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Abstract

:

Biochars obtained via the pyrolysis of biomass are very attractive materials from the point of view of their applications and play key roles in the current energy context. The characterization of these carbonaceous materials is crucial to determine their field of application. In this work, the pyrolysis of a non-conventional biomass (solid wastes in used edible oils) was investigated. The obtained biochars were characterized using conventional techniques (TG, XRD, and SEM-EDX), and a deep analysis via ATR-FTIR was performed. This spectroscopic technique, which is a rapid and powerful tool that is well adapted to study carbon-based materials, was employed to determine the effect of temperature on the nature of functional groups on the surface. Moreover, the water washing of the raw sample (containing important quantities of inorganic salts) before pyrolysis evidenced that the inorganic salts act as catalysts in the biomass degradation and influence the degree of condensation (DOC) of PAH. Moreover, it was observed that these salts contribute to the retention of oxygenated compounds on the surface of the solid.
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1. Introduction


Energy crises and environmental problems associated with greenhouse gas emissions have motivated the enactment of new European energy laws [1,2]. Thus, environmental policies impose an increase in the share of the overall production of renewable energies (55–75% in 2050), promote the development of efficient processes, and encourage waste recycling [3]. In this context, the use of biomass wastes to produce energy and/or interesting products is currently taking a relevant role in contributing to the minimization of pollutant emissions [4]. Among the employed methods, pyrolysis, which consists of a thermal treatment of biomass in the absence of oxygen (300–700 °C), produces three fractions: a gas, a liquid called bio-oil, and a carbon-rich solid called biochar. The solid fraction is receiving a lot of interest due to its numerous applications such as its use as a catalyst, catalytic support, adsorbent material, soil amendment, or fertilizer [5,6,7,8]. The required properties of biochars depend on the intended applications [9,10,11]. For example, in the case of using biochars as additives to soils, a pore diameter of <2 nm is the most important requirement [12], and when used as a sorbent material or catalytic support, a high specific surface area is the key property [13]. Biochars, which may be obtained from several biomass wastes such as residues of crops or forestry, sludge, nutshells, or manures, are particularly important in the context of circular economy, promoted by the European Union [14,15].



Pyrolysis conditions (temperature, heating rate, gas flow, and type of reactor employed) and the feedstock composition govern the properties (specific surface area, porosity, functional groups on the surface, or hydrophilicity) of the obtained biochars [16]. Thus, by controlling the pyrolysis conditions for each type of biomass, biochars with the required properties for the target application could be obtained. One drawback, however, is that the pyrolysis of biomass produces polyaromatic hydrocarbons (PAHs), which are condensed aromatic structures that remain on the biochar surface and represent a risk for human health [17]. Consequently, in some applications such as soil remediation, their concentration is limited to values as low as 12 mg/kg [18]. According to the data in the literature, reactions of aromatization occur at temperatures lower than 500 °C, while the condensation of these compounds takes place at higher temperatures via a radical mechanism. Although the temperature of pyrolysis is the most important factor influencing the PAH formation and condensation [19], inorganic salts contained in the feedstock influence the mechanism of PAH condensation [18]. Therefore, it is important to determine the properties of biochars as functions of the pyrolysis conditions and feedstock composition. Besides conventional characterization methods, FTIR spectroscopy is a very useful technique to determine the nature of the functional groups on the surface of biochar. In particular, Attenuated Total Reflectance (ATR) seems to be the most suitable technique for the study of carbon-based materials [20]. Thus, the estimation of the DOC of PAH in biochars may be calculated using ATR-FTIR spectra by dividing the area of bands in the 900–700 cm−1 region (=C-H out of plane vibration) by the area of the band due to ν(C=C) vibration at 1585 cm−1. The resulting DOC value is proportional to the number of aromatic rings constituting the PAH [21].



Although a wide variety of raw materials have already been studied as sources of biochar via pyrolysis, in this work, we used solid wastes contained in used edible oils as feedstock. Used edible oils, whose production reaches 3950 m3 per year in the European Union (2019) [14], are collected, decanted, and filtered, which produces a liquid and a solid fraction. The liquid phase (used oils) is mainly employed in biodiesel production, although studies concerning the valorization of it via pyrolysis are available in the literature [22]. However, the solid fraction (food rests) is sent to landfills to be burned together with municipal organic wastes. The costs associated with the elimination of these residues (transportation and taxes) negatively influences the economic viability of the related processes. Therefore, its revaluation, and transforming it into useful products, such as biochar, becomes a very attractive route from economic and environmental points of view. Considering that this waste is currently underutilized and that, to our knowledge, there are no studies on it, this work analyzes pyrolysis as a possible way of revalorizing this residue.



Since the characteristics of these solids meet the conditions to be considered as “biomass” on the basis of their origin, in this work, the pyrolysis of solid wastes in used edible oils is analyzed. Conventional methods (TG, XRD, microscopy, and chemical analysis) were used to characterize the obtained biochars, and a detailed analysis via ATR-FTIR spectroscopy permitted us to establish the influences of the pyrolysis temperature and the inorganic salts contained in the feedstock on the functional groups on the surface of the biochar and on the DOC of the formed PAH.




2. Materials and Methods


The solid wastes were provided by SAVISOL, S.L. (Málaga, Spain), a company specialized in the collection of used edible oils. The liquids and solids contained in the collected wastes were separated via filtration. Pyrolysis of the obtained solid fraction was studied in this work. These solids come from the whole of oils collected/stored by the company, and we can assume that the studied samples represent the average composition of this type of waste.



The pyrolysis system (Figure 1) was composed of a quartz tube with a porous plate in the middle, where the biomass was placed inside an oven that is able to heat up to 1000 °C. A thermocouple in contact with the biomass connected to a programmer permitted temperature control. The inlet gas flow (Ar in all the cases) was measured using a flow meter and introduced at the top of the quartz tube. The exit gas flow was passed through a scrubber bottle system containing acetone to retain the condensable hydrocarbons. Also, a bio-oil collector was coupled to the reactor in order to determine the liquid yields.



In a typical experiment, the biomass (~13 g) was placed into the reactor and the Ar flow (200 mL·min−1) was established. Once the flow stabilized, the temperature program was started (heating rate constant at 10 °C/min). The time at the end of the temperature program was 2 h in all of the cases. The obtained biochar samples were named S-XXX, with XXX being the final temperature.



TG analysis of the raw biomass was performed in a thermobalance CI electronics Ltd. (Torce, Bretagne, France). A flow of argon or air gas of 100 mL/min and a heating rate of 5 °C/min from room temperature (20–22 °C) to 800 °C at a pressure of 1 bar were used. Results are presented in Figure 2.



Ultimate analyses of the samples were carried out in an elemental analyzer LECO TRUSPEC CHNS MICRO. The S content was determined via ICP (SpectroBlue T1). In all of the cases, three samples (with 3 analyses for each one) were analyzed.



Biochar was characterized via N2 adsorption, XRD, SEM-EDX, and ATR-FTIR spectroscopy. The N2 adsorption was carried out in a Micromeritics TriStar II, and the samples were previously degassed at 250 °C for 24 h in a N2 flow. The diffraction patterns were obtained with a Panalytical X’Pert Pro instrument from 10 to 90 (2θ) in the step-scan mode at step of 0.05° and a counting time of 300 s/step. Microstructural and energy dispersive X-ray analyses (EDX) were performed with a Hitachi FEG S-4800 scanning electron microscope (SEM), and the images were recorded at 30 kV.



The ATR device (Thermo Fisher, iD7, Waltham, MA, USA) was coupled to a Si5 Thermo Fisher spectrometer with a DTGS detector. Spectra were recorded, accumulating 64 scans at a spectrum of 4 cm−1.



In some experiments, the initial biomass was water washed before pyrolysis. Distilled water was added to the raw biomass and the mixture was stirred. Separation of the solid and aqueous phase was carried out via centrifugation. Then, the solid was dried at 100 °C overnight.




3. Results


3.1. Characterization of the Raw Biomass


The studied residue is a solid impregnated with significant quantities of vegetable oils (oxidized using thermal treatment during cooking). Table 1 shows the C, H, O, N, and S contents. Moreover, the starting material contains NaCl and KCl (DRX and EDX), the pH value is 6.0, and the electric conductivity is 1.49 mS/cm. Since no data are available on the behavior of this material, the work started with the thermogravimetric analysis (TG) under flows of Ar (continuous line in Figure 2) and O2 (dashed line in Figure 2). Three main mass losses at 100, 170, and 280 °C (DTG, Figure 2), were observed during the thermal treatment under a flow of Ar. Then, a flow of O2 was established, and the temperature increased to 800 °C (dashed line in Figure 2). In these conditions, only one mass loss of about 5 wt.% was observed at 300 °C, with a 6.5 wt.% residue remaining. Accordingly, pyrolysis experiments were carried out by varying the temperature in the range of 300–600 °C (every 50 °C).



As 500 °C seems to be the critical temperature for the PAH condensation, samples obtained in the 450–600 °C range were studied more in detail. An ultimate analysis of the initial sample and those of the biochars obtained via pyrolysis at 450, 500, and 600 °C are presented in Table 1. The repeatability of the results confirm the exact composition of the samples.



The raw sample shows C, H, and O contents similar to those observed in a conventional lignocellulosic biomass [23]. As the initial sample was subjected to several heating cycles, one can think that the frying process would not provoke a strong alteration of the elemental composition (high degree of oxidation), although some modifications of the compound’s structure can be expected.




3.2. Characterization of Biochar Obtained via Pyrolysis


The pyrolysis of the raw samples was performed at different temperatures, and the percentages by the weight of the obtained fractions were 10–15 wt.% of biochar, 40–50 wt.% of bio-oil, and 35–50% of gaseous fraction (calculated by difference). As we focus on the properties of biochar, this product is analyzed in more detail.



In all the cases, the specific surface areas of the biochars were very low (<1 m2/g). The ultimate analyses of the biochars obtained at 450, 500, and 600 °C (Table 1) reveal a decrease in the C and H contents compared with the raw sample, while the O content increases in the samples that were thermally treated. Consequently, the atomic ratio H/C decreases, as expected, but the O/C atomic ratio increases, contrarily to that observed in biochar obtained via the pyrolysis of wood-based biomass [24].



The XRD of the biochars obtained at 450, 500, and 600 °C are shown in Figure 3.



In this figure, peaks of very high intensity corresponding to NaCl (00-005-0628) and other less intense peaks due to KCl (01-072-1540) are evidence of the presence of these compounds in all of the samples irrespective of the pyrolysis temperature. These results are in good agreement with the results of the TG analysis. In order to obtain the average contents of NaCl and KCl, a simulation of XRD as a function of the concentration was performed using the Profex5.2 program (www.profex-xrd.org, open source XRD and Rietveld refinement, accessed on 19 July 2023). The results indicate that there is 0.15% of KCl and the rest of the content comprises NaCl.



The biochars were also characterized via SEM-EDX. As an example, the micrographs and EDX results for the S-600 sample are shown in Figure 4. The images show very large particles of biochar and the EDX analysis confirms the presence of Na, Cl, and K (NaCl and KCl were detected via XRD) in addition to C, P, and O.




3.3. ATR-FTIR Analysis: The Effect of Temperature


In order to investigate the effect of temperature on the biochars’ properties, an ATR-FTIR study of the solids obtained via pyrolysis at different temperatures was performed. The obtained spectra are shown in Figure 5.



In the spectrum of the S-300 sample, a band of low intensity at 3012 cm−1 due to the C-H vibrations of alkenes [24] and other bands at 2923 and 2855 cm−1 attributed to asymmetric and symmetric ν(C-H) vibrations of aliphatic hydrocarbons, respectively, are observed. The bending modes of these species appear at 1379 cm−1 [25,26]. The intense bands at 1750 cm−1 and 1694 cm−1 evidence the presence of oxygenate compounds formed during cooking (aldehydes and ketones) [26,27]. Zhang et al. [28] assigned the band at the highest wavenumber (1750 cm−1) to aldehydes and assigned the other one, at 1694 cm−1, to ketones.



Also, the vibration modes of C=C bonds and =C-H in the plane of aromatic compounds are observed at 1585 cm−1 and 1458 cm−1, respectively [28]. The =C-H out-of-plane vibrations of aromatics are detected in the 900–700 cm−1 region, and the number of bands and their relative intensity depend on the degree of substitution of aromatic hydrocarbons. At 300 °C, bands in this region are of very low intensity and overlap with a band at 723 cm−1, which is related to the hydrocarbon chain vibrations, δ(CH2)n, with n > 4 [29,30]. As the temperature increases, bands between 900 and 700 cm−1 develop, and the bands at 723 cm−1 vanishes.



The intense band observed at 1160 cm−1 and that at 1100 cm−1 are assigned to the asymmetric and symmetric C-O vibrations. The band detected at 1030 cm−1 is representative of oxygenated functional groups [31], which confirms the presence of an oxygenated compound on the biochar obtained at 300 °C. Finally, the band observed at 560 cm−1 may be attributed to P-O vibrations. The presence of P in the sample that was confirmed via EDX analyses; the high thermal stability of this band, which is still observed at 600 °C (Figure 5); and the data in the literature [30] support the made attribution.



As the temperature of pyrolysis increases to 350 °C, the intense band at 1750 cm−1 completely vanishes, the intensity of the band at 1585 cm−1 (C=C) increases (band height is 0.028 a.u. at 300 °C and 0.046 a.u. at 350 °C), and bands in the 900–700 cm−1 region become visible. Moreover, bands associated with the C-O chain and CH2 vibrations (1160 and 723 cm−1, respectively) decrease at this temperature. This trend continues up to 500 °C, where bands at 1585, 1030 and 723 and those in the 900–700 cm−1 region are mainly observed in the spectrum.



At 600 °C, most of bands are not visible due to organic functional groups, suggesting the complete degradation of these species. However, at this temperature, the band at 1030 cm−1, due to C-O vibrations, is still detected, revealing the presence of very stable oxygenated species.



In this work, the total concentration of PAH in the obtained biochars was not determined because the band’s intensity is not directly correlated with the PAH concentration when the ATR technique is used. In this case, a discussion in terms of relative intensities is more appropriate. Considering this fact and according to the data in the literature (see Introduction), the DOC of the PAH may be estimated from the ATR-FTIR spectra [21]. The evolution of the DOC with the pyrolysis temperature is depicted in Figure 6.



It needs to be noted that the low intensity of the bands in the 900–700 cm−1 region and the overlap with that at 723 cm−1 for the S-300 sample made it impossible to estimate the DOC, and therefore, this solid is not considered in Figure 6. It is observed that the DOC of the PAH increases up to ~500 °C, which is in good agreement with the data in the literature [18,32], but at T > 500 °C, the DOC strongly decreases, contrarily to what was expected. It was supposed that this effect was caused by the presence of inorganic salts in the raw material, and experiments that were designed to confirm this point were carried out.




3.4. Influence of the Inorganic Salts on the Pyrolysis


In order to determine the effect of inorganic salts on the pyrolysis mechanism, the raw sample was water washed (1 or 2 times) before pyrolysis at 500 °C (similar conditions to those that were used previously). The obtained biochars were characterized via XRD (Figure 7) and ATR-FTIR spectroscopy (Figure 8). In these figures, the results for the biochar obtained from the unwashed sample (also at 500 °C) are included for comparison.



Figure 7 evidences the decrease in the intensity of the diffraction peaks corresponding to NaCl (KCl) with water washing: there were 55% and 38% reductions after water washing once and twice, respectively. The decreased intensity of these peaks permits us to observe a broad peak at around 24.2° that indicates the presence of graphite-like structures [26]. A comparison with an XRD diagram of commercial graphite (Figure 7) evidences the presence of these structures in the obtained biochars. Therefore, pre-treatment with water is an adequate method to remove, at least partially, the inorganic salts in the raw sample and may be used to analyze their effect on the biochar properties.



In Figure 8, bands around 3000 cm−1 (C-H vibrations of hydrocarbons) in the biochars obtained from the water-washed samples at 500 °C, which were not detected in the sample obtained from the unwashed biomass, are detected. However, the band at 723 cm−1 (chain vibrations) is not observed in the spectra of biochars obtained from the water-washed samples, evidencing the thermal degradation of the initial sample in the absence of inorganic salts. Also, a clear decrease in the band at 1030 cm−1 (representative of oxygenated compounds) is observed for the water-washed samples. The estimated DOC for the samples obtained at 500 °C is similar for all the samples (1.8 for the unwashed biomass and 1.5 and 1.8 for the water-washed ones).



The evolution of the DOC with the temperature of pyrolysis for the water-washed samples is shown in Figure 6 (blue trace). The observed trend evidences the participation of inorganic salts in the mechanism of condensation of the PAH.





4. Discussion


The ultimate analysis of the raw sample reveals that the sample, despite having been subjected to repeated heating processes in the presence of oxygen during cooking, did not undergo severe modifications in its elemental composition, being similar to that of a conventional biomass.



The TG analyses indicate that there are three main processes in the thermal decomposition of the sample under an Ar flow (Figure 2). Firstly, the sample was dehydrated at 100 °C, with a calculated moisture content of 58%. The process observed at 170 °C was due to the organic matter decomposition (30.5%), and finally, a third mass loss (11.6%) was detected at 280 °C. In order to attribute the last mass loss, a new thermal treatment, now under an O2 flow, was conducted. In this, only a 5% mass loss, attributed to the biochar oxidation, was observed at around 300 °C. The remaining 6.5%, which did not produce volatile compounds via oxidation even when the sample was treated in an oxygen flow at 800 °C, suggests the presence of stable inorganic species in the initial material.



After pyrolysis, the decrease in the H and C contents in the solid reflect the elimination of these elements, probably in the form of light hydrocarbons, into liquid or gas phases (Table 1). This trend is similar to that observed after the pyrolysis of a conventional lignocellulosic biomass [24]. Contrary to what was expected, the O content in the biochar increases with respect to the initial material. This fact is explained by the formation of stable oxygenated compounds during the thermal treatment, as evidenced by the ATR-FTIR results (Figure 5). Thus, as the temperature increases, H and C are removed from the solid in the form of hydrocarbons with low molecular weights, while O remains on the surface, probably due to the interaction with alkali.



The XRD of the biochars reveals the presence of inorganic salts (NaCl and KCl) in the samples irrespective of the temperature of pyrolysis, which is in good agreement with the TG results (Figure 2). Therefore, we can affirm that the 6.5 wt.% detected in the TG as a residue after thermal treatment under an O2 flow corresponds to NaCl and KCl. The high thermal stability and low reactivity in the solid state of these salts explain their presence on the biochar surface after heating at 600 °C. As mentioned previously, these inorganic salts are usually used as seasonings for fried foods, and considering the origin of this waste, their presence is not surprising. We have to stress that the lower intensity of the peaks attributed to KCl compared to those due to NaCl and the analysis performed via XRD simulation reflect a lower concentration of the first one, which is in good agreement with the table salt composition [33]. Also, the EDX analysis corroborates the presence of Na, K, and Cl in the biochar, as well as certain amounts of P (component of edible oils), O, and C.



The SEM micrographs (Figure 4) show very big particles of biochar, which is in relation to the low specific surface area of these samples. The origin of this low specific surface area may be in the repeated cycles of heating suffered by the sample during cooking, since it is well stablished that temperature affects the specific surface area of solid materials [34].



In Figure 5, it is observed that the most complex spectrum is that corresponding to the biochar obtained a 300 °C, named S-300, in which the number of bands and the intensity of them evidence the presence of fatty acids or derivatives formed via oxidation, and suggest that the oil impregnating the raw sample is not completely degraded at this temperature. However, the oxidative process suffered by the sample is confirmed by the presence of aldehydes and ketones, which undoubtedly formed during the frying process. It is interesting to note the presence of a band at 723 cm−1 (chain vibrations) in the sample obtained at 300 °C. The intensity of this band is used to evaluate the quality of edible oils [31]. Since the oil oxidation processes cause the breakdown of the hydrocarbon chains, a high degree of oxidation (oil degradation) is reflected by a low intensity of the band at 723 cm−1. Therefore, its presence in the S-300 sample confirms that used oils are not completely degraded at this temperature.



As the pyrolysis temperature increases to 350 °C, oxygenated compounds are transformed into aromatics, as indicated by the decrease in the band of aldehydes and the increase in those due to ν(C=C) vibrations and out-of-plane =C-H (900–700 cm−1 region). This is in line with the data in the literature reporting that aromatization reactions occur in the early steps of pyrolysis [18,19], increasing the PAH yields. Moreover, bands due to chain C-O and CH2 vibrations together with the band at 723 cm−1 decrease, evidencing the breakdown of the hydrocarbon chains via a thermal effect or a reaction [31,32]. This decomposition can result in the formation of small hydrocarbons that pass to the gas phase, which explains the low H/C ratio measured for biochars (Table 1). For higher temperatures, a continuous decrease in the bands’ intensities is observed. At the highest temperature studied, 600 °C, the band at 1030 cm−1 attributed to C-O vibrations is still observed, confirming the presence of very stable oxygenated species, for example, pyrone-like compounds that are stable up to 900–1200 °C [26]. This fact explains the unexpected high value of the O/C ratio obtained from the ultimate analysis (Table 1).



In relation to the DOC of the PAH, the mechanism proposed in the literature is summarized in Scheme 1. At temperatures higher than 500 °C, PAHs partially crack to form unstable radicals that, through condensation reactions, produce PAHs with a higher number of aromatic rings in their structure, that is, a higher DOC [32].



The DOC calculated as a function of the temperature (black line in Figure 6) increases to 500 °C and decreases for higher temperatures, contrarily to the data reported in the literature [32]. The observed trend suggests that the cracking reaction (1) occurs at T > 500 °C, but the condensation reactions seem to be limited. As the initial biomass composition is similar to that of a conventional biomass, the unexpected evolution of the DOC with the temperature should be caused by the presence of inorganic salts, such as NaCl (and KCl), in the initial material [35,36].



In order to determine its effect, these salts were removed from the raw sample (at least partially), and pyrolysis was carried out in similar conditions to those previously used. In some works, samples initially containing alkali and earth alkali were treated in an acid media in order to remove the inorganic salts and observe their effect, but the deep modification of the initial sample via the acid treatment impeded a proper analysis. In our case, as the alkali are in the forms of NaCl and KCl, which are both soluble in water, the raw sample was water washed (one or two times), and then pyrolysis was performed in similar conditions to those previously used. The diagrams of the XRD of the biochars obtained at 500 °C show a lower intensity of the NaCl and KCl peaks in the water-washed samples, evidencing that this is a suitable method to remove, at least partially, the inorganic salts from the feedstock (Figure 7). A broad peak at 24.2° becomes visible as the salts are removed (water washed samples). By comparing those diagrams with the XRD diagram of commercial graphite, we can attribute this peak to graphite-like structures.



A comparison of the ATR-FTIR spectra of the biochar obtained from the unwashed and water-washed samples obtained at 500 °C (Figure 8) reveals the following:




	
The presence of bands around 3000 cm−1, due to aliphatic hydrocarbons in the biochars obtained from the water-washed samples (not detected in the unwashed sample), evidences the incomplete decomposition of the initial material. Given that in similar conditions of pyrolysis, the degree of decomposition is lower when inorganic salts are eliminated, we can think that this is a catalytic effect of these salts, as previously reported in the literature [35,36].



	
There is a strong decrease in the band at 1030 cm−1 in the biochar obtained from the water-washed samples, evidencing that inorganic salts stabilize oxygenated compounds on the biochar surface. The retention of oxygenated compounds on the solid surface will influence the O/C ratio in the other products (bio-oil and gas), which is a very interesting factor from the point of view of the utilization of these fractions in the energy field [37].



	
The DOC calculated for the biochar obtained from the water-washed samples at T > 500 °C (Figure 6, blue trace) is much higher in the absence of inorganic salts. This fact clearly evidences the participation of NaCl (KCl) in the mechanism of PAH condensation, probably stabilizing the free radicals, intermediate of the condensation process, as indicated in schema 1. This fact was previously discussed in the literature [38].








These data open up a way to exploit a highly polluting waste that is currently underutilized. Taking into account the catalytic effect of the inorganic salts contained in this residue on the thermal degradation of the initial sample and their influence on the condensation mechanism of PAH, its use as an additive in the pyrolysis of conventional biomass should be considered for study. Moreover, the stabilization of oxygenated compounds on the biochar surface could modify the liquid and/or gas compositions, which is very interesting from the point of view of the energetic exploitation of these fractions.




5. Conclusions


In this study, biochars obtained via pyrolysis of a non-conventional biomass, which are the solid wastes in used edible oils, were studied. The XRD evidenced the presence of NaCl (KCl) in all the samples irrespective of the pyrolysis temperature. A deep analysis via ATR-FTIR spectroscopy of samples with different inorganic salt contents permitted us to analyze their effect on the biochar properties. The main aspects detected are the following:




	
Inorganic salts have a catalytic effect on the sample thermal degradation at temperatures lower than 500 °C, but the DOC of the PAH is not strongly affected at these temperatures.



	
In their presence, oxygenated groups are stabilized on the biochar surface. This aspect may affect the composition of gas and liquid fractions obtained via pyrolysis.



	
These salts participate in the mechanism of PAH condensation at temperatures higher than 500 °C, causing a decrease in the DOC of PAHs in their presence.
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Figure 1. Schematic representation of the pyrolysis system. 
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Figure 2. Thermogravimetric analysis of the initial biomass. 
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Figure 3. XRD of the S-450, S-500, and S-600 samples. 
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Figure 4. SEM micrographs of the S-600 sample and EDX analysis. 
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Figure 5. ATR-FTIR spectra of biochars obtained via pyrolysis at different temperatures. 
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Figure 6. DOC of PAH as a function of the temperature of pyrolysis of the raw (black trace) and water-washed feedstocks (blue trace). 
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Figure 7. XRD of biochars obtained from the unwashed biomass (black), biomass water washed once via pyrolysis (red), and biomass water washed twice (blue) via pyrolysis at 500 °C. Commercial graphite (magenta). 
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Figure 8. ATR-FTIR spectra of biochars obtained via pyrolysis at 500 °C from the unwashed biomass (black), biomass water washed once (red), and biomass water washed twice (blue). 
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Scheme 1. Summary of PAH condensation mechanism at T > 500 °C [30]. 
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Table 1. Ultimate analysis (wt.%) of the raw sample and biochars obtained at 450, 500, and 600 °C.
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	Sample
	Temperature (°C)
	C
	H
	O 1
	N
	S
	H/C 2
	O/C 2





	S-Initial
	-
	50.66
	7.15
	39.73
	2.36
	0.11
	1.69
	0.56



	S-450
	450
	43.24
	1.95
	52.23
	2.43
	0.08
	0.54
	0.92



	S-500
	500
	41.31
	1.28
	54.64
	2.68
	0.09
	0.37
	0.99



	S-600
	600
	42.31
	0.98
	53.65
	2.94
	0.12
	0.28
	0.97







1 Calculated by difference; 2 molar ratios.
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