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This study aimed to develop a potential biochar derived from pine cones for the removal of metronidazole from water. Biochars were prepared at three different pyrolysis temperatures (500, 700, and 900 °C) in order to select the best biochar with the highest metronidazole removal efficiency. The findings showed that the specific surface area increased with increasing pyrolysis temperature: 64.77 m 2 /g for 500 °C, 353.97 m 2 /g for 700 °C, and 597.97 m 2 /g for 900 °C, as well as the micropore volume, which increased by 89.18% when the temperature increased from 500 to 900 °C. This improvement favors the pore-filling mechanism. The structural aromatic carbon is formed when the hydrogen, oxygen, and volatile carbon are removed. Thus, the π-π interaction mechanism is included in metronidazole adsorption since it is an organic pollutant with an aromatic structure. The adsorption kinetics results highlighted that metronidazole was effectively removed (98.57 %) when using PCB-900°C. The kinetic adsorption was described by the pseudo-second-order model. The adsorption capacity of the Langmuir isotherm was 138.94 mg/g. It also appeared that the pH medium did not have a considerable effect on metronidazole adsorption, indicating that electrostatic interactions did not have a significant effect on the process. According to the thermodynamic study, the adsorption of metronidazole was spontaneous and endothermic. The reuse of PCB-900°C was tested in 8 cycles with an efficiency decreasing from 98.57 to 37.89 %. Thus, it can be concluded that the PCB-900°C constitutes a promising adsorbent for metronidazole removal from aqueous solutions.

Introduction

The problem of drug residues in aquatic compartments is of great concern due to their recalcitrant nature and their continuous and increasing release. Antibiotics are among the most widely consumed products, as they are used in human medicine but also in significant quantities in livestock and aquaculture [1].The presence of active residues of these drugs in the environment is an inevitable consequence, and their adverse effects on the aquatic ecosystem and on humans, such as drug resistance, alteration of the structure of algae in aquatic systems, and effect on non-target pathogens, have been proven by various research studies [2]. The most damaging result of antibiotics use is antibiotic resistance, which poses a risk to the environment. Alouache et al. [3] investigated bacterial antibiotic resistance in seawater on Algerian beaches and discovered a significant level of resistance to antibiotics, particularly -lactams. Transmissible extended-spectrum -lactamases of the Cefotaximase-Munich (CTX-M) 15 type were detected In Escherichia. coli, which indicate that the environment's contamination by resistant bacteria may cause the spread of resistance genes, increasing the health risk from recreational water contact. Likewise, the study of Djenadi [4] showed that natural environments (water rivers, sludge, and wastewater) in Ait Ourthilane (Setif region, Algeria) during the winter period (2015) were colonized by multidrug-resistant bacteria, especially to carbapenem antibiotics, which may be induced by mutation or horizontal gene transfer. Moreover, a recent study conducted by Cherak et al. [5] reported that both tap water and wastewater samples from the Batna region of Algeria contain a high level of resistance. The OXA-48 enzyme was the most commonly discovered carbapenem-resistance mechanism. Thus, the spread of these kinds of resistance organisms constitutes a serious issue for public health and food security. Among these antibiotics stands out metronidazole. The latter is used to treat diarrhea as well as the infections caused by parasites (amoebas) and anaerobic bacteria. The occurrence of metronidazole in water bodies is mainly due to its low biodegradability. The study of Lanzky and Halting-Sørensen [6] highlighted the harmful effect of metronidazole on freshwater and marine organisms (the acute toxicity tests performed demonstrated an effect of metronidazole on Chlorella sips).

A range of studies have been carried out to remove the metronidazole drug from water and wastewater, including different technologies such as nanofiltration and reverse osmosis [7,8] ,advanced oxidation processes [9], photodegradation [10], ozonation [11], and adsorption on different materials [12,13]. Among these technologies, adsorption, using materials based on agricultural wastes, is considered the most attractive since it is simple, effective and economical. This is the reason why biochar has been selected as one of the best adsorbents used for the removal of organic pollutants from water [14]. Tan et al. [15] and Zeng et al. [16] have defined biochar as a material produced by the carbonization of biomass in the absence of oxygen. It is characterized by a large surface area, large pore volume, and a large number of surface functional groups depending on the raw material and the temperature of carbonization [17,18]. Many studies have demonstrated that agricultural residues can be used as a biochar production resource with a promising ability for the adsorption of metronidazole [13,[19][20][21].

The Aleppo pine covers 35 percent of the total Algerian forest, with an area of 800,000 ha [START_REF] Mezali | 3ème session du forum des Nations Unis sur les forêts[END_REF]. It remains the species that occupies the first place in Algeria's wooded area [START_REF] Bentouati | [END_REF]. The logging of timber stocks produces large amounts of logging residues (pine needles, pine cones, branches, bark, and chips), which are often left in the mountains, resulting in a negative environmental impact and a fire risk. A sustainable approach to waste management could be the conversion of this low-value residual biomass into valuable materials [24]. Therefore, the pine cones constitute a promising source of forest waste for utilization as a feedstock in the production of biochar. Furthermore, it is a common forest trash with 37.4% lignin, 46.5% hemicellulose, and 18.8% cellulose [25], which makes it an excellent feedstock for the production of conventional biochar.

Several researchers have used pine cones as a base material for the production of biochar and activated carbon, which are employed in the adsorption of different organic pollutants submerged in the aquatic environment. Results obtained by Naghipoura et al. [26], who used pine cones biochar, with a specific surface area of 798 m 2 /g, for the removal of the antibiotic cefixime from water, showed a high removal efficiency (92 %) and a maximum adsorption capacity of 115 mg/g. Kaya et al. [START_REF] Kaya | Biomass Convers[END_REF] also developed an activated carbon with a specific surface area of 1714.5 m 2 /g from pine cones, which was activated with a KOH as a chemical agent. The use of this activated carbon in the removal of an anionic dye Congo red has resulted in 94.62 % of removal efficiency, with a maximum adsorption capacity of 45.68 mg/g. According to Húmpola et al. [28], an activated carbon based on pine cones, impregnated with phosphoric acid and physically activated with CO 2 (specific surface area of 649 m 2 /g), was used to remove phenol which is an aromatic organic compound. The results showed that the prepared activated carbon could be employed as a low-cost alternative adsorbent for the removal of the contaminant, phenol, from wastewater.

According to the literature and to our knowledge, the use of biochars or activated carbons prepared from pine cones for the removal of metronidazole in wastewater has not been done up to now. Therefore, the main objective of this work was the preparation of a biochar based on pine cones and investigates its potential application as an adsorbent for the removal of metronidazole from aqueous solutions. The structural and textural characteristics of three biochars prepared at different temperature pyrolysis process (500 °C, 700 °C, and 900 °C) were analyzed with the aim of selecting the best biochar providing the highest metronidazole removal efficiency. Several operating conditions were varied in order to optimize the adsorption efficiency of the prepared biochar for metronidazole removal (contact time, pH medium values, adsorbent content, adsorbate content, and adsorption thermodynamics). The experimental results were analyzed using kinetic models as well as adsorption isotherm models. Regeneration test was performed to assess the number of reuse cycles and the economic viability of the prepared adsorbent.

Materials and Methods

Solutions and reagents

The pharmaceutical employed in this research is marketed in the form of 500 mg tablets under the name metronidazole and is produced by HUP Laboratories. The chemical name of the tested drug is 2-(2-Methyl-5-nitro-1H-imidazol-1-yl) ethanol, with a chemical formula of C 6 H 9 N 3 O 3 , a molar mass of 171.16 g/mol, solubility in water at 20 °C of 10 g/L, pKa 1 of 2.58, pKa 2 of 14.59, and a log k ow of 0.2. The metronidazole stock solution was periodically prepared at a concentration of 1000 mg/L by dissolving 2 tablets in one liter of distilled water for the sake of preparing daughter solutions for the calibration curves, as well as for the various tests of this study.

Preparation of biochars

Pine cones were collected from the forest of Bouzina-Batna, Algeria. The collected pine cones were cut into small pieces, washed several times with deionized water to eliminate impurities and adherent dust, and dried in the open air. To ensure that the pine cones pieces were well dried, they were put in the oven at 110 °C for 2 hours. The pieces of pine cones were then crushed into small particles less than 2 cm in size. The amount of material obtained was divided into three fractions. The first one was pyrolyzed at 500 °C, the second at 700 °C, and the third at 900 °C. For 3 hours, the pyrolysis process was carried out in a muffle furnace (at a heating rate of 10 °C/min) under oxygen-limited conditions. After pyrolysis, each material was soaked in a 0.05 M solution of HCl to remove the pyrolysis resulting materials (the mineral matter formed during the calcination), and then it was washed sequentially with distilled water until the pH of the filtrate was close to neutralization. Finally, the resulting samples were dried at 110 °C for 24 h to maintain low moisture, then crushed and sieved to a particle size of 0.1 to 0.25 mm. Thus, the biochars obtained were designated pine cones biochar 500 °C, 700 °C, and 900 °C (PCB-500 °C, PCB-700 °C, and PCB-900 °C).

Characterization of the adsorbents

The structural, textural, and morphological characteristics of the synthesized adsorbents were determined using various techniques. For instance, the identification of the organic functional groups on the surface of biochar was done by FT-IR spectroscopy using Agilent Cary 630 in the wavelength range of 400 to 4000 cm -1 . The amorphous or crystalline structure of the biochar was determined using X-ray diffraction on a Bruker D8 Advance + diffractometer. A scanning electron microscopy (SEM) technique with an ESEM Thermo Fisher Prisma EX microscope was used to highlight the morphology and elemental composition of the biochar. The texture characteristics of the prepared adsorbents were determined using the BET isotherm of adsorption-desorption by gas technique at 77 k by ASAP 2010 versus 00 E. For the determination of pH PZC , the procedure described by Soudani et al. [29] was used. Briefly, 50 mg of biochar were added to 50 mL of 0.1 M NaCl solutions at different initial pH; the pH was adjusted with either 0.1 M NaOH or HCl. After 24 hours of stirring at ambient temperature, the pH of each solution was measured, and the pH PZC value was obtained when the initial pH equaled the final pH.

Batch adsorption tests

Adsorption tests were performed in 100 mL beakers and consisted in 50 mL sample of distilled water containing a dose of metronidazole mixed with a dose of adsorbent (pine cones biochar).

A magnetic agitator at 1000 rpm was used to stir the mixture for a set amount of time. After that, a 0.45 micron meter membrane was utilized to separate the pine cones biochar and the solution samples. The residual concentration of metronidazole was spectrophotometrically determined using a spectrophotometer photoLab * 7600 UV-VIS at a wavelength of 320 nm. The latter was chosen on the basis of previous work [21,30], and after confirmation by the determination of the absorption spectrum of metronidazole for a solution at 20 mg/L.

The operating conditions of adsorption tests were varied according to the parameter studied, as follows:

� Adsorption kinetics: the kinetics of metronidazole removal were studied for the three prepared pine cones biochars (500°C, 700°C, and 900°C) with the following operating conditions: metronidazole concentration of 20 mg/L, pine cone biochar of 1 g/L, and temperature of 25°C. � pH medium effect: equilibrium time of 30 minutes, pine cone biochar concentration of 1 g/L, metronidazole concentration of 20 mg/L, temperature of 25 °C, and pH medium value ranging from 2 to 11 (pH was adjusted with either 0.1 M NaCl or 0.1 M HCl). � Effect of biochar dosage: metronidazole concentration of 20 mg/L, temperature of 25 °C, time of 30 min, pine cones biochar of 1 to 8 g/L � Effect of initial metronidazole concentration: equilibrium time of 30 min, pine cones biochar of 1 g/L, metronidazole concentration from 10 to 400 mg/L, and temperature of 25 °C. � Temperature effects: equilibrium time of 30 minutes, pine cones biochar 1 g/L, metronidazole concentration 20 mg/L, temperatures 25, 30, 40, and 50 °C � Tests of reuse and regeneration: In order to test the possibility of reusing pine cones biochar, 1 g of biochar was added to one liter of 20 mg/L metronidazole solution, and the adsorption test was carried out under the conditions of the adsorption kinetics with a fixed time (equilibrium time of 30 min). The biochar was separated by filtration after each adsorption experiment, dried, and used for the next test adsorption cycle. The final cycle was achieved when the removal efficacy (%) was lower than 50%. For the test of regeneration, the saved adsorbent from the last cycle was added to 250 mL of 0.1 M HCl solution and stirred for 3 hours before being washed with distilled water. After that, adsorption tests were conducted. The removal efficiency (%) was then calculating [31].

The amounts of metronidazole eliminated on pine cones biochar at a given time (qt, mg/g), at equilibrium (qe, mg/g), and the removal efficiency of metronidazole (%) were determined by using the following equations:

q t = ( C0 -Ct ) × V m (1) q e = ( C0 -Ce ) × V m (2) 
Removal efficiency =

( C0 -Ce ) C0 × 100 (3) 
Where (mg/L), (mg/L), and (mg/L are the initial, equilibrium, and at any time

C 0 C e C t concentrations of Metronidazole, V (L)
is the volume of the solution treated and m (g) is the mass of the pine cones biochar used.

Data analysis models

Four models were used to interpret the experimental data obtained during the tests of the kinetic adsorption of metronidazole onto the prepared material, such as pseudo-first-order (PFO) [32], pseudo-second-order (PSO) [33], and the intra-particle diffusion model [34]. The adsorption isotherms tested were Langmuir [35], Freundlich [36], Redlich-Peterson [37], and Sips [38]. The equations of those models are presented in Table 1. To estimate how well these models fit the experimental data, the coefficient of determination (R 2 ) (Eq. 4) must be close to 1 and the chi-square (χ 2 ) (Eq. 5) has to be close to zero [39].

Coefficient of determination: (4)

푅 2 = 1 - ∑ 푁 푖 = 1 (푞 푒 , 푒 푥 푝 -푞 푒 , 푐 푎 푙 ) 2 ∑ 푁 푖 = 1 (푞 푒 , 푒 푥 푝 -푞 푒 , 푚푒 푎 푛 ) 2
Chi-square:

(5)

휒 2 = ∑ 푁 푖 = 1 (푞 푒 , 푒 푥 푝-푞 푒 ,푐 푎 푙 ) 2 푞 푒 , 푐 푎 푙
Where q e, exp is the equilibrium adsorption capacity found from the experiment, q e, cal is the prediction from the model corresponding to C e , q e, mean is the mean of the q e, exp values and N is the number of experiments.

Results and discussion

Characteristics of the prepared biochars

Effect of the pyrolysis temperature on the characteristics of the biochar

The chemical characteristics variations of biochars were identified by infrared spectrum analysis. Fig. 1 shows the assignment bands for the three biochars (PCB-500°C, PCB-700°C, and PCB-900°C) prepared at 500, 700, and 900°C, respectively. Numerous peaks appeared in the spectrum of 500 °C pyrolysis temperature, but with the increase in pyrolysis temperature, some bands disappeared and the intensity of others decreased [40]. For instance, a wide peak was recorded between 1000 and 1300 cm -1 (at about 1163 cm -1 ), which can be attributed to C-O stretching for cellulose, hemicelluloses, and lignin, as well as stretching of the ethers present in lignin [40] Because of the weakness of C-O linkages, this peak disappeared at 700 and 900 °C pyrolysis temperatures, where -C-free formed and O was removed [41]. The C-H out-ofplane deformation in aromatics and the C-H pyridine ring vibration were identified at 870 and 747 cm -1 wavenumbers, respectively [42]. The peak at 1421 cm -1 was assigned to C=C stretching vibrations in the aromatic ring [40]. When the pyrolysis temperature was raised, the intensity of the prominent peak at 1566 cm -1 , which was attributed to C=C pyridine rings and N-H secondary aromatic amines, decreased significantly [42,43], implying that at high temperatures, the volatile carbon vanished and only the structural carbon remained [44].

A weak peak was observed at 1703 cm -1 wavenumber, which was assigned to the C=O stretching vibration of carboxyl, aldehyde, ketone, and ester, primarily aldehydes and ketones formed by cellulose and hemicellulose dissociation [42,45,46], but it disappeared when the temperature increased above 500°C. This could be explained by the dehydration-induced instability of carbonyl/carboxyl C=O groups [41]. The interval of the weak peaks (3500-3800 cm -1 ) (the verified peak is 3700 cm -1 ) was assigned to OH stretching, which may be due to the retention of water in the sample and/or hydroxides [START_REF] Pattnaik | IOP conference series: Mater. Sci. Eng. C[END_REF]. It could be concluded that with the increase of the temperature of pyrolysis, the degree of dehydration increases, the oxygen and hydrogen are removed, the volatile carbon disappears, and the fixed carbon remains to participate in the formation of the aromatic carbon structure [41,42,44,[START_REF] Kim | [END_REF].

Fig. 1.

Concerning the textural properties of pine cones biochars, Table 2 shows that as the pyrolysis temperature increased, the specific area, micropores, and external surface area, as well as the micropore volume, increased. When the temperature raised from 500°C to 900°C, the micropore volume and the specific surface area increased by 89.18% and 89.17%, respectively, and the micropore and external surface area were improved by 89.13% and 89.27%, respectively. According to Ahmad et al. [49], the development in texture is due to the removal of volatile materials such as lignin and hemicellulose that exist in the raw material. However, the average pore diameter showed no significant change (2.22 nm for PCB-500 °C and 2.36 nm for PCB-900 °C).

Table 2

The incremental pore volume versus average pore diameter curve obtained for the prepared pine cones biochars is presented in Fig. 2. From the presented results, it is clear that a variety of pore sizes in micro-and mesopore regions are observed and most of them are in the range of mesopores, namely between 2 and 50 nm. Indeed, according to Schwanke et al. [START_REF] Schwanke | Handbook of Ecomaterials[END_REF], materials with pores sizes smaller than 2 nm are called microporous, and materials with pore sizes between 2 and 50 nm are called mesoporous. Under these conditions, the prepared biochars are more mesoporous than microporous, and presents heterogeneous pore size distribution. It can also be observed that increasing the pyrolysis temperature resulted in an increase in the narrow mesopore size distribution. This phenomenon can be explained by the fact that as the pyrolysis temperature increases, the lignin, cellulose and hemicellulose present in the pine cones are removed and the internal micropores and mesopore distribution increase. The molecular size of metronidazole is known, X = 0.668 nm, Y = 0.627 nm and Z = 0.262 nm [START_REF] Díaz-Blancas | [END_REF]. These dimensions are largely lower than the narrow mesopore size distribution of the prepared biochars, which was predominantly between 1.80 nm and 7.5 nm. Thus, the diffusion of metronidazole molecules can occur mostly in the mesopores of the adsorbent via pore filling mechanism.

Fig.2.

Kinetics experiments of metronidazole adsorption on the three prepared biochars were carried out to select the best biochar that could lead to the highest metronidazole removal efficiency. The results displayed on Fig. 3 indicate that the pine cones biochar prepared at 900 °C was the most efficient adsorbent with a removal efficiency of 98.57% at equilibrium time of 30 min, while the biochars prepared at 700 °C and 500 °C led to 65.16% and 20.85% removal, respectively, at equilibrium time of 180 min.

Fig. 3.

As PCB-900°C presented better textural characteristics and a higher removal efficiency of metrodinazole than PCB-700°C and PCB-500°C, the parameters influencing the adsorption capacity of metrodinazole were studied only for PCB-900°C for the rest of the study.

PCB-900°C characteristics

A complementary characterization was made for the selected biochar, namely SEM, pH PZC , and XRD. The SEM image at 50 micrometer resolution of the PCB-900°C sample presented in Fig. 4(a) display a heterogeneous surface structure and disorderly texture with the presence of cavities, irregular pores, and a high porous structure. The elemental composition (EDX) of PCB-900°C shows that the biochar was rich in carbon with 67.15%, azote with 17.81%, and oxygen with 12.66% in weight.

Generally, pH PZC must be identified in order to define the charge on the surface of prepared biochar. According to the graph presented in Fig. 4(b), pH PZC is 5.98, which means that the PCB-900°C has a negative charge when the pH of the solution is higher than 5.98 and a positive charge when the pH is lower than 5.98. XRD analysis, is used to determine the crystalline or amorphous phase shape. As observed in Fig. 4(c), there are no clear peaks in the spectrum, indicating an amorphous structure for the biochar. The occurrence of a peak at 22° of 2 theta indicates that part of the cellulose crystal structure was lost [52]. The peak indicating the formation of an atomic order of graphite in fast carbonized matter was clearly observed at 2 theta of 42° [53]. According to Paris et al. [54], this peak is caused by the sequential ordering of carbon in aromatic structures. 

Adsorption kinetics modeling

Fig. 5(a) shows the kinetic study of metronidazole adsorption on PCB-900°C, in which the adsorption capacity increased with the increase in contact time and almost reached its maximum value within the first two minutes, with an adsorption capacity of 19.26 mg/g and 96% removal of the initial metronidazole. However, equilibrium was achieved in 30 min of contact time with an adsorption capacity of 19.71 mg/g, which corresponded to 98.57% removal efficiency. For the purpose of recognizing the mechanisms involved and the type of adsorption, the experimental results of the kinetics were analyzed with the PFO, PSO, and intra-particle diffusion models. The analysis results were summarized in Table 3. According to the comparison between the results of R 2 , χ 2 , and calculated adsorption capacity (q cal ), the PSO model was the most appropriate with an R 2 of 0.96, χ 2 of 0.002, and a calculated adsorption capacity of 19.71 mg/g closer to that experimentally obtained at equilibrium time (q e,exp = 19.71 mg/g), while the PFO was characterized by an R 2 of 0.698 , χ 2 = 0.016, and a calculated adsorption capacity q cal =19.649 mg/g. The transfer mechanism of metronidazole molecules into PCB-900°C was analyzed by the intra-particle diffusion model. The plot (qt versus t 0.5 ) presented in Fig. 5(b) showed that the adsorption of metronidazole can be decomposed into two steps, indicating that the adsorption process was governed by a multistep mechanism. According to Tran et al. [55] and Hu et al. [56], four steps can be distinguished in the mass-transfer process in porous solids : bulk diffusion (the transport in the solution phase), film diffusion (or external diffusion), when the adsorbate is transported from the bulk liquid phase to the adsorbent's external surface, intraparticle diffusion and adsorption attachment. As reported in the review of Tan and Hameed [57], it is widely accepted that the total adsorption rate is mainly provided by two steps, film diffusion and/or intraparticle diffusion.

In this study, according to the intra-particle diffusion rate constants (K int ) displayed in Table 3, the related values follow the order: K int, 1 (0.333 ) > K int, 2 (0.065) (mg/g.min 1/2 ). The first step with a higher intra-particle diffusion rate constant (K int, 1 ), signifies that the external diffusion of metronidazole onto surface biochar is rapid. The second one corresponds to the diffusion of metronidazole into biochar microspores and mesopores (Internal diffusion and adsorption attachment). This step indicated the equilibrium period during which the rates of intraparticle diffusion of Metronidazole (K int, 2 ) decreased significantly and the equilibrium was gradually attained. 

Adsorption isotherm

To well describe the experimental equilibrium adsorption data, four models, namely Langmuir, Freundlich, Redlich-Peterson, and Sips were applied (Fig. 6). The Langmuir two-parameter model (K L and Q max ) is based on the assumption that the adsorption is monolayer and homogeneous without interaction between the molecules [35]. The Freundlich two-parameter isotherm (n and K F ) assumes that the adsorption is multilayer and heterogeneous, with interaction between the adsorbed molecules. The intensity of adsorption or surface heterogeneity is indicated by the value of 1/n; as the value approaches zero, more diversity emerges, whereas adsorption is favorable if 1/n is less than 1 [36]. The Redlich-Peterson model incorporates the Langmuir and Freundlich models into a single equation via three parameters (K RP , a RP , and�). This model might be used for demonstrating adsorption equilibrium at high levels of adsorbate concentration [55,58]. The Sips three-parameter (q S , K S , and n S ) model reduces to a Freundlich isotherm at low adsorbate concentrations and predicts a monolayer adsorption capacity characteristic of the Langmuir isotherm at high adsorbate concentrations [58].

Fig. 6.

The results of the equilibrium data displayed in Table 4 demonstrate that all the models presented a good fit with R 2 > 0.9, in the following order: Redlich-Peterson > Sips > Freundlich> Langmuir, while the Redlich-Peterson isotherm appears to be the best model with an R 2 of 0.987 and a χ 2 of 62.385. The maximum adsorption capacity (138.94 mg/g) was obtained by the Langmuir model; namely higher than that obtained in other studies dealing with the removal of metronidazole by adsorption on various materials [59,60] (Table 5).

Table 4

Table 5 3.4 Effect of PCB-900°C dosage Fig. 7 presents the findings of the influence of the adsorbent dose (PCB-900°C) on the retention efficiency of metronidazole. According to these results, the removal efficiency of metronidazole increased with increasing PCB-900°C dose, reaching an optimum efficiency of 98.56% and a biochar dose of 1 g/L. This may be explained by the increase in the number of active adsorption sites, in agreement with other findings Manjunath et al. [61]. At the considered metronidazole amount (20 mg/L), increasing the adsorbent dose above 1 g/L PCB-900°C did not improve the efficiency, showing an excess of available active sites.

In addition, the equilibrium adsorption capacity showed the opposite effect, with a decrease in the amount of drug adsorbed per unit of mass. When the adsorbent dosage was increased from 0.1 to 8 g/L, the adsorption capacity was reduced from 114.20 to 2.47 mg/g, respectively (Fig. 7). 

Effect of pH medium

The study of the pH effect in the adsorption process characterizes the influence of electrostatic interactions. The results presented in Fig. 8 indicate that the removal efficiency of metronidazole by PCB-900°C was not affected by the variation of the pH solution (between 2 and 11), as the pharmaceutical removal efficiencies obtained were very close, ranging from 98.06 % to 99.40 %.

The predominant form of the pharmaceutical molecule is affected by the pH of the medium. For a pH higher than the pKa, the basic form is predominant and the molecule is negatively charged; on the other hand, if the pH is lower than the pKa, the acid form is predominant and the molecule is positively charged [62]. As it has been designed by Díaz-Blancas et al. [30], metronidazole is positively charged when the pH is less than pKa1 (2.58), and is in neutral form when the pH is between 5 and 11. Moreover, the pH of the solution defines the charge on the surface of the adsorbent, such that if the pH is higher than pHpzc, the surface of the adsorbent is negatively charged, and the opposite is true if the pH is lower than pHpzc, the surface of the adsorbent is positively charged [63].

In the present study, at pH > pHpzc (5.98), the surface of PCB-900°C was negatively charged, while metronidazole was in its neutral form. Whereas, at pH < 5.98 the surface of the tested adsorbent became positively charged, and metronidazole was in its neutral form. This result leads to the conclusion that the electrostatic interaction did not have a major effect on the degradation of metronidazole. Thus, the variation of the pH of the medium had no significant effect on the retention of metronidazole on PCB-900°C. The same conclusion was established by Feng etal. [21] and Sun et al. [60]. 

Mechanisms of metronidazole adsorption

According to the literature, electrostatic attraction, hydrogen bonding formation [62], n-π interaction [62,63], π-π interaction [64][65][66] and pore-filling [67] are the major mechanisms involved in the removal of organic pollutants such as pharmaceuticals on porous carbonaceous materials.

As reported in the previous tests of this study, the metronidazole removal efficiencies by adsorption on PCB-900°C were considerable irrespective of the pH (between 2 and 11), and it was pointed out that the electrostatic interactions do not play a major effect in the metronidazole adsorption.

According to Pauletto et al. [62], two types of hydrogen bonding were applied to describe the adsorption mechanism of organic pollutants: the dipole-dipole hydrogen bonding and/or the Yoshida type H-bonding, which occurs between the hydroxyl groups of the biochar and the oxygen and nitrogen atoms and /or aromatic rings of the adsorbate, respectively. The hydrogen bonds are not required for metronidazole adsorption since, according to FTIR characterization (Fig. 1), significant -OH peak was absent in the PCB-900°C sample.

The π-π interaction (The donor and acceptor electron) is the mechanism dominant for the adsorption of aromatic compounds on graphene structure biochar [17,64,68]. The π-electron rich regions on the biochar surface interact with the π-electron poor regions of the pharmaceuticals [69]. The metronidazole molecule is a strong π-acceptor (high electronegativity) because of its amino functional groups and N-heteroaromatic rings, while high-temperature biochar (PCB-900°C) is π-donor because of its high content of graphitic carbon (Fig. 4(c)). As stated by Hameed et al. [70], the aromatic clusters increase with the increasing pyrolysis temperature.

The n-π interaction is another type of interaction that can occur during aromatic compound adsorption. The former takes place by forming a donor-acceptor complex. The carbonyl oxygen ions (-COOH and -OH groups) of the adsorbent act as electron donors [71], while the aromatic rings of pollutant molecules act as electron acceptors [62,72]. As PCB-900°C has a low concentration of hydroxyl groups (-OH) (Fig. 1), n-π interactions are absent in the removal of metronidazole.

The second mechanism involved in metronidazole adsorption is pore filling [67,73]. As previously reported, the PCB-900°C had a high distribution pore volume in mesopores (2-50 nm), and the geometry of metronidazole (X = 0.668 nm, Y = 0.627 nm, and Z = 0.262 nm) was smaller than the range of the pore size of the PCB-900°C (average pore diameter = 2.36 nm). Therefore, the diffusion of metronidazole molecules can occur through the narrow mesopores.

In summary, the findings of this research show that increasing the pyrolysis temperature causes an increase in the aromatic structure of biochar, which means an increase in the π-π interaction between the aromatic rings of metronidazole and those of biochar, as well as the development of texture, which is characterized by an increase in the porous structure of biochar (Table 2), favoring the diffusion of metronidazole towards the pores of the biochar through the pore filling mechanism (Fig. 9). Fig. 9.

Thermodynamic study

The determination of thermodynamic parameters (ΔG°, ΔH° and ΔS°) is required to confirm and learn more about the adsorption mechanism process of metronidazole on PCB-900°C. The change in Gibbs energy (ΔG°) reflects the degree of spontaneity of adsorption under standard conditions (ΔG°< 0 indicates favorable and spontaneous adsorption; otherwise, it would not be spontaneous) [74].

The variation of the standard enthalpy (ΔH°) can indicate whether the process is endothermic or exothermic. When ΔH° > 0, endothermic adsorption occurs, and exothermic adsorption happens when ΔH° < 0. The variation of the standard entropy (ΔS°) reflects the randomness of the adsorbate on the solid/solution interface (if ΔS°< 0 the adsorption mechanism is associative and less random and when ΔS° > 0 it is more random and dissociative) [75].

The relationship between the three mentioned parameters is given by the equation ( 6):

ΔG°= ΔH°-TΔS° (6) 
The ΔG°is calculated as follows:

ΔG° = -RT ln (K C ) (7) 
Replacing ΔG°from equation ( 6) in equation ( 7) provides the Van't Hoff relation:

Ln ( ) = - 퐾 C ΔH°R × 1 T + ΔS°T (8) 
Where, ΔG °(kJ/mol) is the Gibbs's free energy change, ΔH° (kJ/mol) is the change in enthalpy, ΔS°(kJ/mol/K) is the change in entropy, R (8.314 J/mol.K) is the universal gas constant, T (K) is the absolute temperature, and (dimensionless) is the equilibrium constant. K C In this study, ΔG° was calculated using Eq (7), ΔH° and ΔS°were determined by plotting LnKc versus 1/T. The dimensionless equilibrium constant K C was obtained by multiplying the Langmuir isotherm constant K L (L/mg) by 55.5x10 3 and by the molar mass of the adsorbate (M Metronidazole = 171.16 g/mol). Several researchers [74][75][76] have applied this approach (Eq (9)): The constant (K L ) was obtained by fitting Langmuir isotherm to experimental data of metronidazole adsorption on PCB-900°C at different temperatures (25,30,40, and 50 °C) (Fig. 10(a)). ΔH° and ΔS° were calculated using the slope and intercept of the equation of the right line presented in Fig. 10(b). As shown in Table 6, the presence of negative ΔG° values indicates that metronidazole removal was both spontaneous and favorable. Some researchers [31,60,77] have observed this phenomenon when using biomass carbon. The magnitude of the values is usually large (> 20 kJ/mol) for chemisorption processes. These characteristics have been well confirmed by the results of the kinetics study (the removal efficiency reached 94% just after two minutes of contact time, the elimination yield at equilibrium time (30 minutes) was 98.57%, and the chemisorption was well verified by fitting the pseudo-second order kinetics model). The values of ΔH° were positive, which means that the adsorption process of metronidazole in porous materials is typically endothermic [78]. Manjunath and Kumar [59] and Sun et al. [60] have stated that, when ΔS° > 0, more random organization of metronidazole occurs at the porous adsorbent/solution interface.
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Reutilization and regeneration of PCB-900°C

Regeneration of adsorbents is economically attractive and needed. Fig. 11 presents the results of the reuse and regeneration of PCB-900°C. It seems that the prepared biochar was saturated after 8 cycles of reuse with an efficiency ranging from 98.57 % (cycle 1) to 37.89 % (cycle 8), which may be explained by the occupation of the PCB-900°C sites by the metronidazole molecules after each use. After regeneration with HCl (0.1 M), the adsorption efficiency of the first cycle was 58.51 %, indicating desorption of metronidazole and the liberation of certain sites on the biochar. Thus, the prepared biochar had a long life-span, which makes it an effective and economic solution for the removal of metronidazole. 

Conclusion

The main purpose of this study was to synthesize an adsorbent in the form of biochar prepared from pine cones for the elimination of a pharmaceutical, metronidazole, from water. By varying the pyrolysis temperatures (500, 700, and 900 °C), three biochars were prepared in order to pick out the best biochar with the highest metronidazole removal performance. The results related to the biochar texture properties displayed that the BET specific surface area increased with the increasing pyrolysis temperatures: 64.77 m 2 /g for 500 °C, 353.97 m 2 /g for 700 °C, and 597.97 m 2 /g for 900 °C. The biochar pyrolyzed at 900 °C was characterized by an amorphous structure with an aromatic carbon structure, a heterogeneous surface structure, and a disorderly texture; it contained 67.15% of carbon, 17.81% of azote, and 12.66% of oxygen. Concerning the adsorption kinetics modeling, the findings indicated that metronidazole was removed effectively (98.57%) at an equilibrium time of 30 minutes. Furthermore, the kinetic adsorption of metronidazole was well described by a pseudo-second-order kinetics model, with R 2 coefficients of 0.957 and χ 2 of 0.002 indicating that the adsorption process was chemical in nature. The removal efficiency of metronidazole increased with the increase in adsorbent dosage. The pH medium did not have any considerable effect on metronidazole adsorption, showing that electrostatic interaction did not have a major effect on the process. The Redlich-Peterson model fitted the experimental adsorption data perfectly with an R 2 of 0.987; the maximum adsorption capacity of Langmuir was 138.94 mg/g. Metronidazole adsorption mechanisms on PCB at 900 °C are π-π donor-acceptor interactions caused by the aromatic structure of biochar and pore-filling mechanisms due to the biochar's developed porous structure. The thermodynamic parameters indicated that the adsorption process was a chemical, spontaneous, and endothermic adsorption with high randomness at the solid/liquid interface. It can be therefore concluded that biochar derived from pine cones could be used as an effective adsorbent for metronidazole removal from aqueous medium. Table 1 The kinetic and isotherm models description used for the experimental data analysis.

Equation Parameters definition

Kinetic models

� Pseudo-first-order (PFO):

q t = q e ( 1 -e -k1t ) k 1 (min -1
) is the speed constant for the PFO.

� Pseudo-second-order (PSO):

q t = q 2 ek2t 1 + qek2t
k 2 (g/ min. mg) is speed constant for PSO.

� Intra-particle diffusion:

q t = K int t 1 2 + C
C (mg/g) is the constant associated to the thickness of the boundary layer; K int (mg/g.min 1/2 ) is rate constant of the weber-Morris model.

Isotherm models

Langmuir: q e = QmaxKLCe 1 + KLCe (mg/g) is the maximum adsorption capacity of the Q max adsorbent, and K L (L/mg) is the Langmuir constant.

Freundlich: q e = K F C

1 n e K F (mg/g)/(mg/L) 
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Kinetic models parameters of metronidazole adsorption on PCB-900°C.

PFO: q t = q e ( 1 -e -k1t ) PSO: q t = q 2 ek2t 1 + qek2t q e,exp (mg/g ) q cal

(mg/g) 

Table 4

Adsorption models parameters of metronidazole on PCB-900°C.

Langmuir : q e = QmaxKLCe 1 + KLCe

Freundlich : q e = K F C ☐ The authors declare the following financial interests/personal relationships which may be considered as potential competing interests:

Highlights � A potential biochar was derived from pine cones for the removal of metronidazole � The maximum adsorption capacity of the Langmuir isotherm was 138.94 mg/g � π-π interaction and pore-filling are responsible for the metronidazole adsorption � The adsorption of metronidazole was spontaneous and endothermic � The reuse of the biochar (PCB-900°C) was tested in 8 cycles
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 2 Fig. 2. Pore size distribution of prepared biochars.
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 3 Fig. 3. Comparison between the evolutions of the adsorption efficiency of metronidazole on the prepared biochars as a function of time. (Dose of PCB = 1 g/L, [Metronidazole] 0 = 20 mg/L, T = 25 °C).
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 4 Fig. 4. (a) Scanning electron microscopy (SEM) image and EDX results of PCB-900°C, (b)The pH PZC of PCB-900°C, (c) XRD spectrum of PCB-900 °C.

Fig. 5 .

 5 Fig. 5. (a) Nonlinear fitting of kinetic models (PFO and PSO) , (b) linear fitting of kinetic model (intra-particle diffusion) to experimental data. (Dose of PCB-900°C = 1 g/L, [Metronidazole] 0 = 20 mg/L, T = 25 °C).
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 6 Fig. 6. Adsorption isotherms of metronidazole on PCB-900°C (Adsorbent = 1 g/L, Metronidazole = 10 -400 mg/L, contact time =30 min, T= 25 °C).

Fig. 7 .

 7 Fig. 7. Effect of PCB-900°C dosage on metronidazole removal ([Metronidazole] 0 = 20 mg/L, T = 25°C).
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 8 Fig. 8. Effect of pH medium on the metronidazole removal.

Fig. 9 .

 9 Fig. 9. Proposed correlation between the properties of the prepared biochars and potential metronidazole adsorption mechanisms

Fig. 10 .

 10 Fig. 10. (a) Nonlinear Langmuir isotherm fitting of metronidazole experimental points at different temperatures, (b ) Effect of temperature on the thermodynamic adsorption. ([PCB-900°C] = 1g/L, [Metronidazole] 0 =10 -400 mg/L, contact time = 30 min, T°= 298-323 K).

Fig. 11 .

 11 Fig. 11. Adsorption capacity of metronidazole on PCB-900°C during reuse and regeneration cycles.

  

  

  1/n, ,and n (dimensionless) are the Freundlich constants.

	Redlich-Peterson: q e =	KRPCe 1 + a RP C � e	K RP (L/g) and a RP (mg/L) -� are isotherm constants of Redlich-Peterson. � is the dimensionless Redlich-Peterson exponent which must be between 0 and 1.
			qsKsC 1/n S e	
	Sips :	q e =	1 + Ks C 1/n S e		q is the equilibrium constant of Sips, and n s (mg/g) is the maximum adsorption capacity, K S (L /mg) S is surface heterogeneity of the adsorbent.

Table 2

 2 Textural properties of prepared biochars

	Parameters		PCB-500°C PCB-700°C PCB-900°C
	BET surface area	(m 2 /g)	64.77	353.97	597.97
	Micropore area	(m 2 /g)	47.98	280.56	441.5
	External surface area	(m 2 /g)	16.79	73.41	156.47
	Micropore volume	(cm 3 /g)	0.026	0.156	0.24
	Average pore diameter	(nm)	2.22	2.32	2.36

Table 3

 3 

Table 5

 5 Results comparison of the application of Langmuir isotherm application with related works in the removal of metronidazole by adsorption on biomass carbons.

	1
	n e

e Sips :

Table 6

 6 Thermodynamics parameters of metronidazole adsorption on PCB-900°C ([PCB-900°C] =1 g/L,[Metronidazole]0 = 10 -400 mg/L, contact time = 30 min).

	T	K L	Equation of Van't	ΔG°(	ΔH°(	ΔS°(
		K				
		C				
			Hoff	KJ/mol)	KJ/mol)	
	(K)	(L/mg)				
						J/(K.mol))
	298 0.171 1624394		-35.433		
	303 0.183 1738387		-36.198		
			y = -2061.8x +			
					17.63	177.79
			21.181			
	313 0.21 1994870		-37.895		
	323 0.297 2821316		-39.888		
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