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Impact of Biomass Source and Pyrolysis Parameters on Physicochemical Properties of Biochar Manufactured for Innovative Applications
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Manufacturing biochar for energy and high-tech applications requires a specific set of physicochemical parameters based on relationships between initial pyrolytic conditions and properties of starting material, namely biomass. This study compares 20 types of biochar produced from five diverse waste biomasses at two pyrolytic temperatures (400, 700°C), processing times (2, 5 h) and heating rates (26, 5°C/min). The manufactured biochar was tested for the yield, fixed C, ash load, size of developed surface area, porosity, nutrients, and minerals. Leachate tests were performed to determine the stability of biochar, their pH, conductivity, and presence of dissolved nutrients and metals. The proximate analysis demonstrated an increase in fixed C linked to temperature increase from 400 to 700°C. Biochar produced from organic-rich biomass such as corn stover showed higher content of nutrients, especially potassium and phosphorus on their surfaces and in their leachates, which influenced the development of its surface area at 700°C. The increase of temperature with prolonged residence time has generated more stable and mostly aromatic structures within biochar when compared to other studied conditions. These findings were confirmed by the FTIR spectra that indicated amplified condensation of aromatic and aliphatic carbons (C = C, C = O, C-H) and a decrease of phenolic bonded water (-OH bonded). Consequently, a specific application of biochar should ultimately dictate the choice of optimal pyrolytic conditions linked to the components of initial biomass.
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GRAPHICAL ABSTRACT 


INTRODUCTION

In current years, biochar-oriented research has shifted from the agricultural use to high-tech applications, and now it is more focused on the targeted development of physicochemical properties required for specific non-agricultural technologies. Already published results indicate that the successful production for the custom-made use should require a comprehensive study of the range of pyrolytic conditions applied to the variety of initial biomasses.

For example, Mohanty et al. (2018) reported that the increase of pyrolytic temperature would promote volatilization with the formation of pores, as one way to modify biochar's surface. The optimization of residence time and the heating rate would play a crucial role in obtaining anticipated surface alterations that occur during pyrolysis. On the other hand, the altered surface area with controlled porosity and excess of surface-bound functional groups denote how adaptable the use of biochar could be in a respect to pyrolytic conditions of initial biomass (Ahmad et al., 2014; Rajapaksha et al., 2016; Mohanty et al., 2018).

Generally, the initial ratio of three main structural components, namely cellulose, hemicellulose, and lignin will dictate the rate and mechanisms of biomass degradation. Although many proposed mechanisms facilitate the prediction on how to obtain favorable properties, other literature contradicts the clarity of initial reactions (Mayes and Broadbelt, 2012). Accordingly, experimental results in many studies often agree and disagree to what extent a certain pyrolytic parameter affects biochar properties. In a study conducted by Durak et al. (2019), the influence of catalyst on the product content and yield has shown to be significant for the high conversion rates [78.91% (Al2O3) and 76.06% (SnCl4·5H2O)], while high heating values (HHV) of liquid products were reported higher without the addition of a catalyst. In other studies, a negative effect was observed as the addition of catalyst decreased liquid, solid, or gas yield (Yorgun and Simşek, 2008; Durak, 2016). Considering different reaction pathways that biomass could potentially undergo (Kawamoto et al., 2003; Patwardhan et al., 2011; Lv and Wu, 2012; Kawamoto, 2017; Durak et al., 2019), disparities among researchers in fundamental observance of biomass decomposition suggests a need for a more improved systematic characterization. As a result, only a comprehensive understanding of the linkage between process parameters and biomass precursors can contribute to the fine-tuning of biochar properties.

According to Fahmi et al. (2018), a low initial pyrolytic temperature (<500°C) could produce biochar with a more significant number of functional groups, higher cation exchange capacity (CEC) and enhanced yield. Conversely, due to insufficient thermal degradation, such biochar would often have small surface area caused by the structural stability of lignocellulosic molecules and volatiles at lower temperatures (Uchimiya et al., 2011). When biochar was produced at higher pyrolytic temperatures, it exhibited greater surface areas due to the volatilization of different fractions of biomass with simultaneous expansion of micropores (Chen et al., 2008). In addition, the increase and/or decrease of pyrolytic temperature might influence the final pH (Fahmi et al., 2018).

While exhibited properties could define biochar potential applications, there are still numerous obstacles that could cause practical drawbacks. For example, while electrical conductivity and ash content are beneficial properties for agricultural use, novel energy applications of biochar would consider increased mineral content as an impurity (Ngan et al., 2019). On the contrary, increased thermal treatment (>900°C) could increase biochar carbonization >90% (wt.) and conductivity, while decreasing ash content. In a study conducted by Gabhi et al. (2017), the high thermal treatment (950°C) of maple-wood biochar resulted in increased electrical conductivity, achieving higher skeletal conductivity (343.2 S/m) in comparison to a single graphite crystal (333.3 S/m). This important observation leads to the discovery of a new phenomenon called “elastic behavior of electrical conductivity.”

Furthermore, the environmental application of biochar generally inclines toward the production of an extensive surface and abundance of functional groups, such as hydroxyl, carboxyl, and phenolic for successful removal of contaminants from water. Much research has been conducted and validated a positive effect of functional groups on the increased adsorption of heavy metals (Cao et al., 2009; Lu et al., 2012; Ngan et al., 2019). For example, Mohanty et al. (2018) reported that heavy metals could be removed from the water matrix due to the metal-binding on negatively charged biochar's surface formed through the reduction of pyrolysis' temperature (Mukherjee et al., 2011; Suliman et al., 2017). As a result, a type of aliphatic or aromatic surface could be determined based on the dissociation of different carboxyl moieties (Harvey et al., 2012). Moreover, biochar's surface charge and the electrostatic interaction between ions, nanoparticles, and active biochar surface is strongly coordinated by changes in pH (Wang et al., 2013; Xiao et al., 2018). Apart from being observed as a direct binding site for pollutants, functional groups are also extensively researched to serve as active sites for enhanced modification via oxidation (Xue et al., 2012), sulfonation (Kastner et al., 2012) and amination (Yang and Jiang, 2014).

Generally, targeted removal of a specific contaminant could be governed by adsorbent-adsorbate interactions through combined adsorption/ion exchange mechanisms. Uchimiya et al. (2011) reported that the governing mechanism could be a function of variating dimensions of pores, thus contributing to greater ion exchange. Lu et al. (2012) and Cao et al. (2009) additionally explained the benefits of nutrient-rich biochar, which could enhance complexation and formation of precipitates in reactions with metallic contaminants, thus additionally increasing the overall removal efficiency. The inorganic phase in biochar can undergo many different reactions of which chloridized, hydroxylated, or carbonated metals are of special interest. With the increase of pyrolytic temperature, they transition to metallic oxides, of which some can reduce to pure metals (Xiao et al., 2018). Taking advantage of such a process occurring in a limited oxygen environment, successful magnetic (Chen et al., 2011) and zerovalent Fe (Yan et al., 2015) biochar have also been synthesized. In accordance, characterization of initial biomass and its pyrolytic conditions proves to be crucial in defining beneficial properties of obtained types of biochar and in assessing their role toward diverse applications.

There is a growing trend in studying biochar toward environmental clean-up and energy-saving applications. Published results point out that the contrary to environmental benefits, biochar might also have an adverse effect due to possible leaching of toxic metals that are part of biochar. The ultimate development of physicochemical properties responsible for the efficiency without detrimental effects would be directly related to the optimal pyrolytic conditions of cautiously chosen initial biomass (Ahmad et al., 2012; Gai et al., 2014; Mohan et al., 2014).

The main objective of this study was to establish correlations between initial pyrolytic conditions of various types of biomass and the formation of favorable properties of produced biochar toward potential replacement of more expensive carbon-based nanomaterials or to be used as in situ adsorber. To achieve this goal, 20 different types of biochar were manufactured in pre-set conditions from five types of organic waste biomass. Obtained biochars were extensively tested for their organic and inorganic content, surface formation and size, the existence of functional groups, possible leachability, and stability in various conditions.



MATERIALS AND METHODS


Biomass Selection and Pretreatment

Five types of biomass obtained locally in Mississippi, USA, were selected to produce a total of 20 types of biochar. The selection of biomass represents a variety of organic waste biomass that is abundant locally and could be a potential source for the centered biochar production. In addition, the rich agricultural and horticultural sector that holds a great part of the Mississippi State's economy could benefit economically from the targeted production of biochar for non-agricultural purposes. While most State's farms focus on livestock and dairy produce, Mississippi is also known as one of the country's top producers of wood-related products.

Pine bark nuggets (PBN) and cypress mulch blend (CYMB) were collected from a local company manufacturing landscaping material in Brookhaven; pine needles (PN) were collected in a large homogenous batch from Byram; cow manure (CM) was collected from a small farm in Canton, and corn stover (CS) was collected in a larger batch from different locations around Mississippi. Each biomass was placed under the fume hood for 48 h prior pyrolysis to remove the moisture from raw material. After drying, the biomass was pulverized to a particle size of 1–2 cm and stored in sealed containers.



Biomass Pyrolysis

Biochar pyrolysis was completed in two types of bench-top furnaces under two settings of initial conditions. The first batch of 10 types of biochar was produced in a muffle furnace (1,400 Thermolyne, Thermo Fisher Scientific, USA) at two temperatures (400°C and 700°C) with a fixed heating rate of 26°C/min for 2 h. The second batch of the remaining 10 types of biochar was produced in a programmable furnace (StableTemp Furnace, Cole-Parmer, USA) at the same two temperatures of 400 and 700°C with a lower heating rate of 5°C/min for 5 h. A stainless-steel vessel with a cover was employed to minimize oxidation occurring in a limited oxygen environment. Approximately 200 g of biomass was used to produce each biochar, and the obtained yield was calculated using the following Equation (1) (Narzari et al., 2017):
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where Wf = mass (g) after pyrolysis; Wi = mass (g) before pyrolysis.

To distinguish between different types of biochar, they were denoted with the appropriate abbreviations followed by the pyrolytic temperature (400 and 700°C) and residence time (2 or 5 h), such as XX400-2, XX700-2, XX400-5, and XX700-5.



Proximate Analysis

The determination of moisture, ash, volatile, and fixed carbon has followed an adaptation of the ASTM-D1762-84 method distinctively improved for biochar (Singh et al., 2017). Prior analysis, all biochar samples were sieved to obtain a particle size of 0.25–0.50 mm. Crucibles were pre-fired for 6 h at 750°C and then cooled to 105°C to reduce any volatile residuals. For the determination of moisture, biochar was heated in covered crucibles for 18 h at 105°C. The volatile matter was determined by heating biochar in covered crucibles for 10 min in a pre-heated furnace at 950°C. Ash content was obtained by heating biochar in crucibles with covers askew for 6 h at750°C.

About one gram (1 g) of each biochar was used for proximate analysis. All tests were repeated twice and averaged. Moisture, volatile, ash, and fixed carbon content were calculated as follow (Singh et al., 2017):
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Where: W = mass (g) of biochar.



pH and Conductivity (EC) Measurements

pH and conductivity were measured in the leachate prepared as described below. Biochar placed in a 50 ml test tube and mixed well with deionized water (DIW) in a ratio of 1:20 (0.5 g biochar:10 ml DIW) was shaken for 1 h at 25°C and allowed to stand for 30 min before the measurement. pH was determined using the pH meter (Mettler Toledo, USA), and conductivity by the conductivity meter (Oakton Instruments, USA).



BET (Brunauer-Emmett-Teller) Surface Area

Determination of biochar's surface area, an average pore's volume, and the average pore's sizes were performed with the adsorption of nitrogen (N2) at 77 K using the Brunauer-Emmett-Teller (BET) method (Brunauer et al., 1938). The analysis was achieved using the TriStar II Plus analyzer (Micromeritics, USA). This method is based on the adsorption and desorption volumes of nitrogen gas under different relative pressures. BET reports were obtained via MicroActive v. 2.03 software. Prior analysis, each biochar sample was degassed for 2 h at 100°C.



FTIR (Fourier-Transform Infrared Spectroscopy)

FTIR images were collected with Spectrum Two (PerkinElmer, Inc., MA, USA) with the LiTaO3 (lithium tantalate) MIR detector and standard optical system with a KBr window. The obtained data represents results over the spectral range of 400–4,000 cm−1. No special preparation of biochar was needed; the sample was directly placed on the KBr window for analysis, and the readings were obtained through the Spectrum Two software.



SEM-EDX Analysis

The morphology of biochar structures was determined with SEM images with the scanning electron microscope (SEM) model TESCAN LYRA3 FIB-SEM (TESCAN, Brno, CZ). The SEM images were taken under different acceleration voltages (kV) and magnifications (μm) to emphasize morphological changes in studied biochar. Electron Dispersive X-Ray (EDX) spectral analysis investigated all corresponding elements (nutrients and metals) in each sample. Specimens of biochar were mounted on the aluminum pin with carbon conductive glue and placed for analysis. SEM imaging and EDX analysis were obtained with the TESCAN image processing software.



Biochar Leachate Analysis for Nutrients and Metals

Nutrients and metal constituents within biochar were determined with the inductively coupled plasma emission spectrometer (ICPE) Shimadzu ICPE-9,000 (Shimadzu, Japan). Biochar samples were mechanically shaken in deionized water for 1 h (0.5 g biochar:10 ml DIW). The solution was allowed to settle for 30 min. Prior analysis, the solution was vacuum-filtered through a Whatman (0.45 μm) glass membrane filter and acidified with a concentrated HNO3 (Fisher Scientific, USA). Obtained results were reported as mg/kg and g/kg.




RESULTS AND DISCUSSION


Biochar Yield and Proximate Analysis

Biochar pyrolysis carried under pre-set conditions (biomass type, pyrolytic temperature, residence time, and heating rate), resulted in the production of 20 kinds of biochar with various physicochemical characteristics. Controlled pyrolysis of biomasses yielded a variation of biochar's masses depending on the choice of pyrolytic temperature (400, 700°C), residence time (2, 5 h) and heating rate (5, 26°C/min).

As presented in Table 1, biochar's yield ranged from 26.1% (cypress mulch blend, CYMB, 700°C) to 60.8% (pine bark nuggets, PBN, 400°C) and substantially decreased when the higher pyrolytic temperature was applied. The same trend was observed for all types of biochar, which confirmed more significant thermal decomposition of volatiles with a lower molecular weight at a pyrolytic temperature of 700°C. Moreover, a limited structural aromatization of aliphatic molecules occurred at higher temperatures as well, which was aligned with Zhang et al. (2015) findings.


Table 1. Proximate analysis of corn pine nuggets (PBN), corn stover (CS), pine needle (PN), cow manure (CM), and cypress mulch barks (CYMB) made biochars produced under different pyrolytic conditions.

[image: Table 1]

Interestingly, all pine bark nuggets (PBN) types of biochar had the highest yield with the highest carbon content. Our yields were more than 50% higher than the yields reported by Park et al. (2019), who employed similar pyrolytic conditions, but under the nitrogen gas only. It should be noted that our pyrolytic tests were done under limited oxygen presence and without initial purge with nitrogen gas but provided a better yield of the final product. In contrast, cypress mulch blend made (CYMB) biochar showed the lowest yield independently from the initial pyrolytic conditions. Pyrolysis of CYMB700-5 biomass resulted in only 26.1% biochar yield, which was considerably low when compared to more organic-rich biomass, such as cow manure and corn stover. These findings suggested that CYMB biomass had a more condensed structural matrix and a more reactive surface prone to extended volatilization (Table 1). We have found that volatile matter diminished with the increase of pyrolytic temperature, which was confirmed by several studies on other types of biomass (Sharypov et al., 2002; Novak et al., 2009; Enders et al., 2012; Noor et al., 2012; Angin, 2013; Sadaka et al., 2014).

The chosen interval of residence time could affect the necessary reaction time during the re-polymerization of the biochar's structure. Long residence time could promote a formation of condensed aromatic structures with an abundance of micro-, meso- and macropores, producing a higher yield of fixed carbon and enhanced porosity (Tripathi et al., 2016). The development of more stable aromatic structures is due to the cleaving of volatile parts of the biomass during prolonged thermal treatment (Tripathi et al., 2016; Wang et al., 2019).

The yields of fixed carbon for all produced biochar are summarized in Table 1. The comparison of obtained results has confirmed the link between time/temperature of pyrolysis and yield of fixed carbon; however, the specific concentration in tested biochar depended on the kind of starting biomass. It was interesting to observe the unique impact of high potassium content determined in corn stover (CS) on the efficacy of volatilization. Obtained results for corn stover (CS) biochar could be explained through extremely high loads and catalytic effect of potassium (K) (ranged 58.4–71.9 g kg−1) when compared to all other types of biochar produced (ranged 0.1–9.0 g kg−1). It is well known that alkali metals in biomass have a substantial influence on the thermal degradation (Fahmi et al., 2007), where potassium acts as a catalyst during pyrolytic reactions (Nowakowski et al., 2007; Nowakowski and Jones, 2008). Only a small amount of potassium (<10%) is bound to hydroxyl or carboxyl groups in cellulose and hemicellulose of biomass (Saddawi et al., 2012). During their thermal degradation at lower temperatures (<400°C), some potassium can potentially be released in the gas phase (Akbar et al., 2010). On the contrary, the greater amount of K integrated into the biochar matrix, will undergo further reactions at higher pyrolytic temperatures (Nowakowski et al., 2007). As pyrolytic temperature increases, the water-insoluble K thereafter progresses to form K2CO3 > K2O > K2O2 (Shen et al., 2015; Chen et al., 2017; Xiao et al., 2018), where the reducing (K2O-C) and oxidizing (K2O2-C) forms of the K-C-O intercalates, act as catalysts in biochar gasification (Wang et al., 2010). This suggests that CS biochar produced at 700°C is potentially abundant in alkali metal salts, contrary to CS biochar produced at 400°C containing more readily gasified organic products. When samples are heated at 950°C to determine the loss of readily volatilized compounds, CS400 biochar could account volatile loss greatly due to volatiles such as alcohols, acids, etc., while CS700 biochar could attribute an increase in volatile loss to high K content, rapidly volatilizing at 950°C into the gas phase (Van Lith et al., 2008; Chen et al., 2017).

Considering that the increased availability of surface-bonded potassium promotes polymerization reactions via rapid ionic mechanisms (Saddawi et al., 2012), results in this study suggest volatile increase with the increase of pyrolytic temperature due to rapid thermal conversion of K2O and K2O2 into the gas phase (H2, H2O) (Wang et al., 2010) and their catalytic effect on char formation. Also, results from this study show greater release of water-soluble K+ for CS biochar produced at 700°C (58.4–71.9 g kg-1), suggesting evolution during pyrolysis by generating new active sites via diffusion of K+ from salts to chelation complexes (Saddawi et al., 2012).

On the contrary, other studies (Mullen et al., 2010; Rafiq et al., 2016) also reported a significantly lower concentration of K in corn stover biochar, which potentially reduces its catalytic effect to such extent. Since proximate analysis requires quantitative determination under extremely high temperatures (volatile matter at 950°C and ash at 750°C) for prolonged periods, practical drawbacks may result in increased and/or decreased estimates (Enders et al., 2012).

Summarizing, we have recorded that for the CS biochar (rich in mineral content, especially potassium), an increase of temperature from 400 to 700°C, caused the increase of the volatile matter from 49.6 to 66.4% (2 h) and 39.6 to 50.8% (5 h). The volatilization's yield of other types of biochar with minimal contents of potassium (0.4–6.2 g kg−1 K) was not impacted.

Results from the study aiming links between biomass and temperature of pyrolysis on produced ash are summarized in Table 1. Cow manure (CM) made biochar (CM700-2) produced at 700°C for 2 h resulted in the highest ash content (50.3 %), while under the same pyrolysis conditions, pine bark nuggets biochar (PBN700-2) produced only 6.9 % of total ash. It was noted that ash formation was proportional to the level of nutrients and minerals in starting biomass, as a low ash content was obtained from woody-type biochar only, namely pine bark nuggets (PBN) and cypress mulch blend (CYMB). Also, the longer residence time (5 h) and lower heating rate (5°C/min) notably enhanced char formation by preventing incomplete de-polymerization at high heating rates. Published studies show that the high heating rate promotes secondary pyrolysis at temperatures above 500°C retarding aromatization by further decomposition and volatilization of primary products of pyrolysis (tar, char, ash, CO, CO2, H2O, etc.; Lewis and Fletcher, 2013; Amini et al., 2019).



Biochar pH and EC

Earlier studies by Lehmann et al. (2011), Mukherjee et al. (2011), and Yuan et al. (2011) have reported an increase of biochar pH with the increase of pyrolytic temperature and residence time. This trend could be related to the high content of inorganic minerals (K, Ca, Mg, etc.) and the formation of different inorganic alkalis and carbonate salts, such as KOH, MgCO3, CaCO3, etc. resistant to the volatilization at higher temperatures (Cheah et al., 2014; Rehrah et al., 2014). Conversely, biochar produced at lower temperatures tends to be more acidic due to incomplete degradation and conservation of acidic functional groups (Qi et al., 2017). Biochar produced from organic-rich biomass is expected to have a higher content of nutrients, and with the increase of pyrolytic temperature (700–800°C), the preferential decomposition of Ca- and K-bonded components of biomass would influence final pH (Knoepp et al., 2005).

Figure 1 provides a comparison of the variation of pH depending on pre-set conditions of pyrolysis. We have found that corn stover (CS) and cow manure (CM) based biochar had the highest average pH (10.5–10.7) when compared with other types of tested biochar, and the increase of pH was strongly correlated with the temperature of pyrolysis. When the same heating rate and residence time were applied, but the temperature increased from 400 to 700°C, we have recorded a parallel increase of pH by the 1.5–40%. At the same time, cypress mulch(CYMB), pine bark (PBN) and pine needle (PN) made biochar were acidic (pH <7) when the pyrolytic temperature was 400°C with a shorter residence time of 2 h and higher heating rate (26°C/min).


[image: Figure 1]
FIGURE 1. pH of biochar produced at 400 and 700°C for 2 and 5 h. Each kind of biochar is marked with one color (pine bark = blue, corn stover = red, pine needles = green, cow manure = dark blue, cypress mulch = yellow).


Current trends in research interest are more focused on the beneficial use of biochar alkalinity; however, the absence of nutrients in acidic biochar shows promising potential in carbon sequestration (87.9%) (Qi et al., 2017). Acidic biochar could be employed to improve the physicochemical properties of calcareous soils (Ippolito et al., 2016).

An interesting correlation was found between pH, conductivity, and concentration of potassium in leachates collected from all tested biochar. As shown in Figure 2, biochar made from corn stover (CS) had an unusually high conductivity (3,654–4,155 μS/cm) when compared with other samples. Those values were in a correlation with a high concentration of potassium (58.4–71.9 g kg−1 K) (Table 2). Expectedly, the woody type of biochar, such as cypress mulch blend (CYMB), had lower pH compared to cow manure (CM) and corn stover (CS) made biochar (Figure 1). The lowest recorded pH of 4.92 and conductivity (126.5 μS/cm) was obtained for the cypress mulch blend (CYMB400-2) made biochar. It is important to note that high conductivity was related to the high mineral content of biochar after pyrolysis.


[image: Figure 2]
FIGURE 2. Conductivity (EC) of biochar produced under different initial conditions (400 and 700°C; 2 and 5 h).



Table 2. Concentrations of biochar nutrients in leachates.
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Nutrient Analysis in Biochar Leachate

Table 2 provides a summary of the analysis of nutrients found in leachates collected from manufactured biochar. Similarly to pH and conductivity, the capability of biochar to exchange cations (CEC) in the water matrix could depend on the biomass's origin. Determined concentrations appeared to be consistent with organic and lignocellulosic fractions in the original biomass. Surprisingly high concentrations of potassium were found not only in corn stover (CS) made biochar, but in all leachates from those samples as well.

The observed trend of potassium content found in leachates was as followed:

[image: image]

The potassium bonded within the CS biochar was confirmed by the SEM-EDX analysis. Their significant concentrations found in leachates suggested that it was relatively easy to wash potassium from the manufactured biochar, if necessary.



Determination of Functional Groups

Structural and chemical changes, especially availability and abundance of functional groups at the surface of studied biochar, were determined by the Fourier-transform infrared (FTIR) spectroscopy (Figure 3). When biochar is produced for a specific application, functional groups of interest are commonly analyzed as a function of biomass source and content, pyrolytic temperature, processing time, and heating rate. These parameters have been proven to play a crucial role in assessing biochar's applicability for a particular use (Wang et al., 2018).


[image: Figure 3]
FIGURE 3. FTIR analysis of functional groups of 20 types of biochar made from (A) pine bark, (B) pine needle, (C) cypress mulch, (D) corn stover, (E) cow manure.


Figure 3 contains FTIR spectra of all studied biochar in the following order: (a) pine bark nuggets (PBN), (b) corn stover (CS), (c) pine needles (PN), (d) cow manure (CM), and (e) cypress mulch blend (CMB). It could be seen that obtained spectra were consistent within biochar produced from the same type of biomass but in different pyrolytic conditions. Analysis of all spectra revealed an interesting pattern related to the temperature and residence time of pyrolysis. There were very little or no changes in surface chemistry of biochar produced during 2 or 5 h at 400°C. However, an increase of temperature to 700°C, and extending the time of pyrolysis to 5 h has produced noticeable changes in the occurrence of functional groups and their peak intensities. For example, diminish of existing functional groups (-OH, -COOH, C = O, etc.) with the increase of temperature was observed at the surfaces of pine bark nuggets (PBN), pine needles (PN) and cypress mulch blend (CYMB) made biochar (Mohammed et al., 2018; Muvhiiwa et al., 2019; Liu et al., 2020).

Analysis of a surface of the organic-rich biomass such as corn stover (CS) and cow manure (CM) revealed additional changes. For example, a distinctive P = O bond in the region of 1,209–1,353 cm−1 (Wang et al., 2017) was identified for the corn stover. Interestingly, the significantly higher concentration of phosphorus (P) was found in the leachate from this biochar, which suggested substantial loss of this nutrient in the presence of water (Table 2). On the other hand, a cow manure (CM) biochar's FTIR spectrum (Figure 3D) has confirmed that this particular biochar had the most consistent surface chemistry, and it was the least affected by the temperature and residence time. Also, because of the unique nature of this biomass, the observed presence of amino- group (N-H) between 1,555 and 1,582 cm−1 (Qin et al., 2019) was not a surprise. This type of biomass could be employed when N-H groups are needed but required additional treatment of biochar made from other biomasses.



Biochar Morphology and Surface Area

SEM-EDX analysis serves as an essential tool for visual observation of changes occurring on the reactive surface of biochar. The decomposition of hemicellulose, cellulose, and lignin during pyrolysis could explain the increase in surface area and pore size, especially in the woody type of biochar. Hemicellulose degradation usually occurs under 300°C, while the increase of temperature beyond 300°C results in the formation of more amorphous structures during the volatilization (Zhao et al., 2017). The more prolonged exposure to higher temperatures (around 600°C) promotes the formation of more tube-like pores from the degradation of lignin (Zhao et al., 2017; Hyväluoma et al., 2018).

Figure 4 provides SEM images of evolved porosity for corn stover (CS) made biochar produced at 400 and 700°C for either 2 or 5 h. These SEM images support well the theoretical explanation provided in previous sections about the catalytic influence of potassium (K) on decreasing fixed carbon content when the higher pyrolytic temperature was applied (700°C). In Figure 4D, it could be seen as a visible surface covered with mineral oxides. When biochar obtained from the same type of biomass, but in different initial pyrolytic conditions was compared with other samples, it was evident that higher pyrolytic temperature (700°C) produced a better de-polymerization of charred structures. The ultimate porosity was obtained at 700°C with a heating rate of 5°C/min and a residence time of 5 h.


[image: Figure 4]
FIGURE 4. SEM imaging of corn stover (CS) biochar: (A) 400°C (5 h, 5°C/min), (B) 400°C (2 h, 26°C/min), (C) 700°C (2 h, 26°C/min), (D) 700°C (5 h, 5°C/min).


It is expected that the increase in temperature of pyrolysis would produce a relatively bigger surface area with higher porosity. In our study, the obtained BET values (Table 3) have shown that out of all tested samples, the highest surface area (320.67 m2/g), pore volume (0.15 cm3/g) and high carbon content (68.5%) was attained by the pine bark nuggets (PBN700-2) made woody biochar. The understanding of the science behind the formation of such structures is essential when the goal is related to the development of large surface areas, similar to activated carbon and carbon nanotubes (Hagemann et al., 2018), which make a carefully manufactured biochar a prime candidate for replacement of more expensive materials.


Table 3. Biochar BET surface areas.
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It should be noted that the pine bark nuggets fired at the lower temperature of 400°C (PBN400-2) produced biochar with a significantly lower surface area (26.52 m2/g), but with considerably high fixed carbon content >50%). This observation suggested that incomplete structural degradation with reduced porosity occurred due to the limited degradation of lignin at lower pyrolytic temperatures.

When the high nutrient content is found in specific biomass such as corn stover (CS), the proper formation of surface area/porosity would not follow a typical pattern of temperature and residence time. The BET analysis of CS biochar has shown that the CS700-2 biochar had a lower surface area (72.57 m2/g) compared to CS400-2 (109.10 m2/g). Such difference could be explained with the higher content of nutrients undergoing the volatilization (Table 1).




CONCLUSIONS

Presented research outcomes aimed to correlate biomass sources/content with parameters of pyrolysis and study obtained results, namely physicochemical properties of manufactured biochar. Matrix built on the collected (under the same conditions) results has helped us to understand the possible cross-influences between the content of biomass (high/low mineral/carbon), set up of pyrolysis, and an initial properties of biomass. Biochar is rapidly gaining attention as a potential replacement of more expensive nano-sized carbon used for high-tech applications; therefore, our findings can contribute to a better understanding of correlations between employed biomass and properties of obtained biochar. The examination of all our results allowed concluding the following:

a. The biochar's typical properties, such as carbon content, pH, and surface area, were augmented by the increase of pyrolytic temperature. Conversely, the elevated thermal conditions during biomass' pyrolysis have negatively influenced properties such as yield, volatile matter, and available functional groups.

b. Degradation of cellulose, hemicellulose, and lignin within the same type of biomass is expected to occur under the same reaction rate with similar aromatization patterns. However, results from this work are suggesting a more favorable inclination toward a higher biochar yield in a limited oxygen environment compared to continuous N2 flow (no oxygen present) reported by other researchers.

c. Corn stover made (CS) biochar produced under a range of different pyrolytic conditions exceeded significantly the typical amount of readily soluble potassium (K), which greatly influenced the increase of pH, EC, and potassium in leachates from this biochar. Potassium-rich type biochar, such as studied corn stover (71.9 g kg−1 K), could be a good choice for soil amendment. At the same time, if produced for non-agricultural applications, its catalytic properties could increase surface activity without the additional activation with potassium hydroxide (KOH), as is recommended in many studies.

d. Results from the determination of pH in leachates showed that alkaline-type of biochar (pH > 7) could be produced from nutrient-rich biomasses, such as corn stover (CS) and cow manure (CM) at a higher temperature, longer residence time and lower heating rate. Conversely, acidic-type of biochar (pH <7), such as woody cypress mulch bark (CYMB), pine bark nuggets (PBN), or pine needle (PN) made biochar could be produced at lower pyrolytic temperature, shorter residence time and higher heating rate.

Summarizing: not all biomasses are the same. Their values as sustainable material should be carefully evaluated before serving as a source for the custom-made biochar. The same pyrolytic conditions could produce biochar with various properties. In addition, the limited presence of oxygen (instead of pure nitrogen environment) during pyrolysis should be further studied to establish in-depth correlations between parametric deviations and their direct effects on variations of physiochemical properties.
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Biochar Soluble nutrients*

Ca, mg/kg™" K, g/kg™" Mg, mg/kg™ P, mg/kg™" S, mg/kg™

PBN400-2 126.2 0.4 175 - -

PBN700-2 136.2 0.6 396 - 104
PBN400-5 119 0.1 97 - 8.2
PBN700-56 36.2 15 13.7 5.4 8.0
C8400-2 375 53.6 169.7 1354.9 336.3
C8700-2 14.7 58.4 1223 2109.7 195.8
CS400-5 216 63.7 138.8 419.4 426.1
C8700-5 56.3 78 165.4 905.0 56.3
PN400-2 1339 6.2 1443 825 334
PN700-2 58.0 23 9.0 382 295
PN400-5 126.2 2 348 16.0 17.2
PN700-5 79.4 30 358 224 105
CM400-2 101.6 8.4 1433 355.3 140.5
CM700-2 2109 19 1923 60.0 197.8
CM400-5 67.4 9.0 226 488 19.6
CM700-5 2120 24 36.9 165 30.2
CYMB400-2  151.3 09 27.8 305 26.0
CYMB700-2  196.6 1.0 316 103 199
CYMB40O-5  72.2 05 185 106 50
CYMB700-5 1135 13 305 93 6.8

— Below detection limit. *In DIW (1:20).
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