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Abstract

:

This paper reports on the manufacture of ZnO nanoparticles (ZnO NPs) from Prosopis juliflora leaf extracts. Various methods of characterization were used, including X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FT-IR), scanning electron microscope (SEM), and transmission electron microscope TEM. ZnO NPs has a hexagonal wurtzite structure with a preferred orientation of 101 planes, according to XRD. The functional groups found in ZnO NPs isolated from leaves are responsible for the FT-IR peaks that correspond to them. The morphology of the produced nanoparticles is a sphere-like form, as shown in the SEM pictures. TEM examination revealed ZnO NPs with a size of 50–55 nm. These ZnO NPs were used to remediate pollutants in paper mill effluents, and they were able to remove 86% of the organic pollutants from the sample at 0.05 mg/L dose and reduce 89% of the organic pollutants during a 5-h reflex time. Meanwhile, for the photocatalysis of paper mill effluents, it has been noted that COD was removed by 74.30%, 63.23%, and 57.96% for the first, second, and third cycles, respectively.
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1. Introduction


Environmental risks involved with harmful pollutants that exist in effluents are one of the most important concerns facing modern society [1]. Wastewater discharge from urban industrial activity is considered as a major pollutant source in natural habitats [2]. The paper industry is classified as one of the most water-use and wastewater-producing industries [2,3,4]. Paper mill effluent contains a high concentration of contaminants as pathogens, and heavy metals, as well as chlorinated organics, lignin, aromatic hydrocarbons, unsaturated fatty acids. which cause aquatic and non-aquatic life to deteriorate [2,3,5]. As a result, untreated paper mill effluent poses harm to the natural environment, requiring the development of a treatment approach. Chemical decomposition, coagulation, adsorption, and biological processes, as well as UV radiation disinfection, are applied for treating paper mill effluent [6]. These methods, however, have several significant drawbacks, chemicals used in chemical treatment operations, for example, have a high toxicity [7]. The reagents’ biocompatibility and biodegradability [3]. To combat the conventional limitations, nanotechnology has emerged as an alternative efficient and effective method for wastewater treatment [8]. The majority of nanomaterials research has concentrated on nanoparticles because they are easy to prepare. Metal nanoparticles have gotten a lot of considerable attention in recent decades because of their wide range of uses in medicine, biology, physics, chemistry, and materials science [9]. ZnO nanoparticles are recognized to be one of the more useful nano sizes. ZnO is important for industrial and medical applications due to its wide bandgap and strong excitonic binding energy [10].



Photocatalysis is a term that refers to the combination of photochemistry and catalysis [11]. It means that a chemical reaction should be started or accelerated with assistance of light and a catalyst. To put it another way, photocatalysis is the “a photoreaction that is accelerated in the presence of a catalyst”. This definition covers photosensitization, which is a process in which one chemical species undergoes a photochemical change because of radiation absorption by another chemical species known as the photosensitizer. As a result of the above, heterogeneous photocatalysis involves photoreactions that take place on a catalyst’s surface. The process is known as sensitized photoreaction when the adsorbate is first photoexcited before interacting with the catalyst substrate’s ground state. If the catalyst is photoexcited first and then interacts with the ground state adsorbate molecule, the process is called a “catalyzed photoreaction”. Heterogeneous photocatalysis refers to semiconductor photocatalysis or semiconductor-sensitized photoreactions in most cases [12]. Due to various disadvantages of conventional techniques, such as the use of harmful compounds, the requirement of extremely high temperatures, high cost, and time consumption, research has recently turned to the development of clean and ecologically friendly synthesis protocols [13]. Because of its simplicity and environmentally friendly nature, plant-mediated biological nanoparticle synthesis is becoming more popular. Zinc oxide nanoparticles are biosynthesized by plant leaf extract like as Calotropis gigantean [14], Acalypha indica [15], Parthenium hysterophorus [16], Hibiscus rosasinensis [17]. Azadirachta indica [18], and Punica granatum [19].



Prosopis juliflora (Sw.) D.C. (Fabaceae—Mimosoideae), often known as mesquite, velvet mesquite, or Ghaf Bahri, is a tropical and subtropical tree that is invasive in many tropical and subtropical areas, including North Africa and the Arab Gulf region [20]. P. juliflora (Sw.) D.C, is often used and promoted as a food source for livestock due to its abundance, palatability and high protein content [21,22]. The goal of this study synthesis of zinc oxide nanoparticles from the P. juliflora by the green route method and evaluation of its photocatalyst activity for the treatment of paper mill effluent.




2. Materials and Methods


Fresh P. juliflora were collected from a rangeland farm, (26°11′00.6″ N–32°44′46.2″ E), The leaves were dried in oven at 60 °C for 48 h. The taxonomic identification was made by the Herbarium of Botany and Microbiology Department, South Valley University. Zinc acetate dihydrate Zn(O2CCH3)2 (Lot # MKBQ7110v) was obtained from Sigma-Aldrich, UK. The paper mill effluent was obtained from the South Egypt paper industry.



2.1. Preparation of P. juliflora Extract


About 20 g of cleaned P. juliflora leaves were put in 200 mL of boiled distilled water for ∼1 h at 50 °C with a magnetic stirrer. After cooling to room temperature, the mixture was centrifuged for 10 min at 6000 rpm before being decanted. The extract was filtered through (Whatman No. 1 filter paper).




2.2. Synthesis of the Targeted Zinc Oxide Nanoparticles


The zinc salts (zinc acetate) (2.5 g), were completely dissolved in distilled water and then treated with plant extract in sun light using magnetic stirrer at 50 °C. However, there was an evident precipitate, indicating that any zinc complex formation was in the form of a suspension. Accordingly, the mixture was centrifuged at 6000 rpm for 10 min and washed one time with distilled water and one time with ethanol to get remove of any residual extract. The obtained powders were subjected to a heat treatment at 600 °C for 2 h.




2.3. Characterization of the Synthesized Zinc-Based Nano Particles


2.3.1. X-ray Diffraction (XRD)


X-ray diffraction was used to investigate the formation and quality of compounds. Synthesized zinc oxide NPs were centrifuged (1400 rpm; 8 °C) for 15 min, then washed three times in ethanol before being washed three times with sterile Milli-Q water. ZnO NPs were cleaned and pulverized using a ceramic mortar–pestle in a 60 °C oven. An X-ray diffractometer (X’Pert PROPAN Analytical, Europe) was used to analyze the powdered sample of characteristic Co-kα1 radiation (λ = 1.78 Å) in the range of 20° to 90° at a scan rate of 0.05°/min with the time constant of 2 s.




2.3.2. Fourier-Transform Infrared Spectroscopy (FT-IR)


FT-IR was used to identify the possible functional groups involved in zinc ion reduction and capping of reduced zinc oxide nanoparticles. Shimadzu’s infrared (IR) doublebeam spectrophotometer was used to record the FT-IR spectrum. The spectra of dried ZnO nanoparticles (NPs) was recorded in transmittance mode at a resolution of 4 cm−1 using the potassium bromide (KBr) pellet method in 1:30 ratios (NPs:KBr). The resulting peaks (stretching) were plotted on the Y-axis as the transmittance and the X-axis as the wave number (cm−1). The spectrum was recorded in the 500–4500 cm−1 wavenumber range and analyzed by removing the pure KBr spectrum.




2.3.3. Transmission Electron Microscopy (TEM)


Transmission electron microscopy (TEM) was used to examine the structural characteristics and particle size of zinc oxide nanoparticles (JEM-1230, JEOL, Akishima, Japan). The samples were placed on the carbon-coated copper grid for 1 min to form a thin coating. A filter paper was used to remove the extra liquid, which was then placed in a grid box in order.




2.3.4. SEM Analysis


Scanning electron microscopy (SEM) analysis was carried out using a Carl Zeiss Japan model machine. Thin film of nanoparticle powder sample was established on carbon-coated tape, a small amount of dried fine powder of the sample adhered to the grid, and blotting paper was used to remove any excess material. After 5 min under a mercury lamp, the film on the SEM grid was allowed to dry. The surface structure of biogenically produced ZnO NPs was determined by SEM analysis.




2.3.5. Energy-Dispersive X-ray Spectroscopy


The sample used for SEM was used as it was and the same instrument that was used. EDX analysis was carried out to determine the chemical purity, elemental composition, and stoichiometry of the synthesized zinc oxide nanoparticles.





2.4. Photocatalytic Experiments


With 0.05 g of ZnO NPs add to 100 mL pollutant (0.5 g/L), the action of photocatalysis of the produced ZnO nanospheres was studied under sunlight. To verify the adsorption efficiency, the experiment was first carried out in the dark for 1, 2, 3, 4, and 5 h with constant stirring. The reaction mixture was then kept under a sunlight radiation, to examine the photocatalytic activity. photocatalytic reactor was measured the value of chemical oxygen demand (COD). The initial value of paper mill water was 450 mg/L. Varying concentrations 100, 300, 500, 1000 and 1500 mg/L of the ZnO NPs. The shaking of the reaction system was carried out at 200 rpm for various time intervals (1, 2, 3, 5, and 6 h). The values of pollution indicators of paper mill effluents were measured before and after the adsorption process under all of the adsorption proposed approach is evaluated here, and then the percent reduction of pollution reduction (percent PR) was calculated as follows:


   %   P R =   P  R i  − P  R f    P  R i    × 100   








where    P  R i     is the value of pollution before starting the photocatalyst process, and    P  R f     is the value of pollution indicator after the contact with photocatalyst process for time t.




2.5. The Reusability of ZnO NPs


ZnO NPs were tested for their reusability as a photocatalyst for the degradation of COD. After the reaction, the ZnO NPs were separated by centrifugation at 10,000 rpm for 25 min, washed three times with doubly distilled water, dried for two min at 100 °C, and maintained for the next reaction [23].




2.6. Statistical Analysis


One-way analysis of variance (ANOVA) was used to test the statistical significance between groups. SPSS (San Diego, CA, USA) was used.





3. Results and Discussion


3.1. XRD


Figure 1 shows the powder X-ray diffraction pattern of ZnO. The XRD peaks had a specific line sharpness, indicating that the formed material particles had a good crystal structure. The presence of characteristic diffraction peaks in ZnO was proved by XRD patterns. Figure 1 depicts the X-ray diffraction (XRD) pattern required to validate the structure of ZnO NPs with a wurtzite structure. The crystalline nature of ZnO NPs is indicated by the intensity of peaks diffraction. The diffraction peaks at 31.69°, 34.34°, 36.18°, 47.51°, 56.53°, 62.78°, 67.84°, and 68.99° indicate (1 0 0), (0 0 2), (10 1), (1 0 2), (1 1 0), (1 0 3), (1 1 2) and (2 0 1) planes, respectively, of the ZnO similar to the standard data of the JCPDS card number: 36-1451. The calculated average crystalline size of the ZnO NPs was determined using Debye–Scherrer’s formula [24]:


t = 0.9λ/βCosθ



(1)




where λ is the wavelength, β is the full width at half maximum (FWHM), and θ is the diffraction angle. The calculated crystalline size of the ZnO NPs, the strain, and cell parameter are listed in Table 1. The crystallite size of prepared ZnO nanoparticles was calculated around 33 nm; additionally, the lattice parameters (a, c) were found to be about 3.25 and 5.2, respectively.




3.2. Structure Refinements


X-ray powder diffraction with the Rietveld refinement method was used to acquire the atomic locations, and the zinc site was shown to be connected to the oxygen content. The FULLPROF Rietveld type program was used to model the least-squares structural refinements. The observed, calculated, and various profiles for the final Rietveld refinement for biogenically produced ZnO nanoparticles are plotted in Figure 2. (NPs). The blue line in Figure 2 depicts the agreement between the observations and the model as the Rietveld refinements progressed. The analysis is carried out using the P63mc space group for the hexagonal Wurtzite structure. The pseudo-voigt function is used to fit the XRD data’s various parameters. The refining parameters of biogenically generated ZnO nanoparticles (NPs), the following parameters were determined and are listed in Table 2: occupancy, atomic functional position, crystal system, space group, cell parameter, and cell volume. The lattice parameters (a, c) were found to be around 3.22 and 5.2. The volume of the cell is 47.5 A. ZnO Nps has a hexagonal wurtzite structure and is extremely crystalline, according to the final Rietveld refinement study for the XRD pattern [25].




3.3. SEM Study and Nanoparticle


The typical SEM images of the sample at 10 μm and 2 μm are shown in Figure 3a,b. The photographs show the sample’s morphology, which is prone to aggregation due to the spherical and granular nature of the surface area to volume ratio for both resolutions. Because of the nanostructure’s bigger particle size, the dye attached to it has a larger surface area, allowing more light to be absorbed and captured. Furthermore, the ZnO format enables electrons to move across the cell in direct routes, enhancing the rate of energy conversion, shown in Figure 3.




3.4. TEM Study and Nanoparticle


Figure 4 shows TEM images of the produced ZnO Nps, which reveal a spherical morphology, all particles less than 75 nm in size, and some agglomerated particles. The particle diameters range from 45 to 75 nanometers. Figure 4b,c show the particle size distribution histograms for the nb-ZnO particle size and the Np-ZnO particle area, respectively. The average particle size of Np-ZnO is bigger, with an average size of 50–55 nm and an average area of 2000–3000 nm2. The TEM image of Np-ZnO in (Figure 4a) shows that the material has high crystallinity.




3.5. The Crystal Structure of Hexagonal Wurtzite ZnO NPs


The final Rietveld refinement settings were used to standardize crystal structure and fractional coordinates modeled by the VESTA (visualization for electronics and structural analysis) tool, as illustrated in Figure 5 [26] ZnO NPs have a well-known crystal structure of hexagonal wurtzite, which corresponds to the space group P63mc. The hexagonal unit cell of wurtzite has two lattice parameters, a and c, with a ratio of c/a = 1.6. (in an ideal wurtzite structure). Figure 5 shows a schematic representation of the wurtzitic ZnO structural model with the final Rietveld refinement parameters. The structure is made up of two interpenetrating hexagonal close packed (hcp) sublattices, each of which is made up of one kind of atom displaced by u = 3/8 = 0.375 along the three-fold of the c-axis, as shown in Table 2 (in fractional coordinates in an ideal wurtzite structure). The internal parameter u is the length of the link parallel to the c-axis (anion–cation bond length or nearest-neighbor distance) divided by the c lattice parameter.




3.6. FTIR Study


The existence of functional groups in the samples was confirmed by Fourier-transform infrared spectroscopy, which also revealed evidence of intramolecular and intermolecular interactions. Figure 6 showed the FT-IR spectral peaks of green technique manufactured ZnO-NPs in the range of 4000–500 cm−1. The typical vibrational mode of Zn-O bonding is given to a band at 634.5 cm−1. The asymmetry and symmetry vibrations of the –COOH group and C-N stretch, respectively, correspond to the peaks near 1413.6 cm−1 and 1064 cm−1. C=O stretching could be linked to the band at 1603 cm−1. The absorbed moisture [27] is responsible for the large peak at 3400 cm−1. The activity of P. juliflora leaf extracts identified a strong and high-intensity peak of Zn-O band generated by green manufactured nanoparticles.




3.7. Photocatalytic Studies


3.7.1. The Effect of Catalyst Dosage


The photocatalytic activity of ZnO NPs was estimated by measuring the reduction of paper mill aqueous solution under solar light irradiations. The experiments for the effect of catalyst dosage were carried out three times, each time using the same catalyst (n = 3). The effect of catalyst dosage on the % of COD reduction by ZnO NPs reveals the maximum COD reduction in paper mill effluent studied, as illustrated in Figure 7, by comparison with the majority previous studies, which have looked on the impact of catalyst loading on photocatalytic efficiency [28]. These findings showed that when the number of catalysts loaded rises, the photodegradation rate increases until it reaches an optimum dose (500 mg/L as shown in Figure 7). The reason for this may be because increasing the catalyst dosage increases the total surface area of the catalyst, the active surface area, and the number of reaction sites. As a result, the quantity of hydroxyl and superoxide radicals rose, making the degradation of organic pollutants easier. Hence, the percentage of degradation was increased. Because of the effects of light scattering and screening, the percentage of photodegradation decreases with greater loadings (>500 mg/L) when the photocatalyst dosage is higher than the optimum level. Furthermore, high catalyst dosage increases agglomeration (particle–particle interaction), limiting photo catalytic efficiency by reducing the amount of catalyst surface area available for light absorption and pollutant adsorption.



The shape, surface area, and crystallinity of a material are all known to play a role in its photocatalytic activity [29]. The photocatalytic activity of a material can be increased by increasing its surface area and crystallinity. Nonetheless, when the calcination temperature increases, the crystallinity of the material increases while the surface area of the material decreases. As a result, morphology could be a major determinant of the final degree-radiation efficiency. Sphere-shaped ZnO nanoparticles (Figure 4a) had a high removal efficiency, according to the findings. Saravanan et al. [30] found similar findings.




3.7.2. ZnO NPs Structure and Reflux Time Effects


As previously stated, the calculated average size for the prepared ZnO crystal is in the 50–55 nm range. The goal of preparing ZnO in the nanoscale range was motivated by the fact that the efficiency of photodegradation can be enhanced by advancements in ZnO structure. Because of its unique architectures and capabilities, ZnO nanostructure has sparked a lot of interest in photocatalytic research. Nanostructured ZnO has a nanoscale size and a larger surface area. The physicochemical qualities of a material with a high surface-to-volume ratio are better. Nano ZnO has a stronger surface effect and quantum effect, which means that it has a larger specific surface area and so has a higher photodegradation efficiency. The solution was eventually kept under sunshine with constant stirring to optimize photodegradation efficiency for the optimum dose, and aliquots of samples were collected at intervals of 1, 2, 3, 4, 5, and 6 h. As shown in Figure 8, the deterioration of the paper mill effluent increased with reflux time and peaked at 5 h. This may be due to prevent more of the light penetrating power, when the ZnO crystal complete interaction is enhanced, which saturated the rate of photodegradation. Furthermore, this behavior is sometimes explained as the reach by degradation to some complicated organic compounds which are more difficult to be oxidized by photocatalysis especially in the case of industrial wastes.



Rupa et al. [31] reported that the photocatalytic activity, the photodegradation of Congo red and methyl orange was maximum at 80 min of irradiation. Chauhan et al. [32] found that the photodegradation efficiency increased as the photocatalytic process is exposed to more light for longer periods of time.




3.7.3. Reusability Performance of ZnO NPs in Removal Efficiency of COD in Paper Mill Effluent


To address the catalysts’ reusability issue, the recovered catalyst was added with fresh paper mill water solutions after centrifugation. All of the experimental conditions were kept constant, and the procedures were repeated three times with fresh water from a paper mill. It was noticed that the recovered weight of catalyst is decreased gradually in each set due to the adherence of part of the catalyst on the container wall, thus the author settled for only four reusable sets. Therefore, after centrifugation, washing and drying the catalyst, the weight was decreased slightly but still could be collected and reused. Reusing ZnO NPs three times in the degradation of paper mill effluent was used to test their reusability. As demonstrated in Figure 9, the photocatalytic treatment of paper mill effluent with ZnO NPs reduces COD concentrations by 74.30%, 63.23%, and 54.96% for the first, second, and third cycles, respectively. Due to the larger number of active sites on the ZnO NPs surface available for efficient photon absorption, good COD removal efficiency is observed. However, the photocatalytic activity of ZnO NPs was reduced due to the photocorrosion effect that occurs when exposed to UV light. After three cycles, the photocatalysis of COD decreased by around 20%, indicating that ZnO NPs can be reused as an efficient photocatalyst numerous times because photo corrosion is negligible [33].






4. Conclusions


We successfully generated ZnO NPs utilizing a green synthesis approach in this study, involving aqueous Prosopis juliflora leaf extract. The hexagonal wurtzite structure of the nanoparticles was confirmed by XRD, with absorption bands in the FT-IR maximum at 5000 cm−1. The removal capacity of COD for three consecutive runs is also represented in this study. These results support the hypothesis that ZnO NPs could be reused multiple times. Based on the phytotoxicity analysis, it can be stated that photocatalytically treated paper mill effluent has been degraded to safer chemicals. Consequently, ZnO NPs have a lot of potential for photocatalysis of paper mill effluent.
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Figure 1. XRD-pattern of biogenically synthesized ZnO nanoparticles (NPs). 
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Figure 2. Rietveld refinement results of Hexagonal Wurtzite Structure of ZnO NPs. 
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Figure 3. (a) SEM image of (ZnO NPs) at 10 μm (b) SEM image of (ZnO NPs) at 2 μm. 
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Figure 4. TEM image (a) and the particle size distribution histogram (b) and the area distribution histogram (c). 
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Figure 5. Schematic model of a wurtzitic ZnO structure with lattice constants a, b and c. 
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Figure 6. FTIR spectra of ZnO-NPs. 
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Figure 7. Effect of catalyst dosage on % COD reduction by ZnO NPs (n = 3). 
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Figure 8. Effect of the contact time on % COD reduction by ZnO NPs (n = 3). 
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Figure 9. Reusability performance of ZnO NPs in removal efficiency of COD (n = 3). 
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Table 1. The lattice constant values for the samples.
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	Sample
	A
	C
	c/a
	Strain
	Crystallite Size





	ZnO
	3.2530
	5.2130
	1.079
	0.44
	33
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Table 2. Final Rietveld refinement parameter of Hexagonal wurtzite ZnO NPs.
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Compound

	
Space Group

	
a = b (Å)

	
c (Å)

	
α = β

	
γ

	
η = c/a

	
Cell Volume (Å)

	
Atom

	
x

	
Y

	
z






	
ZnO

	
P63mc

	
3.22

	
5.2

	
90°

	
120°

	
1.6

	
47.5

	
Zn

	
0.333

	
0.6667

	
0.000




	
O

	
0.333

	
0.667

	
0.375
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