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Abstract:
							                           
This work investigates the physicochemical properties of a biochar obtained from sugarcane bagasse by torrefaction at four different temperatures (260, 270, 280, and 290 °C), without chemical or physical activation. The biochar was characterized by thermogravimetric and proximate analysis, Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy, together with measurements of point of zero charge, pH, elemental composition, and surface area. Evaluation regarding the efficiency of the biochar employed as an adsorbent for the removal of caffeine, ciprofloxacin, and norfloxacin in wastewater samples. The assays were performed in batch vessels filled with lab-made sewage spiked with caffeine at 5.00 µg L–1 and with ciprofloxacin and norfloxacin at 10.0 µg L–1. These compounds were studied separately. The thermogravimetry data demonstrated that increasing the torrefaction temperature led to generation of a greater amount of fixed carbon, as well as loss of volatile materials and removal of non-condensable compounds. This was corroborated by the FTIR analyses, where a higher temperature led to higher intensity of bands corresponding to methyl, methylene, and C=C bonds. The biochar produced at 280 °C presented the best stability, with adsorption efficiencies for removal from the lab-made sewage of 91% (norfloxacin), 81% (ciprofloxacin), and 58% (caffeine).



Keywords: torrefaction, adsorbent, emerging contaminants, wastewater, removal.
		                         







1. Introduction

Biochar is a solid material obtained by the thermochemical conversion of biomass in an oxygen-restricted environment (International Biochar Initiative, 2015). The characteristics of biochar include porous structure, large specific surface area, mechanical resistance, acid and alkaline corrosion resistance, ion exchange capacity, and diverse chemical functionalities. These properties provide biochar with many different possible uses, including environmental applications such as the removal of organic and inorganic contaminants, water purification, and soil remediation and fertilization (L. Li et al., 2019; Oliveira et al., 2017; Wang et al., 2017).


Inyang and Dickenson (2015) reported higher adsorption efficiency of organic contaminants on biochar, compared to activated carbon. The presence of biochar in soil provides benefits such as reduced nutrient leaching, promotion of crop growth, and reduced methane (CH4) emissions. Biochar can incorporate fertilizers and nutrients for controlled release, reducing nutrient shortages in the soil (Liu et al., 2019). Another important point to be highlighted is that compared to biochar, the cost of activated carbon is estimated to be 20 times higher, due to high energy consumption and low productivity (Mohanty et al., 2018).

Caffeine (CAF), norfloxacin (NOR), and ciprofloxacin (CIP) are in the class of emerging contaminants. CAF is highlighted because it is a marker of anthropogenic activity and is present in wastewater at concentration levels from µg L–1 to ng L–1 (Marasco Júnior et al., 2019). CIP and NOR, which are frequently found in wastewater samples at µg L–1 concentration level, are broad-spectrum antibiotics of the fluoroquinolone class, widely applied in human and veterinary medicine. In 2019, quinolones were present in more of the 21 million prescriptions in the USA (Buehrle et al., 2021).


Table 1 presents the physicochemical characteristics of the CAF, CIP and NOR.




Table 1.




Physicochemical properties of the studied compounds.
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Adapted from SciFinder (2021).
* Solubility at the pH range from 7 to 9, at 25 °C; pKa = -logKa; Log P = Octanol-water partition coefficient.








Even at µg L–1 concentration level, these compounds inhibit nitrite reductase and polyphosphate kinase, reducing the removal of nitrogen and phosphorus in biological processes applied in wastewater treatment plants (WWTPs) (Yi et al., 2017). Furthermore, the presence of these antibiotics and other pharmaceutical compounds in wastewater samples increases the risk of development of antibiotic resistant genes (ARG) and their transfer through the aquatic environment. Wastewaters containing pharmaceutical compounds, microbiota, plasmids, transposons, and integrons act as ARG reservoirs that can facilitate the spread of antimicrobial resistance (Osinska et al., 2016).

Biochar, as an adsorbent, can be used for the removal of antibiotics and metals from aqueous solutions, with the advantages of low production costs and environmental sustainability (Liang et al., 2021; Z. Li et al., 2020; Tan et al., 2015). Wang et al. (2017) used activated magnetic biochar to remove norfloxacin at concentrations in the range from 1.00 to 10.0 mg L–1 in water solutions, achieving a removal efficiency of 97.62%. Huang et al. (2020) prepared biochar from rabbit feces by pyrolysis at four temperatures (400, 500, 600, and 700 °C). The biochar was then used to remove CIP at a concentration of 10 mg L–1 in water solutions, achieving removal efficiencies of 76.41, 96.80, 92.50, and 96.79% after 400 min.


Anastopoulos et al. (2020) produced oxidized biochar from pine needles at 650 °C, using boiling nitric acid. The biochar was used for to remove CAF at concentrations from 5 to 50 mg L–1 in water and sewage samples, reaching an adsorption capacity of 1.41 mg g–1 after 150 min, at pH 4.0.

Pyrolysis, torrefaction, and hydrothermal carbonization are the main processes applied for the conversion of biomass to biochar. Pyrolysis is characterized by a high heating rate to temperatures above 300 °C, which produces biochar with high surface area and pore volume. Torrefaction is performed in the temperature range between 200 and 300 °C, so the energy costs are lower and it is possible to use renewable sources, such as solar energy. The reactions during torrefaction involve carbonization, volatilization, and depolymerization of hemicellulose, cellulose, and lignin. In addition, water and lipids are converted to condensable and non-condensable gases that then generate CO2, CO, and CH4. Around 70% of the mass is retained as solid material and 30% is lost as condensable and non-condensable compounds (Tumuluru et al., 2011). The hydrothermal carbonization is a thermochemical conversion technique, whose main characteristic is the direct application to biomass with high humidity, for the production of water-soluble organic matter and carbon-rich products at temperatures 150 - 350 °C (Liang et al., 2021).

Lignocellulosic biomasses in the form of natural resources and solid residues generated by anthropic activities worldwide can be used for the production of biochar (Rangabhashiyam and Balasubramanian, 2019), being economically attractive since these raw materials are inexpensive and available in abundance.

The main sources of biochar are lignocellulosic biomasses obtained from solid residues produced in agriculture (such as sugarcane bagasse and straw), forest residues (including branches, foliage, and sawdust), and sludge from wastewater treatment plants.

Among the agricultural lignocellulosic residues, sugarcane bagasse can be highlighted as a raw material for biochar production. Brazil is the world’s largest sugarcane producer, with an estimated production of more 654.5 million tons in the 2020/2021 season. São Paulo State was responsible for 354 million tons of sugarcane, accounting for 54.12% of the sugarcane processed in the country (Brazil, 2021). During sugarcane processing, bagasse is generated as a waste, corresponding to approximately 30% of the planted sugarcane (Jayaraman et al., 2018). Currently, most of this material is burned to produce energy in the boilers in the sugar and ethanol plants.

Sugarcane bagasse is composed, on average, of 40-45% cellulose, 25 - 30% hemicellulose, and 20 - 25% lignin. It has a heterogeneous surface that presents phenolic groups, carboxylic acids, and hydroxyls (Ramos et al., 2016). The use of sugarcane bagasse as raw material for biochar is attractive because it is abundant and inexpensive, with an estimated price of around US$ 20.00 per ton.

The aim of this work was to evaluate the physicochemical properties of sugarcane bagasse biochars obtained using a torrefaction process at four different temperatures (260, 270, 280, and 290 °C). The biochars were tested as adsorbents for the removal of CAF, CIP, and NOR present in lab-made sewage samples. This study purpose to use this inexpensive and abundant adsorbent material, without need for chemical or physical activation, for the specific removal of these emerging contaminants found at µg L–1 concentration level.




2. Materials and methods


2.1 Chemicals and reagents

The pharmaceutical compounds CAF, CIP, and NOR were acquired from Sigma-Aldrich (Saint Louis, MO, USA). The solvents (HPLC grade) methanol, acetonitrile, and 88% formic acid were purchased from J.T. Baker (Phillipsburg, NJ, USA).

The lab-made sewage composition was as follows: cellulose (47.0 mg L–1), sucrose (98.0 mg L–1), starch (149 mg L–1), NaHCO3 (370 mg L–1), meat extract (262 mg L–1), NaCl (250 mg L–1), CaCl2 (7.00 mg L–1), MgCl2 (4.50 mg L–1), LAS (surfactant, 1.00 mg L–1), K2HPO4, and soybean oil (79 mg L–1). These compounds were dissolved in tap water and resulted in a chemical oxygen demand (COD) of 550 mg O2 L–1 and a pH value of 8.0.




2.2 Biochar preparation

The Santa Cruz sugar and ethanol plant (São Martinho Group) located in Américo Brasiliense (São Paulo State, Brazil; 21°45'09.5"S, 48°04'51.3"W) donated the sugarcane bagasse (from sugarcane variety RB855156). The bagasse was triturated in an industrial blender, sieved through a 2 mm mesh, and transformed into pellets using a hydraulic press machine at 7 atm. As a way to standardize the size of the pellets produced, a stainless-steel mold was used, in order to obtain pellets with a diameter of 12 mm each.

The samples were torrefied in atmospheric conditions (altitude of 664 meters, atmospheric pressure 1012 hPa). Four different torrefaction temperatures were tested, with evaluation of the resulting biochars in terms of their physicochemical characteristics and mechanical resistance in an aqueous medium. The temperatures used were 260, 270, 280, and 290 °C, producing biochars denoted BG260C, BG270C, BG280C, and BG290C, respectively. The pelleted bagasse samples were placed in porcelain crucibles and torrefied in a muffle furnace (Model 7000, EDG Solutions, São Carlos, SP, Brazil). The oven program started at 40 °C, with a ramp rate of 10 °C min–1 and a residence time of 1 h after reaching the desired temperature (this time was necessary for the pellets not to break easily). After the process, the crucibles were removed and placed in a desiccator. The biochar pellets were washed in water for 2 h, under stirring at 125 rpm, in a shaker-incubator (Model MA830, Marconi, Piracicaba, SP, Brazil) for the removal of ash and impurities derived from the torrefaction process, followed by drying for 24 h at 120 °C. Figure 1 shows the workflow for production of the biochar pellets by torrefaction.
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Figure 1.



Sugarcane bagasse biochar torrefaction and pellet production processes.


















2.3 Characterization of the materials


2.3.1 Thermogravimetry and proximate analysis

Thermogravimetric analysis (TGA) was performed using an SDT-2960 Simultaneous TGA/DTA (differential thermal analysis) Thermal Analyzer (TA Instruments, New Castle, DE, USA). For the characterization by TGA/DTG (derivative thermogravimetry), the thermal analyzer software was programmed for two evaluation methods: thermal stability and proximate analysis.

For the thermal stability analysis, the biochar sample was macerated and approximately 8 mg were placed in an alumina crucible for weighing using the thermobalance. The sample was heated under an atmosphere of synthetic air at a flow rate of 100 mL min–1, with the temperature increased from 25 to 600 °C at a rate of 10 °C min–1.

For the proximate analysis, about 9 mg of the macerated biochar were weighed out and placed in an alumina crucible, according to the method described previously (Torquato et al., 2017).




2.3.2 Scanning electron microscope

Topographic contrast micrographs were obtained using a scanning electron microscope (SEM) (Model JSM7500F, JEOL, Kyoto, Japan). The SEM images were acquired at magnifications of 100x and 7000x.




2.3.3 Fourier transform infrared absorption spectroscopy

Fourier transform infrared absorption spectroscopy (FTIR) spectra were acquired in the range from 4000 to 400 cm–1, using a spectrophotometer (Vertex 70, Bruker, Billerica, MA, USA) equipped with an attenuated total reflectance (ATR) accessory.




2.3.4 Elemental analysis

Elemental analysis was performed using a CNHS/O 2400 Series II Elemental Analyzer (Perkin Elmer, Waltham, MA, USA) to determine the sample composition in terms of carbon (C), hydrogen (H), nitrogen (N), sulfur (S), and oxygen (O).




2.3.5 Surface area analysis

The biochar surface area and porosity were measured using the nitrogen adsorption and desorption method. The isotherms were recorded using an ASAP 2000 instrument (Micromeritics, Narcross, GA, USA) operated with ASAP 2010 v. 3.01 software.




2.3.6 Point of zero charge and pH

The pH was measured using a pH meter (Model PG1800, Gehaka, São Paulo, SP, Brazil). The point of zero charge (pHPZC) determination was performed using the method proposed by Regalbuto and Robles (2004), employing 30 mL of deionized water with 30 mg of crushed biochar. The pH was adjusted with solutions of hydrochloric acid (HCl) and sodium hydroxide (NaOH), both at 0.100 mol L–1, in order to obtain pH values of 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12. After 24 h, the pH was measured again.

The pH analysis was conducted according to the method proposed by Ahmedna et al. (1997). The experiments were performed for each biochar sample, which was crushed and added to deionized water (1% w/w). The solution was heated to 90 °C and kept under stirring for 20 min. After this period, the samples were cooled to room temperature and the pH was measured again.






2.4 Adsorption experiments


2.4.1 Selection of torrefaction temperature

The BG260C, BG270C, BG280C, and BG290C biochar pellets were evaluated for the adsorption of CAF at a concentration of 5.00 μg L–1 in ultrapure water. The assays were performed during 24 h, at a controlled temperature of 25 °C, with stirring at 100 rpm, using a shaker-incubator (Model MA830, Marconi, Piracicaba, SP, Brazil). These tests were carried out together with a control experiment using 5.00 μg L–1 CAF solution without the adsorbent material. Aliquots of 500 µL were withdrawn from the solution at different times (0, 0.25, 0.5, 1, 2.5, 5, 10, and 24 h), in order to evaluate the adsorption kinetics.




2.4.2 Kinetics of adsorption of the pharmaceutical compounds onto the biochar in lab-made sewage

Lab-made sewage produced in the laboratory was used, since it enabled simulation of the composition of domestic sewage, in the absence of any preexisting pharmaceutical compounds. The adsorption of CAF, CIP, and NOR was evaluated using the biochar obtained using the best torrefaction temperature. The batch adsorption tests were performed individually for each pharmaceutical compound, in order to avoid possible synergistic interactions and interference in this experiment. For this adsorption kinetics, in 100 mL polypropylene flasks, approximately 6.0 g (equivalent 30 mL) of biochar and 60 mL of lab-made sewage were added.

The lab-made sewage was spiked with each compound, using concentrations of 5.00 μg L–1 for CAF and 10.0 μg L–1 for CIP and NOR. The test was carried out during 24 h, at a controlled temperature of 25 °C and with stirring at 100 rpm. A control experiment with each individual pharmaceutical compound was performed using only the lab-made sewage, without the adsorbent material.

Aliquots of 500 µL were withdrawn from the solution at 10 different times (0, 0.5, 1, 2, 3, 4, 6, 8, 10, and 24 h), for determination of the adsorption kinetics. The samples were filtered through 0.22 µm nylon membranes and analyzed by LC-MS/MS, according to the method developed by Marasco Júnior et al. (2021). In this developed method the limits of detection and quantification were, respectively, for CAF 0.001 and 0.5 μg L–1; CIP 0.5 and 3 μg L–1 and for NOR 1 and 3 μg L–1.








3. Results and Discussion


3.1 Thermogravimetric analysis


3.1.1 Thermogravimetry / derivative thermogravimetry

Figure 2 shows the TGA/DTG curves for the in natura bagasse (BG) and the biochars BG260C, BG270C, BG280C, and BG290C, indicating three well-defined thermal events. The first event did not involve decomposition, but was due to the elimination of moisture present in the samples. The curves showed that with increase of the torrefaction temperature, the biochar presented a lower content of hydrophilic components and consequently absorbed a smaller amount of moisture.
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Figure 2.



TGA (a) and DTG (b) curves obtained for the in natura bagasse (1), BG260C (2), BG270C (3), BG280C (4), and BG290C (5).















The second thermal event was associated with the decomposition of hemicellulose and cellulose. The TGA/DTG curves indicated that the in natura bagasse was less stable, with the thermal decomposition temperature being shifted to the left and the presence of two superimposed peaks attributed to hemicellulose and cellulose. The BG290C sample showed greater stability, with the temperature for initiation of decomposition shifted to the right, due to previous elimination of volatile material during the torrefaction.

The third decomposition step could be attributed to lignin, with thermal decomposition between 350 and 530 °C. The TGA curves showed that higher thermal stability was correlated with higher biochar torrefaction temperature.

This increase of stability was related to the amount of residues and metal oxides present in the sugarcane bagasse pellets.


Table 2 shows the mass losses in each temperature range, the mass loss variation in the stages, the residue produced, and the total mass loss for each sample. The moisture losses ranged from 1 to 4% (Fig. 2, Tab. 3), with these low values suggesting that partial degradation of hemicellulose, cellulose, and lignin occurred during pellet torrefaction.




Table 2.




Mass loss event temperature ranges (ΔT), mass losses (Δm), sample ash contents, and total mass losses for the in natura bagasse and the biochars.
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Table 3.




Average compositions of the raw bagasse and the biochars, in terms of moisture, volatile materials, fixed carbon, and ash.
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In the second step, it could be seen that increase of the torrefaction temperature led to a decrease of the peak related to the mass loss attributed to hemicellulose and volatile compounds, which was greatest for the biochars produced at 280 and 290 °C, since these higher temperatures caused substantial losses of these components.

In the third step, the cellulose and lignin degradation peaks were less intense, compared to the peaks of the second stage. For BG260C and BG270C, the mass loss was higher in the second stage than in the third stage, while the opposite was observed for samples BG280C and BG290C. This suggested that lignin and cellulose were the main components present in BG280C and BG290C. In addition, increase of the torrefaction temperature led to an increase of the ash content, relative to the other fractions (Tab. 2).

Increase of the torrefaction temperature was directly related greater decomposition of the organic content. At high temperatures, the losses affect the mechanical properties, porosity, density, and thermal stability of the material.




3.1.2 Proximate analysis

In the torrefaction temperature range (200-300 °C), increase of the mass loss was directly related to the temperature increase, mainly due to the decomposition of hemicellulose, as shown in Fig. 2 and Tab. 2. When pyrolysis is performed at temperatures above 300 °C, the main mass loss and consequent generation of volatile materials are associated with the decomposition of cellulose and lignin (Dias et al., 2018).

The amounts of water found in the biochars and the in natura bagasse corresponded to the combination of surface humidity and the moisture present within the composition of the material. The moisture contents presented by the biochars and the bagasse did not exceed 4% (Tab. 3).

As expected, the in natura bagasse presented the highest mass loss due to volatile materials (51.2%), since the previously torrefied samples had already partially lost these compounds.






3.2 Scanning electron microscopic analyses

The micrographs of the biochars (Fig. 3) obtained at magnifications of 100x and 7000x showed that increase of the torrefaction temperature caused an increase of the amount of carbonized biomass, with small fragments evident. It could also be seen that the biochar surface was not regular, due to partial removal of the lignocellulosic biomass during the torrefaction process, leaving the biochar with a porous and rough surface. This indicated the suitability of the material for use as an adsorbent, since a high surface area enables efficient interaction with different types of chemical compounds.

The porous structure demonstrated that the thermal conversion process removed the outer fibers, consequently increasing the surface area, which made the cellulose accessible for thermal degradation (Morais et al., 2017). The formation of irregular particles could have been related to the fusion and solidification of oxides formed between silicon, metal elements, and oxygen during combustion. The silicon content in biochar is a favorable aspect for its use as an adsorbent material, since a high silicon content promotes the ionic exchange of metallic species (Rodríguez-Díaz et al., 2015).
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Figure 3.



Scanning electron microscopic micrographs of the biochars at magnification of 7000x: BG260C (a), BG270C (b), BG280C (c), and BG290C (d).


















3.3 Fourier transform infrared analysis of the biochars


Figure 4 shows the FTIR spectra obtained in the range from 4000 to 400 cm–1.


Bands in the region between 3700 and 3100 cm–1 could be attributed to O–H bond stretching, due to the presence of alcoholic, phenolic, and hydroxyl groups in the lignocellulosic biomass. Bands in the range 3000–2700 cm–1 corresponded to asymmetric and symmetric stretching of methyl and methylene groups, respectively (Becker et al., 2013; Granados et al., 2017). Bands in the region between 1800 and 1650cm–1 were due to carbonyl group stretching, indicating the presence of conjugated and unconjugated C=O of carboxylic acids from hemicellulose and from cellulose after oxidation.
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Figure 4.



Infrared spectra of the in natura bagasse (1), BG260C (2), BG270C (3), BG280C (4), and BG290C (5) in the 4000–400 cm–1 region.















The torrefaction process led to decreased intensity of this peak, reflecting a decrease of carboxylic acid groups, leading to the formation of new products, as shown by signals at around 1700 cm–1.

Signals in the range 1600–1500 cm–1 could be attributed to vibrations of C=C in the lignin aromatic skeleton, which increased as the torrefaction temperature increased. Bands between 1500 and 1350 cm–1 corresponded to deflections and deformations of C–H bonds of amorphous lignin and cellulose polysaccharides. Bands in the range 1300–1150 cm–1 were due to stretching vibrations of C–O of the lignin guaiacyl aromatic rings and antisymmetric stretching of the C–OH and C–O–C bonds of cellulose and hemicellulose. The intensity of the bands in this region tended to decrease with increase of the torrefaction temperature. Bands in the range 1050–1000 cm–1 corresponded to C–O, C=C, and C–C vibrations of cellulose, hemicellulose, and lignin. A small band at around 900 cm–1 could be attributed to the beta-glycosidic bonds in cellulose and hemicellulose, while bands in the range 800–600 cm–1 were due to the vibrations of O–H connections (Granados et al., 2017; Ibrahim et al., 2013; Mubarik et al., 2015; Rodríguez-Díaz et al., 2015). The FTIR data is presented in Tab. 4.




Table 4.




Possible functional groups and compounds found in the samples by FTIR.
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3.4 Biochar elemental composition

The elemental compositions of the biochars are shown in Tab. 5. As expected, there was an increase of the carbon content as the temperature increased, while the hydrogen, oxygen, and sulfur contents decreased. Higher nitrogen contents were found for the biochars produced at 280 and 290 °C, compared to those produced at 260 and 270 °C.

In general, as the torrefaction temperature and residence time increase, there are increases of the amount of carbon and decreases of the amounts of hydrogen and oxygen. Therefore, the values of the H/C and O/C atomic ratios tend to decrease with increase of the torrefaction temperature (Tumuluru et al., 2011).

Slight decreases of the H/C and O/C ratios values were observed as the torrefaction temperature increased, which could be explained by the loss of hydroxyl and carboxylic functional groups, respectively (Rangabhashiyam and Balasubramanian, 2019). Lower O/C values were observed according to increase of the temperature, indicating a more aromatic biochar and a less hydrophilic structure, due to dehydration reactions and the higher degree of carbonization.




Table 5.




Elemental compositions and atomic ratios of the biochars.
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The low H/C values indicated that the biomass was carbonized, suggesting an increase of aromaticity as the torrefaction temperature increased. However, the biochar produced was not totally hydrophobic and aromatic, since the FTIR spectra showed the presence of bands corresponding to hydrophilic groups. This was also observed by Al-Wabel et al. (2013), who found that the H/C ratio decreased using temperatures in the range from 200 to 800 °C. Hafshejani et al. (2016) compared a sample of in natura sugarcane bagasse with bagasse pyrolyzed at 300 °C and observed an increase from 0.3 to 4.1%.




3.5 Surface area

The results obtained for the BET surface area, pore total volume, and pore size of the biochars are presented in Tab. 6.

The use of torrefaction temperatures from 260 to 290 °C, with heating rates of 10 °C min–1 and short residence times (1 h), resulted in BET surface areas ranging from 1.83 to 3.24 m² g–1. The small variation in the torrefaction temperature did not significantly alter the surface areas. The BG280C sample presented the highest values for the surface area and the pore volume. This biochar also showed the highest release of volatile materials, as shown by the proximate analysis.


Sun et al. (2018) pyrolyzed sugarcane bagasse at temperatures ranging from 300 to 600 °C, with a residence time of 2 h and heating rate of 5 °C min–1, obtaining a surface area and total pore volume of 1.05 m² g–1 and 0.68 cm³ g–1, respectively, for the sample produced at 300 °C. In other work, peanut shells were used for biochar production, with specific surface areas of 1.83 and 7.11 m² g–1 obtained at temperatures of 200 and 300 °C, respectively (J. Chen et al., 2017; W.-H. Chen et al., 2017).




Table 6.




BET surface areas, pore total volumes, and pore sizes of the biochars.
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3.6 Determination of pH and pHPZC

The values obtained for the point of zero charge and pH are provided in Tab. 7.




Table 7.




pHPZC and pH values of the biochars.
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The pHPZC ranged from 4.61 to 5.53, while the pH ranged from 4.38 to 4.60. The solution pH was lower than the pHPZC, indicating that the sugarcane bagasse biochar presented a positive surface charge, related to an excess of H+ ions capable of adsorbing anionic species (Binh and Nguyen, 2020). These results were in agreement with the findings of Hafshejani et al. (2016), which obtained a pHPZC of 5.35 for torrefied biochar produced from modified sugarcane bagasse.

As the torrefaction temperature increased, there was a small increase of the pH, which could be explained by the separation of alkaline salts from organic materials (Al-Wabel et al., 2013; Tag et al., 2016). The alkalinity and carbonate content of biochars tend to increase as the temperature increases, while the contribution of organic anions to biochar alkalinity decreases (Yuan et al., 2011).




3.7 Adsorption kinetics


3.7.1 Selection of torrefaction temperature

The choice to prepare pellets by torrefaction was based on lower energy costs, in addition to the possibility of using renewable sources, such as solar energy (Quéno et al., 2019). In order to identify the best biochar torrefaction temperature, preliminary experiments were performed using 5.00 µg L–1 CAF in aqueous solution. The CAF removal efficiencies are shown in Tab. 8. CAF was selected since it is an important emerging contaminant, considered as a biomarker of anthropogenic contamination of wastewater and surface waters (Buerge et al., 2003).

The biochar samples showed similar behaviors, with removal efficiencies higher than 88% and attainment of equilibrium in approximately 10 h, with the exception of BG270C, for which equilibrium was reached after 24 h. After 24 h of the experiment, the BG260C pellets underwent disintegration, with the solution presenting a yellow color (data not shown). The BG270C and BG290C samples showed partial disintegration of some biochar pellets, but no color change of the solution. The BG280C sample presented the best stability in the aqueous medium, without disintegration or solution color change. Therefore, the BG280C sample was selected for use as an adsorbent, since it presented the best stability in solution and showed a CAF adsorption efficiency of 92.8% after 10 h, in comparison to the control.




Table 8.




Removal efficiencies obtained for CAF at 5.00 µg L–1 in aqueous solution, using the BG260C, BG270C, BG280C, and BG290C biochars.
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3.7.2 Adsorption of the pharmaceutical compounds on biochar pellets in lab-made sewage

The BG280C biochar was chosen as the adsorbent material. Contact time experiments were carried out for CAF, CIP, and NOR in three separate assays employing the lab-made sewage pH 8.0 (COD of 550 mg O2 L–1) simulating the composition of domestic sewage. Figure 5 presents the removal efficiencies obtained for these three compounds.

In this study the main objective was to remove the CAF, CIP and NOR using the biochar in complex samples, such as lab-made sewage which mimics the soluble components of domestic sewage and present pH equal to 8. Therefore, the pH tests were not carried out to investigate possible effects of this parameter in the removal process. All batch studies were performed at pH equal to 8.
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Figure 5.



Removal efficiencies obtained for CAF at 5.00 μg L–1, CIP at 10.0 μg L–1, and NOR at 10.0 μg L–1, using the BG280C biochar in lab-made sewage.















NOR and CIP presented similar adsorption behaviors, with removal efficiencies of 91.0 and 81.0%, respectively and attainment of equilibrium after around 4 and 8 h, respectively. This removal could be attributed to the positive charges present on the surface of the biochar pellets, which attracted the negative parts of the CIP and NOR molecules in the lab-made sewage with pH 8.0. These molecules exist in zwitterionic forms in solutions with pH from 6.0 to 8.8 (Osonwa et al., 2017; Sun et al., 2002).

In the case of CAF, there was a decrease of the adsorption between 3 and 4 h, with equilibrium being reached after 6 h. A total of 58.0% of CAF was removed from the lab-made sewage, which was lower than the value of 92.8% obtained in the earlier experiment using the compound in ultrapure water.

The observed difference in the CAF removal efficiency could be explained by the compositional complexity of the lab-made sewage, compared to ultrapure water. In particular, the presence of chloride ions and soybean oil can interfere in the adsorption efficiency.

As mentioned previously, the π-π interactions of the biochar with the aromatic rings of the compounds could have contributed to the adsorption. As indicated by the results of the FTIR and elemental composition analyses, the presence on BG280C of groups containing electronegative elements such as oxygen and nitrogen provided abundant sites for adsorption (Tran et al., 2017).

The keyhole pore filling mechanism could have contributed to the adsorption of the compounds. CIP presents dimensions of 13.5 × 3 × 7.4 Å, so it (as well as CAF) could be adsorbed by this mechanism, since the dimensions of the molecules were smaller than those of the biochar pores (Ma et al., 2017). Figure 6 shows the removal efficiencies obtained using the BG280C biochar in the lab-made sewage.
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Figure 6.



Removal efficiencies obtained for CAF at 5.00 µg L–1 (a), CIP at 10.0 µg L–1 (b), and NOR at 10.0 µg L–1 (c), using the BG280C biochar in lab-made sewage.















The compounds NOR, CAF, and CIP reached equilibrium after periods of 4, 6, and 8 h, respectively. As shown from the pH/pHPCZ results, the sugarcane bagasse biochar samples had positive charges on their surfaces, due to the excess of H+ ions. Therefore, the adsorption of a cationic species such as CAF occurred due to other interaction mechanisms.

The presence of functional groups rich in oxygen on the adsorbent surface can contribute to the adsorption of contaminants. In addition, π–π interactions of electron donors and acceptors are important in removal by adsorption. The FTIR and elemental analyses of the biochars demonstrated the presence of carboxylic acids and nitrogenous groups. Therefore, π–π interactions could have contributed to the adsorption of CAF on the torrefied sugarcane bagasse. As reported previously, carboxylic acids and carbonyls tend to be electron acceptors in the formation of π–π interactions with aromatic molecules, contributing to CAF adsorption (Ahmed et al., 2018; Keiluweit and Kleber, 2009).

The adsorption of CAF could also have been favored by the biochar pore size, which varied from 108 to 126 Å, since the caffeine molecule has dimensions of 7.8 × 6.1 × 2.1 Å, enabling its penetration into the biochar pores (Pendolino, 2014). Correa-Navarro et al. (2020) produced a biochar from fique bagasse, using pyrolysis at 850 °C and a residence time of 3 h, which was used for the removal of caffeine and diclofenac.








4. Conclusions

In this paper, torrefaction was used as a carbonization strategy, as a way to prepare sugarcane bagasse biochar which presented a high performance in the adsorption of pharmaceutical compounds. Characterization of sugarcane bagasse biochar samples using thermogravimetric and proximate analyses demonstrated the presence of lignin and cellulose as the main constituents after the thermochemical conversion. The biochars could be considered mesoporous adsorbents, with irregular and positively charged surfaces. The FTIR spectra showed the presence of hydrophilic and hydrophobic groups. Samples of the BG260C, BG270C, BG280C, and BG290C biochars were evaluated for the adsorption of CAF in aqueous media. The BG280C material presented the best adsorption efficiency (up to 93%) and stability in the aqueous media. High adsorption efficiency was achieved even at low concentrations of contaminants (at the µg L–1 concentration level) in a complex matrix such as lab-made sewage, where adsorptions of 91, 81, and 58% were achieved for NOR, CIP, and CAF, respectively. In addition, the low cost per ton (around US$ 20.00) of the raw material provides to sugarcane bagasse biochar a promising adsorbent and economic alternative to be used as technology to mitigate the presence of emerging contaminants in wastewater treatment plants and water supply units.
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