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The silver-embedded wheat straw biochar (Ag–WBC) composite was tailored effectively via the green synthetic route and was used as a nano-adsorbent for the removal of phenol by using adsorption and sono-adsorption processes. Ligustrum lucidum leaf extract was employed as a reducer to prepare silver nanoparticles, and biochar was synthesized from wheat straw via pyrolysis at 450–500°C. The synthesized biochar and Ag–WBC were characterized by using UV–Vis, SEM, EDX, and FTIR. The study confirms the ability of plant leaf extract of L. lucidum to synthesize AgNPs and Ag–WBC composites for the first time. UV–vis spectroscopic analysis confirms the formation of AgNPs and Ag–WBC composites (400–440 nm). SEM results showed that the size of the Ag–WBC composite is in the range of 80–100 nm. The elemental profile of the synthesized Ag–WBC composite shows a higher count at 3 kev due to silver. FTIR analysis revealed the presence of various functional groups involved in reducing Ag metal ions into Ag nanoparticles onto the surface of the composite. Batch experiments executed adsorption and sono-adsorption studies on WBC and Ag–WBC composites, and the results revealed that under optimum conditions, that is, pH= 3, adsorbate concentration= 10 mg L−1, adsorbents dosage= 0.05 g, time= 90 min, and US power = 80 W, the phenol removal efficiencies onto Ag–WBC composite were 78% using sono-adsorption compared to the non-sonicated adsorption. Langmuir and Freundlich isotherm models for fitting the experimental equilibrium data were studied, and the Langmuir model was chosen as an efficient model for the sono-adsorption process. The feasibility of the sono-adsorption process was also evaluated by calculating kinetics.
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INTRODUCTION
Pollution from toxic contaminants is a significant concern among environmental issues of the 21st century due to various industrial activities and rapid development (Auwal et al., 2018; Rene et al., 2018; Kumar et al., 2021). Being an important raw material, phenol has been used for many industrial and non-industrial purposes (Mohammed et al., 2018; Kalogianni et al., 2020). It is water-soluble, acidic, and easily mixes from different sources, such as petroleum refinery, textile, paint, pulp, medicine, leather, dye, pesticide, and pharmaceutical industries, into wastewater (Ali et al., 2018; Younis et al., 2020; Hamad, 2021). Phenolic compounds are categorized as one of the most hazardous compounds in the environment (Hejazi et al., 2019; Mojoudi et al., 2019; Pantić et al., 2021), and phenol is chosen as the model pollutant in this study because it has been listed as a priority pollutant due to its toxicity and hard biodegradability once it is discharged into the natural environment. The high toxicity and low biodegradability of phenol pose a severe threat to the environment, even in low concentrations (Alnasrawy et al., 2021). Phenol and its derivative compounds may cause blindness, liver and pancreas damage, kidney failure, dark urine, paralysis, nervous disorder, and cancer (Parada Jr et al., 2019; Thang et al., 2019). According to the international regulatory agencies of the World Health Organization and EPA, the estimated value of phenol >1 ppm is carcinogenic and non-acceptable in water resources for inhabitants (Zarin et al., 2018). Due to its wide use and hazardous consequences, the removal of phenol from wastewater attains considerable interest among researchers by different conventional and advanced methods, that is, including adsorption/biosorption (Francis et al., 2020), biological degradation (Tomei et al., 2021), electrochemical oxidation (Yavuz and Koparal, 2006), solvent extraction (Liu et al., 2013), membrane filtration (Li et al., 2010), and photocatalytic degradation (Mohamed et al., 2020).
Adsorption has been a topic of interest among researchers due to its high efficiency, cost-effectiveness, lower operating cost, and simple operating process (Villegas et al., 2016; Mohammed et al., 2018). Exploring new adsorbent materials to enhance the removal efficiency of pollutants has always been an imperative issue in adsorption. In literature, different carbon-rich materials have been investigated for the removal of phenolic contaminants from wastewater (Yadav et al., 2019).
Biochar has vast applications and gains excessive focus for eradicating organic pollutants (Premarathna et al., 2019). Using the pyrolysis method under limited oxygen conditions, it can be produced from various agricultural wastes such as woodchips, wheat straws, shells, bagasse, and cow manure (Nanda et al., 2016). However, raw biochar has certain limitations due to pore volume and weak functional groups, restricting its practical use. Therefore, to achieve better performance and enhanced adsorption capacity, techniques like fabrication of metal/metal oxides, surface functionalization, and magnetic induction have been used to modify biochar (Peng et al., 2019; Liu et al., 2020). The modified biochar with metal ions shows better adsorption efficacy than activated carbon (Yin et al., 2018).
Metallic nanoparticles have been synthesized by various physical, chemical, and biological methods and are extensively being used in numerous fields. The use of eco-friendly synthesis for nanoparticles (NPs) is termed green synthesis, and it is preferred because it is a single step process. This cost-effective and eco-friendly method does not require high pressure, temperature, energy, and toxic chemicals (Khan et al., 2021). The size of nanoparticles ranges from 1 to 100 nm and is composed of control-fabricated material. Among metallic nanoparticles, silver nanoparticles (AgNPs) are critical due to their unique properties, such as good electrical conductivity, photo-electrochemical activity, and strong reduction power. Many researchers have reported plants, bacteria, fungi, and enzymes for synthesizing AgNPs (Mariselvam et al., 2014) and their wide application. A plant extract (leaf, root, stem, bark, fruit, bud, and latex) produces efficient capping material to stabilize AgNPs (Ahmed et al., 2016). A variety of plants have been reported to synthesize silver metal (Ago) nanoparticles from silver ions (Ag+). Plants such as Allium cepa (Sharma et al., 2018), Thymbra spicata (Veisi et al., 2018), and Azadirachta indica (Saad et al., 2017) had been utilized for the synthesis of AgNPs and their application in pollutants removal. Ligustrum lucidum (also known as Chinese privet) is a flowering plant that belongs to the olive family Oleaceae. It is native to the southern half of China and widely distributed in tropical and subtropical regions. The bioactive components of Ligustrum lucidum fruits are triterpenes, secoiridoid glucosides, volatile components, flavonoids, and phenolic compounds that have various pharmacological effects in the field of nanomedicines (Saad et al., 2017).
Moreover, in recent years, coupling ultrasound irradiation with the adsorption process has received imperative attention (Arefi-Oskoui et al., 2019). The efficacy of the adsorption process can be further improved by applying ultrasonication (Hamza et al., 2018). An ultrasonic phenomenon can be used for the acceleration of chemical reactions and mass transfer because of acoustic cavitation (formation, growth, and collapse of bubbles in liquid) and formation of new adsorbent sites on adsorbent (Parthasarathy et al., 2016; Wang et al., 2017) and also creates numerous micro-cracks on the upper layer of the adsorbing material which increases the surface area between the adsorbent and adsorbate (Cuerda-Correa et al., 2020). Furthermore, the sono-adsorption process is found to be efficient in controlling the concentration of pollutants. It is economically viable and the best alternative to conventional methods in terms of chemical utilization and environmental impacts (Ali et al., 2018).
The present study aims to synthesize biochar from wheat straw, and silver (Ag)-embedded engineered biochar using a novel, effortless, low-cost, and green approach to remove phenol using adsorption and sono-adsorption processes. To the best of our knowledge, the application of Ag-loaded wheat straw biochar for adsorptive uptake of phenol is unexplored. The effect of different operating parameters for the removal phenol under variable operating conditions was investigated using adsorption and sono-adsorption. Furthermore, the characterization study of wheat straw biochar and Ag–WBC nanocomposites was examined using UV–vis spectrophotometry, scanning electron microscopy, energy-dispersive X-ray spectrometry, and Fourier-transformed infrared spectroscopy.
MATERIALS AND METHODS
Phenol C6H5OH (CAS No. 108-95-2) was acquired from Sigma-Aldrich. Methanol (CH3OH), hydrochloric acid (HCl), sodium hydroxide (NaOH), and silver nitrate (Ag-NO3.2H2O) were purchased from Merck (Germany). Analytical grade chemicals were used for the experiments without further purification.
Synthesis of Biochar From Wheat Straw
Wheat straw was collected from Chakli Padroi Darband, Khyber Pakhtunkhwa, in the mowing season. The wheat straw was washed, dried, ground, and sieved to particles of 0.5-mm mesh at room temperature. Consequently, the material was pyrolyzed in a muffle furnace under a continuous nitrogen flow for 2 h at 450–500°C. The resulting biochar was repeatedly washed with distilled water until neutral pH and dried at 45°C for 12 h as shown in (Figure 1). The obtained biochar was secured in zipper bags for further use (Zhang et al., 2019).
[image: Figure 1]FIGURE 1 | Wheat Straw Biochar (A) as-synthesized (B) washed with distilled water.
Plant Material Collection
Ligustrum lucidum was collected from COMSATS University Islamabad Abbottabad Campus, Pakistan. The plants were washed, kept in the shade for drying, and then grounded to powder. A grounded plant of 25 g was mixed at a ratio of 4:1 in 300 ml of methanol and distilled water. Ultrasonic-assisted extraction was performed for 1 h at US power 80 W at a temperature of 30–35°C. An ultrasonic bath (Cleaner model U Tech Products, Inc., NY, United States) was used for ultrasound-assisted extraction studies (35 kHz). The ultrasonic bath was calibrated by using the calorimetric method (Siddique et al., 2014; Ali et al., 2018). Rotary evaporation was performed after filtration to get the plant crude extract, and then the solution was kept over for more evaporation (Zia et al., 2017).
Synthesis of Silver Nanoparticles
A stock solution of AgNO3 (1 Molar) was prepared by adding 1.7 g of silver nitrate with a total volume of 10 ml in distilled water. The various concentrations were further prepared by dilution methods such as 1 mM, 5 mM, and 10 mM. For this, 0.25 ml of silver nitrate was taken from the stock solution and filled up to the desired volume of 49.75 ml distilled water.Meanwhile, 250 mg of plant crude extract was mixed in 50 ml methanol. Both the solutions were combined to form a 100 ml solution followed by incubation at 37°C for 24 h. UV–vis spectrophotometry was conducted to observe the synthesis of silver nanoparticles at 0 min and after 24 h. The color change of the solution from light brown to dark brown confirmed the formation of silver nanoparticles. The intensity of color increased, which confirmed the reduction of Ag ions and the formation of silver nanoparticles. Moreover, the samples were centrifuged at 10,000 rpm for 15 min at 20°C. The supernatant was discarded, and the pellets of nanoparticles were then washed twice with distilled water using a centrifuge machine and dried for further use (Chandran et al., 2006; Zia et al., 2017).
Synthesis of Silver Biochar Composite
Ag–WBC was synthesized through a modified procedure described elsewhere (Kaushal et al., 2019; Santhosh et al., 2020; Wang et al., 2020). In this method, 0.1 g of biochar was mixed in 5 mM prepared silver nitrate solution (50 ml) and stirred for 30 min. Then, 250 mg of prepared extract of Ligustrum lucidum leaves were mixed in 50 ml of methanol followed by stirring. Both prepared solutions (100 ml) were mixed followed by ultrasonication for 30 min at 80 W US power. After this, the mixture was incubated at 37°C for 24 h. The color change of the solution confirmed the formation of silver biochar composites. Furthermore, this solution was centrifuged at 10,000 rpm for 15 min. The resultant precipitates were filtered, followed by washing with distilled water, and dried at 70–80°C for 12 h. The Ag–WBC composite thus obtained was annealed at 300°C for 1 h and stored for practical use (Figure 1).
Preparation of Phenol Solution
A stock solution of 500 mg L−1 of phenol was prepared. From the stock solution, different concentrations of phenol standards 1, 5, 10, 25, 50, and 100 mg L−1 were ready for experimentation purposes. The pH was adjusted using dilute HCl and NaOH (1 M), respectively.
Screening and Optimization Studies
Biochar and Ag–WBC were screened for their adsorption capacity of phenol against various operational parameters, including contact time (0–120 min), adsorbent dosage (0.025–0.1 g) pH (3–9), and initial phenol concentrations of (5–100 mg L−1). For a typical batch experiment, an adsorbent dose of 0.05 g L−1 was used with a total of 100 ml of reaction volume at pH 3. The solution was stirred using a magnetic stirrer for 2 h at 500–600 rpm. The optimum conditions for adsorption were found as phenol conc. = 10 mg L−1, pH = 3, time = 90 min, adsorbent dosage = 0.05 g L−1, and operating room temperature. Sono-adsorption experiments were carried out in a digital ultrasonic bath (Cleaner model U Tech Products, Inc., NY, United States). All the similar conditions were as of the adsorption process. The best selected after the screening of adsorption was further evaluated for sono-adsorption against reaction parameters such as pH, adsorbent dosage amount, and impact of phenol concentration. The parameters of the ultrasonic bath were set at a time of 120 min, US power of 80 W, temp 30–35°C, and frequency of 35 kHz as reported in our previous study (Ali et al., 2018). The pH of the phenol solution was adjusted by adding HCl and NaOH using a pH meter (JENCO 6175). Samples were collected at regular intervals for the effect of contact time, and a final concentration of phenol was determined by a UV–vis spectrophotometer at 270 nm. Samples were centrifuged at 5,000 rpm for 5 min followed by filtration. The amount of phenol adsorbed by as-prepared Ag–WBC was determined by the equation:
[image: image]
where Ci = Initial concentration of phenol before adsorption and sono-adsorption and Cf = Final concentration of phenol after adsorption and sono-adsorption.
Characterization of Biochar and Silver-Embedded Wheat Straw Biochar
Synthesized biochar and Ag–WBC were characterized to study their physicochemical properties. A UV–vis spectrum of the aqueous medium was used to confirm Ag nanoparticles, and Ag–WBC composites showed absorption peak in the range of 400–480 nm with a double-beam UV–vis spectrophotometer (T80 + PG Instruments, United Kingdom). Adsorptive performance was determined at a wavelength of 270 nm for phenol removal. Surface morphology (using scanning electron microscopy, SEM) was examined by taking micrographs at various resolutions with the JSM-5910 scanning electron microscope (JEOL, Tokyo, Japan) at the Central Resource Laboratory (CRL), Peshawar. Energy-dispersive X-ray (EDX) analysis was used to analyze the presence of elemental silver. The surface interaction of biochar and Ag–WBC was analyzed by Fourier-transformed infrared spectroscopy (FTIR) in the range of 400 per cm to 4,000 per cm.
Adsorption Isotherms
Adsorption isotherms were used to determine the interaction between the adsorbent and adsorbate. The entire transfer process took place until the equilibrium was established between the two phases. These isotherms were used to evaluate adsorption phenomena, contaminant adsorption strength, and the practical design of the adsorption process (Chung et al., 2015). This study used two isotherms to evaluate experimental data, that is, the Langmuir and Freundlich isotherms. The Langmuir isotherm describes the concept of a single adsorbate in a single molecular layer. The model in this study is expressed as
[image: image]
where Qe represents the amount of phenol adsorbed (mg g−1), Ce represents equilibrium concentration (mg L−1), Kads represents the equilibrium adsorption constant (mg L−1), and Qm = Qe for complete monolayer adsorption capacity (mg g−1). RL is a dimensionless constant (separation factor) that was measured for best-fit.
Langmuir and is generally expressed as 
[image: image]
The value of RL indicates the isotherm shape to be linear (RL = 1), favorable (0 < RL < 1), unfavorable (RL > 1), and irreversible adsorption (RL = 0). The Freundlich isotherm is used to model multilayer adsorption on heterogeneous surfaces adsorption. Heterogeneity was due to different functional groups on the surface and the numerous adsorbent–adsorbate interactions. Mathematically, this model is used as
[image: image]
where Kf is the Freundlich isotherm constant, Ce and qe indicate the residual phenol in the aqueous phase, and phenol adsorbed by Ag–WBC, and n represents the heterogeneity of the adsorbent.
Adsorption Kinetics
In this study pseudo-first- and pseudo-second-order kinetics (linear form) is applied on the ultrasonic-adsorptive data. To check the effect of contact time (10–90 min) on adsorption, an initial concentration of 10 mg L−1 of phenol was prepared (100 ml). An adsorbent dose of (0.05 g L−1) was added to the phenol solution and was stirred for 2 h at 500–600 rpm. At various time intervals, the sample was taken and analyzed for phenol concentration. The amount of phenol adsorbed at different time intervals was calculated by employing the following formula:
[image: image]
where Qt is the amount of phenol adsorbed in time t, and Qo and Qt are initial and equilibrium concentrations, respectively. The volume of phenol solution taken is represented by V (L) and is the amount of adsorbent in g.
Pseudo-First-Order Kinetics
To calculate pseudo-first-order kinetics for the sono-adsorption system, the following equations were used:
[image: image]
where Qt is the amount adsorbed at time t, Qe is the equilibrium amount, it is time in minutes, and K1 is the rate constant.
Pseudo-Second-Order Kinetics
For pseudo-second-order kinetics, the following equation was applied:
[image: image]
RESULTS
Biosynthesis and Characterization of Adsorbents
Color Change and UV–vis Spectroscopic Profile of Synthesized AgNPs and Silver-Embedded Wheat Straw Biochar
The present study focused on developing silver nanoparticles (AgNPs), and silver-embedded biochar composites (Ag–WBC) using an environment-friendly, cost-effective, and green approach using L. lucidum plant leaf extract as a reducing agent. For the synthesis of silver nanoparticles, L. lucidum plant leaf extracts (5 mg ml−1) and variable concentrations of silver nitrate (1, 5, 10 mM) were used (Figure 2A). Meanwhile, for the synthesis of silver biochar composites (Ag–WBC), 0.1 g of biochar was added with optimum concentration of the plant extract and silver nitrate solution. An apparent change in the color of the reaction mixtures was noticed from light brown to dark brown after 24 h of incubation at room temperature (Figure 2A). The color change indicates the reduction of silver ions (Li et al., 2019) to AgNPs and Ag–WBC formation. The formation of AgNPs and Ag–WBC was further confirmed by UV–vis spectral analysis, which was measured at the wavelength ranging from 350 to 800 nm after 24 h of incubation. It can be observed from Figure 2B that the UV–vis spectrum of reaction mixtures recorded at 24 h showed a peak of AgNPs at λmax = 439 nm and Ag–WBC at λmax = 470 nm. The peaks at λmax= 439 and 470 nm are due to nanoparticles and composites’ surface plasmon resonance (SPR) (El-Naggar et al., 2017). The SPR value was higher in composites than that obtained in the case of AgNPs. It was observed that the SPR band shifted from shorter to longer wavelengths (Femila et al., 2014; Ashraf et al., 2016) The SPR band arose due to the collective oscillations of the conduction electrons of nanoparticles and composites in the presence of visible light which is highly influenced by the shape and size of the nanoparticles and composites. The ratio of L. lucidum plant extract and silver nitrate plays a vital role in the synthesis of NPs. The cluster of nanoparticles is highly reliant upon the biomolecules that are present in the plant extract. This biomolecule plays an essential role in reduction, stabilization, and as a restricting agent to protect nanoparticles from aggregation. It is observed that the equal ratio of plant extract and silver nitrate dramatically affects the number of biomolecules which reduces the metal, and thereby more deep coloring of the reaction mixture takes place (Amina and Guo, 2020; Restrepo and Villa, 2021).
[image: Figure 2]FIGURE 2 | (A)UV–Vis. spectra of AgNPs with different concentrations of silver nitrate (1, 5, 10 mM) and the plant extract (5 mg ml−1). (B) UV–vis. spectra of (B–i) AgNPs and (B–ii) Ag-WBc recorded at 24 h.
Scanning Electron Microscopy and Energy-dispersive X-Ray
Scanning electron microscopy (SEM) is one of the most important tools for describing the surface morphology of adsorbents. SEM images of WBC and Ag–WBC composites were used to study the surface morphology. The results displayed that the WBC having no crystalline structure is mainly limited to uniform-sized particles agglomerated together and producing large irregular clusters (Figure 3A). The EDX spectrum of WBC describes the elemental analysis of the material where no Ag peaks are seen. SEM images of synthesized Ag–WBC were found to show the spherical morphology of Ag nanoparticles with an average size of 80–100 nm on the surface of WBC (Figure 3B). The EDX spectrum of synthesized Ag–WBC confirms the fact that the composite not only has higher amounts of elemental carbon and oxygen, but it also contains significant quantities of ash elements such as Al, Si, Cl, and Ag as reported in previous studies (Nebojsa et al., 2012; Li et al., 2017; Kaushal et al., 2019; Singh et al., 2020). Some of these elements were originated from the biomolecules present in L. lucidum leaf extracts that were bound to the surface of AgNPs. The results were almost similar to the previous literature (Kaushal et al., 2019; Singh et al., 2020).
[image: Figure 3]FIGURE 3 | (A) SEM images and EDX spectra of biochar prepared from wheat straw. (B) SEM images and EDX spectra of Ag–Biochar composites.
Fourier-Transformed Infrared Spectroscopy
FTIR spectroscopy was performed to comprehend the surface chemistry of WBC and Ag–WBC. The FTIR spectra of the samples are displayed in Figure 4, respectively. The WBC spectrum shows absorption bands at 3,200–3,800 cm−1, 2,920.54 cm−1, 1,575.70 cm−1, 1,514.42 cm−1, 1,027.98 cm−1, and the spectrum of Ag–WBC showed the bands at 3,270.48 cm−1, 2,883.88 cm−1, 1,697.52 cm−1, 1,590.73 cm−1, and 1,023.37 cm−1, respectively. The absorbance between 3,200 and 3,800 cm−1 showed cellulosic O–H stretching characteristic of –OH groups in the WBC and significantly decreased in Ag–WBC composites. The O–H stretching mode of hexagonal groups and adsorbed water can be assigned to this band (Saleh et al., 2013). Bands obtained at 2,920.54 cm−1 and 2,883.88 cm−1 correspond to aliphatic C–H–stretching vibrations, indicating original organic residues such as polymeric (cellulose, hemicellulose, and lignin) and fatty acids. The C=C stretching of the aromatic and asymmetric bending of the C–H group was due to the bands 1,575.70 cm−1, 1,697.52 cm−1, 1,514.42 cm−1, and 1,590.73 cm−1which agreed with the study by Biswas et al. (2017). The bands at 1,027.98 cm−1 and 1,023.37 cm−1 were due to the vibration of C–O stretching of polysaccharides and the presence and intensities of these peaks (Zhou et al., 2016).
[image: Figure 4]FIGURE 4 | FTIR spectra of Biochar (WBC) and Ag–Biochar composites (Ag–WBC).
Screening and Optimization Studies
At different operational conditions, the phenol adsorption and sono-adsorption efficiency using wheat straw biochar (WBC) and silver-biochar composite (Ag–WBC) were analyzed. It can be shown in Figure 5 that the screening and optimization techniques were found in increasing order: sono-adsorption Ag–WBC > sono-adsorption WBC > adsorption Ag–WBC > adsorption WBC with the percentage removal contribution 78%, 52.3%, 42.1%, and 19.8%, respectively. However, in the presence of ultrasonic-assisted adsorption with Ag–WBC, the phenol removal was 78% in 90 min of contact time. The results confirmed that the sequestration was enhanced under sono-adsorption as compared to the traditional adsorption process. Ultrasound revealed the physical and chemical effects through the phenomenon of cavitation. The principal chemical effect of cavitation was the generation of highly reactive radicals. In contrast, the principal physical effect is the generation of strong convection in the system by three mechanisms, namely, microturbulence (or micro-convection), sound (or shock) waves, and microjets. Due to micro-bubbles’ extreme temperature and pressure conditions, there was a generation of free radicals due to the dissociation of entrapped vapor molecules. At the disintegration of the bubble at the point of maximum compression, these radicals were released into the medium, which resulted in the activation of available reactive sites on accumulated particles surface, releasing enough kinetic energy to drive reactions to completion where they induced and accelerated chemical reactions, well-known as sonochemical reactions (Bansode and Rathod, 2017), which enhanced the removal percentage of phenol by boosting the attraction between competing species (Kaushal et al., 2019). This removal explains that resulting energy from ultrasonic irradiation influences mass transfer efficacy during the convection and cavitation that is the critical phenomenon responsible for the sonochemical reaction (Midathana and Moholkar, 2009).
[image: Figure 5]FIGURE 5 | Adsorption and sono-adsorption of phenol at different conditions (Experimental conditions: phenol conc. = 10 mg L−1, adsorbent dose = 0.05 g, pH = 3, ultrasound frequency= 35 kHz, US power= 80 W).
Effect of pH
The effect of pH was examined for the removal of phenol in the pH range from 3–9, while the initial concentration of phenol, adsorbent dosage, contact time, US power, temp, and frequency were kept constant at 10 mg L−1, 0.05 g, 90 min, 80 W, 30–35°C, and 35 kHz, respectively. pH is one of the most influential parameters of adsorption studies. It influences the uptake of the adsorbate since a change in pH affects the adsorbent’s surface characteristics and leads to ionization of the functional groups on the adsorbent molecule. The maximum adsorption of phenol was recorded at pH 3, as shown in Figure 6. However, the removal efficiency was decreased as the pH was increased to 5, 7, and 9, and a decrease was observed in percentage removal from 77 to 27%. It was found that a better phenol removal was achieved in the acidic conditions, while the increase in pH resulted in a decline in removal efficiency. Previous studies showed that a better pollutant removal was conducted under an acidic condition (Li et al., 2017). In an acidic form at pH 2–6, solid and attractive forces occurred between the adsorbent material and phenol molecule (Mohsin et al., 2013; Zhao et al., 2020). Subsequently, phenol was in the form of salt, which loses its negative charge easily and hence becomes difficult to adsorb. Moreover, the presence of OH- ions inhibits phenol ions from being adsorbed (Afsharnia et al., 2016).
[image: Figure 6]FIGURE 6 | Effect of pH on percentage removal of phenol using Ag–WBC by sono-adsorption (Experimental conditions: phenol conc. = 10 mg L−1, contact time = 90 min, adsorbent dose = 0.05 g, ultrasound frequency = 35 kHz, US power= 80 W).
Effect of Adsorbent Dose
The study of adsorbent dosage is one of the most critical factors determining the influence of adsorbent on phenol absorption. Figure 7 shows the effect of Ag–WBC doses on the sono-adsorption of phenol. The concentration of Ag–WBC was increased by 0.025–0.1 g, while the initial concentration of phenol, pH, contact time, US power, temp, and frequency was kept constant at 10 mg L−1, pH 3, 90 min, 80 W, 30–35°C, and 35 kHz, respectively. The experimental findings indicated that the rise in the dosage led to an increase in the percentage removal of phenol from 54 to 95%. This fact can be explained from the fact that the concentration of phenol was kept constant. As a result, more available adsorption surfaces and more adsorption sites for adsorbates were found (Girish and Ramachandra Murty, 2014). In their study, the phenol removal was increased by increasing the adsorbent dosage due to the available active sites on the Ag–WBC composite, which were not saturated during the sono-adsorption process. Zhao et al., (2020) explained that the removal of phenol is directly proportional to adsorbent doses. A similar trend was found in the literature for the removal of phenol by using various materials such as sawdust (Dakhil, 2013), black tea leaves (Ali et al., 2018), tamarind seed powder (Auwal et al., 2018), and ZnO modified with Ag (Vaiano et al., 2018).
[image: Figure 7]FIGURE 7 | Effect of adsorbent dose on percentage removal of phenol using Ag–WBC by sono-adsorption (Experimental conditions: phenol conc. = 10 mg L−1, pH = 3, contact time = 90 min, ultrasound frequency = 35 kHz, US power= 80 W)
Effect of Initial Phenol Concentration in Terms of Contact Time
The effect of different initial phenol concentrations ranging 5–100 mg L−1 was investigated at pH 3 using 0.05 g of Ag–WBC composites for the sono-adsorptive performance of phenol (Figure 8) (concentration vs time). The contact time, US power, temperature, and frequency were constant at 90 min, 80 W, 30–35°C, and 35 kHz, respectively. Phenol removal percentage contributions at different initial phenol concentrations of 5, 10, 15, 30, 50, and 100 mg L−1 were 84.2, 78, 65.6, 51.2, 34.1, and 16.3% respectively. It was found that an increase in the initial phenol concentration led to decreases in the percentage removal efficiency due to the saturation of active adsorption sites of adsorbent. This may be justified based on the availability of more adsorption sites and a higher surface area of the Ag–WBC composite (Abussaud et al., 2016). The decline in phenol uptake with an increase in phenol concentration was also due to the high sono-adsorption rate at the initial phases. It gradually decreased as the time increased until attaining equilibrium. It was observed that no further increase of phenol uptake was held on rising contact time from 90 to 105 min. Hence, the contact time of 90 min was kept for sono-adsorption as the optimum time for comprehensive investigation (Abussaud et al., 2016).
[image: Figure 8]FIGURE 8 | Effect of initial phenol concentration on percentage removal of phenol using Ag–WBC by sono-adsorption (Reaction conditions: pH =3, adsorbent dose =0.05 g, US power =80 W).
Isotherm Analysis
The ultrasonic-adsorptive data was elucidated exhaustively by well-known isotherm models such as Langmuir and Freundlich (Chaudhary et al., 2013). The initial phenol concentrations 5, 10, 25, 50, and 100 mg L−1 were examined for the isotherm studies. At the same time, all the other parameters like US power, temp, and frequency were kept constant at 90 min, 80 W, 30–35°C, and 35 kHz, respectively. The linear forms of the functioning isotherm models and multiple isotherm parameters are shown in (Table 1). The plots showing the linear fitting of phenol ultrasonic-adsorptive equilibrium data with Langmuir and Freundlich isotherm models are shown in Figures 9A,B. The Langmuir isotherm elucidates monolayer surface adsorption, that is, in which there is homogeneous energy distribution with multilayer assumption and contaminant adsorption by the adsorbent. The Freundlich model applies to heterogeneous surface adsorption with non-uniform distribution. This model elucidates the contaminant adsorption as multilayers on the surface of the adsorbent. It is clear from Table 1 that the sono-adsorption process for phenol using Ag–Biochar composites is better fitted to the Langmuir isotherm (R2 = 0.9972) as compared to Freundlich (R2 = 0.9321), indicating monolayer adsorption on homogeneous sites of adsorbent (Kaushal et al., 2019). Similar results were reported in a previous study where modified ground-nut shell-activated carbon (MGSAC) was used as an adsorbent for phenol removal, and the adsorption was the best fit to the Langmuir isotherm. The monolayer adsorption capacity of the modified adsorbent for phenol was found at 115.5 mg/g (Eletta et al., 2020). These models were used for the determination of the maximum uptake rate in the experimentations. The Freundlich isotherm model assumes heterogeneity in the adsorption process, and that was due to the presence of different functional groups. This model was based on adsorption on heterogeneous surfaces and does not determine the maximum capacity of the adsorbent. Thus, it was applicable only at medium or low concentrations. On the other hand, the parameter 1/n value was between 0.1–1, which shows the appropriate adherence to the Langmuir isotherm model and indicates that the adsorption is favorable as in this study (Haroon et al., 2017).
TABLE 1 | Value obtained from the Langmuir and Freundlich isotherm models.
[image: Table 1][image: Figure 9]FIGURE 9 | (A) Langmuir isotherm model for sono-adsorption. (B) Freundlich isotherm model for sono-adsorption.
Adsorption Kinetics
Adsorption kinetics is an important factor to describe the uptake rate of solute and time required for the adsorption process. In the present work, a kinetic study was performed at different time intervals for phenol adsorption by employing linear forms of pseudo-first- and second-order kinetics. Results revealed that the amount of phenol adsorbed increases with the increase in a time interval. Initially, the adsorption was more and with time it gradually decreased. This was because more active sites were available on the surface of the adsorbent initially, and therefore, adsorption occurred. But, these sites got occupied as time increased and adsorption gradually decreased (Kaushal et al., 2019).
Pseudo-First-Order Kinetics
For the pseudo-first-order kinetic model, ln (Qe − Qt) was plotted against the time interval, and the value of k was obtained from the slope of the line and Qe from the intercept. The results showed that the value of R2 was low indicating that the adsorption of phenol onto Ag–Biochar composites (adsorbent) does not follow pseudo-first-order kinetics (Figure 10A).
[image: Figure 10]FIGURE 10 | (A) Plot of ln (Qe-Qt) vs. time for pseudo–first order kinetics model. (B) Plot of t/Qt vs. time for Pseudo–second order kinetics model.
Pseudo-Second-Order Kinetics
For the pseudo-second-order kinetic model, data were plotted (Eq. 7). The results showed that the value of R2 is high that shows the adsorption of phenol onto Ag–Biochar composites (adsorbent) following pseudo-second-order kinetics (Figure 10B).
CONCLUSION
In conclusion, silver-embedded wheat straw biochar composites Ag–WBC were successfully synthesized and used as a simple, green, and cost-effective way to remove phenol in an aqueous solution. The formation of silver nanoparticles obtained from Ligustrum lucidum leaves on the surface of wheat straw biochar was confirmed by SEM, and EDX determined elemental mapping. Ag–WBC composite modification had improved the performance of adsorption and sono-adsorption. The experimental data revealed that the maximum removal efficiency was 78% in 90 min, along with the optimization of main parameters, that is, 3 pH, 0.05 g adsorbent dose, at 10 mg L−1 initial concentration of phenol, 80 W ultrasonic power, 30°C temperature, and frequency of 35 kHz. The study showed that wheat straw biochar and its composites with silver had shown remarkable performance compared to biochar alone. While sono-adsorption of Ag–WBC showed superior removal ability as compared to the traditional adsorption process. On the other hand, obtained experimental results were evaluated by two well-known models, Langmuir and Freundlich. The coefficient values obtained indicate that the Langmuir model is more appropriate than the Freundlich model. The probability of the sono-adsorption process was evaluated by calculating kinetics that suggested pseudo-second-order of reaction. The proposed green approach may be used for the large-scale production of silver nanoparticles and can be used as an efficient and cost-effective method for wastewater treatment.
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