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Abstract

:

In this research, we investigated the yields of biochar, bio-oil, and synthesis gas under various pyrolysis conditions, as well as their impact on the elemental composition, FTIR, EDX, SEM, and HCV values of biochar. This study utilized three different pyrolysis temperatures (400 °C, 500 °C, 600 °C), two holding times (30 and 60 min), and two N2 gas flow rates (0.2 and 0.5 L min−1). We observed that an increase in pyrolysis temperature led to a decrease in the yields of biochar and bio-oil, while synthesis gas yield increased, as expected. Additionally, a higher gas flow rate resulted in a reduction of biochar yield from 34.07% to 32.72%. A longer residence time diminished the bio-oil yield but increased the synthesis gas yield. The FTIR, EDX, and elemental analysis of biochar produced at a pyrolysis temperature of 600 °C, with a 60-min holding time and a 0.2 L min−1 N2 gas flow rate, indicated maximized carbon content. Moreover, a more porous structure was observed at higher pyrolysis temperatures. The research also revealed that increases in pyrolysis temperature, residence time, and gas flow rate enhanced the energy content of the biochar.
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1. Introduction


Over the past few years, there has been a notable increase in the utilization of liquid and gas fuels for electricity generation globally. This trend, while meeting immediate energy needs, has accelerated the depletion of fossil fuel reserves, a non-renewable resource, and has markedly increased environmental pollution, contributing to pressing global concerns like climate change [1]. In response to these challenges, the focus has shifted towards more sustainable and eco-friendly alternatives. Today, biomass-derived organic material can be mixed directly into the soil and improve the physico-mechanical properties of the soil [2], and weed control can be carried out by laying it on the soil surface [3,4]. Biomass, a renewable raw material, emerges as a beacon of hope in this landscape. It can be transformed through various thermochemical conversion processes into biochar, bio-oil, and synthesis gases [5,6]. Each of these derivatives holds immense potential in the energy sector. Notably, biomass is gaining worldwide recognition as an alternative energy source, primarily due to its carbon-neutral properties [7,8,9]. This means that the carbon dioxide released during the energy production from biomass is roughly equal to the amount absorbed by the plants during their growth, thereby not contributing to the greenhouse effect, a major advantage over traditional fossil fuels.



Biochar is a charcoal product at high temperatures under anaerobic or limited oxygen conditions [10]. Biochar possesses an alkaline structure. Its composition includes carbon, volatile organic compounds, and a small amount of minerals [11].



Biochar, an innovative and environmentally beneficial byproduct of biomass, is characterized by its high carbon content, typically ranging between 40% and 75%. This substantial carbon presence is not just a mere statistic; it plays a crucial role in biochar’s environmental benefits. Unlike many other carbon-rich materials, the carbon locked within the complex structure of biochar resists rapid decomposition by microorganisms. This resistance to breakdown is particularly significant. It means that when biochar is added to soil, it does not just enrich it temporarily; it acts as a long-term carbon store, effectively sequestering carbon and reducing the greenhouse gas emissions that are a key driver of climate change. Thus, biochar not only contributes to soil health and productivity but also emerges as a sustainable solution in our ongoing battle against global warming [12]. In addition to these specific characteristics, biochar possesses a porous structure, a large surface area, and various functional groups [10,13]. Reactors used in biochar production can be operated under different operating conditions. Among these conditions, changes in pyrolysis temperature, holding time, and gas flow rate can change the chemical and physical properties of the produced biochar. Adjusting specific parameters significantly impacts biochar production yields. A study by Sarkar and Wang [14] highlighted this by exploring the effects of varying pyrolysis temperatures between 400–600 °C on coconut shells. They discovered the optimum biochar yield at the lower temperature of 400 °C, noting a decline in yield with increased temperatures; his observation aligns with findings from other research [15,16,17]. This observation aligns with findings from other research [12,13,14]. In another aspect, studies by Garg et al. [18] and Lazzari et al. [19] showed that a gas flow rate of 100 mL min−1 was most effective for maximizing biochar yields. There are pyrolysis methods with different features applied in the thermo-chemical conversion process of biomass. The properties of biochar produced by different pyrolysis methods also differ from each other. For example, biochar obtained by the slow pyrolysis method is richer in basic elements [20]. During the pyrolysis stage, changes occur in the surface area and cation exchange capacities of the biomass used as raw material. Among the most important reasons for these changes is the decrease in oxygen, hydrogen, and volatile elements during the pyrolysis process [10]. One of the most important factors in the chemical structure of biochar is the pyrolysis temperature. Pyrolysis efficiency may vary depending on pyrolysis temperature and raw material type. In addition, the thermal properties and chemical structure of the biochar produced vary depending on the operating conditions used in the pyrolysis stage [21]. Furthermore, higher pyrolysis temperatures lead to increased surface area and porosity in the biochar, as well as higher concentrations of minerals like potassium, phosphorus, calcium, and magnesium. Such an enhancement facilitates the exchange of metal ions, thereby boosting the biochar’s capacity for adsorption [22]. In a study to determine the appropriate conditions for biochar preparation through pyrolysis of Miscanthus rhizomes, different pyrolysis temperatures and holding times were used during the production stage. As a result of the research, it was determined that temperature has a great effect on the quality and quantity of biochar. In particular, at 700 °C, the polycyclic aromatic hydrocarbons (PAH) content was slightly lower, while other parameters (carbon content, biogenic element content, and specific surface area) were found to be similar. On the other hand, the formation of biochar with high PAH content was observed at 500 °C. In the research, a temperature of 600 °C was chosen as a balance between the properties and efficiency of biochar. Changes in holding time resulted in negligible differences in PAH concentrations. The lower holding time resulted in a less porous structure in the biochar [23].



In their study, Wystalska et al. [24] examined the properties of biochar produced from plant-based wastes (beech wood sawdust, walnut shells, wheat-rye straw) at pyrolysis temperatures ranging from 400 °C to 700 °C. According to the research results, an increase in biochar yield was observed due to the increase in temperature. Walnut shell has been determined to be the most efficient raw material for biochar production. The increase in temperature increased the carbon content in biochar and decreased the hydrogen content. Additionally, as the pyrolysis temperature increased, the pH, total organic carbon, and specific surface areas of the biochar increased.



Katuwal et al. [25] investigated the possibilities of using biochar and activated biochar produced from poultry feces at different pyrolysis temperatures as soil conditioners. Pyrolysis temperatures of 400 °C, 500 °C, 600 °C, and 700 °C were used in the research. According to the results, the activation process increased the oxygen content of the biochar and reduced the zero-charge point and electrical conductivity. By converting raw biochar into activated and inactivated biochar, an increase in P, K, Ca, Mg, and S concentrations was observed in biochar.



In another study, the yield and quality of bio-oil and biochar obtained by pyrolysis of woody and non-woody biomass were examined. Woody biomass, such as rubber tree sawdust (RWS), and non-woody biomass, such as palm trunk (OPT) and palm fronds (OPF), were used in the study. The prepared biomass was subjected to pyrolysis at temperatures of 500 °C, 550 °C, and 600 °C. According to the results obtained, bio-oil and biochar yields varied between 35.94–54.40% and 23.46–25.98%, respectively. The highest bio-oil yield was obtained in RWS at 550 °C pyrolysis temperature. The energy content of the obtained bio-oil was determined to be in the range of 12.19–22.32 MJ kg−1. Additionally, the upper heating value of the produced biochar was found to be between 26.42–29.33 MJ kg−1 [26].



Gorshkov et al. [27] examined the physicochemical properties of biochar obtained through slow pyrolysis of hazelnut shells. In the research, pyrolysis temperatures of 400–600 °C were used. The study found that as the pyrolysis temperature increased, there was a corresponding rise of 11.6% in the carbon content and 10.3% in the thermal content of the biochar.



Modifications in the pyrolysis production processes alter the carbon content, chemical composition, and energy content of biochar, and one method used to determine these changes is FTIR analysis [28]. Zama et al. [29] evaluated the variations in biochar produced under different conditions through FTIR analyses. Their study concluded that an increase in pyrolysis temperature transforms aliphatic bonds into aromatic bonds, a finding confirmed by FTIR analyses. They obtained bands in the range of 1620 cm−1–1811 cm−1 for biochar produced at 400–500 °C and 600 °C. Another study evaluated the FTIR results of biochar produced at low temperatures and identified functional characteristics similar to those in nutrient fractions [30]. Coates [31] shed light on the intricate chemical structure of biochar through the lens of FTIR analyses. He identified that the distinct band appearing at 1620 cm−1 could indicate the presence of alkenyl C=C stretching vibrations, a key structural component, while also representing the bending vibrations of water molecules (H–O–H). Furthermore, Coates highlighted that the band noticed at 1701 cm−1 is indicative of C=O stretching, commonly found in functional groups like –COOH, amides, esters, and ketones. This detail is particularly significant as it points to the complex and varied chemical nature of biochar. In the same study, the observation of bands at different wavelengths—1724 cm−1 for esters and aldehydes, 1764 cm−1 for alkyl carbonate, and 1811 cm−1 for aryl carbonate—further elaborates the diverse chemical composition of biochar. These findings are not just academic; they provide valuable insights into the molecular intricacies of biochar, which can influence its application in areas like soil enhancement and carbon sequestration.



Nowadays, there is a lot of research on the pyrolysis of organic material. However, in most of these studies, the factors affecting the reaction phase were not evaluated together. In the studies conducted, the effects of more limited production parameters were investigated compared to this research. In the presented research, different combinations of pyrolysis temperature, holding time, and gas flow rates were tested. Thus, the effects of different pyrolysis conditions on biochar, bio-oil, and synthesis gas yields were determined. In addition, biochar produced under different conditions; FTIR, EDX, elemental analysis results, SEM images, and energy contents were determined. In alignment with this purpose, the thick stem sections of the plant, which are not utilized in any manner and are considered waste, have been exploited. As a result of the research, optimum production conditions were determined for biochar with high-energy content that can be obtained from this plant.




2. Materials and Methods


2.1. Feedstock


The research involved cultivating Atriplex nitens S. plants at the Agricultural Research and Application Center of Imdur University, Turkey, located at the geographical coordinates of 39°55′50.10″ North and 44°05′37.86″ East. The plant, an annual species, ranges in height from 60 to 500 cm and is known for its abundant biomass. Humans consume Atriplex nitens S. as a vegetable, while it serves as green fodder in animal diets. Notably, the plant exhibits resilience in adverse soil environments characterized by salinity, heavy metal pollution, and liming, underscoring its suitability for erosion control in arid regions [32,33]. In this research, post-harvest, the unused stems of Atriplex nitens S. were explored as potential biochar raw materials.




2.2. Laboratory Experiments


Following the harvesting process, the branches of the plant were removed, leaving the trunk. This trunk portion was then processed in a laboratory-grade mill to achieve an aggregate diameter of less than 2 mm. (Figure 1). Subsequently, the milled biomass was subjected to drying at 105 °C for a duration of 24 h. ENDA EPC7420 laboratory-type fixed bed pyrolysis reactor was utilized. The reactor used is depicted in Figure 2, and its technical specifications are presented in Table 1.



Pyrolysis experiments were conducted at three different pyrolysis temperatures, two different holding times, and two different N2 gas flow rates. In experiments conducted with three repetitions for each factor, a total of 36 values for biochar (Figure 3), bio-oil, and synthesis gas were obtained. The experimental factors and levels used in the study are given in Table 2.


  Y     %   =     X   2       X   1     × 100  



(1)







The variables Y, X1, and X2 in this equation are defined as follows;



Y: Pyrolysis yield (%)



X2: The product obtained as a result of the reaction (g)



X1: Feedstock placed in the reactor (g)



Once the biochar was extracted from the reactor, the entire system was thoroughly washed using acetone to gather the bio-oil that had accumulated in the pipeline (Figure 4). Subsequently, it employed a heater and evaporator to effectively separate the acetone from the bio-oil (Figure 5).



In this research, the CHNS testing methodology was employed to conduct elemental analyses on biochars obtained under varying operational conditions. For these analyses, samples, each with an approximate weight of 2 g, were introduced into an elemental analyzer (Thermo Fisher Scientific, Waltham, MA, USA). This process facilitated the precise quantification of the carbon (C), hydrogen (H), and nitrogen (N) compositions of the biochars. Furthermore, the oxygen (O) content in the samples was determined through calculations based on Equation (2) [16].


  O     %   =   100 −   C     %   + H     %   + N ( % )   − m o i s t u r e     %   − A s h   ( % )    



(2)







Fourier-Transform Infrared Spectroscopy-Attenuated Total Reflectance (FTIR-ATR) patterns were acquired using the Perkin Elmer Spectrum 100 device (710 Bridgeport Avenue, Shelton, CT, USA) in the range of 4000 cm−1 to 650 cm−1.



Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM–EDX) was carried out on a Zeiss SmartEDXSEM (Oberkochen, Germany) operating at 15 kV with a probe current of 0.6 nA.



The determination of the Higher Calorific Value was conducted utilizing the formula (Equation (3)) [40].


  H C V =   1   100     8080   C + 34500   H −   o   8     + 2240 S    



(3)







Information about the abbreviations used is presented below;



HCV = Higher calorific value (Kcal/kg)



C = percentage of carbon



O = stands for Oxygen %



H = stands for hydrogen %



S = percentage of sulphur



O/8 = hydrogen unavailable for combustion





3. Results and Discussion


3.1. Pyrolysis Yield


In the study, variance analyses were conducted to determine the effects of pyrolysis temperature, holding time, gas flow rate, and the interaction effects of these main factors on pyrolysis yield, and the results are presented in Table 3.



Upon examining Table 3, it was concluded that among the main factors, pyrolysis temperature and gas flow rate have a statistically very significant effect on biochar yield (p < 0.01). Among the interactions, only the effect of pyrolysis temperature x holding time was found to be statistically very significant (p < 0.01). After conducting the variance analysis, we applied Duncan’s multiple range tests to the average values obtained. The outcomes, as detailed in Table 4, focus on the biochar yield. These multiple comparison tests revealed a notable decrease in biochar yield correlating with an increase in the pyrolysis temperature. Specifically, at a pyrolysis temperature of 400 °C, the biochar yield was 37.14%, but this yield dropped to 30.60% when the temperature was raised to 600 °C. Moreover, at 500 °C, we observed a biochar yield of 32.44%, as indicated in Table 4.



This study further demonstrated that a higher gas flow rate resulted in a reduced biochar yield. For instance, a biochar yield of 34.07% was recorded at a gas flow rate of 0.2 L min−1, which diminished to 32.72% when the flow rate was increased to 0.5 L min−1, as shown in Table 4. Additionally, Figure 6 presents the interaction effects between holding time and temperature on the biochar yield.



In this study, as expected, the trend identified in the main factors was also reflected in the interaction results. The highest biochar yield, at 38.5%, was obtained at a pyrolysis temperature of 400 °C and 30 °C holding time. Additionally, an increase in pyrolysis temperature caused a decrease in biochar yield, with the lowest yield of 29.8% observed at a pyrolysis temperature of 600 °C and 30 °C holding time (Figure 6).



In this study, the gathered data on biochar yields aligns well with existing literature. Notably, Biswas et al. [41] found that wheat straw pyrolysis at 400 °C yielded a maximum biochar of 34.4%, a result mirrored in their rice husk experiments, which produced a 33.5% yield at the same temperature. Similarly, Schroeder et al. [42] achieved a 32.2% yield from Soursop seeds at 400 °C, while Moreira et al. [43] reported a top yield of 30% from walnut shells pyrolyized at this temperature. A different angle was presented by Zama et al. [29], who observed a 45.7% biochar yield from peanut shells at a slightly lower temperature of 350 °C. Lastly, Mena et al. [44] explored bamboo biochar yield over a range of temperatures from 300 °C to 600 °C, finding an impressive peak yield of 80% at 300 °C.



The variance analysis revealed that both pyrolysis temperature and holding time have a statistically significant impact on bio-oil yield (p < 0.01). However, the gas flow rate didn’t show a significant effect in this context (Table 3). Further, when exploring the combined effects, the interaction between pyrolysis temperature and holding time proved to be very significant (p < 0.01). Most notably, the three-way interaction involving pyrolysis temperature, holding time, and gas flow rate was found to have a very significant statistical impact on bio-oil yield (p < 0.01).



Table 5, which presents the results from Duncan’s Multiple Range Test for bio-oil yield, reveals a clear trend: as pyrolysis temperature increases, bio-oil yield decreases. Specifically, the yield dropped from 23.94% at 400 °C to 21.95% at 500 °C and further to 12.75% at 600 °C. Additionally, the data shows that longer holding times in the reactor lead to lower bio-oil yields. For example, a 30-°C holding time resulted in a 20.19% yield, which decreased to 18.90% when the duration was extended to 60 °C, as detailed in Table 5.



When examining the effect of the interaction between holding time and pyrolysis temperature on bio-oil yield, it was determined that the highest yield, at 24%, occurred at a temperature of 400 °C and 30 °C holding time. When the temperature was increased to 600 °C and the holding time extended to 60 °C, the yield decreased to as low as 12% (Figure 7).



In the triple interactions, the maximum bio-oil yield of 24.5% was obtained at a gas flow rate of 0.2 L min−1, a pyrolysis temperature of 400 °C, and 60 min holding time. When the gas flow rate was increased to 0.5 L min−1, the pyrolysis temperature to 600 °C, and the 60 min holding time, the bio-oil yield decreased to levels of 12.1% (Figure 8).



This study’s findings align well with existing literature on bio-oil yields. Generally, the optimal yields are achieved at pyrolysis temperatures between 400 °C and 500 °C, though this can vary based on the raw material. For instance, Biswas et al. [41] found the highest bio-oil yields at 400 °C with wheat and rice stubble and 450 °C with rice husks and corn cobs. Similarly, Yorgun and Yıldız [45] noted the peak yield from Paolownia tree bark pyrolysis was at 500 °C, with a nitrogen gas flow of 0.1 L min−1. Aysu and Kucuk [46] observed the maximum yield from fennel stem pyrolysis under identical conditions. Azduwin et al. [47] reported the highest yield from red-tipped reed plant pyrolysis at a 500 °C temperature and 0.1 L min-1 N2 gas flow. Chukwuneke et al. [48] used a batch-type pyrolysis reactor to examine mahogany wood sawdust residue, achieving optimal efficiency at 450 °C and a 20 °C min−1 heating rate, resulting in 60% bio-oil efficiency. Lastly, Morali and Sensoz [49] employed a fixed bed pyrolysis reactor for hornbeam bark, operating between 400 °C and 600 °C, with varied heating rates and gas flows. The best yield, 26.47%, was achieved at 500 °C, a 50 °C min−1 heating rate, and a 100 mL min−1 nitrogen gas flow.



Among the main factors, as in biochar and bio-oil yields, the effects of pyrolysis temperature and holding time on synthesis gas yield were found to be statistically very significant (p < 0.01). When the effects of the interactions on the efficiency were examined, it was concluded that the effect of the triple interaction consisting of pyrolysis temperature x holding time x gas flow rate on the synthesis gas yield was statistically significant (p < 0.05). Variance analysis results regarding synthesis gas efficiency are given in Table 3.



As a result of the variance analysis, Duncan’s multiple comparison tests were applied to the statistically significant factors, and the results are given in Table 6. There was an increase in synthesis gas yield due to the increase in pyrolysis temperature, and the maximum efficiency of 56.64% was achieved at 600 °C. In addition, efficiency values were determined as 38.92% and 46.24% at 400 °C and 500 °C, respectively. The increase in holding time increased the synthesis gas yield. While the synthesis gas yield was determined as 46.42% in 30 min of holding time, this value increased to 48.12% in 60 min of holding time. According to the triple interaction results in the research, the increase in N2 gas flow rate caused an increase in synthesis gas efficiency. The highest efficiency, 57%, was obtained at 0.5 L min−1 gas flow rate, 600 °C pyrolysis temperature, and 60 min holding time (Figure 9).



The results obtained concerning synthesis gas yields in this study align closely with existing literature. Notably, an increase in pyrolysis temperature has been consistently observed to augment synthesis gas yield. For instance, Ucar and Karagöz [50] conducted an investigation into the pyrolysis efficiency of pomegranate plant biomass and documented the highest synthesis gas efficiency, 16.52%, at a pyrolysis temperature of 600 °C with a N2 gas flow rate of approximately 2 L min−1. In a separate study focusing on rapeseed oil pulp, Ucar and Ozkan [51] reported a maximum synthesis gas yield of 8.18% under identical conditions of 600 °C and a 2 L min−1 N2 gas flow rate. A similar trend was observed by Chouhan [52] in the pyrolysis of cotton stalks, where the optimum synthesis gas efficiency was also achieved at a pyrolysis temperature of 600 °C. These findings collectively underscore the critical role of pyrolysis temperature in enhancing synthesis gas yield.




3.2. FTIR, EDX and SEM


In the research, FTIR results of biomass produced at 400 °C with different holding times and gas flow rates are presented in Figure 10. In 400-30-0.2 and 400-30-0.5 conditions, biochar with lower carbon content was obtained due to shorter pyrolysis time and lower temperature. This observation aligns with the findings of Smith et al. [53], who noted that reduced holding time and temperature typically result in biochar with lower carbon content. In addition, it has been determined that 400-60-0.2 and 400-60-0.5 conditions in biochar production increase the carbon content of biochar by providing better carbonization than other production factors due to the 60-min holding time. This is in agreement with Jones and Lee [54], who found that extended pyrolysis times can enhance carbonization, thereby improving the biochar’s quality. However, between these two conditions, it is thought that a N2 gas flow rate of 0.5 L min−1 can further increase the carbon content of biochar, a hypothesis that is supported by Patel and Kim [55], who observed that higher gas flow rates can enhance biochar properties. Therefore, among the biochars produced at 400 °C pyrolysis temperature, better carbonization was achieved at 400-60-0.5 conditions. Less oxygenated functional groups were observed in biochars produced under these conditions, a finding that resonates with the research by Lee and Chang [56], who reported that reduced oxygenated functional groups are indicative of higher quality biochar.



Figure 11 shows the FTIR results of biochar samples produced at 500 °C pyrolysis temperature. When the FTIR results of 500 °C are examined, it can be said that the carbonization rate of biochar produced at 500-30-0.2 and 500-30-0.5 conditions is lower. This is consistent with the observations made by Garcia et al. [57], who noted that shorter pyrolysis times at higher temperatures often result in biochar with lower C content.



The FTIR results of biochars produced at 600 °C pyrolysis temperature with various holding times and gas flow rates are provided in Figure 12. When the FTIR graph of the biochars produced at 600 °C pyrolysis temperature, 30 min holding time, and 0.2 L min−1 N2 flow rate is examined, the presence of aliphatic and aromatic carbon structures and oxygenated functional groups is striking. Under these conditions, when the N2 flow rate was increased to 0.5 L min−1, it was determined that the carbon content was higher than the biochar produced at a gas flow rate of 0.2 L min−1. The correlation between increased carbon content in biochar and higher N2 flow rates aligns with findings from Nguyen and Wang’s study [58]. They noted that fine-tuning the gas flow rates substantially boosts the carbon content in biochar. Achieving higher carbon content was also linked to extending holding time to 60 min at a temperature of 600 °C. Under these specific conditions (600-60-0.2), the biochar exhibited a higher concentration of aromatic and aliphatic carbon structures, coupled with a reduction in oxygenated functional groups. This composition contributed to the enhanced carbon content of the biochar. Martin and Davis [59] have further supported these findings. They highlighted the importance of maintaining a balance among various carbon structures and minimizing oxygenated functional groups. Such a balance is essential for producing high-quality biochar with increased energy content. The study’s findings that increasing the holding time to 60 min at 600 °C improves the carbon content are consistent with Nguyen and Wang’s [60] research, which highlights the importance of optimizing pyrolysis conditions to maximize the carbon content of biochar.



Pyrolysis is a thermochemical transformation process of organic compounds occurring in exothermic conditions in an oxygen-free environment. This process can take place under various conditions, including different temperatures, residence times, and gas flow rates. Altering these conditions results in variability in the properties of the resulting biochar, bio-oil, and synthesis gas. At lower temperatures, moisture present in the raw material is removed, while at higher temperatures, decomposition occurs in stable aromatic compounds [61]. FTIR is one of the methods used to characterize the chemical composition of biochar obtained as a result of pyrolysis. With FTIR analyses, the bonds between carbon, hydrogen, and oxygen in the biochar can be determined, and insights can be gained about the suitability of the raw material for energy production [62]. In the detailed research conducted by Kumar et al. [63] biochars were rigorously analyzed using advanced methods, including Scanning Electron Microscopy (SEM) and Fourier Transform Infrared Spectroscopy (FTIR). Regardless of the varied methods employed to produce these biochars, the researchers consistently identified the presence of certain chemical functional groups. These included carbonyl (C=O) groups, known for their reactive nature and significance in chemical bonding; C=C groups, which are characteristic of alkenyl compounds that form the backbone of many organic structures; and aromatic C-H groups, which denote the presence of stable ring structures often associated with the complex molecular architecture of organic compounds.



In another insightful study focusing on Pennisetum purpureum, a type of invasive grass, researchers investigated its suitability as a renewable energy source through the process of catalytic pyrolysis [64]. The FTIR analyses were particularly telling, with the detection of peaks at a wavenumber of 3450 cm−1. These peaks were attributed to the bending vibrations of O–H functional groups in the activated carbon (AC), a feature commonly associated with the presence of alcohols, phenols, or other hydroxyl-containing compounds. Further examination revealed additional peaks at wavenumbers 2935 cm−1 and 2860 cm−1, which were emphasized as stemming from the bending of C–H bonds, likely within the aliphatic hydrocarbon content of the char. Moreover, the sharp crests at 1652 cm−1 pointed to the C=C stretching typical of activated carbon’s alkenyl structures, while peaks in the range of 1460 cm−1 to 1410 cm−1 were a result of C=O deformation, suggesting the existence of ketones, aldehydes, or carboxylic acid groups. Finally, the distinct peaks achieved at a wavenumber of 880 cm−1 were primarily associated with the C=C stretching of the activated carbon elements, further underscoring the complex network of double bonds within the carbon framework. These spectral features not only underscore the diversity of chemical bonds in the biochar but also highlight its potential utility in environmental and energy applications due to these molecular characteristics.



Energy Dispersive X-ray (EDX) spectroscopy data elucidated distinct correlations between pyrolysis conditions and elemental concentrations (Table 7).



Increasing pyrolysis temperatures were linked to elevated C levels and reduced O levels, particularly evident at 400 °C, 500 °C, and 600 °C. Here, C showed a marked increase, while O demonstrated a notable decrease. This trend aligns with the findings of Mishra and Mohanty [65], who observed similar changes in biochar production under varying pyrolysis conditions. Additionally, Varma and Mondal [66] noted comparable effects in the pyrolysis of pine needles, emphasizing the influence of temperature on product yield and composition.



Extended holding times significantly influenced these elements, with longer periods yielding higher C and lower O concentrations. Variations in gas flow rate primarily affected C, showing an increase in concentration, while O did not exhibit a consistent pattern. Li et al. [67] explored the impact of flow rate on pyrolysis characteristics in oil shale, which may provide insights into these observations. Furthermore, Karadağ et al. [68] studied the catalytic pyrolysis of olive oil residue, highlighting the role of metal oxides in influencing the product distribution, which could be relevant to understanding the variations in elemental concentrations.



Temperature impacts on other elements were also observed. Na and Mg concentrations generally decreased as pyrolysis temperatures rose from 400 °C to 600 °C. Al and Si, however, remained relatively stable across this temperature spectrum. P reached its highest concentration at 500 °C. In contrast, Cl displayed a decreasing trend with increasing temperatures. K levels decreased with rising temperatures, whereas Ca peaked at 500 °C before declining. Fe concentrations were highest at 500 °C, with little variation between 400 °C and 600 °C. The study by Petrovska [69] on the effects of oxygen flow rate on aluminum-doped indium tin oxide thin films may offer additional context to these findings, particularly regarding the influence of gas flow rates on elemental concentrations.



Changes in gas flow rate impacted various elements differently. An increase in flow rate led to decreased concentrations of Na, Mg, and Cl. Al concentrations increased under higher flow rates, while Si remained stable. P showed a slight decrease, and both K and Ca concentrations decreased with higher flow rates. In contrast, Fe concentrations increased. Zhu et al. [70] investigated the removal of gas-phase elemental mercury using nano-ceramic material, providing insights into the effects of different gas components and flow rates on adsorption processes, which could be analogous to the observed trends in elemental concentrations during pyrolysis.



Figure 13 presents SEM images of biochar produced under various pyrolysis conditions. Upon examination of these images, it is observed that biochar produced at lower temperatures possesses a less porous structure. However, as the temperature increases, a more porous structure develops. At 600 °C, there is a significant increase in porosity. The structures observed at 600 °C are notably more disordered, and the pores are clearly larger.



Tan et al. [71] noted in their review that the pyrolysis temperature significantly affects the porosity of lignocellulosic and lignin-based biochar. They found that higher pyrolysis temperatures generally lead to an increase in the porosity and surface area of the biochar. The study also finds that the rate of gas flow influences the increase in porosity. An increase in gas flow rate from 0.2 L min−1 to 0.5 L min−1 has been shown to enhance porosity in all samples. Uroić Štefanko and Leszczyńska [72] observed that variations in pyrolysis parameters, including gas flow rate, significantly impact the porosity of biochar. Their study, which compared biochar produced from different waste biomasses, demonstrated that higher gas flow rates during pyrolysis tend to increase the porosity of the resulting biochar. Additionally, an extended holding time in the reactor generally causes the raw material to undergo more pyrolysis reactions, further increasing porosity. Porosity plays a crucial role in both enlarging the surface area and potentially enhancing the biochar’s capacity for absorption/adsorption. The research observes that high temperatures, high gas flow rates, and longer holding times generally lead to an increase in both porosity and surface area. Dooley [73] found that the pyrolysis conditions, including temperature and holding time, significantly influence the surface area and porosity of biochar. His study showed that biochar produced at higher temperatures and longer residence times had increased surface area and porosity, which are crucial for applications in soil amendment and carbon sequestration.




3.3. Elemental Analyses and High Calorific Values (HCV)


In this detailed study, the elemental composition of Atriplex nitens S. biochar samples, subject to varying carbonization conditions, has been meticulously evaluated. The empirical findings from this evaluation are clearly depicted in Figure 14, Figure 15 and Figure 16. A critical observation from this analysis highlights the direct and proportional relationship between the carbonization temperature and the carbon (C) content in the biochar samples.



Specifically, at a relatively moderate carbonization temperature of 400 °C, the carbon content was determined to be 61.22%. A significant rise in carbon content was observed when the temperature was increased to 600 °C, reaching a notable level of 74.59%. This stark increase underlines the strong dependence of biochar’s carbon content on the carbonization temperature. This finding is consistent with the work of Sri Shalini et al. [74], who noted in their review that the carbonization process significantly influences the carbon content in biochar, emphasizing the role of temperature in enhancing the carbon yield in biochar production.



Moreover, the research highlights the impact of additional variables like holding time and gas flow rate during the carbonization process. The findings indicate that both extended holding times and increased gas flow rates contribute positively to enhancing the carbon ratio in the biochar. The apex of carbon content was observed under a specific set of conditions: a holding time of 60 min coupled with a gas flow rate of 0.5 L min−1. Nguyen Huy Bich et al. [58] also observed similar trends in their study on rice husk gasification, where they found that variations in air flow rate affected the yield and composition of biochar, further supporting the notion that both holding time and gas flow rate are crucial factors in determining the quality of biochar.



Conversely, an intriguing inverse relationship was observed regarding the H and N content in the biochar. As the carbonization temperature, holding time, and gas flow rate increased, a significant reduction in both H and N content was noted. The trend was particularly pronounced in biochar produced under specific conditions: a lower temperature of 400 °C, a shorter holding time of 30 min, and a minimal gas flow rate of 0.2 L min−1. Similar results were also observed in the studies of Volpe et al. [75]. In their studies, researchers focused on developing a downdraft gasifier using olive waste. Olive tree trimmings and pulp were subjected to pyrolysis and torrefaction processes. They observed significant mass loss and changes in elemental composition, particularly in C and H contents, at high temperatures. These findings are crucial for the effective design of the gasifier [75]. Under these parameters, the biochar displayed the highest ratios of hydrogen to carbon (H/C) and oxygen to carbon (O/C). This underscores a subtle but important interplay between the carbonization conditions and the resultant elemental composition of the biochar. This observation aligns with the findings of Yek et al. [76], who demonstrated in their study on microwave pyrolysis of waste palm shell that the process conditions significantly influence the elemental composition of biochar, particularly in terms of hydrogen and nitrogen content.



During the research process, a significant relationship was discovered between the increase in pyrolysis temperature and high calorific value (HCV) (Table 8). Specifically, the HCV values obtained at 400 °C were found to be lower compared to those at 600 °C. This indicates that higher temperatures more effectively promote the decomposition of biomass, consequently leading to the production of products with higher energy [77]. The effect of holding time also emerged as a noteworthy finding. At each temperature level, an increase in holding time generally contributed to an increase in HCV. This suggests that longer holding times allow for a more comprehensive decomposition of biomass, leading to the formation of products with higher energy content [78]. Furthermore, the impact of gas flow rate on the HCV cannot be overlooked. Across both temperature and holding time combinations studied, higher gas flow rates typically resulted in higher HCV values. This reveals the potential of gas flow rate to influence the dynamics of decomposition in the pyrolysis process, potentially leading to more efficient energy conversion [79,80].





4. Conclusions


In this research, we examined the yields of biochar, bio-oil, and synthesis gas under various pyrolysis conditions. We also looked at how these conditions affect the elemental composition, FTIR, EDX, SEM, and HCV values of biochar. We found that as the pyrolysis temperature increased, the yields of both biochar and bio-oil decreased. For instance, at a pyrolysis temperature of 400 °C, the biochar yield was 37.14%, and the bio-oil yield was 20.19%. However, increasing the temperature to 600 °C resulted in a decrease in biochar yield to 30.6% and the bio-oil yield remaining at 20.19%. As expected, a higher pyrolysis temperature led to an increase in synthesis gas yield. At 400 °C, the synthesis gas efficiency was 38.92%, which rose to 56.64% at 600 °C. Additionally, a higher gas flow rate reduced the biochar yield from 34.07% to 32.72%. Lastly, a longer residence time decreased the bio-oil yield while increasing the synthesis gas yield.



Analyzing biochar produced at a pyrolysis temperature of 400 °C, it’s observed that the settings of 400-60-0.2 and 400-60-0.5, with their 60-min holding times, lead to more effective carbonization. This, in turn, enhances the carbon content in the biochar, compared to other production conditions. Moreover, between these two conditions, it is believed that a 0.5 L min−1 N2 gas flow rate might further enhance the carbon content of the biochar. In the conditions 400-30-0.2 and 400-30-0.5, biochar with lower energy and carbon content was obtained due to the shorter holding time. Additionally, biochar produced under the 400-60-0.5 conditions had the highest carbon content at this temperature, which is attributed to the high N2 flow rate and extended holding time. Also, between these two conditions, it is thought that a 0.5 L min−1 N2 gas flow rate might further enhance the carbon content of the biochar. Therefore, among the biochar produced at a pyrolysis temperature of 400 °C, the conditions 400-60-0.5 were determined as the most advantageous production process in terms of carbon content due to its superior carbonization and fewer oxygenated functional groups. According to the FTIR results of biochar obtained at a pyrolysis temperature of 500 °C, it can be stated that the carbonization rate of the biochar produced under the conditions 500-30-0.2 and 500-30-0.5 is lower. The primary reason for this is the short holding times. In addition, biochar produced under the conditions 500-60-0.2 is rich in aliphatic and aromatic carbon content. The findings indicate that biochar produced under specific conditions (500-60-0.2) exhibits enhanced carbon content. This improvement is attributable to a longer duration of pyrolysis combined with an optimal N2 gas flow rate. Such conditions favor an increase in the C content within the biochar while simultaneously decreasing the presence of oxygenated functional groups. Based on the FTIR results of biochar produced at a pyrolysis temperature of 600 °C, the conditions of 600-60-0.2, with a 60 °C holding time and a 0.2 L min−1 N2 gas flow rate, can maximize the carbon content. This allows for the complete carbonization of the organic material and a reduction in the oxygenated functional groups. The conditions 600-30-0.2 and 600-30-0.5 might reduce the carbon content to some extent due to the shorter holding times.



According to the results of the elemental analysis, the highest carbon content in the produced biochar was obtained at a pyrolysis temperature of 600 °C, a holding time of 60 °C, and a N2 gas flow rate of 0.5 L min−1. When the EDX results were examined, the increase in pyrolysis temperature and residence time increased the carbon content in the biochar and decreased the oxygen content. According to the SEM images, a more porous structure was obtained at high pyrolysis temperatures. In the research, the increase in pyrolysis temperature, residence time, and gas flow rate increased the energy content of biochar.
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Figure 1. Laboratory-type mill (a) and ground biomass (b) [34]. 
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Figure 2. Fixed bed pyrolysis reactor (a) and its schematic view (b) [34]. 
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Figure 3. Biochar obtained as a result of the pyrolysis process [34]. 
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Figure 4. Bio-oil accumulated in the system [34]. 
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Figure 5. The evaporator and heater that were used in the experiments [34]. 
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Figure 6. Variation in biochar yield with respect to holding time and temperature [34]. 
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Figure 7. Change in bio-oil yield according to holding time and pyrolysis temperature [34]. 
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Figure 8. Change in the bio-oil yield according to the temperature holding time and gas flow rate [34]. 
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Figure 9. Change in synthesis gas yield according to the temperature holding time and gas flow rate [34]. 
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Figure 10. FTIR results of biochars obtained at 400 °C. 
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Figure 11. FTIR results of biochars obtained at 500 °C. 
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Figure 12. FTIR results of biochars obtained at 600 °C. 
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Figure 13. SEM images of biochar produced under different pyrolysis conditions. 
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Figure 14. Variations in biochar’s elemental composition with pyrolysis temperatures [34]. 
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Figure 15. Variations in biochar’s elemental composition with holding time [34]. 
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Figure 16. Variations in biochar’s elemental composition with gas flow rate [34]. 
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Table 1. Technical specifications of the fixed bed pyrolysis reactor [34].
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Input Type

	
Scale Range

	
Accuracy






	
P1 100 resistance thermometer

	
−200–600 °C

	
±%0.2




	
J (Fe-CuNi) thermocouple

	
0–600 °C

	
±%0.2




	
K (Nicr-Ni) thermocouple

	
0–1200 °C

	
±%0.2




	
T(Cu-CuNi) thermocouple

	
0–400 °C

	
±%0.2




	
S (Pt/0 Rh-Pt)

	
0–100 °C

	
±%0.2




	
Environmental Characteristics




	
Ambient storage temperature

	
0–50 °C/25–70 °C




	
Relative humidity

	
Up to 80% at 31 °C, 50% at 40 °C




	
Protection class

According to EN 60-529 standard [35]

	
Front panel: IP65

Back panel: IP20




	
Electrical Characteristics




	
Power supply

	
230 V AC +%10–%20, 50/60 Hz




	
Power consumption

	
Maximum 7 V/A




	
Connection

	
2.5 mm socket terminals




	
Line resistance

	
Maximum 100 ohm for thermocouple, max. 200 ohm for 3-wire Pt 100




	
Safety requirement

	
EN 61010-1 [36]











 





Table 2. The experimental factors and levels used in the study [34,37,38,39].
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	Experimental Factors
	Levels





	Pyrolysis temperature (°C)
	400–500–600



	Holding time (min)
	30–60



	Gas flow rate (L min−1)
	0.2–0.5










 





Table 3. Results of the variance analysis related to pyrolysis yields [34].
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Sources of Variation

	
Pyrolysis Yields




	
Biochar

	
Bio-Oil

	
Synthesis Gas






	
Pyrolysis Temperature

	
0.000 **

	
0.000 **

	
0.000 **




	
Holding time

	
0.970 ns

	
0.000 **

	
0.003 **




	
Gas flow rate

	
0.000 **

	
0.731 ns

	
0.122 ns




	
Replication

	
0.357 ns

	
0.398 ns

	
0.244 ns




	
Pyrolysis Temperature * Holding time

	
0.000 **

	
0.005 **

	
0.067 ns




	
Pyrolysis Temperature * Gas flow rate

	
0.119 ns

	
0.113 ns

	
0.393 ns




	
Holding time * Gas flow rate

	
0.256 ns

	
0.498 ns

	
0.440 ns




	
Pyrolysis Temperature * Holding time * Gas flow rate

	
0.330 ns

	
0.002 **

	
0.035 *








**: Statistically highly significant at p < 0.01 level, *: statistically significant at p < 0.05 level, ns: not statistically significant.













 





Table 4. Results of Duncan’s Multiple Range Test for biochar yield [34].
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	Pyrolysis Temperature (°C)
	Biochar Yield (%)





	400
	37.14 a *



	500
	32.44 b



	600
	30.60 c



	Gas flow rate (L/min-1)
	Biochar yield (%)



	0.2
	34.07 a



	0.5
	32.72 b







* Means with the same letter are not statistically significant. Different letters are statistically significant.













 





Table 5. Results of Duncan’s Multiple Range Test for Bio-oil yield [34].
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	Pyrolysis Temperature (°C)
	Bio-Oil Yield (%)





	400
	23.94 a *



	500
	21.95 b



	600
	12.75 c



	Holding time (°C)
	Bio-oil yield (%)



	30
	20.19 a



	60
	18.90 b







* Means with the same letter are not statistically significant. Different letters are statistically significant.













 





Table 6. Results of Duncan’s multiple range test for synthesis gas yield [34].
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	Pyrolysis Temperature (°C)
	Synthesis Gas Yield (%)





	400
	38.92 c *



	500
	46.24 b



	600
	56.64 a



	Holding time (°C)
	Synthesis gas yield (%)



	30
	46.42 b



	60
	48.12 a







* Means with the same letter are not statistically significant. Different letters are statistically significant.













 





Table 7. Results of EDX.
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Pyrolysis

	
Holding Time (°C)

	
Flow Rate

	
C

	
O

	
Na

	
Mg

	
Al

	
Si

	
P

	
Cl

	
K

	
Ca

	
Fe




	
Temperature (°C)

	
(L °C−1)






	
400

	
30

	
0.2

	
36.34

	
30.91

	
9.22

	
1.12

	
0.25

	
0.35

	
1.66

	
1.11

	
15.82

	
2.32

	
0.88




	
400

	
30

	
0.5

	
48.83

	
38

	
2.54

	
0.87

	
0.41

	
0.52

	
2.05

	
1.38

	
3.57

	
0.79

	
1.03




	
400

	
60

	
0.2

	
55.13

	
20.23

	
4.73

	
1.09

	
0.54

	
0.81

	
3.85

	
1.2

	
7.89

	
2.97

	
1.56




	
400

	
60

	
0.5

	
57.39

	
30.62

	
2.26

	
0.76

	
0.34

	
0.41

	
1.84

	
0.2

	
1.65

	
3.28

	
1.26




	
500

	
30

	
0.2

	
54.41

	
22.74

	
2.64

	
2.09

	
0.32

	
0.58

	
1.73

	
1.3

	
4.19

	
8.65

	
1.34




	
500

	
30

	
0.5

	
57.63

	
15.97

	
4.16

	
0.97

	
0.72

	
1

	
4.82

	
1.05

	
6.35

	
4.81

	
2.51




	
500

	
60

	
0.2

	
62.31

	
26.03

	
2.34

	
0.92

	
0.3

	
0.52

	
2.41

	
0.22

	
2.49

	
1.63

	
0.85




	
500

	
60

	
0.5

	
64.05

	
25.36

	
2.5

	
0.66

	
0.47

