degrees through chemical vapor deposition (CVD) or plasma techniques. These techniques are expensive and lead to non-homogeneous composites because of the strong agglomeration of CNTs and CNFs produced from the van der Waals attraction among their sidewalls. The current study has used a new method for producing CNTs and CNFs at a lower temperature of 260 degrees and getting a homogenous distribution of CNTs and CNFs through alumina structure in addition to indicating the important role of CNTs through photocatalytic degradation of dyes.



Thus, the current study concentrates on dual-aim. The first aim is the fabrication of effective photocatalysts for purifying water from industrial pollutants after a short time of light radiation. The second one studies the effect of the morphology of carbon species (nanotubes, nanofibers, and nanoparticles) on photocatalytic degradation of industrial pollutants. In order to achieve this dual-aim, two photocatalysts were fabricated by explosive reactions. These reactions produced a homogeneous nanocomposite consisting of aluminum oxide nanoparticles combined with different kinds of carbon species. These nanocomposites were supported by gold nanoparticles to produce active photocatalysts and obtain fast removal of pollutants from water by light. X-ray diffraction, Raman spectra, transmission electron microscopy, energy-dispersive X-ray spectroscopy, and mapping images were used to characterize and identify the different kinds of nanostructures. In addition, the optical properties and parameters of the prepared photocatalysts were studied by UV–Vis spectroscopy. Furthermore, the optical activity and the efficiency of the photocatalysts were measured through photocatalytic degradation of the green dyes.




2. Results


2.1. Characterization of the Prepared Photocatalysts


The XRD patterns of the samples Au-ECTA based on ethanol and Au-MCTA based on methanol are displayed in Figure 1. For the sample Au-ECTA, a sharp peak was observed at 2θ 25.76° as shown in Figure 1a. This peak agrees with the d-spacing of 0.346 nm, which is due to the reflection of the plane (002) of graphite, characteristic of many carbon products such as carbon nanotubes (CNTs), carbon nanofibers (CNFs), and carbon nanoparticles [29]. The weak peak observed at high 2θ (53.31°) is due to the reflection of the plane (004), confirming the presence of carbon species. In addition, there is a weak peak at 2θ = 22.43° with d-spacing 0.396 nm. This peak indicates the presence of amorphous structure of aluminum oxide [30].



In the case of the sample Au-MCTA, similar crystalline structure was observed in Figure 1b. The main peak of the plane (002) is slightly shifted to be observed at 2θ = 25.55° with d-spacing 0.348 nm. Additionally, a slight shift was observed for the weak peak of aluminum oxide to be at 2θ = 22.53° with d-spacing 0.394 nm. The diffraction peaks corresponding to gold did not appear in the XRD diagram, indicating high dispersion of gold nanoparticles through the structure of carbon species and aluminum oxide. XRD results cannot identify the kind of carbon combined with aluminum oxide. Therefore, Raman spectra, TEM, and EDX techniques were used to indicate the main role of carbon species in building these nanocomposites, Au-ECTA and Au-MCTA.



Figure 2 shows Raman spectra of Au-MCTA and Au-ECTA. The Raman lines observed (black dashed line) at the positions 380 cm−1, 444.4 cm−1, 521.4 cm−1, 625 cm−1, and 796 cm−1 belong to Eg(TO), Eg(LO), Eg(LO), and A1(TO) of Al2O3 [31,32]. For aluminum oxide modes, the Raman peak located at 625 cm−1 is more intense in the case of Au-ECTA than Au-MCTA.



The Raman lines observed (red dashed line) at 1330 cm−1 and 1571 cm−1 belong to carbon phonon modes. It is known that CNTs have two bands labeled as G and D bands. Defects in carbon nanotubes or disorders created in the graphitic lattice are indicated by the “D” band. The tangential stretching modes of carbon nanotubes are the cause of the “G” band. Figure 2 shows the D band at 1330 cm−1. The D band of Au-MCTA is stronger than that of Au-ECTA. Additionally, the G band was observed at 1571 cm−1. The quality of nanotubes is sometimes assessed by comparing the intensity of the D band to that of the G band. Pure CNTs have an ID/IG ratio between 0.8 and 0.9 [33]. The ID/IG ratio for the nanocomposite ECTA was 0.4, suggesting a trace quantity of CNTs. The presence of CNTs with a lesser degree of graphitic ordering was confirmed by the ID/IG ratio of 1.1 for the nanocomposite MCTA.



TEM images show the nanostructure of the sample Au-ECTA in Figure 3. Figure 3a indicates that the sample Au-ECTA has nanoparticles. Additionally, there is no clear evidence for the presence of CNTs or CNFs. This means that aluminum oxide and carbon exist as nanoparticles. By magnification, Figure 3c shows the nanostructure of gold. It indicated that gold has a star shape with a size in the range of 50 nm. In addition, low dispersion of gold was observed in Figure 3c indicating three nano-stars of gold in the same spot. From HRTEM, the interplanar distance was extracted with the value of 0.22 nm, which corresponds to the (111) plane of gold as seen in Figure 3d. The SAED pattern clearly exhibits the rings that correspond to the (220) and (311) planes of gold as shown in Figure 3d (inset).



TEM images show the nanostructure of the sample Au-MCTA in Figure 4. Carbon nanotubes were clearly observed in Figure 4a. In addition, Figure 4a shows a combination of nanoparticles of aluminum oxide and carbon nanotubes. Furthermore, carbon nanofibers and aluminum oxide nanoparticles can be observed in Figure 4b. Figure 4c shows the presence of gold nanoparticles. At the same time, it indicated a high dispersion of gold over the surface of aluminum oxide. Depending on HRTEM, Figure 4d shows the interplanar distance at 0.22 nm, which is due to the plane (111) of gold. Additionally, the planes (220) and (311) of gold were observed in the SAED image as shown in Figure 4d (inset).



The point-mapping image in Figure S1 displays the scattered molecules of Al, O, C, and Au of the sample Au-ECTA. The color points represent molecules that are dispersed throughout a particular area. Furthermore, the yellow dots in the Al chart confirm the formation of aluminum oxide because they are situated in locations that resemble those of the red spots in the O chart. Additionally, the aluminum oxide structure is saturated with carbon species, according to the C chart. Additionally, the gold mapping image displays low Au nanoparticle dispersion, which is represented by blue dots on the Au chart.



The scattered molecules of Al, O, C, and Au of the sample Au-MCTA are shown in the point-mapping image in Figure 5, which shows them (the color points are molecules) distributed throughout the specific area. Additionally, the yellow points found in the Al chart are located in positions similar to those of the red points found in the O chart, confirming the formation of aluminum oxide. Additionally, the chart of C indicates that the aluminum oxide structure is saturated with carbon species. Furthermore, the mapping image of gold shows a high dispersion of Au nanoparticles, which is observed as blue points in the chart of Au.



Figure S2a shows the elemental composition of Au-ECTA and its EDX spectrum. EDX spectrum revealed a strong signal for carbon nanoparticles, agreeing with the TEM images. In addition, the presence of aluminum oxide was confirmed by strong peaks for both aluminum and oxygen at low energy. The strong peaks of carbon, aluminum, and oxygen confirmed the presence of a combination between the nanoparticles of carbon and nanoparticles. Small signals were observed in the spectrum of Au-ECTA. These small signals are due to the nanoparticles of gold. It should be noted that the Cu signal observed in the spectrum at high energy was attributed to the copper grid of the TEM testing setup. Additionally, the elemental composition of the sample Au-ECTA was detected by EDX analysis. Figure S2a (inset) indicated a high percentage of carbon agreeing with the strong peak of the carbon nanoparticles observed in the XRD diagram. The low percentage of gold, which is observed in the EDX analysis, indicates its low dispersion degree. Furthermore, EDX analysis showed that the atomic percentages of aluminum and oxygen are 8.94% and 23.63%, respectively indicating the presence of aluminum oxide (Al2O3).



For the sample Au-MCTA, Figure S2b shows the EDX spectrum and its elemental composition. Strong signals were observed for the aluminum and oxygen elements. In addition, Figure S2b shows the signal of carbon at low energy, confirming the presence of CNTs and CNFs inside the structure of aluminum oxide. The weak signals of gold were observed at low and high energy, indicating the low content of gold. The elemental composition of Au-MCTA confirmed the low atomic percentage of gold, 0.59%. The high atomic percentage of aluminum and oxygen (21.559% and 40.27%) indicated that the main structure of Au-MCTA is aluminum oxide. The atomic percentage of carbon (37.55%) confirmed the combination between aluminum oxide and carbon nanotubes and nanofibers.




2.2. Optical Properties and Photoluminescence Measurement


In order to examine and evaluate the optical parameters of the produced nanomaterials and their potential as active photocatalysts, the optical properties of Au-ECTA and Au-MCTA were investigated using UV–Vis absorbance spectroscopy. Figure 6 shows that the sample Au-ECTA exhibits a noticeable absorption in the visible and UV spectrums. Broadband was observed in the range of 200–800 nm with a maximum at 450 nm in the spectrum of the UV–Vis absorbance as shown in Figure 6a. This wide absorbance of Au-ECTA is due to the overlap between the absorbance of carbon and gold nanoparticles.



The energy of the band gap is the energy between the valence band and the conduction band. It is considered one of the most important parameters of photocatalysts. Depending on the absorbance factor (α), the band gap energy (E) could be assessed by using the following equation [34]:


(αhν)2 = constant (hν − Eg)



(1)







By plotting the values of the absorbance (αhν)2 against the values of the energy (hν) along the Y-axis and X-axis, the band gap energy was determined by extending a straight line toward the X-axis. Figure 6b shows the band gap energy of Au-ECTA. This band gap energy was 2.5 eV. This low band gap energy is favorable for photocatalytic reactions.



For Au-MCTA, the UV–Vis absorbance and the band gap energy were observed in Figure 7. The absorbance of Au-MCTA was observed in the UV region with a maximum of 300 nm and expanded to the visible region, exhibiting a maximum of 700 nm, as seen in Figure 7a. This optical behavior is due to the triple effect of the nanostructures of gold, CNTs, CNFs, and aluminum oxide. This triple-effect based on CNTs and CNFs caused more lowering for the band gap energy as shown in Figure 7b. Figure 7b indicates that the band gap energy of Au-MCTA is 2.3 eV. This band gap energy is very sensitive to light absorbance.



Figure 8 shows the photoluminescence (PL) spectra of Au-MCTA and Au-ECTA. The PL intensity is higher in the case of Au-ECTA than Au-MCTA. The latter confirms that Au-MCTA has a slower recombination rate than A-ECTA. This could be due to the presence of CNTs in the sample of Au-MCTA. The emission peak is located around 540 nm. The spectral range of this emission is extended to 770 nm. This emission could be due to trapping states existing in the alumina and carbon.



These obtained optical results suggest that Au-ECTA and Au-MCTA may be effective photocatalysts. Therefore, these nanomaterials will be examined in the field of water purification from industrial pollutants through photocatalytic degradation processes as shown in the next section.




2.3. Water Purification


Since the majority of dyes are not biodegradable, they are hazardous contaminants in water. In addition, the dyes’ low concentrations (less than 1 mg/L) are readily apparent in water. Thus, the removal of color from water is seen as an important issue [2,3]. Industrial pollution can be eliminated by using optical materials that convert hydrocarbons to carbon dioxide and water when exposed to light [35,36]. The light was utilized as a driving force to remove the Naphthol green B dyes from water using effective photocatalysts.



A UV–Vis spectrophotometer was used to measure the dye’s concentration with and without the photocatalyst after a few minutes of exposure to light. As seen in Figure 9 and Figure 10, the distinctive peak of the dye at 714 nm regularly decreased as the primary structures of the pollutants were progressively broken down. The additional peaks at 320 nm, 283 nm, and 232 nm also showed a comparable decrease, suggesting that the dyes’ core components had completely degraded.



Using a blank test, the stability of the green dye without photocatalysts was assessed by exposing it to light. By examining and comparing the photocatalytic degradation of the green dye with the time of light exposure, the photo-activity of the produced photocatalysts was ascertained. After mixing the green dye solution with the photocatalyst in the dark, the dye concentration was measured to assess the adsorption capacity of the utilized photocatalysts. When exposed to UV light and one of the manufactured photocatalysts, the green dye underwent photocatalytic degradation, as seen by the progressive loss of the pollutant’s green color. The obtained results are illustrated in Figure 9 and Figure 10.



The impact of Au-ECTA’s adsorption capacity on the concentration of NGB in the absence of light is depicted in Figure 9 at 0 min. The dye’s concentration did not alter because the two curves are identical, as seen in Figure 9. It suggests that the adsorption process had no effect on the dye removal. The longer the radiation period in the presence of light, the greater the photocatalytic breakdown of NGB. As seen in Figure 9, the green dye completely degraded within 53 min.



For Au-MCTA, Figure 10 shows that it has a clear adsorptive effect because 8% was removed by the adsorption process (without light). With light, the degradation process was accelerated to reach 100% after 21 min of light radiation. The light was very successful in completely removing the dyes from the water in a matter of minutes when Au-MCTA was used. As seen in Figure 10, the full degradation of the green dye in this case was achieved after 21 min of light exposure.



By detecting the reusability of the effective photocatalyst Au-MCTA, the high stability for the photo-activity was observed after repeating the photocatalytic processes by the same photocatalyst two times. These three cycles of photocatalytic reactions showed the same results. A complete disappearance of the green dyes happened after 21 min of light radiation.




2.4. Kinetic Study of the Photocatalytic Reactions


Kinetic models were used to determine the reaction rate of photocatalytic decomposition of the dyes using the photocatalysts Au-MCTA and Au-ECTA. According to the Langmuir–Hinshelwood mechanism, the decomposition reactions of the aqueous solution of dyes are considered bimolecular reactions because of the presence of two components, water and dye. Basically, the concentration of the dye strongly changes with time while the water concentration is constant. Therefore, the decomposition reactions of the aqueous solution of dyes assume monomolecular reactions, indicating first-order reactions.



In this way, the photocatalytic degradation reactions of the NGB dye were kinetically studied through the following relation: ln Co/Ct = kt. The values Co and Ct are the concentrations of the dyes at zero time and different times (t), respectively. The rate constant of the reaction (k) was determined by plotting the time against concentrations as seen in Figure 11. Figure 11a shows the linear relation of the decomposition of the dyes using Au-ECTA. This linear relation means that this process is a pseudo-first-order kinetic reaction. Additionally, Figure 11a shows that the rate constant of the reaction is 0.014 min−1. The linear relation of the decomposition reaction of the dyes using Au-MCTA is displayed in Figure 11b. The rate constant of the decomposition reaction was found to be 0.064 min−1. The comparison between Au-MCTA and Au-ECTA indicated that CNTs and CNFs boosted the efficiency of the photocatalyst to accelerate the reaction rate of the photocatalytic decomposition of the green dyes more than four times faster than the photocatalyst based on the carbon nanoparticles.





3. Discussion


The fast photocatalytic degradation of the green dyes in the presence of light showed the excellent activity of the prepared Au-MCTA. The high performance of Au-MCTA and Au-ECTA can be explained through the unconventional technique for building effective photocatalysts. The support of gold nanoparticles and the growth of carbon nanotubes or nanoparticles with aluminum oxide nanoparticles created three factors for accelerating photocatalytic reactions.



Because gold has a broad spectrum of light absorption and can function as an electron trap, the first factor is the presence of gold nanoparticles, which have numerous beneficial impacts on the photocatalysts. It can also act as a light-trapping receptor due to its prominent surface plasmon resonance (SPR) peak. A locally enhanced electric field is then produced close to the gold nanoparticles as a result of the photoexcitation of the SPR peak. Additionally, SPR extends light absorption to longer wavelengths and increases light dispersion.



The second factor depends on the growth of carbon species with aluminum oxide nanoparticles through explosive reactions. The good incorporation of aluminum oxide with the crystalline structure of carbon species created new optical active centers inside the photocatalysts Au-MCTA and Au-ECTA and caused a reduction in their band gap energy to be effective in light because of the low band gap energy of T-carbon (2.273 eV) [37]. Therefore, the band gap energy of aluminum oxide nanoparticles decreased from 4.43 eV (pure aluminum oxide nanoparticles) to 2.5 eV for Au-ECTA and 2.3 eV for Au-MCTA.



The third factor is due to the morphology of the carbon species. In the case of the carbon nanotubes and nanofibers, they were very effective in increasing the performance of the photocatalyst Au-MCTA to purify water from the green dyes after 21 min of light radiation. However, for the carbon nanoparticles, their effects were not very high because the photocatalyst Au-ECTA purified water after 53 min of light radiation.



The following photocatalytic mechanism demonstrates how the morphology of carbon species became a driving force for increasing the production of oxidizing agents and accelerating the decomposition of pollutants. The following crucial processes govern the mechanism of the photocatalytic degradation reactions.


Light radiation process: Catalyst + Light → h+ + e−



(2)






Electrons accumulation process: e− → Conduction band



(3)






Re-combination process: h+ + e− → Catalyst



(4)







In the light radiation process (Equation (2)), the electrons in the valence band of the photocatalyst are excited by light to jump to the conduction band. At the same time, the holes are separated from the electron and remain in the valence band. Both Au-ECTA and Au-MCTA accelerated this process through their low band gap energies (2.5 eV and 2.3 eV) and the gold effect. Note that the CNTs and CNFs in Au-MCTA are more effective for accelerating this process than those in Au-ECTA because the band gap energy of Au-MCTA (2.3 eV) is the lowest.



In the electron accumulation process (Equation (3)), the excited electrons are collected in the conduction band. In case of the presence of a lot of electrons in the conduction band, the electrons start to return again to the valence band. In the re-combination process (Equation (4)), the electrons are re-joined with holes in the valence band to slow down the photocatalytic process. Therefore, these electron accumulation and re-combination processes must be prevented to accelerate photocatalytic reactions. The photocatalyst Au-MCTA could stop and prevent the electron accumulation process by the carbon nanotubes and nanofibers. The carbon nanotubes and nanofibers are good conductors for electrons. Thus, they act as wires for transferring the electrons from the conduction band to other spots. This action was effective in preventing the electron accumulation and recombination processes by using the photocatalyst Au-MCTA. This behavior was confirmed by PL measurements. For the photocatalyst Au-ECTA, this action was weak because the carbon nanoparticles have a restricted area to transfer the electrons to other spots. Therefore, the photocatalyst Au-ECTA makes it difficult to prevent electron accumulation and recombination processes. Therefore, the photocatalyst containing the CNTs and CNFs is favorable for photocatalytic processes. In this line, the presence of CNTs and CNFs induces two important advantages for the photocatalyst Au-MCTA better than the photocatalyst Au-ETCA. By accelerating Equation (2) and preventing Equations (3) and (4), the photocatalyst Au-MCTA produced a lot of oxidizing agents through accelerating the separation process between the holes and the electrons. Additionally, the holes react with the water molecules to produce highly oxidizing agents, free radicals of hydroxyl groups (•OH). At the same time, the photo-generated electrons attack the oxygen molecules, which are adsorbed on the surface of the photocatalyst or dissolved in water to produce strong oxidizing agents, superoxide radical anion (•O2−) as shown in Figure 12.



In the schematic representation of the high performance of Au-MCTA, the excited electrons are quickly transferred through the carbon nanotubes to other sites, preventing the accumulation and recombination processes. In addition, Figure 12 shows many sources for producing oxidizing agents to accelerate the photocatalytic degradation of the dyes. After the adsorption of the dye molecules on the photocatalyst surface, the hydroxyl radicals (•OH) and the superoxide radicals (•O2−) reacted to produce adducts, followed by fragmentation of the molecular structure into several intermediate species until the total mineralization that results in the disappearance of the dye and formation of CO2 and H2O.




4. Materials and Methods


4.1. Production of Explosive Materials


Aluminum nitrate nonahydrate (Al(NO3)3·9H2O; CAS 7784-27-2), ammonium bicarbonate (NH4HCO3; CAS 1066-33-7), and cetyltrimethyl ammonium bromide (CTAB; CAS 57-09-0) were supplied by Sigma Aldrich (St. Louis, MO, USA). Ammonium nitrate is one of the explosive materials. It was prepared and combined with aluminum hydroxide through sol–gel method. First, 0.06 mol of aluminum nitrate and 0.0003 mol of CTAB were dissolved in deionized water to create one liter of aqueous solution. Drop by drop, an aqueous solution of ammonium bicarbonate (10 wt.%) was added while being constantly stirred until the gel was formed. Following an additional hour of stirring, the white gel was filtered and vacuum-dried at room temperature.




4.2. Explosive Reactions and Nanostructures Growth


Ethyl alcohol (CAS 64-17-5) and methyl alcohol (CAS 67-56-1) were purchased from Sigma Aldrich. Two ways were used to produce different kinds of carbon species. The first way relied on ethyl alcohol as a source of carbon. In the second way, methyl alcohol was the source of carbon. 25 g of the prepared dried gel was mixed with 250 mL of ethanol to prepare the first sample. Then, the mixture was placed in a pressurized vessel equipped with a temperature controller unit. The explosive reactions were performed inside the autoclave under supercritical conditions (temperature = 260 °C and pressure = 90 bar). At the end of reactions, the vapors of the solvent were removed from the autoclave through flowing inert gas. The first product was coded by ECTA. The second sample was prepared through mixing 25 g of the prepared dried gel with 250 mL of methanol. By following the same procedure, the second product was coded by MCTA.




4.3. Dry Impregnation of Gold Loading


The supplier of the gold nanoparticles was Nanoimmunotech Inc. in Vigo, Spain. Ten milliliters of water were mixed with 0.5 mM of gold. The gold nanoparticles have a diameter of about 50 nm. The prepared samples ECTA and MCTA were supported by the gold nanoparticles using the dry impregnation process. To add 1 wt.% of gold to the final product, 10 mL of the gold aqueous solution was usually impregnated into one gram of the sample. At room temperature, the impregnation process was accomplished by stirring for 30 min. Ultimately, the products were vacuum-dried for 36 h. Au-ECTA and Au-MCTA were used to code the final products.




4.4. Characterization of the Prepared Samples


The crystalline structures were determined by X-ray powder diffraction (XRD) using a Rigaku RINT 2200 (Tokyo, Japan) with angles of 2θ = 4–60°. For imaging and determining elemental composition of the prepared samples, transmission electronic microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDX) were used through the equipment (JEOL, JEM-2100F, Tokyo, Japan) with a voltage of 200 kV. A confocal Raman microscope (HORIBA; LabRAM HR800, Longjumeau, France SAS) was used to measure Raman spectra at room temperature with a blue laser (He-Cd) with a wavelength of 442 nm. The optical parameters of the prepared nanomaterials were measured by the Shimadzu 3600 UV diffuse reflection technique (Shimadzu, Columbia, MD, USA). To measure solids, an ISR-603 spectrophotometer (Integrated Ball Attachment, Shimadzu, Columbia, MD, USA) was used. In order to measure liquid samples, absorption coefficients were measured by conventional UV/VIS.




4.5. Photocatalytic Degradation Processes


The photocatalytic reactions were conducted inside the quartz immersion well reactor (RQ400) using a mercury lamp (400 W) to assess the photo-activity and efficiency of the prepared photocatalysts. Numerous UV and visible wavelengths are covered by this lamp. An aqueous solution of the green dye NGB (Naphthol green B) was made for the current investigation at the proper concentration of 0.0004 M. Naphthol green B is a synthetic dye used for industrial purposes such as coloring wool, nylon, paper, and soap. It has a coordination complex with chemical formula C30H15FeN3Na3O15S3. Two simple experiments were conducted to test the stability of the dye toward light and the adsorption process. The first experiment is without a photocatalyst, and the other is without light. The standard experiment followed the characteristic band in the dye spectrum to determine its concentration according to the Beer–Lambert law. The green band color of the NGB feature at 714 nm was used to track the concentration change. At various periods of UV irradiation, small amounts of the solution were withdrawn to measure through UV spectrophotometer to determine the concentration of the residual dye in the mixture.





5. Conclusions


Multiple objectives were achieved in the current study, such as the fabrication of novel and effective photocatalysts, the purification of water in a short time, and a new method for producing carbon nanotubes and nanofibers. TEM and mapping images showed two different nanostructures of photocatalysts depending on the morphology of the carbon species produced from the explosive reactions. EDX analysis and Raman spectra indicated that CNTs and CNFs were grown inside the structure of aluminum oxides when the explosive reaction occurred in the presence of methyl alcohol. On the other side, carbon nanoparticles were formed through an explosive reaction of ethyl alcohol. After supporting gold nanoparticles over aluminum oxide, the optical properties of both CNTs and CNFs caused a positive effect in decreasing the band gap energy to 2.3 eV. In addition, PL measurement indicated the important role of CNTs and CNFs in accelerating photocatalytic degradation of the green pollutants through preventing the recombination reaction between the excited electrons and holes inside the photocatalyst. Therefore, the photocatalyst based on CNTs and CNFs caused a complete removal of the green dyes from water after 20 min of light radiation. These results are attractive for designing effective photocatalysts to meet the special requirements of the markets of pollutant removal and water purification.
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Figure 1. XRD patterns of (a) Au-ECTA and (b) Au-MCTA. 
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Figure 2. Raman spectra of Au-MCTA (black line) and Au-ECTA (red line). 
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Figure 3. TEM images of Au-ECTA: (a) at 200 nm, (b) 100 nm, (c) 20 nm, and (d) SAED images. 
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Figure 4. TEM images of Au-MCTA: (a) the first location, (b) the second location, (c) the third location, and (d) SAED images. 
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Figure 5. Mapping images of Au-MCTA. 
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Figure 6. Optical properties of Au-ECTA: (a) the absorbance spectrum and (b) the band gap energy. 
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Figure 7. Optical properties of Au-MCTA: (a) the absorbance spectrum and (b) the band gap energy. 
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Figure 8. Photoluminescence (PL) spectra of the photocatalysts. 
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Figure 9. Absorbance spectra of the green dyes with different irradiation times in UV light in the presence of Au-ECTA. 
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