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Abstract

:

In Brazil, a significant part of the biomass is unused, contributing to environmental pollution. The tannin industry commonly extracts tannins from the bark of Acacia mearnsii or black wattle, leaving a significant residue of 70% (w w−1). This study investigates the conversion of black wattle bark into a porous carbonaceous material to efficiently remove organic pollutants. Using ZnCl2 as a chemical activation reagent, the experiments varied the impregnation time, carbonization rates, and temperatures. Additional experiments aimed to increase the specific surface area (SSA). X-ray diffraction (XRD) analysis showed the formation and removal of ZnO, which increased porosity. Scanning electron microscopy (SEM) showed an irregular morphology with pores. Fourier-transform infrared (FTIR) spectroscopy indicated characteristic bands, and electron paramagnetic resonance (EPR) detected organic free radicals. The SSAs exceeded 1000 m2 g−1, averaging 1360 m2 g−1, with a maximum of 1525 m2 g−1. Micropores (1.4 nm) were consistent. The structure of the material and the high SSA suggest a potential for efficient removal of aromatic impurities by π–π interactions. This approach addresses the issue of biomass waste, provides a solution for environmental remediation, and represents a transformative strategy for biomass utilization.
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1. Introduction


Brazil is one of the world’s largest producers of biomass waste, notably from the food industry, including materials such as sugarcane bagasse, rice husks, orange peel, and coconut husks, among others. One residue that deserves more attention is derived from Acacia mearnsii (De Wild), popularly known as black wattle, one of the raw materials used in the tannin extraction industry. This plant contains only 20–40% (w w−1) tannin, leaving about 70% (w w−1) residue after extraction. In 2021, black wattle production in Brazil was about 227,251 t [1], so considering that, all the black wattle produced was used for tannin extraction, leading to more than 150,000 t of residual biomass.



In most cases, this residue is not used for industrial purposes, as it is not suitable for use in nature, leading to environmental problems such as increasing landfill volumes and generating greenhouse gases due to improper treatment, as well as posing significant risks to human health [2,3,4].



One of the most important possible applications of this residual biomass is producing carbonaceous materials such as biochar and activated biochar (AB) due to its low cost, accessibility, and high carbon content [5,6,7]. AB is an activated carbon obtained exclusively from biomass raw material (fossil and synthetic sources are also used to produce activated carbon), with characteristics such as high surface area and porosity, chemical stability [8], and the potential to be functionalized to improve the adsorption capacity. Therefore, as an absorbent material, AB has a wide range of applications, including in air control and purification [9], wastewater treatment [10], solvent recovery [11], and semiconductors [12], among others.



The application of AB is determined by the specific properties of the material, which are related to the manufacturing process, considering aspects such as the preparation method, temperature, heating rate, residence time, type of activation, and biomass used [13,14].



The activated carbon (AC) production process typically employs two steps, where the first is carbonization and the second is activation, which may be physical or chemical. The carbonization step involves heat treatment of the raw material, which leads to a change in composition due to the pyrolysis process, increasing the carbon content of the organic substances (Figure 1).



Physical activation uses an oxidizing gas, such as water vapor, atmospheric air, carbon dioxide, or a mixture. A high temperature is required for this type of activation since a large amount of carbon mass is removed from the material’s interior. In chemical activation, it is necessary to impregnate the raw material with chemical reagents, such as NaOH, KOH, H3PO4, FeCl3, or ZnCl2, before carbonization [15,16]. These reagents are cheap and readily available. The impregnation step is crucial since the activating chemical used in it acts as a dehydrating agent that affects pyrolysis and promotes porous carbon production [17]. Chemical activation offers several advantages over physical activation, including a lower pyrolysis temperature and a shorter activation time. In addition, carbonization and activation take place simultaneously, resulting in activated carbon with a greater yield and a higher surface area [18].



The black wattle’s potential as an adsorbent for removing organic pollutants has not yet been sufficiently researched. Recent studies emphasize its effectiveness, especially as bark or sawdust. Moraes et al. [19] developed H3PO4-activated carbon xerogels from black wattle tannin/kraft lignin, showing a high adsorption capacity.



Azevedo et al. [20] focused on controlling water pollutants and developed magnetic biochar (MB) from black wattle sawdust, enabling efficient metoprolol adsorption and easy regeneration. Beckinghausen et al. [21] investigated NH4-N-loaded biochar for soil improvement and emphasized material-dependent treatment success. Lutke et al. [22] investigated black wattle bark waste. They produced an efficient activated carbon for the adsorption of phenol, demonstrating its potential for the treatment and reuse of industrial wastewater.



Given this background, the present study aimed to produce an AB with high surface area and porosity using the bark of Acacia mearnsii, an agro-industrial waste product, with elucidation of the effect of chemical activation by ZnCl2. The new material characterization was performed using scanning electron microscopy (SEM), Raman spectroscopy, Fourier-transform infrared (FTIR) spectroscopy, and electron paramagnetic resonance (EPR). Specific surface area and pore size/volume determinations used the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) methods, respectively.




2. Material and Methods


2.1. Experimental Design for the Synthesis of Carbonaceous Material


The exhausted black wattle bark used as a precursor for obtaining the activated biochar was provided by Tanac S.A. (Montenegro, Rio Grande do Sul state, Brazil). The bark was ground using a knife mill (FT 50 = Willye, Piracicaba, Brazil), sieved through screens (Bertel, Caieiras, Brazil) to give an average particle size of 40–80 mesh, and dried in an oven (Gehaka, São Paulo, Brazil) at 80–105 °C until constant weight. For the determination of the optimal conditions, a complete factorial design (23) was applied, considering the effects of impregnation time (A), final carbonization temperature (B), and heating rate (C). Duplicated samples were prepared for the factorial design experiments. Table 1 provides the levels of each factor. The experimental design matrix is presented in Supplementary Material S1.



Chemical activation was performed using a 1:2 (w w−1) biomass-to-chemical reagent ratio. The precursor was mixed with ZnCl2 (analytical grade, Vetec, Duque de Caxias, Brazil) in distilled water to improve the impregnation. Subsequently, the mixture was dried in an oven at 90–110 °C for either 6.5 or 13 h (according to the factorial design). Following impregnation, pyrolysis experiments were carried out using a tubular furnace (FT 40 HI, EDG, São Carlos, Brazil). The sample was heated at 3 °C min−1 until reaching 250 °C, held for 30 min, followed by increasing the temperature at either 5 or 10 °C min−1, according to the specified schedule, until reaching either 400 or 600 °C, maintaining the final temperature for 1 h. No inert atmosphere was used during sample preparation. Afterward, the material was cooled to room temperature at the standard cooling rate of the furnace. To dissolve and remove residual ash, the samples were washed with aqueous HCl (10% v v−1) and hot distilled water (70–90 °C), filtered, and dried at 110 °C for 12 h. The results obtained from this experimental design were treated using Statistica 10 software (StatSoft, Tulsa, OK, USA), which allowed analysis of the mass yield, as shown below. The characterization parameters were evaluated for comparison purposes only, following the experimental design.




2.2. Characterization Procedures


Before characterization, the samples were dried in an oven at 110 °C for 12 h and then cooled to room temperature in a glass desiccator filled with dried silica gel beads.



2.2.1. X-ray Diffraction (XRD)


XRD analysis was used to identify the crystalline phases of the different samples (carbonized at 250 °C, carbonized at 600 °C without washing, and the final selection after washing). A Rigaku DMAX100 diffractometer (Tokyo, Japan) was operated using Cu Kα radiation (λ = 1.5406 nm) and scanning in the 2θ range from 10 to 60°, in steps of 0.02° min−1. Phase identification was performed by comparing the diffractograms of the samples with standards provided by the JCPDS (Joint Committee on Powder Diffraction Standards). XRD analysis showed the absence of diffraction peaks and the presence of an amorphous halo, indicating that the presence of Zn contributes to increased porosity through the formation of ZnO.




2.2.2. Scanning Electron Microscopy (SEM)


The carbonaceous materials’ surface morphology was studied by SEM using a Shimadzu SSX-550 instrument (Kyoto, Japan) operated under high vacuum at 15 kV, with emission and filament currents of 29,500 and 1850 nA, respectively. The samples were previously metalized using a Shimadzu IC-50 sputter coater (Kyoto, Japan). From the SEM analysis, it is possible to deduce the surface morphology from the presence of cracks, fissures, and pores. These are related to the production parameters of biochar.




2.2.3. Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) Analyses


The specific surface areas of the carbonaceous materials were determined by nitrogen adsorption at 300 K using a Quantachrome NOVA 1200 analyzer (Boynton Beach, FL, USA) according to the BET method, involving measurement of the volume of adsorbed nitrogen gas by adsorption and desorption at different pressures. The material’s pore size distributions and total pore volumes were determined according to the BJH method. Before the analyses, the biochar was degassed for 2 h at 150 °C under a vacuum. The specific surface area depends on the pyrolysis temperature, the heating rate, the oven’s residence time, and the biochar’s modification. The specific surface area, pore volume, and pore size were determined using the BET method, and the volume of mesopores, mesopore surface area, and mesopore size were calculated using the BJH method.




2.2.4. Fourier-Transform Infrared Spectroscopy (FTIR)


FTIR spectra of the activated biochar were obtained using a spectrophotometer (Excalibur Series FTS 3500 GX, Bio-Rad, Hercules, CA, USA) operated in transmission mode. The samples were prepared as pellets by pressing a mixture of approximately 99 mg of spectroscopic-grade KBr (Sigma-Aldrich, Saint Louis, MO, USA) and 1 mg of biochar. The spectra were acquired from 4000 to 400 cm−1, at a resolution of 4 cm−1, with an accumulation of 32 scans. The FTIR analysis revealed functional groups on the carbon surface that are crucial for sorption. In chemisorption, the functional groups realize the cation exchange capacity (CEC) of the biochar so that the exchange and sharing of electrons between the molecules of the adsorbate and the biochar takes place, resulting in a chemical reaction. The adsorbent and biochar interaction occurs through Van Der Waals forces in physisorption. This interaction is linked to the aromatic groups on the surface of the biochar, and no molecular change in the substances involved takes place.




2.2.5. Raman Spectroscopy


Raman scattering measurements were performed using a Witec Alpha 300R (Ulm, Germany) spectrophotometer at a wavelength of 540 nm with a resolution of 0.02 cm−1. The spectral bands were deconvoluted using the Lorentz fitting method from 854 to 1868 cm−1. Data analysis was performed using Origin 9.0 software. Raman spectroscopy was used to examine the extent of the samples’ graphitization, indicating their resemblance to the graphite structure.




2.2.6. Electron Paramagnetic Resonance (EPR)


EPR spectra were recorded at room temperature (~300 K) using a Bruker EMX spectrometer operating in the X-band (~9.5 GHz) with a modulation frequency of 100 kHz and a field sweep of 5000 G. The EPR data were processed using WinEPR software (Version V2.22 Rev.12). The EPR analysis provided information on the heating rate and carbonization temperature. It also revealed a single-line organic radical resonance (OFR).





2.3. Application of the Activated Biochar


Carbonaceous materials have been used as adsorbents to remove pollutants from contaminated water. Since the presence of natural hormones in aquatic ecosystems has gained recent attention, batch adsorption tests were performed with estrone in an aqueous solution using Erlenmeyer flasks containing 10 mL of 1.0 mg L−1 estrone solution and 4 mg of adsorbent. The flasks were shaken at 25 °C and 150 rpm in an orbital shaker for predetermined contact times, followed by filtration using glass fiber membrane filters (GF-3, 0.45 µm, Macharey Nagel, Düren, Germany). The estrone residual concentrations were determined using HPLC-DAD [23]. A commercial activated carbon (CAC) sample (analytical grade, Dinâmica, Indaiatuba, Brazil) was also used for comparison.



The removal percentage was calculated using Equation (1):


  % R e m o v a l =       C   0   −   C   t       C   0       100  



(1)




where     C   0     is the initial concentration (in mg L−1) of the estrone in contact with the sorbent and     C   t     is the estrone concentration at instant   t  .





3. Results and Discussion


In this study, the exhausted bark of black wattle was thoroughly processed by grinding, sieving, and drying until a constant weight was obtained. A complete factorial experimental design (23) was then conducted to accurately determine the best conditions for chemical activation with a ZnCl2 solution. The impregnation time, final carbonization temperature, and heating rate were carefully controlled factors within this experimental design. The study aimed to evaluate the activated biochar samples’ mass yield and various characterization parameters.



3.1. Pyrolysis Process and Evaluation of ZnCl2 Doping by XRD


Applying a ZnCl2 solution followed by a prolonged doping process (13 h) is a highly advantageous approach. This method facilitates the swelling of the internal channels within the biomass, as suggested by Ahmadpour and Do [24], improving access of the ZnCl2 into the structure. As the temperature increases, most of the sample’s water content evaporates, allowing the incorporation of zinc ions into the precursor structure [25]. Adding ZnCl2 has a significant effect because it acts as a dehydrating agent during carbonization, promoting the removal of moisture, minimizing other volatile losses, reducing tar formation, and ultimately increasing the yield of fixed carbon (leading to a higher reaction yield) [25].



The purpose of the initial carbonization step at 250 °C was to induce slow degassing of the precursor, minimizing the premature opening of macro- and mesopores in the carbonaceous matrix. The subsequent step at 400 or 600 °C was performed to complete the carbonization process [26,27]. In all these processes, slow heating rates were used to ensure low-temperature gradients and promote better pore development and uniformity. The charring process involves several complex chemical reactions as well as heat and mass transfer phenomena. The pyrolysis process can be summarized by the following general equation [28]:


    C   a     H   b     O   c       b i o m a s s   + h e a t →   ∑  l í q u i d      C   d       H   e     O   f   +   ∑  g a s      C   g       H   h     O   i   +   H   2   O + C   ( c a r b o n )  



(2)







After the activation/carbonization process, the impregnated ZnCl2 and its reduction product, the residual zinc, were removed by washing with HCl and hot water. The HCl converted the metallic zinc to ZnCl2, with the salt then being removed by successive washes with hot water (at temperatures between 70 and 90 °C) until pH 7 was reached. Hot water was chosen for this purpose due to the greater solubility of the salt at higher temperatures.



During the carbonization/pyrolysis step, hydrolysis reactions co-occurred in the particles, with the ZnCl2 chemical reagent exerting a dehydration effect on the biomass composition (such as hemicellulose, cellulose, and lignin). This reagent can also inhibit tar formation and increase the yield of solid carbon compounds [29]. The results of XRD analyses suggested that the presence of zinc increased porosity by forming ZnO.



The diffractogram for sample 3 (Figure 2) showed an absence of diffraction peaks and the presence of an amorphous halo in the 2θ range from 20° to 30°. This indicated a lack of crystallinity in the material’s structure, ruling out the presence of zinc oxide or zinc chloride. However, a small diffraction peak can be seen in the green diffraction pattern (at 600 °C), corresponding precisely to the 1 0 1 diffraction of zinc oxide (36°). Remarkably, this peak disappeared after acid treatment.




3.2. Effects of Primary Factors and Second-Order Interactions on Mass Yield


A 23 complete factorial design was used to investigate the effects of process parameters on the mass yield of the ZnCl2-doped biomass (1:2 w w−1) after the pyrolysis process. The results of the experimental design assays are presented in Supplementary Material S1.



The mass yields obtained in the experiments were in the range of 40.6 to 48.5%, with the most favorable results achieved in experiments 5 (A: 6.5 h; B: 400 °C; C: 10 °C min−1) and 6 (A: 13 h; B: 400 °C; C: 10 °C min−1), where the obtained values were 48.5 and 48.2%, respectively.



Comparison with data from the literature showed that the yields were close to those reported in other studies using the same activating chemical reagent, albeit with different biomasses. For example, Onal et al. [30] obtained yields of 34 and 35% (at temperatures of 400 and 600 °C for 1 h), producing activated carbon using beet bagasse as a precursor. Ahmed and Theydan [31] obtained yields of about 45 and 35% (at temperatures of 400 and 600 °C for 1 h) using date seeds as feedstock. Similarly, Sayğili and Güzel [32] obtained yields of about 44% (at a temperature of 600 °C for 1 h) using residues from the industrial processing of grapes as feedstock. Dural et al. [33] obtained yields from 40 to 48% (at a temperature of 600 °C for 2 h) using Posidonia oceanica (seagrass) as feedstock.



The selected factors were analyzed at a 95% confidence level, considering both main effects and second-order interactions. The results of the analysis of variance (ANOVA) for mass yield can be found in Supplementary Material S2. The Pareto chart in Figure 3 visually represents the statistically significant effects on mass yield. Based on the ANOVA results and the Pareto chart, only the final carbonization temperature (B) and the second-order interaction between carbonization temperature and heating rate (B × C) had significant effects on mass yield (p-value < 0.05). Increasing the carbonization temperature resulted in a significant 5.10% decrease in yield. It is noteworthy that carbonization of the samples at 400 °C (experiments 1, 2, 5, and 6) resulted in higher yields compared to carbonization at 600 °C (experiments 3, 4, 7, and 8), highlighting the influence of carbonization temperature on the mass yield of activated carbon.




3.3. Characterization of the Samples


3.3.1. SEM


Figure 4 shows SEM images of the black wattle biomass and the samples produced in this study at different magnifications. The photos revealed a heterogeneous and irregular surface morphology with cracks, fissures, and pores. A notable feature was the appearance of pores after the carbonization/activation process, especially macropores, in the samples. However, the microporosity could not be directly identified since it was beyond the instrument’s detection limit. Nevertheless, the micropores were indirectly characterized using the BJH method, which is explained in detail in the following section.




3.3.2. BET and BJH Analyses


The results of the BET and BJH analyses of the biomass sample and the biochar doped with ZnCl2 (1:2 w w−1) after the pyrolysis and washing process, including the specific surface area (    A   B E T    ), total pore volume (    V   p    ), and average pore diameter (    D   p    ), can be found in Supplementary Material S3. Additionally, for comparison purposes, Supplementary Material S4 provides the results obtained for the analyses of commercial activated carbon (CAC) (obtained from Dinâmica) and biochar samples prepared with ZnCl2 at a 1:1 (w w−1) ratio.



Based on the results, the replicated samples of the 23 factorial design showed good similarity, except in the case of run 2, for which the     A   B E T     values were significantly different (1301.4 and 765.4 m2 g−1). This inconsistency could be attributed to sample contamination. Samples 1, 2, 5, and 6 had the lowest     A   B E T     values, so analogous samples were not produced using the activating chemical reagent at a 1:1 ratio. These samples were charred at the lowest temperature of 400 °C, indicating that this temperature was insufficient to achieve     A   B E T     higher than 1000 m2 g−1, regardless of impregnation time and heating rate. This suggested that higher temperatures were more effective for achieving higher     A   B E T     values [31,34].



The samples carbonized at 600 °C and with an impregnation time of 6.5 h (run 7: 1477.23 and 1537.99 m2 g−1 and run 3: 1524.84 and 1548.98 m2 g−1) exhibited the highest     A   B E T     values. Alteration of the heating rate (from 5 to 10 °C min−1) had no significant effect. Comparing the results with data from the literature and considering that activated carbon usually has     A   B E T     between 500 and 1500 m2 g−1 or higher [35,36], it could be concluded that the     A   B E T     values obtained here were satisfactory. Furthermore, a comparison of these results with previous black wattle studies revealed that chemical activation with ZnCl2 resulted in significantly higher     A   B E T     values than the reported ones (414.97 m2 g−1) [22].



The average pore sizes of the samples (Supplementary Material S3) showed a predominance of micropores, as defined by IUPAC, which considers micropores to be pores with diameters smaller than 2 nm [37].



The SSA values for the samples prepared using ratios of 1:2 and 1:1 showed that using a higher proportion of the chemical reagent resulted in higher     A   B E T     (Supplementary Material S3 and S4). Similar observations were made by Moreno-Piraján and Giraldo (2010) [38], who found that     A   B E T     increased with the increase in chemical reagent concentration. Furthermore, a higher     V   p     was observed with the increase in the activating chemical reagent concentration, which was consistent with the results obtained here.




3.3.3. FTIR Analyses


FTIR is an essential technique for identifying characteristic functional groups on the surface of biochar. Figure 5 shows the FTIR spectra of the raw material and the biochar samples prepared using a 1:2 (w w−1) ratio of biomass to chemical reagent. The spectra for the replicates were averaged to obtain a representative range.



The results showed substantial similarity of the chemical functional groups in all the samples, suggesting that the carbonization process did not cause complete elimination of the functional groups present in the original raw material. A characteristic band at around 3400 cm−1 could be attributed to stretching vibrations of the O-H groups [30,39,40]. Compared to the biomass spectrum, the intensity of this band decreased after the charring process, in agreement with the results reported by Onal et al. [30], who studied the effect of varying the charring temperature (400 to 900 °C) employing the same chemical reagent (ZnCl2). A small band at 2922 cm−1 corresponded to C-H stretching of aliphatic groups [41,42], in agreement with a band at 1380 cm−1, assigned to angular deformation of aliphatic C-H [7,43].



The spectra for all the samples showed two prominent bands in the range of 1000–1260 cm−1, corresponding to C-O stretching vibrations of alcohols, phenols, ethers, or esters in cellulose, hemicellulose, and lignin [34,44,45]. A distinct band in the range of 1500–1600 cm−1 corresponded to C=C stretching vibrations of unsaturated aliphatic structures or aromatic rings [32,46]. The studies by Sayğılı and Güzel [32] and Geçgel et al. [46], using the same chemical reagent (ZnCl2) and a carbonization temperature of 600 °C, also found the presence of these functional groups (C-O and C=C). Similarly, Geçgel et al. [47,48] detected C-O and C=C vibrations when a carbonization temperature of 240 °C was used. Hence, as observed in this study, the bands associated with these functional groups are consistently present, regardless of the carbonization temperature.




3.3.4. Raman Spectroscopy Analyses


Raman spectroscopy was used to investigate the degree of graphitization of the samples (in other words, their similarity to the graphite structure). Two samples carbonized at the lowest temperature (runs 5 and 6) and two samples carbonized at the highest temperature (runs 3 and 7) were selected. The results are shown in Figure 6 and Figure 7 and Table 2.



All the carbonaceous materials showed two distinct bands in the 800–2000 cm−1 range, one at 1360 cm−1, the so-called D band, commonly referred to as the defect or disorder band in the sp2 structure of graphene, and another at 1580 cm−1, called the G band, also known as the graphene band. In addition, a third band was evident at 2650 cm−1, referred to as the 2D band, which is typical of the structural transformation from amorphous to graphitic carbon [49].



Therefore, the ratio between the areas under the D and G bands (    I   D   /   I   G    ) could be used to evaluate the extent of structural defects present in the samples, where a lower     I   D   /   I   G     ratio indicates fewer defects in the structure, suggesting more significant similarity to the graphene structure and an increase in the sp2 carbon domain [49]. The intensity of the peaks decreased from sample 6 (charred at 400 °C) to sample 3 (charred at 600 °C), which could be explained by the loss of aliphatic and oxygen-containing functional groups in sample 3, with the growth of aromatic ring systems. Therefore, increasing the carbonization temperature enhanced the aromaticity, which could increase light absorption and decrease the Raman scattering intensity [50].



Lorentzian deconvolution of the bands (Figure 7) enabled estimation of the     I   D   /   I   G     parameter and the total width at half height for the D band (    W   D    ) and the G band (    W   G    ). The results (Table 2) showed a difference between the     I   D   /   I   G     ratios for samples 3 and 7, with values of 2.7 and 3.2, respectively. The only difference in the preparation of these samples was the heating rate, with the first sample heated at 5 °C min−1 and the second at 10 °C min−1. This demonstrated that a lower heating rate for the same carbonization temperature led to fewer defects in the carbon structure [51]. For samples 5 and 6, which differed only in the chemical reagent impregnation time (13 and 6.5 h, respectively), the difference in the     I   D   /   I   G     ratio, for the same carbonization temperature and heating rate, was about 0.1. The D band appeared less intense for all the samples than the G band. However, the total width at half height (    W   D    ) was significantly larger, indicating a considerable presence of amorphous carbon in the samples [51].




3.3.5. EPR Spectroscopy


The EPR spectra of the samples were mainly close to the spectrum shown in Figure 8, with a single-line organic free radical (OFR) resonance. All the samples showed a high degree of similarity and differed in intensity only for some replicates, which the different amplification of the equipment could explain. Therefore, only the results for sample 3 are considered in the following discussion.



The results (Figure 8 and Supplementary Material S5) showed that the samples presented a single resonance line with   g   ~2.00 and that the width of this line was modulated by the stronger or weaker interaction of the OFR with atoms such as C, N, and O [52].



In addition, the g-factor tended to increase at higher heating rates. At these higher rates, the same factor also increased with temperature. This suggested that the solid material absorbed gases, such as CO and CO2, near aromatic structures where the OFR was more stable. This possibility was based on the fact that the measured   g   -factor is described by Equation (2), that is, the   g   -factor depends on the interactions of unpaired electrons with the surrounding atoms [53]:


  g =   g   e   +   λ   ∆ E    



(3)




where   g     is the EPR proportionality factor,     g   e     is the free electron (an unbounded electron with a constant value of 2.0023),   λ   is the spin-orbit coupling constant, and   Δ E   is the electron transition energy (the energy difference between the orbital containing the unpaired electron and the nearest available orbital). The   λ   value increases with atomic number, while   Δ E   decreases with atomic number [53].



The electron spin and orbital motion interaction analyses showed that the carbonized samples produced using a lower heating rate (5 °C min−1) had   g =   2.0030, indicating that the unpaired electrons were located closer to the carbon atoms with a low spin-orbit coupling constant and high electronic transition energy. On the other hand, at a heating rate of 10 °C min−1, the g values tended to increase and reached   g =   2.0034, indicating a shift of the unpaired electrons to sites in the molecule closer to the oxygen atoms, which have a higher spin-orbit coupling constant and a lower electronic transition energy [54,55].



The samples had high concentrations (~1019 spins g−1) of paramagnetic centers (Supplementary Material S5), which probably resulted from chemical bond breaking during the thermal treatment of the biomass. These paramagnetic centers included ●OH, ●CH3, and ●Φ (phenyl) formed by the thermal degradation of lignin. When the carbonization temperature was increased, the concentration of paramagnetic centers decreased from ~1019 to ~1016 spins g−1, which could be explained by the formation of condensed aromatic units/phenols (●OH + ●Φ → Φ-OH) or methanol (●OH + ●CH3 → H3C-OH) in the samples [54,56].





3.4. Application of Biochar


The newly activated biochar application was evaluated, revealing its promising activity as an adsorbent for hormones in an aqueous solution. Adsorption of the hormone estrone (Figure 9) led to the removal of approximately 30% in 10 min, while about 100% removal was achieved after 60 min. In the case of the commercial activated carbon sample, a reduction of around 70% was obtained after 60 min, with nearly 100% removal only achieved after 180 min.



Previously, in the work by Matos et al. [42], an analogous activated biochar produced with the same chemical agent (ZnCl2) was shown to be effective in removing the pesticides thiacloprid and thiamethoxam from aqueous solutions.



When evaluating the production costs, considering only the variable energy component, the production costs amount to approximately US$1.28 per kilogram of biochar. Given this cost efficiency and the significant removal of estrone, this carbonaceous material proves to be a promising and environmentally friendly alternative to address the problem of natural hormones in aquatic ecosystems.



Therefore, the encouraging results obtained in the present study suggest that this carbonaceous material has potential for use in the removal of hormones as well as agrochemicals from aqueous matrices.





4. Conclusions


The findings of this work indicated that black wattle has excellent potential for use in the production of activated biochar, employing chemical activation with ZnCl2 as the activating agent. The optimized parameters were a biomass to ZnCl2 ratio of 1:2, an impregnation time of 6.5 h, and a charring temperature of 600 °C, with a heating rate of either 5 or 10 °C min−1. SEM analysis showed that the biochar had an irregular and heterogeneous surface with pores after activation. Raman spectroscopy analysis indicated a high degree of organization of the activated carbon, as evidenced by a low     I   D   /   I   G     ratio, suggesting structural similarity to graphene. FTIR analysis showed the predominance of O-H, C-O, and C=C groups on the carbon surface. The EPR analysis provided information on the effects of the heating rate and carbonization temperature variables. The   g   -factor values were lower for samples carbonized using a lower heating rate and higher for those with a higher heating rate. The line width values (    ∆ H   p p    ) correlated with the specific surface areas, with values below 120 G being associated with surface areas higher than 1000 m2 g−1, while samples with line width values of around ~20 G had surface areas lower than 1000 m2 g−1. Applying the BET and BJH methods showed that it was possible to obtain biochar with a specific surface area of around 1500 m2 g−1. The average pore size of the samples was smaller than 2 nm, indicating a microporous nature. The newly developed material showed promise for application as an adsorbent for hormones and pesticides such as thiacloprid and thiamethoxam present in aqueous matrices. Therefore, using activated biochar produced from tannin industry residue is an option for water treatment and can contribute to a circular economy.
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Figure 1. Pyrolysis process of plant biomass and production of carbonaceous material. 
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Figure 2. XRD patterns of the biochar: (a) after carbonization at 250 °C, (b) after carbonization at 600 °C before the washing process, and (c) after carbonization at 600 °C and the washing process. 
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Figure 3. Pareto chart of standardized effects for the 23 complete factorial design. A: impregnation time, B: final carbonization temperature, and C: heating rate. 
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Figure 4. SEM images: (a) black wattle biomass (240× magnification), (b) carbonaceous material (240× magnification), (c) carbonaceous material (2400× magnification), and (d) carbonaceous material (10,000× magnification). 
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Figure 5. FTIR spectra of biochar samples doped with ZnCl2 using a 1:2 (w w−1) biomass-to-chemical reagent ratio after the pyrolysis and washing processes (Runs 1 to 8), and the spectrum for the black wattle biomass (BWB). 
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Figure 6. Examples of the Raman spectra of the samples: (a) run 3 (A: 6.5 h; B: 600 °C; C: 5 °C min−1) and (b) run 6 (A: 13 h; B: 400 °C; C: 10 °C min−1). 
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Figure 7. An example of the procedure for Lorentzian curve fitting of the D (red) and G (green) bands extracted from Raman spectra (black) and its corresponding smoothed counterpart (blue). 
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Figure 8. EPR spectrum of sample 3 (A: 6.5 h; B: 600 °C; C: 5 °C min−1) in a magnetic field of 5000 G at room temperature (~25 °C). 
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Figure 9. Adsorption of the hormone estrone at 25 °C: (○) activated biochar sample (AB) and (*) commercial activated carbon (CAC). 






Figure 9. Adsorption of the hormone estrone at 25 °C: (○) activated biochar sample (AB) and (*) commercial activated carbon (CAC).



[image: Sustainability 16 00601 g009]







 





Table 1. Factors and levels applied in the 23 complete factorial design.
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	Factor
	Code
	Low (−1)
	High (+1)





	Impregnation time (h)
	A
	6.5
	13



	Final carbonization temperature (°C)
	B
	400
	600



	Heating rate (°C min−1)
	C
	5
	10










 





Table 2. Raman spectroscopy results for the samples from runs 3, 5, 6, and 7.
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	Run
	D Band

(cm−1)
	G Band

(cm−1)
	      I   D   /   I   G      
	     W   D     

(cm−1)
	     W   G     

(cm−1)





	3
	1355.6
	1589.8
	2.7
	256.0
	92.4



	5
	1365.1
	1591.5
	2.8
	317.2
	86.1



	6
	1361.2
	1586.3
	2.9
	304.0
	98.5



	7
	1356.3
	1590.4
	3.2
	288.1
	94.2
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