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Abstract

:

Water pollution with dye effluents from different industries is a broadly established environmental and health problem that needs serious attention. In this study, making use of Acacia nilotica seed extract, greenly synthesized MnO2 nanoparticles were loaded on the surface of biochar derived from palm waste (MnO2/PF), with specific surface areas of 70.97 m2/g. Batch experiments were adopted, aiming to evaluate the performance of palm fronds, biochar, and the MnO2/PF adsorbents in methyl orange (MO) removal from an aqueous solution. The feedstock and synthesized biochars were comprehensively characterized using XRD, SEM-EDX, FTIR, and BET surface area techniques. Moreover, the influences of the modification of palm fronds, initial dye concentrations, pH, and adsorbent dosage on MO uptake were examined. The results demonstrated that MnO2/PF biochar nanocomposite led to an increase in the removal efficiency by 6 and 1.5 times more than those of palm fronds and biochar, respectively. In addition, it was found that the second-order kinetic model presented the kinetic adsorption very well. This paper demonstrates that the depositing of greenly synthesized MnO2 nanoparticles on the date palm waste biochar forms a novel adsorbent (MnO2/PF) for the removal of MO from aqueous solutions. Furthermore, this adsorbent was easy to synthesize under moderate conditions without the need for chemical capping agents, and would thus be cost-effective and eco-friendly.
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1. Introduction


Increasing environmental pollution is associated with the extensive uses of dyes in the cosmetics, leather, paper, printing, medicine, tannery, and textile finishing industries. Azo dyes comprise 60–70% of all of the inorganic dyes manufactured in the world, making them the largest group of colorants in textile effluents. Azo dyes, usually anionic, are amongst the most harmful types of dyes due to their high thermal, optical, and physico-chemical stability, since they have a stable chemical composition involving aromatic rings and azoic linkages. [1]. The high amount of dye-containing waste poses great challenges to the environment, since they have a strong color, high stability of complex structure, and resistance to biodegradability [2]. Therefore, it is very important to eliminate these dyes from wastewater to keep our aquatic life safe [1,2,3]. Among the most common azo anionic dyes is methyl orange (MO), which is widely used in different industries. MO is harmful to the environment and biology [3]. The various technologies that have been investigated for dye decontamination include adsorption, coagulation, and degradation technologies, etc. [4,5,6,7,8]. Amongst these technologies, adsorption is found to be one of the better methods as it has a high efficiency, low cost and simple operation [9]. Different materials have been used to ensure the economic feasibility of the wastewater treatment process, such as agricultural waste, since it is abundantly available and renewable [10]. Water lettuce, agro-wastes, Nepenthes rafflesiana pitcher, and leaves were also used as potential adsorbents for acid blue 25 (AB25) and methyl violet 2B (MV) dye removal, respectfully [11,12].



Adsorption onto biochars derived from biomass is considered an effective and environmentally friendly method to remove many of the contaminants from wastewater [13,14,15]. Biochar can be produced from biomass using thermochemical and biochemical technologies. However, the thermochemical process using low pyrolysis is one of the most effective and efficient processes to get biochar from biomass [16]. Biochar production through pyrolysis is affected by different parameters such as temperature, pressure, reaction time, nitrogen flow, and others. These parameters control the char yield, the nature of the active sides, and the pore characteristics of biochar. Along with these operating parameters, the structure of the biomass also influences the product yield [16,17,18,19]. The agricultural economy of the Kingdom of Saudi Arabia is dominated by the export and production of dates, and date trees represent a large amount of waste that is disposed of in a large volume. Dates are a by-product of date palm trees, which are produced in large quantities. In fact, it is estimated that more than thousands of tons of palm waste are generated annually [19]. This waste is not used effectively, as the waste is generally collected and transported to a landfill, potentially creating pollution to the surrounding environments. Therefore, due to the abundant availability of palm waste, it is essential to examine the possibility of utilizing it as an effective material in treating wastewater. Thus, converting this biomass waste to high value biochar product can minimize solid waste handling and reduce the impact on the environment.



Biochar is considered to be a supreme feature material as it has a highly rich carbon content, a large specific surface area, a high porosity with many different functional groups, and is highly available with a low cost as a raw material [16]. Furthermore, due to their abundant functional groups and large chemical and electrical stability, biochars can serve as an interesting support for metal nanoparticles [20]. Recently, syntheses of biochar nanocomposites have been used by many researchers due to the biochar porous structure and the properties of nanoparticles, for the removal of dyes from wastewater [20,21,22]. Thus, the modification of the biochar surface area with MnO2 nanoparticles makes the production of new composites such as MnO2/PF an efficient economic catalyst for the removal of contaminants, since it increases the active site of the biochar [23].



Metal nanoparticles are in need of great attention because of their varied applications and morphology-dependent characteristics [20]. They have attracted significant attention from researchers due to these possible applications and novel characteristics [24]. Manganese oxide has been used as an efficient adsorbent material for the elimination of numerous harmful contaminants from wastewater. From the environmental perspective, a synthesis of a biochar nanocomposite with a high surface area and surface active sites from palm waste for the adsorption of dyes from wastewater is considered effective and eco-friendly. A biogenic synthesis of manganese oxide nanoparticles using plant-based techniques has numerous advantages, including one-pot synthesis, an economical, eco-safe approach of eliminating the uses of hazardous and toxic reducing agents such as of sodium borohydride. Furthermore, the use the plant’s biomolecules as a reducing and capping agent leads to a lower aggregation and uniforms the particles’ shape [25].



In this work, Acacia nilotica pod extract was used as a reducing agent for the formation of manganese oxide nanoparticles. A. nilotica is a tropical plant related to the family of Leguminosae-Mimosoideae. It has been traditionally used as a treatment of various diseases, such as cough, diarrhea, cancer, and others. A. nilotica contains numerous biomolecules such as alkaloids, flavonoids, phenolic compounds, and saponins [26,27,28], which can work as a reducing and stabilizing agent for Mn+2 ions. Due to dye contamination problems, it is important to develop a new adsorbent material for dye removal from wastewater, as it is an environmental concern. In this regard, so far, no reports have been stated on the synthesis of the MnO2/PF biochar nanocomposite as an adsorbent for dye removal. Thus, in this work, an effective and eco-friendly adsorbent will be prepared by the combination of biochar derived from date palm waste (PF) to support MnO2 nanoparticles, which were prepared using A. nilotica pod extract as a stabilizing and capping agent under very mild conditions, as an environmental material for the adsorption of MO. The influence of different adsorbent parameters was evaluated and the kinetic data was studied in terms of pseudo-first- and second-order models.




2. Results and Discussion


2.1. Characterization of Adsorbents


2.1.1. XRD Analysis


To investigate the phase purity and the crystallinity of the prepared samples, the XRD technique was used, and the results are presented in Figure 1. The characteristic peaks in the XRD pattern for the palm waste raw material (Figure 1a) indicate the existence of a broad peak at 22.06° 2θ of a carbon-containing mineral mellite (Al2[C6(COO)6.16H2O). Ju et al. [29] obtained similar results at 20.53° 2θ with bleach wood pulp, while Munir et al. [30] reported that date palm waste has this broad peak at 21.48° 2θ. This biomass in palm waste was lost during the pyrolysis, as shown in Figure 1b,c. Figure 1 shows that the major crystalline peaks of the biochar from the palm waste were quartz (SiO2) peaks at 2θ: 29.16°, 37.24°, and 43.32° and a calcite (CaCO3) peak at 64.16°, 76.8°, and 81.04° 2θ [31,32]. These peaks were still present, even after pyrolysis. Figure 1c shows the distinguishing peaks of the Mn nanoparticles in the MnO2/PF biochar nanocomposite in 2θ values at 18.48°, 29.04°, 37.04°, 50.44°, 60.36°, and 65.08°, indexed to (200), (310), (301), (411), (521), and (002) crystal planes, respectively [33,34]. These diffraction peaks confirm the presence of the α-MnO2 crystal phase according to JCPDS no. 44-0141 standard data [35].




2.1.2. SEM-EDX Studies


The morphology of palm waste raw material, biochar, and the MnO2/PF biochar nanocomposite were studied using scanning electron microscope analysis (SEM), as shown in Figure 2a,c,e. The palm waste raw material showed a cross-linked structure (Figure 2a). This cross-linking was due to the presence of a network containing lignin, a cellulose in biomass. After pyrolysis, few pores were seen in the raw material when compared to its biochar [30]. It was also observed that the surface of the biochar was rougher than the raw palm waste biomass (Figure 2c), and porous structures were formed on the surface, which was caused by the volatilization of organic materials [36]. Figure 2e displays the aggregation of the MnO2 nanoparticles on the biochar surface.



EDX analysis was used to investigate the elemental composition present in the palm waste, its biochar, and the MnO2/PF biochar nanocomposite. Figure 2b,d,f show the presence of different elements on the materials for the raw palm waste, biochar, and MnO2/PF biochar nanocomposite. The EDX spectra (Figure 2b,d,f) show characteristic peaks which are corresponding to carbon, oxygen, silicon and calcium. These EDX peaks are attributed to the quartz and calcite composition of the raw material and its biochar [37,38], while the presence of manganese element on the MnO2/PF biochar nanocomposite surface confirmed the effective synthesis of the MnO2 NPs [39]. The presence of Au peaks originates from the Au coating, which was performed to minimize the surface electron charging via the EDS [40].




2.1.3. FTIR Analysis


The FTIR spectra of the palm waste, biochar and MnO2/PF are shown in Figure 3. The spectrum showed that the palm waste functional groups are changed clearly during the pyrolysis process (Figure 3a). The presence of OH stretching at 3347 cm−1 in the palm waste spectrum is dominated by the bonded water and other volatile functional groups, which are obviously decreased in the biochar (Figure 3b) [30]. The presence of peaks at 2855 and 2914 cm−1 or aliphatic C–H stretch in the palm waste is due to the presence of organic molecules, which disappear into the biochar and MnO2/PF. Figure 3b,c suggests that these organic molecules were removed from the palm waste after the pyrolysis process. Furthermore, it is noticed that the band at 1625 cm−1 for carboxylic acids tends to disappear after the pyrolysis in the biochar and MnO2/PF spectrum. The same results were obtained by Chun et al. [41], in which they confirm a reduction in the amount of acidic groups COOH, with an increase in the pyrolysis temperature and even a disappearance at high temperature. The presence of the peak at 1088 cm−1 in all three spectrums can be attributed to the Si–O–Si [30]. Additionally, the presence of a new MnO2 peak was detected at 611 cm−1, only in MnO2/PF, approving the formation of the MnO2 nanoparticles. Therefore, this result confirmed the successful formation of the MnO2/PF [42].




2.1.4. BET Analysis


The nitrogen adsorption–desorption isotherm of the palm fronds, biochar, and MnO2/PF biochar is presented in Figure 4. This figure shows that the palm fronds and biochar possessed type II and IV isotherms with an H3 hysteresis loop [43], indicating the presence of macroporous and mesopores structures, while the MnO2/PF biochar adsorbent possessed a type IV isotherm with an H3 hysteresis loop, which is characteristic of a solid with a mesoporous structure [43]. On the other hand, the textural properties of the adsorbents are tabulated in Table 1. Moving from palm waste to the MnO2/PF biochar, significant increases in the surface area and average pore diameter were confirmed. It was found that the surface area of the MnO2/PF biochar was 153 and 41 times more than those of the palm fronds and biochar, respectively, while the average pore diameter of the palm fronds was increased from 0.0018 cm3/g to 0.0123 cm3/g and 0.1363 cm3/g for the biochar and MnO2/PF biochar, respectively. Moreover, as seen in Table 1, for all the samples, the average pore size diameter was in the range of 11–48 nm. This confirms that the studied samples have mesoporous structures.




2.1.5. Biochar Yield of Pyrolysis


The yield of the low pyrolysis biochar produced at 600 °C was calculated using Equation (1). It was found that the biochar yield for the palm fronds was 38.46%. The biochar yield is affected by the pyrolysis process parameters (temperature, reaction time, and nitrogen flow), as well as the inert and lignin contents of the biomass [44].





2.2. Batch Adsorption Studies


2.2.1. Effect of Adsorbent Type on MO Uptake


The adsorption behavior of the palm fronds, biochar, and MnO2/PF biochar nanocomposite was studied. A total of 0.07 g of each adsorbent was added to the 10 mg/L initial MO solution at pH 2.0 and 25 °C for 24 h. The results demonstrated that the MnO2/PF biochar has the highest removal efficiency, which is 6 and 1.5 times more than those of the palm fronds and biochar, respectively. Hence, the MnO2/PF was selected for further studies.




2.2.2. Effect of pH


The pH of the MO solution has a significant effect on its removal because it has great influences on the adsorbent surface’s properties, as well as the ionization degree of the MO. [45]. To estimate the influence of the solution pH on the MO sorption, an experiment was conducted at different pH values, ranging from 2.0 to 11.0 and keeping the MO initial concentration of 10 mg/L, contact time of 24 h, and 0.07 g dose of MnO2/PF fixed. As shown in Figure 5, at pH 2.5, the MO removal efficiency reached the maximum value of 91.5%. With the increasing in the pH of the solution from pH 4 to 11, it was noticed that the value of the adsorption percentage (RE %) decreased. A very weak percentage of the removal efficiency (29%) was detected when the solution pH was higher than 10. This could be due to the high deprotonation of the MnO2/PF surface, which, accordingly, will bear a negative charge. Therefore, a strong repulsive force will happen between the MO anions and the negative adsorbent surface, and thus delay the MO reaching the MnO2/PF surface [46]. In contrast, when the solution pH decreased, the MnO2/PF surface became positively charged and attracted the negative MO anions, leading to a higher removal efficiency. Similar results have been reported by many researchers on the adsorption of MO onto various adsorbents [47,48,49]




2.2.3. Effect of MO Initial Concentration


Figure 6 demonstrates the effect of different MO concentrations, varying from 10 to 50 mg/L at pH 2.5, 0.07 g adsorbent dose, and 25 °C. From Figure 6, it is clear that with the increase in the MO initial concentration, the removal efficiency decreased. The higher removal efficiency was 91.5% for 10 mg/L, and with further increases in the initial concentration, the removal percentage decreased to 61.9% for 50 mg/L. This is owing to the limitation of the active site on the MnO2/PF surface, since the amount of adsorbent was kept constant while the initial concentration was increased from (10–50 mg/L). Additionally, the increase in the MO concentration makes the active sites on the MnO2/PF biochar adsorbent saturated very fast, so there is no available active site on the adsorbent surface for the MO molecules to react with. Similar observations were reported by Hemamalathi et al. [41] and Lu Han et al. [42]. However, the adsorption capacity increased from 2.61 to 9.11 mg/g with the increase in the initial concentration of MO from 10 to 50 mg/L (Figure 6). This is because of the increase in the mass transfer driving force, with an increase the initial concentration of the solution.




2.2.4. Effect of MnO2/PF Biochar Dose


Figure 7 shows the effect of the various masses of the MnO2/PF biochar nanocomposite, ranging between 0.01 and 0.1 g with the MO removal efficiency and adsorption capacity (qe). The selected mass was mixed with 20 mL of the 10 mg/L Cr (VI) solution at pH 2.5 and 25 °C. In Figure 7, it is demonstrated that, with increase in dose amount, the MO removal efficiency increased, while the adsorption capacity of the MnO2/PF decreased. It can be seen that, with the increase in the adsorbent dosage from 0.01 to 0.07 g, there was a considerable increase in the removal percentage of MO, from 59.4% to 91.5%, possibly owing to an increase in the number of adsorption active sites [50]. However, the higher doses of the MnO2/PF result in a lowering of the removal percentage of MO to 37.72%. In fact, at the low dosage of adsorbent, there will be a well dispersion of the MnO2/PF biochar in an aqueous solution, so that all the MnO2/PF surface active sites are uncovered, which can increase the affability of the MO molecules to the MnO2/PF active sites. Therefore, the active sites of the adsorbent are quickly saturated, resulting in a high removal percentage. Conversely, the higher adsorbent dosages make the availability of the higher energy adsorbent active sites decrease, and occupy a large fraction of the active sites with lower energy, which decrease with the adsorption removal. Additionally, when the adsorbent doses increase, it leads to particle aggregation, due to the collision between the adsorbent nanoparticles which reduce the total surface area, which results in a decrease in the percentage removal of the MO from an aqueous solution. Therefore, the optimal dosage (0.07 g) was selected for the rest of the study [50]. On the other hand, it was found that the adsorption capacity values of the MnO2/PF biochar nanocomposite were gradually decreasing upon the increasing the adsorbent dosage, suggesting that higher numbers of adsorbent functional groups are available compared to the number of interacting MO.





2.3. Effect of Surface Functional Groups on MO Adsorption


The effects of surface functional groups on MO adsorption were analyzed by observing the shifting of the FTIR peaks after the adsorption experiment. The identified peaks for the MnO2/PF biochar, both before and after the sorption experiment, are tabulated in Table 2. As shown in this table, some of the FTIR peaks of the MnO2/PF biochar after the adsorption experiment have shifted, particularly at the lower and higher wave numbers. Based on this observation, it can be stated that the carbon functional groups (C–H, C=C, C–O, C=O and C≡C) contribute to the adsorption of MO onto the surface of the MnO2/PF biochar.




2.4. Kinetics Analysis


Kinetics studies were performed using 20 mL of 10 mg/L of methyl orange and 0.02 g of the adsorbent dose, at the optimum pH of 2.5. The kinetic behavior of MO onto the MnO2/PF biochar nanocomposite was calculated in terms of pseudo-first- and second-order models. Based on the linear regression correlation coefficient values (R2), the best-fit model was selected. The first-order kinetic model can be presented by the following equation [51].


  ln    q e  −  q t    = l n  q e  −  k 1  t    



(1)




where qe and qt (mg/g) are the amount of MO adsorbed at equilibrium and time t, respectively, and k1 is the rate constant of the pseudo-first-order kinetic model (min−1) and t time (min).



A linear form of the second-order kinetic model can be presented by the following form [51].


   t   q t    =  1   k 2   q e 2    +  1   q e    t  



(2)




where k2 (g/mg·min) is the second-order kinetic rate constant.



The results of the two models are presented in Supplementary Figure S1 and their kinetic coefficients in Table 3. From Table 3 and Supplementary Figure S1, the pseudo-second-order shows higher value correlation coefficients, R2 (0.995), than the pseudo-first-order (0.723). Moreover, it was found that there is a good agreement between the experimental (qe,exp 10.71 mg/g) and calculated values for the pseudo-second-order (qe,cal 9.61 mg/g), while the qe,cal value for the pseudo-first-order is 5.46 mg/g, proposing that the adsorption kinetic is well described by the pseudo-second-order.



Previously, some researchers demonstrated the applicability of the pseudo-second-order kinetic model to describe the adsorption process of MO onto various adsorbents. By comparing the results obtained in this study with those in previously reported works (Table 4) on the adsorption mechanism of various adsorbents in aqueous solutions for MO, it is clear that similar phenomena have been observed for the adsorption mechanism of MO onto the MnO2/PF biochar.





3. Materials and Methods


3.1. Materials


The date palm fronds were obtained freely from a local farm in Al-Ahsa, Saudi Arabia. Mn (MnCl2.4H2O 98% Merck) was used for the synthesis of the MnO2/PF biochar nanocomposite. The solution pH was controlled using hydrochloric acid (0.1 M HCl, Merck) and sodium hydroxide (0.1 M NaOH Merck). Methyl orange (98% MO Merck) was used to evaluate the adsorption process.




3.2. Preparation of Acacia Nilotica Extract


The pods of A. nilotica were collected from Hofuf local markets in Saudi Arabia. To prepare the extract, the pods were rinsed extensively using tap and distilled water to make sure any dusts and impurities were removed. In total, 10 g of A. nilotica pods was boiled for 15 min at 100 °C in distilled water. The extract was centrifuged at 10,000 rpm for 10 min using the centrifuge model XC-L6Z, and the supernatant was collected and then filtered.




3.3. Synthesis of PF Biochar


The PF sample was first washed many times using distilled water in order to eliminate any impurities, and then after drying for 24 h, the dried PF was ground lightly using a grinding machine. The milled palm frond particles of sizes between 250–125 µm were selected for biochar production. About 60 g of the grinded PF was then pyrolyzed in a tubular furnace at 600 °C under nitrogen flow at 200 mL/min for 60 min, with a 10 °C/min heating rate. The slow pyrolysis at a temperature of 600 °C was selected based on its characterization of a slow heating rate and long residence time [57].




3.4. Synthesis of MnO2/PF Biochar Nanocomposite


Figure 8 shows the steps of the MnO2/PF biochar nanocomposite synthesis. A total of 2.5 g of the PF biochar was mixed with 100 mL of 0.1 M MnCl2.4H2O solution, and then 20 mL of the A. nilotica was added to the blend and continuously stirred for 30 min. The pH of the mixture was adjusted at 11 using 1 M KOH and an Orion 2-star pH meter. The mixture was then left to be stirred at room temperature and 70 rpm for 24 h. Then, the blend was filtered and the solid was rinsed with distilled water and then ethanol. Finally, it was dried at 40 °C and was subject to calcination at 200 °C for 3 h.




3.5. Characterization


The morphological structures of the PF and the prepared MnO2/PF biochar nanocomposite were assessed using field-emission scanning electron microscopy (FE-SEM model JSM-7610F, JEOL, Peabody, MA, USA), fitted with an X-ray energy dispersive spectroscopy system EDX. The surface area and pore structure were analyzed using a Brunauer–Emmett–Teller (BET) surface area analyzer (a NOVA 4200e (Quantachrome Instruments, B Beach, FL, USA). Fourier transform infra-red (FTIR) was performed with Thermo Scientific, Quattro S, Guilford, CT, USA) which was used to confirm the presence of functional groups. The crystal structure of the prepared MnO2/PF biochar nanomaterial was studied using an X-ray diffractometer with a wavelength of 1.54 Å, (XRD-7000 with a Cu-detector Shimadzu, Tokyo, Japan) over the 2Ɵ range of 10–80°.The yield of the developed biochar was calculated using Equation (1).


   Biochar   yield     %  =    mass   of   biochar     mass   of   dried   palm   fronds    × 100  



(3)








3.6. Adsorption Experiment


The adsorption of the MO using the MnO2/PF biochar nanocomposite was conducted under different conditions with continuous stirring at 80 rpm. The batch experiment was carried out in an Erlenmeyer flask (50 mL) with 20 mL of the 10 mg/L initial MO concentration at pH 2.5 and 298 K. The pH (2–11) of the solution was adjusted using 0.5 M HCl and 0.5 M NaOH. The evaluated concentration ranged between 10 and 50 mg/L. To study the effect of the adsorbent dose on MO adsorption, various doses of MnO2/PF, ranging between 0.01 and 0.1 g, were added to the 20 mg/L initial MO concentration at 298 K and pH 2.5. In the experiment on the effect of the initial dye concentration, the evaluated concentration varied from 10 to 50 mg/L at pH 2.5. Aqueous samples were collected at certain time periods and filtered using Whatman No.1 filter paper. The filtrate was used to calculate the maximum absorbance of the MO solution at a wavelength of 464 nm, using the UV-vis spectrophotometer (Shimadzu, Kyoto, Japan). A kinetic study was conducted at pH 2.5. The MO concentrations were analyzed after 0, 2, 5, 10, 15, 20, 30, 40, 50, 60, 90, and 120 min. All of the experiments were performed two times, and the average of the values was used in the study. The MO removal percentage and adsorption capacity were calculated with Equations (2) and (3),


   %   removal    of   MO =      C o  −  C t       C o    × 100    



(4)






   Adsorption   capacity       q e    =      C o  −  C e    V  W  ,      mg   ofadsorbate  /  g   of   adsorbent     



(5)




where    C t    (mg/L) is the MO concentration at time t, and    C o   (mg/L) is the initial concentration of the MO solution.     C e    (mg/L) is the equilibrium concentration of MO, V is the volume of the MO solution (L), and W is the mass of the adsorbent (g).





4. Conclusions


The biochar derived from palm-waste-supported MnO2 nanoparticles (MnO2/PF) was successfully synthesized by employing Acacia nilotica seed extract as a stabilizing and capping agent. The different properties of the palm fronds and developed biochars were characterized by FT-IR, SEM-EDX, XRD, and BET analysis. The adsorption studies of the MnO2/PF biochar nanocomposite were investigated in a batch mode at pH (2–11), an initial MO concentration of (10–50 mg/L), and an adsorbent dose of (0.01–0.1 g). It was found that the MnO2/PF biochar showed the highest micro-mesopores structure and surface area (70.97 m2/g), compared to those of other samples. Furthermore, the morphological features of the biochar samples showed that porous structures were formed on the surface, which were caused by the volatilization of organic materials. In addition, the FTIR analysis showed that these functional groups (C–H, C=C, C–O, C=O and C≡C) contributed to the adsorption of MO onto the surface of the MnO2/PF biochar. The results also demonstrated that the highest removal efficiency (91.5%) was observed at a pH value of 2.5, while the raw material and biochar showed low uptake efficiencies at a pH of 2.5 (14.7% and 62.7%), respectively. According to the kinetics experiments, the adsorption of MO onto the MnO2/PF biochar nanocomposite followed pseudo-second-order kinetics. It can be concluded that the MnO2/PF biochar nanocomposite synthesized from palm fronds could effectively adsorb MO from aqueous solutions.
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Figure 1. XRD spectra of (a) palm waste, (b) biochar, and (c) MnO2/PF biochar nanocomposite. 
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Figure 2. SEM and EDX for palm waste (a,b), biochar (c,d), and MnO2/PF biochar (e,f). 
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Figure 3. FTIR spectrum of (a) palm waste, (b) biochar, and (c) MnO2/PF biochar nanocomposite. 
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Figure 4. Hysteresis loops of palm fronds, biochar, and MnO2/PF biochar. 
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Figure 5. Effect of solution pH on MO uptake by MnO2/PF biochar at contact time, 24 h; initial concentration of MO, 10 mg/L; and 0.07 g of MnO2/PF. 
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Figure 6. Effect of different MO concentrations on adsorption capacity and removal efficiency (pH 2.5; 0.07 g, adsorbent dose; and 24 h, contact time). 
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Figure 7. Effect of MnO2/PF biochar dosage on the removal of MO adsorption capacity and removal efficiency (pH 2.5; 10 mg/l, initial MO concentration; and 24 h, contact time). 
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Figure 8. Schematic diagram of the synthesis of MnO2/PF biochar nanocomposite. 
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Table 1. Pore textural characteristics of palm fronds, biochar, and MnO2/PF biochar.
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	Sample
	BET Surface Area(m2/g)
	Total Pore Volume(cm3/g)
	Average Pore Diameter (nm)





	Palm fronds
	0.463
	0.0018
	48.42



	Biochar
	1.74
	0.0123
	45.53



	MnO2/PF biochar
	70.97
	0.1363
	11.17
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Table 2. FTIR spectra of MnO2/PF biochar before and after MO sorption (I, before MO sorption and II, after MO sorption).
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MO Sorption

	
Functional Group




	
C–H, C=C

	
C–O

	
C=O

	
C≡C






	
I

	
797

	
1080

	
1625

	
2102




	
II

	
790

	
1073

	
1685

	
2109
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Table 3. Pseudo-first-order and second-order coefficient.
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Model

	
Parameters




	
qe,exp (mg/g)

	
10.71






	
Pseudo-first order

	
qe,cal (mg/g)

	
5.46




	
k1 (min−1)

	
0.0196




	
    R 2    

	
0.7229




	
Pseudo-second order

	
qe,cal (mg/g)

	
9.61




	
k2 (g/mg· min)

	
0.028




	
    R 2    

	
0.9951











[image: Table] 





Table 4. Previously reported kinetic studies of various adsorbents for MO.
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Adsorbent

	
Parameters

	
Reference




	
k2 (g/mg. min)

	
     R 2     






	
Multiwalled carbon nanotubes

	
0.00457

	
0.9980

	
[52]




	
AC derived from phragmites australis

	
0.000016

	
0.9999

	
[53]




	
AC derived from pomelo peel waste

	
0.000683

	
0.9840

	
[54]




	
Chitosan wrapping magnetic nanosized and multi-walled carbon nanotubes

	
0.02340

	
0.9980

	
[55]




	
NiO nanoparticles

	
0.00076

	
0.9890

	
[24]




	
CuO nanoparticles

	
0.02441

	
0.9980




	
Polyaniline-kapok fiber nanocomposite

	
0.00012

	
0.9980

	
[56]




	
MnO2/PF biochar

	
0.02800

	
0.9951

	
This study
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