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Abstract

:

Moringa oleifera seeds, in particular, have been used for water and wastewater treatment due to their ability to remove many pollutants. Therefore, the present work aims to produce bioadsorbent materials by pyrolysis using biomass from the seed shell of Moringa oleifera to remove the drug Metronidazole present in an aqueous medium. The biochars produced were activated with phosphoric acid (H3PO4) and potassium hydroxide (KOH) to compare the material’s modifications and adsorption mechanisms with the biochar in nature (BCM). The biochars were characterized by Point-of-zero charges (pHpzc), Scanning Electron Microscopy (SEM), X-ray Diffractometry (XRD), Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy. The studies showed that the adsorption behavior varied with the pH of the solution. The adsorption study verified that the activated biochars presented better results, so in the kinetic study, the adsorption behavior occurred rapidly in the initial minutes until stabilizing within 3–4 h, better fitting the Elovich model. Isotherm models were tested, where the experimental data were adjusted to the Sips model, with an adsorption capacity of 18 mg g−1 for acid-activated biochar (BCH3PO4) and KOH-activated biochar (BCKOH) with 366.49 mg g−1. The results showed that biochars, especially BCKOH, become viable for production because they are a low-cost material and highly effective in removing drugs.
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1. Introduction


The industrial sector has developed rapidly in recent years, improving people’s conditions and quality of life. However, industrial development has also caused some environmental problems. With the rapid increase in the types and levels of pollutants, water resources are getting worse.



Due to urbanization, the pharmaceutical industry has been expanding in the generation of its products, especially antibiotics, and one of the consequences of this expansion is an increase in waste generation. With the growing demand to meet human needs, drugs have significantly increased production scale, where new resources are managed to discover new drugs and also for more efficient production [1].



Emerging contaminants (CEs) constitute a group of chemical pollutants that pose potential threats to human health and the environment. They are highly complex organic compounds, typically found in water. CEs commonly originate from pharmaceuticals, personal care products, endocrine-disrupting chemicals, antibiotics, persistent organic pollutants, disinfection by-products, and other industrial chemicals [2]. These contaminants persist in the environment and endure for an extended period. ECs are in a continual state of circulation, migration, and transformation within environmental mediums. Despite their relatively low concentrations in water, the potential environmental and human health impact arises as these ECs can accumulate in organisms and subsequently affect the food chain [3].



Metronidazole (MNZ) is an effective medication for treating infections caused by parasites and anaerobic bacteria, including Helicobacter pylori, Giardia lamblia, and Trichomonas vaginalis [4,5]. MNZ in water has a high pollutant potential, causing carcinogenic and mutagenic effects [5], and is included in the National Toxicology Program (NTP) carcinogenic list [6].



A cost-effective and efficient method for eliminating contaminants is adsorption, a process that occurs on the surface and/or within a substance where adsorbates (molecules, ions, atoms) attach to a substrate through chemical or physical interactions [7]. Numerous adsorbent materials are available, and those derived from biomass exhibit particularly promising outcomes.



Biochar, produced through the pyrolysis of various biomass sources, serves dual roles as both a heat- and energy-generating fuel and an adsorbent [8,9]. Abundant and cost-effective raw materials, primarily sourced from animal origins and plant residues like seeds, seed husks, bagasse, organic waste, and grains from agricultural production, contribute to its production [10,11]. Biochar is characterized by a high carbon content, followed by hydrogen and nitrogen, and contains notable concentrations of potassium, sodium, magnesium, and calcium in smaller amounts. The material typically features a substantial specific surface area and a high content of surface functional groups [12,13,14]. Physicochemical properties, such as specific surface area and surface functional group content, vary depending on the type of biomass employed [14,15].



Moringa oleifera, originating from India, is a versatile plant known for its resilience to diverse climate conditions. Besides being rich in protein, its seeds are recognized as a potential natural coagulant. Additionally, the oil extracted from Moringa oleifera seeds finds application in nutrition, cosmetics manufacturing, and bioenergy. Recent studies have underscored its relevance in biodiesel production [16,17,18,19]. With this, there is a growing demand and opportunity for large-scale cultivation. In Brazil, it is cultivated on a large scale in the Northeast region due to its tropical climate.



Considering the difficulties in treating water to obtain potable water, where various contaminants are present in the aqueous medium, especially pharmaceuticals, activated carbon has excellent adsorption properties compared to natural carbon. Moringa oleifera, due to its various uses and large-scale production of fruits, in particular the use of Moringa oleifera seed husks, which are treated as waste in commercial use, becomes economically and environmentally viable to study in the development of bioadsorbents. Therefore, this work aims to produce activated biochar through pyrolysis using Moringa oleifera seed husk biomass to remove the pharmaceutical Metronidazole from the aqueous medium.




2. Materials and Methods


2.1. Raw Material


The seeds of Moringa oleifera were kindly provided by a private company in the Northwest of Paraná—Brazil. The seeds were shelled, and only the shell was used, as they are usually discarded and become waste, making it of great economic and environmental interest. The M. oleifera shells were dried in an oven with air circulation at 65 °C for 24 h to be used as raw material for the pyrolysis module. Due to their relatively small size, the shells were subjected to pyrolysis tests.




2.2. Preparation of the Biochar


Pyrolysis tests are based on a pre-established methodology. The pyrolytic unit used is composed of a fixed stainless steel bed reactor with a gas inlet and outlet (4 cm in diameter × 50 cm high) heated by a double-broken tubular furnace (Sanchis, power 3 kW, 220 V, maximum operating temperature of 1200 °C). Three factors (temperature, heating rate, and residence time) were investigated to evaluate their influence on biochar production. Thus, the experimental design was according to the 2³ factorial with 3 independent factors executed by the Statistica 6.0 software. For the assay, 26 g of M. oleifera seed shells were used, maintaining a constant flow of N2 of 150 mL min−1 throughout the process. The biochars produced in nine different treatments were analyzed by the Statistica software using the results of thermal and mass yield as factors to define only one treatment that could be activated and proceed with the adsorption experiments. The method ANOVA, estimated effects, predicted values and desirability were used for statistical analysis.




2.3. Elementary Biochar Analysis


Elemental analysis was performed at the Analytical Center of the University of São Paulo for the biochar samples from Moringa oleifera seed shells using a CHN Analyzer Series II—Perkin Elmer (Waltham, MA, USA) at a combustion temperature of 925 °C to determine the percentage of carbon, hydrogen, and nitrogen content in the samples.




2.4. Preparation of the Activated Biochar by H3PO4


In this methodology adapted from [20], phosphoric acid H3PO4 (85% Synth) was used to activate the biochar (BCM) chemically. For the impregnation of biochar (BCM) with H3PO4, a ratio of 1:2 (m/v) was used. Thus, 33 g of biochar was mixed with 66 mL of H3PO4 in a stirrer for 4 h, and 200 mL of deionized water was added to facilitate stirring. Then, the material was taken to a drying oven (Quimis-Q317M, Diadema, Brazil) and dried at 105 °C for 24 h. Subsequently, the particles were subjected to the pyrolysis process at a final temperature of 550 °C and held for 60 min, with a slow heating rate of 5 °C min−1 and a constant flow of nitrogen of 150 mL min−1.




2.5. Preparation of the Activated Biochar by KOH


Potassium hydroxide KOH (85% Synth) was used to activate the biochar (BCM) chemically. Thus, a proportion ratio of 1:4 (m/m) was used to impregnate the biochar with KOH. Since the KOH did not have a purity of 100% for this mixture, an addition based on mathematical calculations was made. Thus, 35 g of biochar was mixed with 165 g of KOH in a heated shaker at 210 °C for 3 h, adding 200 mL of deionized water to facilitate mixing. The material was then dried in an oven (Quimis) at 105 °C for 24 h. Afterward, the particles were subjected to pyrolysis at a final temperature of 850 °C and held for 60 min, with a slow heating rate of 5 °C min−1 and a constant nitrogen flow of 150 mL min−1 [21]. The activated biochars were washed with 7 L of deionized water to remove impurities and then submitted to the drying process in a greenhouse at 105 °C for 24 h. The dry biochars underwent the grinding process and were sifted at a fraction smaller than 0.5 mm.




2.6. Characterization


The produced and activated biochars were characterized according to the methodology described in Table 1, just below.




2.7. Adsorption Experiments


Metronidazole (MNZ) solutions were prepared at a concentration of approximately 50 mg L−1 and 250 mg L−1 by dissolving Metronidazole obtained from a compounding pharmacy in sachets with high purity (>99%) with Milli-Q 18.2 MΩ.cm pure water. The concentrations of Metronidazole were measured using a UV-VIS DR500 spectrophotometer from HACH (London, UK) at a wavelength of 320 nm. A calibration curve was constructed for the measurements.



The batch adsorption experiments were conducted in duplicate. Separately, 25 mg of BCM, BCH3PO4, and BCKOH were added to plastic containers with 30 mL of metronidazole solution, with concentrations of approximately 50 mg L−1 and 250 mg L−1. The solution was allowed to interact with the adsorbent for 24 h under agitation in an MA-420 shaker incubator at 150 rpm and a temperature of approximately (25 ± 2 °C). After 24 h, the experiments were filtered through a membrane (cellulose ester 0.45 µm) to separate the adsorbent from the MNZ solution. The concentration of MNZ was determined by UV-VIS absorption spectroscopy.




2.8. Study of the Influence of pH on Adsorption Tests


In order to evaluate the influence of pH, solutions of 50 and 250 mg L−1 of Metronidazole (MNZ) were prepared and adjusted to pH values ranging from 2 to 12. Tests were carried out at each pre-established pH value of 2, 4, 6, 6.7 (natural pH), 8, 10, and 12. For this purpose, each test included 25 mg of BCH3PO4 and BCKOH, and 30 mL of metronidazole solution at the adjusted pH was added.




2.9. Adsorption Kinetics


For the kinetic studies, the mass of the adsorbent used, the solution’s volume, the natural pH of the solution, constant stirring at 150 rpm, and the ambient temperature of 25 °C (±2 °C) were kept constant. Points were collected at different times for reading.



Activated biochar with BCH3PO4 was subjected to kinetic tests with 3 concentrations of metronidazole solution (30, 45, and 60 mg L−1) to evaluate whether it had the exact kinetic model fit. Activated biochar with KOH also followed the same criterion for three different concentrations of metronidazole solution (150, 250, and 350 mg L−1). The models were fitted to the pseudo-first-order model (Equation (1)), pseudo-second-order model (Equation (2)), Elovich model (Equation (3)), and intra-particle diffusion model (Equation (4)) using OriginPro 2019b software for obtaining graphs and statistical analysis.
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where:




	
qt = amount of adsorbed adsorbate (mg g−1) at time t (min).



	
qe = equilibrium and the maximum adsorption capacities (mg g−1).



	
k1 = adsorption rate constant (min−1).



	
k2 = adsorption rate constant (g mg−1 min−1).



	
A = initial adsorption rate (mg g−1 min−1).



	
Β = adsorption constant (mg g−1).



	
kD = intraparticle diffusion coefficient (mg g−1 min−0.5).



	
C = constant (mg g−1).









2.10. Adsorption Isotherms


The adsorption isotherm using BCH3PO4 and BCKOH was obtained at a room temperature of 25 °C. The experiments maintained the adsorbent mass at 25 mg, the solution volume at 30 mL, and the natural pH of the solution. Metronidazole concentrations of (2, 5, 10, 15, 30, 45, 65, 85, 110, and 140 mg L−1) were used for this biochar. For biochar activated with KOH, Metronidazole concentrations of (50, 100, 150, 200, 250, 300, 400, 500, 600, 700, and 800 mg L−1) were used. For this study, Langmuir (Equation (5)), Freundlich (Equation (6)), and Sips (Equation (7)) models were evaluated.
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where:




	
qmax = maximum adsorption capacity, mg g−1.



	
qe = amount of adsorbate concentration in the solid phase in equilibrium, mg g−1.



	
Ce = amount of adsorbate concentration in the liquid phase, mg L−1.



	
Kl = equilibrium constant, affinity between adsorbate and adsorbent, L mg−1.



	
Kf = Freundlich constant relates the adsorption capacity and number of adsorption sites, L mg−1.



	
n = that relates the intensity of the adsorption process (affinity between adsorbent and adsorbate).



	
Ks = Sips constant, with the adsorption energy, L mg−1.









2.11. Recuperation Studies


For the biochar recovery studies, 50 mg of BCH3PO4 and BCKOH were weighed and subjected to batch adsorption process with MNZ solution at concentrations of 50 mg L−1 and 250 mg L−1, respectively, using a temperature of 25 °C (±2) and an agitation speed of 150 rpm in a shaker for approximately 5 h. The samples were filtered for solution reading, and the biochars containing the adsorbed adsorbate were subjected to a thermal process at 450 °C, with a heating rate of 10 °C min−1 and a residence time of 20 min in a Muffle Furnace (Quimis).





3. Results and Discussion


3.1. Immediate Analysis and Elemental Analysis


The yields of the produced biochars ranged from 30.76% to 38.07%, where temperature was the determining factor. At lower temperatures, there is a more remarkable preservation of biomass, where carbonization occurs, unlike at higher temperatures, which increase biomass decomposition. The central points of the parameters are defined as (0), values below the central points as (−1), and values above the central points as (1), the data are presented in Table 2.



The biochar showed a carbon content ranging from 72.97% to 78.39%, as described in Table 1, where a higher carbon content improves the initial formation of biochar pores [23]. This was expected, as according to González-García (2018) [23], the presence of high amounts of C, O, and H is linked to the composition of the three primary structural polymers found in most lignocellulosic precursors: cellulose, hemicellulose, and lignin. Additionally, there are minor non-structural components such as proteins, chlorophylls, ashes, waxes, tannins (in the case of wood), and pectin (in most fibers). In the present work, the carbon contents were above those reported by Santos Bispo et al. (2021) [24], who worked with the pyrolysis of M. oleifera pods with a carbon content of 41.18%.




3.2. Statistical Evaluation of the Biochars Produced under Different Investigated Factors


The data was evaluated by analysis of variance (ANOVA) and the coefficient of determination for yield and carbon content, described in Table 3 and Table 4.



For yield analysis, ANOVA showed that only temperature is the determining factor (p < 0.05) for biomass degradation, where these data have a coefficient of determination of 91.7%. Thus, this mathematical model is reliable in explaining the behavior of the obtained data.



Regarding carbon content, temperature is the crucial factor for the change in % of carbon in biochar, with a p-value of 0.025 and a coefficient of determination factor of 95.3%. The studied factors, such as temperature, time, and heating rate, were related, but none of these relationships significantly influenced carbon content or yield.



Therefore, to choose the ideal condition for biochar production that yields a material with high yield and carbon content, Figure 1 describes the desirability of the experiment.



The desirability factor described in the graph to be adopted in the production of BCM was to use a temperature of 600 °C, a heating rate of 15 °C min−1, and a residence time of 60 min. With these desirability data, BCM was produced and activated to proceed with adsorption and characterization tests.




3.3. Characterization of the Biochars


The pHpzc is the point at which the surface load of the adsorbent is zero, where for pH values below the zero load potential, the material will behave positively, and for pH values above the zero load potential, the material will have negative surface loads [25]. Below, in Figure 2, is presented the pHpzc analysis.



As presented, the pHpzc for BCM was 7.75 and 7.2 for the H3PO4-activated one. For BCKOH, the pHpzc did not have a significant change and was close to 7.76. Herath et al. (2021) [26] produced activated biochar with KOH and obtained a PZC value of approximately 7.2, suggesting that neither cations nor anions would be repelled by acidic or alkaline pH. It is also observed that there was a decrease in the PZC with acid activation, as expected and in agreement with [27]. De Araújo et al. (2021) [28] highlight that PZC equal to or close to neutrality would facilitate adsorption mechanisms, where there would be a broader range of contaminants.



In Figure 3, to describe the morphology of the material, a magnification of 500× and 1000× was used, where the images presented demonstrate the difference between the BCM and the activated materials. In Figure 3a, the biochar presents a few pores that are not homogeneous, while after activation in Figure 3b, it presents well-structured and segmented pores. This is due to the activation process, which has the potential to release some components, causing the material to form pores. Dos Santos Bispo et al. (2021) [24] observed a slightly porous modification of the M. oleifera biochar material after activation with H3PO4 compared to the non-activated material.



Similarly to BCH3PO4, image C shows an increase in pore amount with chemical activation, and there was a more homogeneous distribution of pores throughout the activated biochar. It should be noted that the chemical activator KOH is more aggressive, resulting in the decomposition of lignocellulosic compounds. X-ray diffractometry (XRD) for the biochars studied is presented in Figure 4.



The studied biochars presented amorphous characteristics with few well-defined peaks, and one of the reasons is the indication that M. oleifera has a high protein content [29]. BCM and BCH3PO4 presented similar peaks at 22° (plane 210), which, according to the X’Pert HighScore database, indicate the formation of hydrocarbons. In studies of the pyrolysis of rubberwood sawdust, peaks at 22° are characteristic of the crystalline structure of cellulose [30]. De Souza dos Santos et al. (2020) [31], producing biochar based on Syagrus coronata, presented well-defined peaks in the 22–23° region.



The 43–44° region corresponds to the graphite plane (111), with carbon atoms with disordered rings characteristic of amorphous carbon-based materials Paunovic et al. (2019) [32] Previous studies using lignocellulosic materials recorded similar values to this work [33].



The (002) plane at 25° formed Triphosphorus pentanitride (P3N5) from activation using H3PO4, and in BCKOH, the (200–220) planes indicated the presence of potassium compound.



The TGA and DTG curves are presented in Figure 5 to discover the material’s behavior through temperature variation.



The seed bark of M. oleifera exhibited a mass loss pattern (12%) within the temperature range of 20–200 °C, primarily attributed to the evaporation of moisture and other volatile elements. Subsequently, between 200 and 300 °C, a substantial mass loss of approximately 90% occurred, mainly associated with the volatilization of lignocellulosic compounds [34]. The DTG curve reached its peak at 260 °C during this stage, indicating the decomposition of hemicellulose within this temperature range [35]. Within the temperature interval of 340–500 °C, the Biochar Material (BCM) displayed an 84% mass loss, and the DTG curve exhibited three peaks at 382, 411, and 464 °C. The first peak corresponds to cellulose decomposition (315–400 °C), while the second and third peaks are situated in a “passive pyrolysis zone”, attributed to the decomposition of chemically bound CO2 and lignin [36]. Lignin stands out as one of the most thermally stable compounds, with some studies suggesting its decomposition can occur at elevated temperatures, reaching up to 1000 °C [36,37]. Activated biochars, as depicted in Figure 5c,d, exhibited analogous patterns in the TG and DTG curves, revealing two distinct decomposition stages. The initial stage, encompassing the temperature range of 20 °C to 100 °C, is associated with water evaporation, resulting in a mass loss ranging from 5 to 16%, respectively. Subsequently, the material demonstrated thermal stability up to around 480 °C, underscoring that activation led to significant degradation of components up to this temperature. The second decomposition stage unfolds between 480 °C and 700 °C for BCH3PO4 and 480 °C and 600 °C for BCKOH, with mass losses of 70% and 55%, respectively. The TG curve for the acid-activated biochar peaked at 550 °C, indicative of the decomposition of lignocellulosic materials and residual organic groups present on the carbon surface [24].



Table 5 shows the N2 adsorption/desorption results, where according to the activation of the natural biochar, the specific surface area (SBET) increased for BCH3PO4 (21.37 m2g−1). The low area may be attributed to the activation process, which should be attributed to the formation of heteroatoms blocking the biochar pores [38]. Activation with KOH mainly contributed to the increase in area (SBET) with 1135.14 m2g−1 and a high pore volume (Vp = 0.61 cm3g−1) because the chemical activator KOH is more aggressive, blocking the pores in the degradation of lignocellulosic compounds. The FTIR spectra of M. oleifera biochar, chemically activated and shortly after the adsorption process, are presented in Figure 6 and Figure 7.



The peaks observed at 3450 cm−1 signify the existence of hydroxyl groups (OH), which can be attributed to both the presence of water in the sample and the stretching vibrations of hydroxyl groups found in fatty acids, protein structures, and lignin [39,40]. The bands at 2922 and 2852 cm−1 arise from aliphatic C-H and CH2 vibrations, characteristic of fatty acids [40]. The peak at 1625 cm−1 corresponds to C=O stretching vibrations, associated with the presence of hemicellulose and lignin structures [41]. The peak at 1454 cm−1 reflects the angular deformation of hydrocarbons (CH2), present in carbohydrates such as hemicellulose and cellulose [42,43]. Spectra at 1163 cm−1 represent stretching vibrations of phenolic groups within the sample, while those at 1114 and 1060 cm−1 indicate the formation of polysaccharide carbohydrates from other smaller sugars found in M. oleifera [44,45]. The band at 896 cm−1 corresponds to typical C-H vibrations in the cellulose structure [46].



After the chemical activation of BCM, there were changes in the intensity of peaks in some bands. In BCH3PO4, a band at 1745 cm−1 appeared, representing stretching vibrations of carbonyl groups C=O associated with fatty acids, characteristic of lignocellulosic compounds [40,47]. The band at 1558 cm−1 may be related to the secondary amine group [41]. As discussed in the thermogravimetric analysis, changes in peak intensity and alterations may be related to the decomposition of lignocellulosic compounds during activation. After adsorption, BCH3PO4 showed few significant changes in bands, with only a decrease in peak intensity in the 1060–1163 cm−1 region, highlighting that adsorption may be occurring in a small part through a chemical process.



In BCKOH, after activation, some bands shifted while others disappeared, as observed in the study by Luo et al. (2018) [48] using KOH-modified biochar. TGA and DTG, discussed in the previous section, highlight the decomposition of lignin- and hemicellulose-based compounds. The hydroxyl group (OH) band shifted to 3350 cm−1, and the peak at 1699 cm−1 represents stretching vibrations of C=O associated with carboxylic and amide groups [49]. After adsorption, the peaks at 1425 cm−1 and 1458 cm−1 correspond to C-C aromatic ring compounds of lignin [46,50]. There were few modifications, mainly in peak intensity, after adsorption of BCKOH, indicating that no new groups were formed but some disappeared, and adsorption may be occurring mainly through chemical interactions between the adsorbate and the adsorbent.



Below Figure 8, the Raman spectra for biochars were evaluated to demonstrate graphitization levels.



The examined biochars exhibited two distinctive peaks: the D band, positioned at 1330 cm−1, and the G band, approximately at 1580 cm−1. The D band is associated with the disarray of carbon C=C bonds between aromatic rings containing at least 6 rings, while the G band represents the vibration of graphite, alkene C=C structures, and aromatic rings [51,52,53]. The ratio (R) between the intensities of the D and G bands (ID/IG), as detailed in Table 6, serves as a measure to assess the graphitic degree in amorphous carbons.



The intensities of both the D and G bands in the activated biochars notably decreased, indicating some impairment to the carbon structure of BCM during the activation process [53,54]. The ratio (R) for BCKOH (0.93) was the highest compared to others, signifying an augmentation in the structure of defective aromatic rings [55].




3.4. Adsorption Experiments


Figure 9 below shows the tests carried out with the contaminant MNZ on the BCM and the activated biochars BCH3PO4 and BCKOH. Before activation, the biochar had a removal rate of 3.12% and an adsorption capacity of 1.56 mg g−1. After activation, these values increased to 19% and 9.5 mg g−1 for BCH3PO4 and 82.2% and 308.25 mg g−1 for BCKOH, respectively.



González-García (2018) [23] states that chemical agents help to develop porosity by dehydrating and degrading the biomass structure. It is essential to mention that the ratio between the chemical agent and the precursor determines the pore size distribution and surface area. During activation using phosphoric acid, the volume of micropores is modified according to the acid concentration. High acid concentration inhibits the development of microporosity and promotes the formation of meso- and macropores, which facilitate the adsorption of numerous drug molecules [56]. KOH has excellent potential for pore formation in biochar and degrading some functional groups [23,57].




3.5. Adsorption Studies at Different pH


The tests previously conducted highlighted that the BCM did not show interesting adsorption results for Metronidazole. Therefore, the subsequent tests will only focus on the activated biochars. Figure 10 shows tests conducted with a metronidazole solution at different pH values ranging from 2 to 12, with the midpoint being the natural pH of the solution.



The pH directly influences the adsorption process, with BCH3PO4 showing higher efficiencies under acidic conditions (pH < 6), with its optimal condition being slightly above 16 mg g−1 at pH 4. MNZ is an acid-character drug with a pKa of around 2.58. Therefore, when pH > pKa, ion loss from MNZ occurs, resulting in a negative charge. With H+ ions present in the solution, the electrostatic interaction with the drug MNZ increases. According to Aarab et al. (2020) [58], the highest efficiency values for MNZ adsorption were obtained around pH 4 and 6.2, similar to this work.



For BCKOH, higher adsorption yields were obtained at alkaline pH, with the highest rate at pH 12, with the adsorption capacity close to 320 mg g−1. One of the main factors would be the high concentration of OH- ions that would have an electrostatic bond with the H+ ions of the drug. Carrales-Alvarado et al. (2020) [59] adsorbing MNZ on graphene-based materials showed better efficiencies at alkaline pH, where one of the hypotheses is that by considerably increasing the pH, there is a decrease in the solubility of aromatic compounds, promoting hydrophobic interactions.




3.6. Adsorption Kinetics


Kinetic studies are extremely important for the commercial use of adsorbents to discover adsorption capacity and time. The kinetic models of BCH3PO4 are presented below in Figure 11.



The adjustments of the 3 kinetics with different concentrations highlight that most adsorption occurs rapidly in the first 45 min, followed by a decrease in the adsorption process. This behavior may be attributed to site saturation, reaching equilibrium at around 180 min. The adsorption capacity changed according to the concentration; in Figure 11a, it reached 88 mg g−1, in Figure 11b, 8 mg g−1, and in Figure 11c, it can be observed that the adsorption capacity remained close despite changes in the concentrations. Aarab et al. (2020) [58], using a polyaniline-polypyrrole copolymer for MNZ adsorption, achieved an equilibrium phase at 300 min [60]. In their study using activated carbonized M. oleifera with an acid agent (HCl), they had an ideal phosphate adsorption time of 40 min. The kinetic parameters according to which the model was adjusted are described in Table 7.



The model that best fits the kinetic data was the Elovich model, with R² ranging from 0.987 to 0.993 as the concentration of the contaminant increased. The Elovich equation assumes that surface systems are energetically heterogeneous, where adsorption occurs through chemical processes. The crucial effect of energy heterogeneity on surface adsorption equilibrium in gas/solid systems [61]. In their study, Habibi et al. (2018) [62] found that the pseudo-second-order model best fits the kinetic data for MNZ adsorption with an R² of 0.999. However, the Elovich model also showed a significant R² of 0.973, indicating that adsorption mainly occurs through chemisorption. The FTIR spectra also indicated this phenomenon.



The kinetic studies at different concentrations did not show significant interference in the behavior of the curve adjustments as the contaminant concentration increased. In the first 45 min, adsorption occurred very quickly, and until 180 min, adsorption was slow until reaching the stability phase. After the final adsorption phase, the adsorption capacity reached 176.54 mg g−1 for Figure 12a, 83 mg g−1 for Figure 12b, and 38 mg g−1 for Figure 12c. Thus highlighting that the increase in the adsorption capacity did not alter the kinetic behavior. Araujo et al. (2018) [63], adsorbing diclofenac on M. oleifera-based adsorbents, observed that the adsorption process occurred rapidly in the initial stages and stabilized close to 1080 min. Viotti et al. (2019) [27], in their studies with M. oleifera for diclofenac adsorption, obtained fast adsorption in up to 6 h and a stabilization period of close to 27 h. Kariim et al. (2020) [64] observed fast kinetics, approximately 40 min, until stabilization for MNZ adsorption using a carbon nanotube-based adsorbent. Thus, the study with BCKOH showed that the adsorption of MNZ is favorable compared to BCH3PO4.



Kinetic models at different concentrations of BCKOH are shown in the figure below.



According to Table 7, the adopted kinetic models were pseudo-first order, pseudo-second order, and Elovich. The data fit well to the models, even with the variation in MNZ concentration, but the model with the best fit R² independent of the concentrations used was Elovich, with R² ranging from 0.995 to 0.998, assuming that chemisorption might be occurring. Xavier et al. (2021) [65], using sugarcane bagasse biomass for dye adsorption, obtained good fits in the kinetic studies, with the Elovich model fitting best to the experimental data. According to FTIR spectra and kinetic data, the process was adjusted to a chemisorption process.



The data were adjusted for the Weber and Morris (1962) [66] intraparticle diffusion model (qt vs. t0.5) presented in Figure 13, where it was possible to identify the stages of adsorption that may be occurring by the process.



It is noticed that intraparticle diffusion is not the limiting step of the adsorption process and that other processes are involved. The first is external surface adsorption or the instant adsorption phase. The second is the gradual adsorption phase, where intraparticle diffusion is limited, and the third is the final equilibrium phase, where intraparticle diffusion begins to slow down due to the low solute concentration in the solution and the lower number of available adsorption sites [67,68]. The diffusion parameters are described just below in Table 8.




3.7. Adsorption Isotherms


Through the adsorption isotherm, it is possible to establish the equilibrium relationship between the concentration of adsorbate present in the fluid phase and the concentration of adsorbate present in the adsorbent at a given temperature. The isotherm describes the maximum adsorption capacity of the adsorbate in a wide variety of components. Figure 14 shows the isotherm.



The concentration effect directly contributes to the adsorption in BCH3PO4, where with an increase in concentration, the adsorption capacity of MNZ increased to 18 mg g−1. This is because the sites were not saturating at low adsorbate concentrations. In their study on MNZ adsorption, Aarab et al. (2020) [58] obtained a maximum adsorption capacity of 63.84 mg g−1, and higher MNZ concentrations improved the mass transfer matrix force.



Similarly, the adsorption capacity of BCKOH also increases with the concentration of MNZ, where at an initial concentration of 700 mg L−1, the adsorption capacity reaches 366.49 mg g−1.



The adsorption mechanisms through isotherms indicate that the mechanism is favorable, as it is possible to adsorb a quantity of adsorbate at low concentrations in solution due to a high attractive force on the adsorbent surface [69].



In Table 9, the data for BCH3PO4 and BCKOH were fitted to models, and all three models had a satisfactory R². However, the Sips model was the best fit, with R² of 0.988 and 0.998, respectively. The Sips isotherm originates from the inherent characteristics of Langmuir and Freundlich isotherms in their limiting behaviors. This model is applicable to specific adsorption scenarios without interactions between adsorbate and adsorbent, making it a suitable model for heterogeneous adsorption. As it converges to a low value, the Sips isotherm essentially simplifies to the Freundlich isotherm, and at high values, it anticipates the attributes of Langmuir’s monolayer sorption [70]. The three models’ fittings are R² above 0.97, so heterogeneous adsorption sites could be distributed on the biochar surface [71].



Using clay-impregnated nanoparticles for MNZ adsorption, Kalhori et al. (2017) [72] fitted the isotherm to the Sips model with an R² coefficient of 0.99 and a maximum sorption capacity of 10.52 mg g−1, a value lower than that determined in the present study for BCH3PO4 of 28.64 mg g−1.



The Sips isotherm was the one that best fitted the experimental data for BCKOH with an R² of 0.998, and the maximum adsorption capacity was 396.17 mg g−1. Ahmed and Theydan (2013) [73] used KOH-activated siris seeds and obtained results with values lower than this study, with a maximum adsorption capacity of MNZ of up to 196.31 mg g−1. Carrales-Alvarado et al. (2014) [74] studied different activated biochars and obtained a maximum adsorption capacity of 249.2 mg g−1 at natural pH.




3.8. Recuperation Studies


Recuperation studies conducted on the activated biochars are described in four stages in Figure 15 and Figure 16.



BCH3PO4, in its first stage, achieved a desorption rate of 100% of MNZ, and the stages were repeated until the fourth stage, reaching approximately 40% desorption, where the biochar was becoming saturated. BCKOH had good results in the first two stages, with 72% and 63% desorption rates, respectively. After that, there was a loss of desorption efficiency in the last stages, reaching up to 12%. Ma et al. (2015) [75], to remove mercury from soil, subjected it to thermal treatment, where at higher temperatures of 700 °C, they achieved a removal efficiency of 99.5%. In order to remove polycyclic aromatic hydrocarbons (PAHs) by thermal desorption, Bulmău et al. (2014) [76] obtained better results at 650 °C with 96% removal. Thermal desorption has been used for some time to remove contaminants, but in terms of pharmaceuticals, there are few studies.





4. Conclusions


In this work, biochar was produced based on Moringa oleifera seed husk, and the adsorption mechanisms of the as-received, H3PO4, and KOH-activated biochars were analyzed, investigating their chemical and physical characteristics. The following conclusions were reached:




	
The biochar had a high carbon content, making it a favorable material for use as an adsorbent.



	
The pH of the studied biochars was close to neutral, facilitating their use for various contaminants.



	
TGA and DTG demonstrated that activated biochars have thermal stability.



	
The FTIR spectra indicated the presence of lignin- and cellulose-based compounds in the biochar before activation, and after adsorption, the formation and displacement of functional groups were observed, indicating the possibility of chemisorption.



	
Adsorption tests showed that activation with H3PO4 and KOH improved the adsorption characteristics of Metronidazole.



	
In the kinetic study, the experimental data were better fitted to the Elovich model, indicating that chemisorption occurs.



	
The adsorption mechanism of the activated biochars was favorable, reaching an adsorption capacity of 18 mg g−1 for BCH3PO4 and 366.49 mg g−1 for BCKOH and better fitting the Sips isotherm.



	
BCKOH showed the best results in the adsorption studies, making it promising to study other contaminants.
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Figure 1. Predicted values and desirability of biochars as a function of temperature, heating rate, and time. 
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Figure 2. pHpzc of the BCM (a), BCH3PO4 (b), and BCKOH (c). 
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Figure 3. SEM of biochars BCM (a), BCH3PO4 (b), and BCKOH (c). 
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Figure 4. XRD of the BCM, BCH3PO4, and BCKOH. 
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Figure 5. Results of TGA and DTG analyses of M. oleifera seed shells (a), BCM (b), BCH3PO4 (c), and BCKOH (d). 
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Figure 6. FTIR spectra of BCM (a), BCH3PO4 (b), and BCH3PO4 after adsorption (c). 
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Figure 7. FTIR spectra of BCM (a) BCKOH (b), and BCKOH after adsorption (c). 
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Figure 8. Raman spectra of BCM, BCH3PO4, and BCKOH. 
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Figure 9. Adsorption tests of 24 h analyzing the removal (a) and adsorption capacity (b). 






Figure 9. Adsorption tests of 24 h analyzing the removal (a) and adsorption capacity (b).



[image: Processes 12 00560 g009]







[image: Processes 12 00560 g010] 





Figure 10. MNZ adsorption tests at different pH for BCH3PO4 (a) and BCKOH (b). 
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Figure 11. Metronidazole adsorption kinetics from BCH3PO4 in 30 mg L−1 (a), 45 mg L−1 (b), and 60 mg L−1 (c). 
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Figure 12. Metronidazole adsorption kinetics from BCKOH in 150 mg L−1 (a), 250 mg L−1 (b), and 350 mg L−1 (c). 
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Figure 13. Metronidazole adsorption kinetics adjusted to the diffusion-intraparticle model of the BCH3PO4 in 45 mg L−1 (a) and BCKOH in 250 mg L−1 (b). 
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Figure 14. Metronidazole adsorption isotherm using BCH3PO4 (a) and BCKOH (b). 






Figure 14. Metronidazole adsorption isotherm using BCH3PO4 (a) and BCKOH (b).



[image: Processes 12 00560 g014]







[image: Processes 12 00560 g015] 





Figure 15. Desorption rate of BCH3PO4. 
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Figure 16. Desorption rate of BCKOH. 
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Table 1. Biochar characterization.






Table 1. Biochar characterization.





	Technique
	Methodology
	Equipment





	pHpzc
	Methodology based on the “11 points” method proposed by [22]
	-



	SEM
	The High and Low Vacuum
	FEI Quanta 250 (Hillsboro, OR, USA)



	XRD
	The analysis conditions used a 40 KV copper tube lamp and a 30 mA current at a preset counting time of 120.32 s with the initial 2Θ of 5° and 80° at the end. The X’Pert HighScore 2.1.1 software database was used to understand the analysis results.
	X-ray diffractometry (BRUKER) equipment



	TGA and DTG
	-
	SDT Q600 V20.9 Build 20 (TA instruments, New Castle, DE, USA)



	Nitrogen adsorption/desorption
	Where the samples were dried at 150 °C for 3 h. The specific surface (SBET) and pore volume were determined using the Brunauer–Emmett-Teller (BET) method, where the total pore volume (Vp) was calculated by the P/Po ratio.
	Micromeritics, ASAP 2020 PLUS (Norcross, GA, USA)



	FTIR
	Spectral range of 4000 to 400 cm−1, with a resolution of 4 cm−1 and 124 scans.
	Bruker’s Vertex 70v



	RAMAN
	Spectral range of 800–1800 cm−1, with the laser at a wavelength of 532 nm with a power of 20 mW, at a resolution of 9–15 cm−1. The baseline has been corrected using OPUS 7.5 software (Bruker, Ettlingen, Alemanha).
	Bruker’s Micro Raman Senterra










 





Table 2. Immediate analysis and elementary analysis of BCM.
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	Race Order
	Temperature °C
	Heating Rate °C Min−1
	Residence Time (Min)
	C%
	Yield (%)





	2
	500 (−1)
	10 (−1)
	40 (−1)
	72.97
	35.0



	7
	700 (1)
	10 (−1)
	40 (−1)
	76.63
	32.69



	1
	600 (0)
	15 (0)
	60 (0)
	77.34
	31.92



	3
	700 (1)
	10 (−1)
	80 (1)
	77.48
	30.76



	4
	500 (−1)
	20 (1)
	80 (1)
	75.29
	38.07



	6
	500 (−1)
	20 (1)
	40 (−1)
	73.62
	36.92



	5
	700 (1)
	20 (1)
	40 (−1)
	78.39
	31.53



	9
	500 (−1)
	10 (−1)
	80 (1)
	73.80
	31.53



	8
	700 (1)
	20 (1)
	80 (1)
	77.44
	36.53










 





Table 3. ANOVA table for yield.
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Yield




	
Factor

	
Sum of Squares

	
Degrees of Freedom

	
Mean Square

	
F-Statistic

	
p-Value






	
(1) Temperature

	
49.75031

	
1

	
49.75031

	
19.88611

	
0.046786




	
(2) Heating rate

	
1.22461

	
1

	
1.22461

	
0.48950

	
0.556575




	
(3) Time

	
0.07031

	
1

	
0.07031

	
0.02811

	
0.882281




	
1 and 2

	
1.85281

	
1

	
1.85281

	
0.74060

	
0.480160




	
1 and 3

	
2.58781

	
1

	
2.58781

	
1.03440

	
0.416142




	
2 and 3

	
0.32401

	
1

	
0.32401

	
0.12951

	
0.753386




	
Error

	
5.00352

	
2

	
2.50176

	

	




	
TSQ

	
60.81340

	
8

	

	

	








TSQ—Total sum of squares. R² 0.9177.













 





Table 4. ANOVA table for carbon content.






Table 4. ANOVA table for carbon content.





	
Carbon Content




	
Factor

	
Sum of Squares

	
Degrees of Freedom

	
Mean Square

	
F-Statistic

	
p-Value






	
(1) Temperature

	
37.97561

	
1

	
37.97561

	
37.52505

	
0.025629




	
(2) Heating rate

	
1.43651

	
1

	
1.43651

	
1.41947

	
0.355707




	
(3) Time

	
0.44651

	
1

	
0.44651

	
0.44121

	
0.574870




	
1 and 2

	
0.03001

	
1

	
0.03001

	
0.02966

	
0.879122




	
1 and 3

	
1.54001

	
1

	
1.54001

	
1.52174

	
0.342658




	
2 and 3

	
0.17701

	
1

	
0.17701

	
0.17491

	
0.716411




	
Error

	
2.02401

	
2

	
1.01201

	

	




	
TSQ

	
43.62969

	
8

	

	

	








TSQ—Total sum of squares. R² 0.9536.













 





Table 5. N2 adsorption/desorption.
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	BCM
	BCH3PO4
	BCKOH





	SBET (m² g−1)
	1.78
	21.37
	1135.14



	Vp (cm3 g−1)
	0
	0.01
	0.61



	SMESOP (m² g−1)
	0.17
	13.76
	358.71



	VMICROP (cm3 g−1)
	0
	0
	0.37



	VMESOP (cm3 g−1)
	0
	0.01
	0.24










 





Table 6. Raman spectra parameters.






Table 6. Raman spectra parameters.





	
Biochar

	
Band D

	
Band G

	
R




	
Raman Shift (cm−1)

	
Intensity

	
Raman Shift (cm−1)

	
Intensity

	
ID/IG






	
BCM

	
1330

	
1763

	
1576

	
2141

	
0.823




	
BCH3PO4

	
1330

	
284

	
1584

	
372

	
0.763




	
BCKOH

	
1330

	
335

	
1583

	
360

	
0.93











 





Table 7. Kinetic parameters of metronidazole adsorption.






Table 7. Kinetic parameters of metronidazole adsorption.





	
Model

	
Metronidazole BCH3PO4

	
Metronidazole BCKOH




	
30 mg L−1

	
45 mg L−1

	
60 mg L−1

	
150 mg L−1

	
250 mg L−1

	
350 mg L−1






	
Pseudo-first order

	
qt

(mg g−1)

	
0.239

	
0.269

	
0.382

	
0.750

	
0.842

	
0.524




	
k1

(min−1)

	
7.13

	
7.80

	
7.5

	
165.84

	
243.2

	
279.8




	
R²

	
0.77

	
0.90

	
0.89

	
0.958

	
0.954

	
0.935




	
Adj. R²

	
0.749

	
0.89

	
0.885

	
0.954

	
0.95

	
0.927




	
Pseudo-second order

	
qt

(mg g−1)

	
0.045

	
0.053

	
0.075

	
0.00816

	
0.0068

	
0.0029




	
k2

(g mg−1 min−1)

	
7.52

	
8.17

	
7.82

	
170.9

	
248.5

	
291.8




	
R2

	
0.88

	
0.97

	
0.96

	
0.985

	
0.977

	
0.976




	
Adj. R²

	
0.873

	
0.967

	
0.96

	
0.983

	
0.974

	
0.973




	
Elovich

	
A

(g mg−1 min−1)

	
74.49

	
298.1

	
1675

	
3.266

	
1.78

	
3.21




	
B

(mg g−1)

	
1.29

	
1.35

	
1.673

	
0.11

	
0.086

	
0.049




	
R2

	
0.987

	
0.988

	
0.993

	
0.996

	
0.998

	
0.995




	
Adj. R²

	
0.986

	
0.986

	
0.992

	
0.996

	
0.997

	
0.995











 





Table 8. Parameters of the diffusion-intraparticle model.






Table 8. Parameters of the diffusion-intraparticle model.





	
BCH3PO4




	
Stage 1

	
Stage 2

	
Stage 3






	
kdif

(mg g−1 min−0.5)

	
C

(mg g−1)

	
R²

	
kdif

(mg g−1 min−0.5)

	
C

(mg g−1)

	
R²

	
kdif

(mg g−1 min−0.5)

	
C

(mg g−1)

	
R²




	
0.574

	
6.12

	
0.879

	
3.368

	
0.20

	
0.985

	
0.55

	
6.13

	
0.91




	
BCKOH




	
Stage 1

	
Stage 2

	
Stage 3




	
kdif

(mg g−1 min−0.5)

	
C

(mg g−1)

	
R²

	
kdif

(mg g−1 min−0.5)

	
C

(mg g−1)

	
R²

	
kdif

(mg g−1 min−0.5)

	
C

(mg g−1)

	
R²




	
118.05

	
20.29

	
0.886

	
11.97

	
207.1

	
0.937

	
0.6

	
264.9

	
0.92











 





Table 9. Isotherm model fitting parameters.






Table 9. Isotherm model fitting parameters.





	
BCH3PO4




	
Freundlich

	
Sips

	
Langmuir






	
Kf

(L mg−1)

	
n

	
R²

	
Ks

(L mg−1)

	
n

	
Qmax (mg g−1)

	
R²

	
Kl

(L mg−1)

	
Qmax (mg g−1)

	
R²




	
1.44

	
1.985

	
0.976

	
0.011

	
0.76

	
28.64

	
0.988

	
0.017

	
24.49

	
0.987




	
BCKOH




	
Freundlich

	
Sips

	
Langmuir




	
Kf

(L mg−1)

	
n

	
R²

	
Ks

(L mg−1)

	
n

	
Qmax (mg g−1)

	
R²

	
Kl

(L mg−1)

	
Qmax

(mg g−1)

	
R²




	
17.97

	
2.17

	
0.957

	
0.0058

	
1.45

	
396.17

	
0.998

	
0.0039

	
486.01

	
0.99
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