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Abstract

:

The green preparation of metal oxide nanoparticles is an environmentally friendly method, which could reduce the use of toxic solvents and their impact on the environment. The purpose of this study is to investigate the green synthesis of zinc oxide (ZnO) nanoparticles using extracts of Hibiscus cannabinus leaves and to evaluate their potential applications in environmental remediation. In this work, ZnO nanoparticles were successfully prepared and thoroughly characterized using UV–vis, Fourier transform infrared analysis (FTIR), X-ray diffraction (XRD), transmission electron microscope (TEM) analysis, and scanning electron microscope (SEM) with energy dispersive x-ray analysis (EDAX). As a result, the synthesized ZnO nanoparticles showed a good adsorption capacity for Congo red (CR), and satisfactory antioxidant and antibacterial activities. They exhibited good adsorption and removal abilities for CR in aqueous solutions. With the conditions optimized, the adsorption kinetics and isotherms were fitted to the pseudo-second-order model and the Langmuir model. The ZnO nanoparticles could also effectively scavenge 2-2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azino-di(3-ethylbenzthiazoline sulphonate) (ABTS) radicals, and appeared to inhibit the growth of Escherichia coli and Staphylococcus aureus bacteria. Based on the identified adsorption capacity, the green synthesized ZnO nanoparticles demonstrated their potential to be used in the removal of dyeing wastewater and in the further purification of water due to their antioxidant activity and antibacterial activity.
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1. Introduction


With the rapid advancement of printing and dyeing technologies, synthetic dyes have been extensively utilized in various industries over the past few decades. Consequently, a significant amount of printing and dyeing wastewater is discharged into water bodies, constituting a substantial portion of industrial wastewater discharge [1]. This dyeing wastewater poses a severe threat in terms of water pollution due to its intense color, high toxicity, elevated organic pollutant content, and poor biodegradability of organic compounds [2]. Multiple approaches have been introduced for the treatment of dye wastewater, including physical methods (such as adsorption and membrane technology), chemical methods (including electrochemistry and advanced oxidation), and biological methods. Among these, physical methods are commonly used to treat water-soluble dyes due to their simplicity, cost-effectiveness, and notable decolorization efficacy [3].



Nanomaterials possess remarkable physicochemical properties and biocompatibility, rendering them highly valuable in the fields of biomedical, environmental, and energy research [4]. Zinc oxide (ZnO) nanoparticles are a new type of inorganic nanomaterial with various special properties, such as photocatalytic, antioxidant, antibacterial, and antifungal activities, which gives them significant value to various research fields [5]. Traditional synthesis methods for ZnO nanoparticles include the hydrothermal, sol–gel, chemical precipitation, and spray pyrolysis techniques [6]. Meanwhile, in recent years, green synthesis technology using plant extracts has become increasingly popular due to its simplicity, low costs, safety, non-toxicity, abundant raw materials, and environmentally friendly characteristics [7]. Plant extracts are readily available, inexpensive, and often contain significant amounts of reducing and capping agents, ensuring their suitability for large-scale production [8]. Dangana et al. prepared ZnO nanoparticles using extracts obtained from the leaves of Chaya Cnidoscolus aconitifolius and used them as nano fertilizers on Sorghum bicolour plants [9]. Elshafie et al. carried out the green synthesis of ZnO nanoparticles using Moringa oleifera leaves [10]. Rini et al. reported a green method of synthesizing ZnO nanoparticles using pineapple-peel extract and evaluated their antibacterial activity [11]. Moreover, almond shells, sugar cane bagasse, eggshells, Viscum album leaves, peppermint tea dregs, marine brown algae, and many plant extracts have been used for the synthesis of ZnO nanoparticles [12,13,14,15]. Hence, the green synthesis approach to obtaining ZnO nanoparticles has significant potential for further exploration and development.



Hibiscus cannabinus L., commonly referred to as kenaf, is an annual herbaceous plant belonging to the Malvaceae family [16]. It has a wide distribution across regions such as India, China, and Thailand. Hibiscus cannabinus serves as an important industrial fiber crop, finding applications in various fields such as textiles, animal feed, papermaking, and construction. This plant contains numerous bioactive components including polyphenols, alkaloids, tannins, and saponins [17]. Consequently, Hibiscus cannabinus exhibits medicinal properties with potential anti-tumor, antioxidant, anti-inflammatory, anti-hypertensive, and anti-proliferative activities [18]. Apart from their primary use as a bast fiber, the leaves of Hibiscus cannabinus could offer an additional source for the production of nanomaterials.



This article focused on the synthesis of ZnO nanoparticles using extracts of Hibiscus cannabinus L. leaves and investigated their ability to adsorb organic dyes (Figure 1). The crystalline properties, elemental composition, and structure of the synthesized nanoparticles were analyzed using various characterization techniques, including X-ray diffraction (XRD), UV–Vis spectroscopy, Fourier transform infrared (FTIR) spectroscopy, transmission electron microscopy (TEM), scanning electron microscopy (SEM), and energy-dispersive X-ray analysis (EDAX). The presence in dyeing wastewater of azo dye compounds, which are extensively utilized synthetic dyes, poses a significant threat to human health and aquatic organisms due to these compounds’ carcinogenic properties [19]. Moreover, the aromatic structure of azo dyes presents challenges in terms of their degradation, leading to prolonged environmental pollution [20]. Exposure to azo dyes can result in various ailments such as edema, allergies, skin irritation, and respiratory issues [21]. To assess the efficacy of removing contaminants, the adsorption of Congo red (CR) dye was evaluated using synthesized ZnO nanoparticles. To enhance our understanding of their efficacy in environmental remediation, the antioxidant potential of the ZnO nanoparticles synthesized using the green method was assessed using the 2-2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azino-di(3-ethylbenzthiazoline sulpho-nate) (ABTS) radical scavenging assays. Additionally, the antibacterial properties of these nanoparticles were further examined against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) bacteria.




2. Materials and Methods


2.1. Materials


All the chemicals and reagents used in this study were of analytical grade, purchased from Macklin Inc. (Shanghai, China), and used without treatment. Hibiscus cannabinus leaves were collected from the Innovation experimental base of the Institute of Bast Fiber Crops, Chinese Academy of Agricultural Sciences, Changsha, China, in 2023. The samples were dried, smashed, and stored at 4 °C for further use.




2.2. Green Preparation of ZnO Nanoparticles


First, 10 g of Hibiscus cannabinus leaves was weighed and transferred in a 250 mL round-bottom flask containing 100 mL of water at a ratio of 1:10 (g/mL). The mixture was then extracted under heating at 90 °C for 4 h. After extraction and cooling to room temperature, the extraction solution was centrifuged at 3000 rpm for 3 min. The supernatant was stored at 4 °C.



For the green preparation of the ZnO nanoparticles, 20 mL of Hibiscus cannabinus leaf extract was added to 50 mL of 0.02 mol/L zinc sulfate solution in a conical flask and incubated under magnetic stirring for 1.5 h. Then, some 0.2 mol/L sodium hydroxide solution was slowly added to the mixture to adjust the pH to 8. The mixture was magnetically stirred for 3.5 h. After the reaction, the products were centrifuged at 4000 rpm for 5 min. The supernatant was discarded, and the precipitates were washed twice with water and dried at 70 °C.



For the gas chromatography–mass spectrometer (GC–MS) analysis, 10 g of Hibiscus cannabinus leaves was weighed and transferred to a 250 mL round-bottom flask containing 100 mL of ethanol at a ratio of 1:10 (g/mL). The mixture was then extracted under heating at 80 °C for 4 h. After extraction and cooling to room temperature, the solution was centrifuged at 3000 rpm for 3 min. The supernatant was concentrated via reduced pressure distillation, filtrated using a 0.45 μm membrane, and subjected to GC–MS analysis.




2.3. Characterizations


The green-synthesized ZnO nanoparticles were characterized using a SEM (Apreo 2 Thermo Scientific, Waltham, MA, USA) equipped with an X-ray fluorescence spectrometer Oxford INCA X-max 80 for EDAX, TEM (JEM-2100F, JEOL, Tokyo, Japan), and XRD (Rigaku SmartLab 9, Tokyo, Japan) using Cu-Kα radiation at 40 kV and 40 mA, and UV spectroscopy was undertaken using a Shimadzu UV-2700 absorption spectrophotometer (Kyoto, Japan) and FT-IR (IRSpirit, Shimadzu, Kyoto, Japan) in the range of 400–4000 cm−1.



The GC–MS analytical method was used to detect the components in the ethanol extract of Hibiscus cannabinus leaves. The analysis was carried out on a 7890B GC equipped with a 5977A MSD (Agilent Technologies, Santa Clara, CA, USA) under the following conditions: 1 μL of the sample was injected in the HP-5MS (5% phenyl methyl siloxane) capillary column (30 m × 250 μm × 0.25 μm); helium was used as the carrier gas at a constant flow of 1.2 mL/min; and the temperatures of the injector and MSD were set to 250 °C and 280 °C, respectively. The column was first maintained at 60 °C for 2 min; then, the temperature increased to 280 °C at the rate of 5 °C/min, and it was finally maintained for 9 min. The MS parameters were operated at 70 eV and scanned from 40 to 600 amu. The chemical information was identified via their mass spectral data using the standard NIST library 2011 during the GC–MS analysis [22].




2.4. Adsorption of Dyes


First, 0.5 g of the ZnO nanoparticles was added to 50 mL of the aqueous solution of the CR dye at different initial concentrations in a conical flask. The solution was shaken at 200 rpm on an oscillator at 25 °C to reach adsorption equilibrium. A portion of the solution was taken at various time intervals and filtered using a 0.45 μm membrane. The solution was then monitored using a UV spectrophotometer (UV2700 UV–Vis Spectrophotometer (Shimadzu, Kyoto, Japan)) at 510 nm. The adsorption capacity was calculated according to the following formula [23]:


    q   t   =   (   C   0   −   C   t   ) × V   w    



(1)




where qt is the adsorbed amount of the sample at a certain time, C0 is the initial concentration of the sample, Ct is the concentration of the sample at a certain time, V is the volume of the solution, and w is the weight of the used adsorbent.




2.5. Antioxidant Activity


The antioxidant activity of ZnO nanoparticles was analyzed via DPPH and ABTS free radical scavenging assays. The procedures were slightly changed according to the report by Hu et al. [24]. Different weights of ZnO nanoparticles and 3.0 mL of 0.1 mmol/L DPPH radical solution were mixed and shaken on an oscillator for 20 min in the dark. After that, the solution was filtrated with a 0.45 μm membrane and the absorbance was measured at 517 nm using a UV spectrophotometer. The scavenging rate of each sample was calculated using the following formula:


  S c a v e n g i n g   r a t e   ( % ) =   1 −     A   s       A   0       × 100 %  



(2)




where A0 is the absorbance of the control group and As is the absorbance of the sample.



For the ABTS assay, the same volume of 2.45 mmol/L potassium persulfate solution and 7 mmol/L ABTS solution was mixed and incubated in the dark for 18 h [25]. The ABTS stock solution was diluted to obtain an absorbance between 0.7 and 0.72 at 734 nm before use. Different amounts of ZnO nanoparticles and 3.0 mL of the ABTS radical solution were mixed and shaken on an oscillator for 20 min in the dark. The solution was filtrated using a 0.45 μm membrane after the reaction and the absorbance was measured at 734 nm. The scavenging rate of each sample was calculated according to Formula (1).




2.6. Antibacterial Activity


The antibacterial activity of the ZnO nanoparticles was evaluated using the disc diffusion method [26]. Escherichia coli and Staphylococcus aureus bacteria were grown in an LB broth containing 5  g/L of beef extract, 10  g/L of peptones, 20  g/L of agar, and 5 g/L of NaCl, and they were diluted to 1 × 10−6 CFU prior to use. Then, 0.2g of the ZnO nanoparticles was weighed and pressed into a tablet using a tablet press machine. The sterilized filter paper was immersed in different concentrations of the extract for further use. Then, 100 µL of the bacterial suspensions was evenly spread on an agar plate, and the ZnO nanoparticle tablet (Φ = 13 mm) or the sterilized filter paper (Φ = 6 mm) was carefully placed on the plate. The plates were incubated at 37 °C for 24 h, and the diameter of the inhibition zone was measured.



The minimal inhibitory concentration of the prepared ZnO nanoparticles was determined according to the micro-dilution broth method [27]. In brief, 180 µL of the nutrient broth and different weights of the ZnO nanoparticles were mixed in each well of a sterile 96-well plate, followed by the addition of 20 μL of the bacterial solution (1 × 10−6 CFU). The 96-well plate was sealed and placed on a shaker at 37 °C for cultivation. The absorbance at 600 nm (OD600) of each well of the plate was measured using a microplate reader (Epoch, BioTek Instruments Inc., Winooski, VT, USA) at predetermined time intervals, the growth curve was plotted based on the obtained data. The nutrient broth without a sample was used as a negative control. The lowest concentration of ZnO nanoparticles inhibiting the growth of bacteria was defined as the minimal inhibitory concentration value.





3. Results and Discussion


3.1. Characterizations of ZnO Nanoparticles


3.1.1. UV–Vis Spectroscopic Analysis


After preparation, the ZnO nanoparticles were thoroughly characterized (Figure 1). The UV–Vis absorption spectra of the ZnO nanoparticles and the Hibiscus cannabinus leaf extracts were observed in the range of 190 to 500 nm (Figure 2a). For the ZnO nanoparticles, a weak absorption peak was observed around 270 nm. Compared to the reported data, many of the prepared ZnO nanoparticles showed adsorption at a wavelength around 370 nm; there is a blue (short wavelength) shift of the peak in this study [28,29]. The spectrum of the Hibiscus cannabinus leaf extract showed adsorptions at 265 nm and 325 nm. This might be because of the existence of extract molecules, since many compounds in extract show adsorption around 254 nm. The highest peak at 265 nm could explain the shift in the spectrum of the ZnO nanoparticles.




3.1.2. FTIR Analysis


The FTIR spectrum of the ZnO nanoparticles is shown in the range 400–4000 cm−1 in Figure 2b. The prepared ZnO nanoparticles showed the band at 3433 cm−1 as O-H stretching and N-H stretching, the band at 2360 cm−1 as strong (O=C=O) stretching carbon dioxide, the band at 1600 cm−1 as the chemisorbed and/or physisorbed water on the particle surface, the band at 1401 cm−1 as the angular deformation of C-H, and the band at 1078 cm−1 as being ascribed to the C-O ether bond of the glucose ring of starch [30]. Moreover, the intense peak at 486 cm−1 was attributed to the ZnO stretching frequency of Zn-O bonds [31]. These peaks showed the typical groups of ZnO nanoparticles and many groups from the extract.




3.1.3. XRD Analysis


The XRD pattern of the synthesized ZnO nanoparticles was recorded in the range of 20° to 80° of 2θ. As shown in Figure 2c, the ZnO nanoparticles showed peaks assigned to the (100), (002), (101), (102), (110), and (112) planes [32]. Unlike many of the reported data, these peaks were hidden by several wide peaks, which might have come from the amorphous materials [33]. This might be due to the presence of natural compounds during the preparation procedures.




3.1.4. Morphology Analysis


SEM and TEM were used to analyze the morphology of the ZnO nanoparticles. As shown in Figure 2d, the SEM image shows that there was an aggregation of ZnO nanoparticles, and most of the ZnO nanoparticles demonstrated flake shapes at the nanoscale. This kind of aggregation can also be observed in some other reports, and it does not affect the related applications of ZnO nanoparticles [31,34]. Like the SEM image, the shapes of the ZnO nanoparticles observed in TEM were not uniform (Figure 2e). Based on our calculations, the average size of the products was around 70 nm (Supplementary File, Figure S1).




3.1.5. Elemental Composition Analysis


The elemental composition of the ZnO nanoparticles (C, N, O, and Zn) was analyzed via EDAX analysis (Figure 2e). As a result, 22.54 At% of C, 46.30 At% of O, 30.88 At% of Zn, and 0.29 At% of N were detected. Except for the composition of ZnO (Zn and O), the high contents of carbon and oxygen exhibited the existence of organic natural active compounds from the natural extract. The ZnO sample was made up of only Zn and O elements, with no other impurities, which was consistent with the XRD pattern.





3.2. GC–MS Analysis of Hibiscus cannabinus Leaf Extracts


The GC–MS analysis of Hibiscus cannabinus leaves extract was performed, and the results were depicted in Figure 3. The chemical composition of the extract plays a crucial role in the green synthesis of nanoparticles, as various components can act as stabilizing, functional, and capping agents [35]. As a result, about thirteen phytochemicals were identified in Hibiscus cannabinus leaf aqueous extracts, as presented in Table 1. Among them, methyl linolenate (33.3%), methyl hexadecanoate (13.1%), phytol (14.6%), and β-sitosterol (11.5%) were main components in the aqueous extract; they have been reported to exhibit diverse biological properties [36,37,38]. These phytochemicals were the active molecules in the formation of the ZnO nanoparticles [39]. They were also found to exist in the characterizations.




3.3. Impact of Different Parameters on the Adsorption of the CR Dye


3.3.1. Effect of the Initial Dye Concentration


Figure 4a illustrates the adsorption efficiency of various dye concentrations (ranging from 0.2 to 0.5 g/L). It can be observed that, as the initial concentration of the dye solution increases, the adsorption efficiency of CR gradually diminishes. However, when the initial concentration of CR is lower than 0.3 g/L, the adsorption efficiency is maintained at the highest level. As the concentration of CR continually increases, the limited adsorption sites eventually reach saturation [40].




3.3.2. Effect of Adsorbent Dosage


The impact of the adsorbent dosage on the CR adsorption efficiency was investigated by varying the ZnO nanoparticle dosages from 4 mg/mL to 24 mg/mL, as depicted in Figure 4b. It was observed that, as the adsorbent dosage increased, the adsorption efficiency of CR also increased, and it eventually reached a plateau when the adsorbent dosage exceeded 20 mg/mL. This is mainly because more active sites for CR are available with the increase in the adsorbent dosage [23]. In this study, an adsorbent dosage of 20 mg/mL was selected as the optimum concentration.




3.3.3. Effect of Contact Time


The influence of time on the adsorption of CR by the ZnO nanoparticles was investigated, and the findings are presented in Figure 4c. It is evident that the adsorption efficiency increased and reached a plateau after 60 min. This suggests that the adsorption process needs time and, after 60 minutes, the vacant sites become saturated, resulting in an unchanged adsorption efficiency. Therefore, we recommend performing the adsorption of CR for a duration of 60 min.





3.4. Adsorption Kinetics


The adsorption kinetics were analyzed using the pseudo-first-order and pseudo-second-order kinetic models. The pseudo-first-order model can be expressed as the following equation [41]:


    log  ⁡      q   e   −   q   t       =   log  ⁡    q   e     −   K   1   t  



(3)




where qt is the adsorption capacity at a certain time, qe is the adsorption capacity in equilibrium, and K1 is the rate constant of the pseudo-first-order model. Moreover, the pseudo-second-order model can be expressed as the following equation:


    t     q   t     =   1     K   2     q   e   2     +   t     q   e      



(4)




where K2 is the rate constant for the pseudo-second-order model. The adsorption data were fitted and the correlation coefficients of the two models were compared (Figure 5). When the correlation coefficient approaches 1, it indicates that the corresponding model is more appropriate for explaining the adsorption mechanism. In this study, the correlation coefficients of the pseudo-first-order and pseudo-second-order models were found to be 0.8051 and 0.9957, respectively. The pseudo-second-order model exhibited a higher correlation coefficient compared to the pseudo-first-order model. These results strongly suggest that the adsorption behavior of CR on the ZnO nanoparticles follows a chemical adsorption process [42]. A similar kinetic process was observed in the studies conducted by Arab and Marahel regarding ZnO nanoparticles [42,43]. The results suggest that the adsorption behavior of CR on ZnO nanoparticles is a chemical adsorption process.




3.5. Adsorption Isotherm


The isotherm study was conducted using the Langmuir and Freundlich isotherms. The linear equation for Langmuir and Freundlich can be expressed as [44]:


      C   e       q   e     =     C   e       q   m     +   1     K   l     q   m      



(5)






    log  ⁡    q   e     =   log  ⁡    K   f     +   1   n       log  ⁡  C     e    



(6)




where Ce is the concentration of the sample in equilibrium, qm is the maximum adsorption capacity, Kl is the Langmuir coefficient, Kf is the Freundlich coefficient, and 1/n is the adsorption intensity. The adsorption data were fitted and the correlation coefficients of the two models were compared, as illustrated in Figure 6. The obtained correlation coefficients for the Langmuir and Freundlich isotherms were 0.9929 and 0.8642, respectively. It is worth noting that the correlation coefficient for the Langmuir model was significantly higher, indicating that the adsorption of CR on ZnO nanoparticles follows a monolayer sorption mechanism with a uniform distribution of active sites on the surface [45].




3.6. Reusability Study


After the adsorption of CR, the ZnO nanoparticles were refreshed with ethanol and water. Subsequently, the materials were subjected to a new round of CR adsorption to evaluate their reusability. As shown in Figure 7, the adsorption efficiency gradually decreases over multiple cycles, ranging from 96.2% to 86.1%. This decline in the adsorption efficiency can be attributed to material loss during repeated centrifugation and dispersion, as well as the incomplete desorption of the dye molecules [23]. Nevertheless, the results indicate that the prepared ZnO nanoparticles can be reused for a minimum of three cycles for the effective adsorption and removal of CR.




3.7. Antioxidant Activity of ZnO Nanoparticles


Oxidative stress is a kind of chemical reaction that occurs in the body and can lead to the formation of free radicals, which are unstable molecules that can attack lipids, proteins, and DNA, damaging their functions. Antioxidants can protect the body from oxidative stress by scavenging free radicals. ABTS was the utilized hydrogen atom transfer method, and DPPH was the electron transfer method. These were the two typical methods used in this study to evaluate antioxidant activities via colorimetric reactions [46]. DPPH is a relatively stable nitrogen-centered free radical that can accept an electron to become a stable diamagnetic molecule [47]. Meanwhile, ABTS can determine the total antioxidant activity of a hydrogen-donating ability [48]. Assessments of the in vitro antioxidant activities of ZnO nanoparticles and Hibiscus cannabinus leaf extracts were carried out to determine their pharmacological activities (Figure 8). Figure 8a,b display the antioxidant activity of the ZnO nanoparticles against DPPH and ABTS. Ascorbic acid was used as a standard in this process. The scavenging activity of the as-synthesized nanoparticles at different concentrations ranged from 8.8 to 75.2% and 38.4 to 100% against DPPH and ABTS, respectively. As a comparison, the scavenging activity of ascorbic acid at 0.25 mg/mL was 21.9% for DPPH and 52.7% for ABTS. Although the antioxidant activity of the ZnO nanoparticles was less than that of standard ascorbic acid, they still exhibited a dose-dependent trend and the values are in a promising range. Moreover, the ZnO nanoparticles showed a better scavenging ability for ABTS than for DPPH. The maximum rate of free-radical scavenging (97.0%) was reached when the concentration of the ZnO nanoparticles was 16.7 mg/mL. As shown in Figure 8c,d, the antioxidant activity of the Hibiscus cannabinus leaf extract was also exhibited. The extract showed good scavenging abilities, and the scavenging rate for ABTS was much better than that for DPPH. The same characteristics might indicate that the antioxidant activity of the ZnO nanoparticles was derived from the extract. Sharma reported the ZnO nanoparticles expressed an IC50 value of DPPH free-radical-scavenging activity of 34.22 ± 2.52 μg/mL [30]. As many reports show the particles’ antioxidant activity against DPPH, it should be noted that, in this study, the antioxidant activity against ABTS of ZnO nanoparticles prepared using Hibiscus cannabinus leaves was much better [49,50,51].




3.8. Antibacterial Activity of ZnO Nanoparticles


The disc diffusion test was used to study the antibacterial activity of the synthesized ZnO nanoparticles. The results showed that apparent inhibition zones were found with diameters around 27.0  mm, according to bacterial strains of E. coli and S. aureus (Figure 9a,b). The inhibition zones for the two bacterial strains of Hibiscus cannabinus leaf extracts were also tested. As Figure 9c–f show, the extract showed moderate inhibition. The inhibition diameters of the extract were 12.34  mm for E. coli and 9.74  mm for S. aureus. However, when the concentrations were reduced to 15 mg/mL, there was no inhibition, and the MIC values for both were 30 mg/mL. Based on these results, the growth curve of the two bacterial strains was also monitored by measuring the absorbance. As shown in Figure 10, the growth of the control group followed the typical S-shaped bacterial growth rule. With the increasing addition of ZnO nanoparticles into the bacteria, the growth of the bacteria was slowed down. When the concentration of the ZnO nanoparticles reached 0.45 mg/mL, the sample did not show significant growth. This indicates that the treatment with ZnO nanoparticles could delay the growth rate of the strain and even inhibit growth at 0.45 mg/mL, which can be confirmed as the minimal inhibitory concentration. This phenomenon is consistent with the inhibition effects on pathogenic bacteria of other prepared ZnO nanoparticles [30,52,53,54,55]. The well-proven antibacterial activities of ZnO nanoparticles ensure the material’s wider applications and give them more functions in environmental remediation.





4. Conclusions


This study presents a green synthesis approach for the preparation of ZnO nanoparticles, utilizing an extract derived from Hibiscus cannabinus leaves. The synthesized ZnO nanoparticles were characterized using UV–Vis, FTIR, XRD, TEM, and SEM techniques, which confirmed their morphology and structure in accordance with previously reported data. The prepared nanoparticles were effectively employed for the adsorption of Congo red in an aqueous solution. The factors influencing the adsorption efficiency were investigated and optimized. The adsorption kinetics were suitably described by the pseudo-second-order model, while the adsorption isotherm followed the Langmuir model. Notably, the as-synthesized materials also exhibited antioxidant and antibacterial properties. The DPPH scavenging activity was found to be moderate, whereas the ABTS scavenging activity was remarkable, displaying a 97.0% radical scavenging rate at a concentration of 16.7 mg/mL. The ZnO nanoparticles also demonstrated strong antibacterial activity against both E. coli and S. aureus. In conclusion, the environmentally friendly synthesis method employed in this study enabled the production of ZnO nanoparticles that possess excellent adsorption capabilities, as well as antioxidant and antibacterial activities, and which thus have significant potential for use in environmental remediation applications.
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Figure 1. Diagram of the ZnO nanoparticles synthesized using green methods with Hibiscus cannabinus leaf extracts. 
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Figure 2. (a) UV–Vis spectrum, (b) FTIR spectrum, (c) XRD pattern, (d) SEM image, (e) TEM image, and (f) EDAX spectra of ZnO nanoparticles. 
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Figure 3. GC–MS spectrum of the Hibiscus cannabinus leaf extract. 
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Figure 4. Effects of (a) the initial dye concentration, (b) the adsorbent dosage, and (c) the contact time on the adsorption efficiency of CR. 
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Figure 5. (a) Pseudo-first-order kinetics and (b) Pseudo-second-order kinetics for ZnO nanoparticles. 
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Figure 6. (a) Langmuir isotherm and (b) Freundlich isotherm for ZnO nanoparticles. 
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Figure 7. The reusability of the ZnO nanoparticles in the adsorption of CR. 
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Figure 8. Antioxidant activities of ZnO nanoparticles for (a) DPPH free radicals and (b) ABTS free radicals; antioxidant activities of the Hibiscus cannabinus leaf extract for (c) DPPH free radicals and (d) ABTS free radicals. 
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Figure 9. The inhibition zones of ZnO nanoparticles and Hibiscus cannabinus leaf extracts on (a) E. coli and (b) S. aureus; Hibiscus cannabinus leaf extract at 30 mg/mL on (c) E. coli and (d) S. aureus; and Hibiscus cannabinus leaf extract at 15 mg/mL on (e) E. coli and (f) S. aureus. 
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Figure 10. The growth curves of (a) E. coli and (b) S. aureus in the presence of different concentrations of ZnO nanoparticles. 
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Table 1. The phytochemicals identified in the Hibiscus cannabinus leaf extract.
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	Rt (min)
	Mw
	Molecular Formula
	Molecular Name





	4.795
	84.0
	C4H4O2
	Butenolide



	4.954
	88.1
	C4H8O2
	Acetaldol



	6.799
	92.0
	C3H8O3
	Glycerin



	12.156
	198.2
	C14H30
	Tetradecane



	27.660
	268.3
	C18H36O
	Hexahydrofarnesyl acetone



	29.289
	270.3
	C17H34O2
	Methyl hexadecanoate



	32.438
	294.3
	C19H34O2
	Methyl linoleate



	32.597
	292.2
	C19H32O2
	Methyl linolenate



	32.820
	296.3
	C20H40O
	Phytol



	33.068
	438.8
	C29H58O2
	Methyl montanate



	37.121
	281.3
	C18H35NO
	Oleamide



	52.122
	414.4
	C29H50O
	β-Sitosterol



	53.961
	426.4
	C30H50O
	Amyrin
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