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Farmers in resource-poor areas of the Guinea Savanna zone of Ghana often face declining soil fertility due to the continuous removal of nutrient-rich harvested produce from their fields. This study focuses on the Lawra Municipality in the Guinea Savanna zone of Ghana, where low soil fertility, specifically, limits phosphorus (P) bioavailability and hinders crop production. The objective of this research is to formulate P-enhanced biochar-compost from maize stover (MS) and groundnut husk, which abound in the area, to close the nutrient loop. MS was co-composted with groundnut husk biochar at varying rates of 0, 10, 20, 30, and 40% by volume. To facilitate decomposition using the windrow system, the composting heaps were inoculated with decomposing cow dung, and the moisture content was kept at 60% throughout the monitoring period. The addition of biochar shortened the lag phase of composting. However, rates above 20% resulted in reduced degradation of MS. Biochar incorporation enriched the available phosphorus content in the final compost from 286.7 mg kg−1 in the non-biochar-compost to 320, 370, 546, and 840.0 mg kg−1 in the 10, 20, 30, and 40% biochar-compost, respectively.
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INTRODUCTION
Soil organic matter plays an important role in soil fertility and crop yield improvement via the geochemical cycling of plant nutrients such as P (Duarte and Duarte, 2019; Ch’Ng et al., 2014). Compost is an accepted form of organic matter applied to soils (Diaz and Bertoldi, 2007). However, in tropical regions where there is rapid mineralization, compost application has had limited long-term beneficial results (Gan et al., 2020; Oliveira et al., 2020). Consequently, desired benefits, including soil bulk density reduction, nutrient availability enhancement, and overall soil productivity improvements, have been minimal (Oorts et al., 2003; Ahad et al., 2015; Tsai and Chang, 2019). Considerable research attention has, therefore, been devoted to compost stabilization in recent years (Gabhane et al., 2012; Bazrafshan et al., 2016). One promising approach is the co-application of biochar and compost, which has shown the potential of synergistically enhancing soil quality and promoting plant growth (Fischer and Glaser, 2012; Gan et al., 2020; Antonangelo et al., 2021). Biochar as a feedstock in composting has had positive effects on compost stability, reducing composting time, and minimizing the leaching of exchangeable cations such as NH4+ (Gabhane et al., 2012; Vandecasteele et al., 2016; Akumah et al., 2021). The use of biochar in co-composting has mainly been in the context of managing municipal and market organic waste (Bazrafshan et al., 2016; Akumah et al., 2021; Sulemana et al., 2021). Limited studies have investigated the use of biochar as a co-composting feedstock to specifically harness nutrients from farm residues. Most farm residues in the Guinea Savanna zone of sub-Saharan Africa are either burnt or removed from farm sites to be fed to animals. Harnessing these residues into biochar-compost for application to the farms from which the produce is harvested will minimize nutrient mining and ultimately close the nutrient loop. Farm residues are classified as bulking agents (Batham et al., 2013), thereby limiting their prospects for composting. These residues have, however, sequestered nutrients that, upon composting, could be made available, especially in the Guinea Savanna zone, where soil organic carbon levels are very low.
Most compost plants are sited close to urban centers to primarily manage municipal waste and, thus, serve as a major boost to urban and peri-urban agriculture. However, the cost involved in transporting the amendment to the Guinea Savanna zone, where organic carbon contents of soils are very low, is a disincentive. In Ghana’s Guinea Savanna zone, where low soil fertility continues to constrain crop production (Tetteh et al., 2016; IFDC, 2017; UNDP, 2018), the limited availability of household waste restricts the production of biochar-compost (Amoah and Kosoe, 2014). However, there is an opportunity to harness the potential of readily available farm residues such as maize (Zea mais) stover and groundnut (Arachis hypogea) husk, which have limited competing uses. Maize stover (MS) is abundantly generated in the zone due to the surge in maize production, surpassing that of millet and sorghum (Raheem et al., 2021). Approximately 10.47 tons/ha and 8.07 tons/ha of maize and groundnut, respectively, were produced in the Guinea Savanna zone of Ghana in the year 2020 (SRID, 2021). The cob and husk after shelling are used as feed for livestock and fuel for cooking, which creates competition for their use as composting feedstock. Similarly, groundnut husk offers potential as a composting material due to its large volume compared to waste from cowpea (Vigna unguiculata) (SRID, 2021). The transportation of tubers and vegetables outside of the Guinea Savanna zone results in limited quantities of waste available for compost production. Therefore, MS and groundnut husk are readily available feedstocks with limited competing uses for composting.
Groundnut is a legume and, thus, has a high demand for P. Being a pod, the husk is likely to sequester high levels of P. Groundnut husk has been found to contain, on average, 105.5 mg kg-1 of P (Mokolopi, 2022). Charred groundnut husk could, therefore, liberate P, making it a very good co-composting feedstock with MS, a readily available farm waste in the Guinea Savanna zone of Ghana. Organic acids produced from MS during composing would help minimize surface precipitation of P onto biochar, thereby making the nutrient readily available should the compost product be applied to the generally P-deficient soils of the Guinea Savanna zone of northern Ghana and sub-Saharan Africa in general. Such a biochar-compost should help recycle P in northern Ghana and decrease the import bill of Ghana for inorganic P fertilizer, especially in this era of high inorganic fertilizer costs. Carbon is highly recalcitrant in biochar-compost (Sulemana et al., 2019) and could, thus, be sequestered into the impoverished and fragile soils of the Guinea Savanna and invariably improve their productivity.
The ideal ratio of groundnut husk biochar (GHB) to MS and the protocol to be used in formulating an ideal P-rich biochar-compost are yet to be ascertained. It is in light of this that the present study seeks to exploit the potential of MS and groundnut husk as feedstocks to produce a P-rich organic amendment. This study also aims to provide practical solutions for closing the nutrient loop by harnessing farm waste, which would have otherwise been burnt in resource-limited farming systems.
MATERIALS AND METHODS
Characterization of feedstock
Groundnut husk and MS were collected from farmers’ fields in Lawra, located in the Upper West Region of the Guinea Savanna agro-ecological zone of Ghana. Parts of these feedstocks were oven-dried at 70°C to attain constant weight. The samples were then ground and saved for chemical characterization.
Biochar production
Part of the groundnut husk was sun-dried, weighed (W1), and pyrolyzed using a locally fabricated retort stove (Kuntan kiln). Temperature readings were recorded at 10-min intervals using the Extech Dual Laser Infrared Thermometer (model 42,570) until pyrolysis was complete. The mean temperature of the readings (454.4 ± 19.8°C) was taken as the pyrolysis temperature. The product, GHB, was collected from the hot kiln after intermittent turning and then cooled with clean water. The cooled biochar was air-dried, weighed (W2), and then, bagged in jute sacks for storage. Biochar yield, which represents the quantity of biochar produced from a quantity of feedstock charred, was expressed as a percentage. Samples of the biochar produced were then ground to pass through a 2 mm sieve for characterization.
Biochar-compost production
The MS was chopped with machetes and then sieved to obtain fraction of length <5 cm. The sieved fraction of the MS was mixed with GHB on volume basis to attain varying MS-to-biochar ratios of 10:0, 9:1, 8:2, 7:3, and 6:4, representing 0, 10, 20, 30, and 40% biochar concentrations. Thus, five different composting heaps, each 2 m in diameter at the base and 1 m in height, were formulated, replicated three times, and arranged in a completely randomized design. To each compost heap, 1 kg of decomposing cow dung (nitrogen = 2.3%, organic carbon = 25.6%, available p = 0.38%, and pHwater = 8.2) was added as an inoculant to introduce decomposing microorganisms. The heaps were uniformly mixed on a cemented compost platform with a slope of about 0% and moistened to approximately 60% moisture content. Perforated polyvinyl chloride (PVC) pipes of 7 cm diameter with grooves at the top end were inserted into each of the heaps, making sure that the base of each of the PVC pipes touched the cemented platform. With the aid of ropes fastened onto twigs, thermometers were inserted into each of the compost heaps by hanging the twigs into the PVC grooves. Heat emanating from the heaps during the composting process passed through the perforations to be measured by the thermometers inside the PVC pipes. Daily temperature readings were recorded, and the compost moistened and turned when the temperature readings became stable. The maturity of the various heaps was determined when temperatures did not increase after compost moistening and turning.
Compost maturity determination
The maturity of the various compost types was assessed using the germination index (GI) method as described by Zucconi et al. (1981). Total humic substances were determined based on their relative solubility in acid and alkaline extractants according to the method of Serra-Wittling et al. (1996). The CEC of the compost samples was determined using the method described by Harada and Inoko (1980a).
Characterization of feedstock, biochar, and compost
The biochar was analyzed for its ash content according to the method prescribed by the ASTM D1762-84 (2007) for wood charcoal. The pH and EC of the milled groundnut husk and MS feedstocks, the GHB, and different compost types were determined electrometrically in a ratio of 1:10 (dried samples:deionized water). Total carbon and nitrogen in the samples were determined by dry combustion with a Leco Trumac version 1.3 Carbon–Nitrogen–Sulfur Analyzer. The hydrogen contents of the groundnut husk and its biochar derivative were determined using the Leco Trumac H analyzer, and their oxygen contents were determined by the difference method, i.e., [100% − (%H+%C+%N)] as sulfur was not detected by the analyzer. Soluble Ca, Mg, and K in the biochar were extracted with distilled water, and their concentrations were read on a PerkinElmer AAnalyst 800 spectrophotometer.
Total P, Ca, Mg, K, and Na in the matured compost types were determined by digesting 0.5 g of homogenized samples with 5 mL of concentrated H2SO4. The color development of phosphorus in the digest was carried out by the ascorbic acid method of Murphy and Riley (1962), and the concentrations of the element were read on a Cole–Palmer UV spectrophotometer. Calcium, Mg, K, and Na concentrations were read on a PerkinElmer AAnalyst 800 atomic absorption spectrophotometer. The available phosphorus contents of biochar and compost were determined according to the method of Watanabe and Olsen (1965). Available N was determined by Kjeldahl distillation after extraction with 2 M KCl. The cation exchange capacity of biochar and compost types was determined using a BaCl2/triethanolamine (TEA) solution buffered at pH 8.2. The presence of surface functional groups was determined using the PerkinElmer Spectrum Two FT-IR Spectrometer fitted with MIRacle Accessory. The concentrations of carboxylic, lactonic, and phenolic functional groups in biochar and compost types were determined by Boehm titration (Boehm, 1994).
Statistical analysis
All the data were subjected to normality tests and thereafter subjected to both univariate ANOVA and multivariate analyses using GenStat Edition 12. Treatment means were compared using Fischer’s protected LSD test at p < 0.05. Graphs from FT-IR analyses were redrawn using the Origin 2021 software.
RESULTS
Characteristics of MS and groundnut husk feedstocks and GHB
Table 1 shows selected properties of the MS, groundnut husk, and GHB used for the study. The yield of biochar from groundnut husk using the Kuntan kiln was 35.1%. The biochar had an ash content of 52.35 g/kg via proximate analysis. The pH in water of the groundnut husk was 7.06, 1.31 pH units higher than that of the MS (5.75). The total P content of the groundnut husk (921.7 mg P kg−1) was 6.2-folds that of the MS (147.8 mg P kg−1). The total C and N contents of the groundnut husk were 373.65 g kg−1 and 7.36 g kg−1, respectively, whereas in MS, they were 333.1 g kg−1 and 6.02 g kg−1, respectively. These results yielded a C:N ratio of 50.8 for groundnut husk, which was lower than that of MS, which was 55.2. The superior concentrations of total P and C in the legume justified its choice for use as feedstock for biochar production for enhanced P availability and C sequestration.
TABLE 1 | Some properties of the two feedstocks and the groundnut husk biochar derivativea.
[image: Table 1]Pyrolysis liberated bases from the groundnut husk to levels at which the concentrations of water-soluble Ca, Mg, and K in the biochar were 2.29 g kg−1, 0.43 g kg−1, and 5.32 g kg−1, respectively (Table 1). Consequently, the pH of the groundnut husk, which was neutral (7.06), increased to strongly alkaline (9.74) in the biochar derivative. Electrical conductivity also increased to 1.3 dS m−1 in the resultant biochar. The CEC of the GHB was 49.63 cmolc kg−1. Total phosphorus, which was 921 mg kg−1 in the feedstock, increased 3.7-folds to 3,400 mg P kg−1 upon charring, with approximately 22% of that being in the available form. Pyrolysis of the groundnut husk feedstock did not have any significant reduction in total N content, as the feedstock N, which was 7.36 g kg−1, was similar to the 7.13 g kg−1 (p < 0.05) of the biochar derivative. Less than 0.02% of the total N in the biochar was in the available form. Pyrolysis of the groundnut husk increased the total carbon content from 373.7 g kg−1 in the feedstock to 671.3 g kg−1, which culminated in an increased C:N ratio of 94.2 from the 50.8 of the feedstock.
The concentration of elemental O decreased from 422.7 g kg−1 to 291.7 g kg−1. Elemental H also decreased from 52.9 g kg−1 to 24.7 g kg−1. Thus, aromaticity (H/C) and stability (O/C) in the feedstock were 0.14 and 1.32, respectively. Aromaticity and stability were also 0.04 and 0.43, respectively, for the biochar. The total acidic functional groups contained in a gram of biochar were 77.91 mmol. The concentration of carboxylic group was very low (1.05 mmol g−1), lower than that of phenolic and lactone groups, which were 38.92 and 37.95 mmol g−1, respectively.
Effect of pyrolysis on the FT-IR spectra of groundnut husk
Functional groups present on the surface of the groundnut husk and the resultant biochar, as revealed by ATR-FTIR spectra, in the range of 4,000–500 cm-1 are shown in Figure 1. For the groundnut husk, the presence of a broad band around 3,320 cm−1 assigned to intermolecular -OH stretching vibration was indicative of alcoholic, phenolic, and carboxylic or N–H stretching of amino functional groups (Ossman et al., 2014; Eder et al., 2021). The intensity of this peak increased upon pyrolysis and re-centered around 3,350 cm−1. The spectra further revealed a band at 2,920 cm−1 for the groundnut husk, which was ascribed to C–H asymmetrical stretching of methyl, methylene, and amine groups (Chun et al., 2004; Schwanninger et al., 2004). This band was lost upon pyrolysis. Similarly, the presence of strongly bonded C=O stretching vibration at 1739.40 cm−1 representing ester, aldehyde, and δ-lactone was also lost upon pyrolysis (Smith, 2011). The transmission band around 1,630 cm−1, which indicates the presence of C=C stretching in alkenes and N–H bending in amines, was intensified upon pyrolysis. Strong N–O stretching for a nitro compound assigned to the peak around 1,508 cm−1 was lost in the biochar. The band at 1419.49 cm−1, indicative of the medium O–H bend of carboxylic groups (Yang et al., 2006; Smith, 2011), was also lost upon pyrolysis. The band at 1379.64 cm−1 was retained upon pyrolysis and was assigned to nitrate ions. Strong C-O stretch and medium C-N stretch bonds were assigned to the band at 1215.65 cm−1. This band was retained in the biochar. The bands at 1096.85 and 873.18 are indicative of phosphate ions and out-of-plane bending for carbonate ions, respectively (Smith, 2023).
[image: Figure 1]FIGURE 1 | FT-IR of the groundnut husk feedstock and its biochar derivative.
Influence of GHB on temperature dynamics during composting
The composting lag phase varied for the various decomposing heaps. The initial increase in temperature occurred after 3 days in the compost without any biochar and in the 10% biochar heaps (Figure 2). Increasing the biochar rate to 20% shortened the lag phase to 2 days, while further increasing the biochar rate to 30% and 40% prolonged the lag phase to 4 days. The temperature in the various compost heaps had risen from 28°C to 32°C by day 7, except for the 40% biochar heap, which saw a marginal increase to 29°C (Figure 2). The temperature remained constant between days 8 and 9, and the heaps were turned on day 9. Except for the 40% biochar heap, which recorded no increase in temperature, the heaps showed an increase in temperature a day after turning. The temperature in the 0% biochar and 10% biochar heaps rose to 34°C, while that of the 20% biochar heap increased to 32°C. Temperatures in the 30% and 40% biochar heaps were 31°C and 27°C, respectively.
[image: Figure 2]FIGURE 2 | Temperature dynamics during first 10 days of composting.
After the first turning (10 days), a decline in maximum weekly temperature was observed up to maturity (Figure 3). The weekly temperature was highest in the 0% biochar decomposing heap (28°C–36°C) and lowest in the 40% biochar heap (23°C–28°C), with that of the 10, 20, and 30% biochar heaps being similar (26°C–34°C). By week 8, the temperature in the 40% biochar compost heap (23°C) was not different from that of the ambient air and was lower than the temperature at the start of the composting. The 0% biochar and 10% biochar compost heap temperatures were 28°C, while the temperatures for the 20% and 30% biochar compost heaps were 27°C and 26°C, respectively, by the end of the eighth week. In general, the temperatures recorded in the heaps were not thermophilic.
[image: Figure 3]FIGURE 3 | Weekly compost temperature dynamics after first turning (10 days).
Biochar effect on the maturity, humification, and CEC of compost types
The indices used to assess the maturity of the composts produced are summarized in Table 2. The germination index is a measure of the effect of phytotoxic substances from compost on the germination rate and radicle elongation of seedlings. The germination index increased as the biochar percentage increased and ranged from 103.5 to 108.6. Biochar addition significantly increased the humin content with values ranging from 71.8% in the 0% biochar compost type to 78.5% in the 30% biochar compost. The humin content of the biochar compost types with biochar contents of 10% and 20% was similar (p < 0.05) to the non-biochar compost type. However, the compost types with higher biochar contents (30% and 40%) had statistically higher humin content compared to their non-biochar counterparts, albeit with similar content as the lower biochar (10% and 20%) types. Compost types with high biochar content (30% and 40%) had the least humic acid (HA) content with the acid content in the 40% biochar compost type being less than half of that in the non-biochar compost type. Similarly, fulvic acid (FA) concentration was highest in the 0% biochar compost and decreased to 9.5 in the 30% biochar compost. The ratio of HA:FA, which indicates the degree of polymerization of humification products, was 1.24 in the 0% biochar compost and increased slightly to 1.36 in the 10% and 20% biochar compost types. A further increase in the biochar content decreased the ratio to 1.26 in the 30% biochar type. The ratio of HA:FA dropped to as low as 0.61 with a further increase in the biochar rate to 40%. There seems to be no influence on the concentration of biochar on CEC as the various compost types had statistically similar CECs that ranged from 62.5 to 71.7 cmolc kg−1.
TABLE 2 | Maturity indices of the biochar-compost typesa.
[image: Table 2]Effect of biochar on the quality of mature compost
Table 3 shows the electrochemical properties and total basic cations of the compost types. Compost pH tended to increase with increasing biochar addition from 6.5 in the 0% biochar compost to 7.5 in the 40% biochar compost. The addition of at least 20% biochar resulted in at least a significant 0.5 pH unit increase over the non-biochar compost type. Electrical conductivity of the 0% biochar compost was 3.69 dS m−1 and decreased with an increase in biochar percentage to as low as 1.36 dS m−1 in the 40% biochar compost. Total Ca and Mg contents of the compost types increased with an increase in biochar additions and, consequently, the sum of these two basic cations. Total Na and total K, on the contrary, decreased with an increase in biochar percentage. The concentration of K was the highest among the basic cations and ranged from 65.7 g kg−1 in the 0% biochar compost to 44.37 g kg−1 in the 40% biochar compost.
TABLE 3 | Electrochemical properties and total basic cation contents of the compost types.
[image: Table 3]Total and available phosphorus contents of the compost types increased with an increase in biochar percentage (Table 4). Total P was lowest (6,083 mg kg−1) in the 0% biochar compost and increased with an increase in biochar percentage up to 7,530 mg kg−1 in the 40% biochar compost. The available phosphorus content of the compost types was high, ranging from 286.67 mg kg−1 in the 0% biochar compost to 840 mg kg−1 in the 40% biochar compost. The percentage of available phosphorus in total phosphorus was 4.2% in the 0% biochar compost and increased with an increase in biochar percentage up to 11.2% in the 40% biochar compost. It is worthy of note that 30% and 40% addition of GHB to the MS improved P availability by 1.9- and 2.9-folds, respectively, over the non-biochar compost type.
TABLE 4 | Carbon, nitrogen, and phosphorus availability in the compost types.
[image: Table 4]The 0% biochar compost had the lowest concentration of total organic carbon (TOC) (128.1 g kg−1). Total C increased with increasing biochar addition with an approximately 3.2-fold increment in the 40% biochar compost type over the non-biochar type. The total nitrogen contents of the biochar compost types were higher than those of their non-biochar counterparts, with the 40% biochar compost type being almost 2.4 times higher in total N than in the non-biochar compost. Notably, there was no significant difference in total C and N content among the 10, 20, and 30% biochar composts. The carbon:nitrogen (C:N) ratio was lowest in the 0% biochar compost and increased with an increase in biochar percentage up to 24.7 in the 20% biochar compost. Further addition of biochar lowered the C:N ratios. It is worthy of note that among the compost types, only the non-biochar compost and the 40% biochar compost had C:N ratios below 20.
Nitrate-N and ammonium-N and, hence, the available N were highest in the non-biochar compost and decreased significantly with an increase in biochar percentage. The concentrations of NO3−-N in the various composts were higher than those of NH4+-N. The difference in the concentration of the N forms resulted in NH4+/NO3− ratios being below 0.5.
Functional groups present in the diagnostic region of the FT-IR spectra of the compost types
The FT-IR spectra of the various compost types are shown in Figure 4. In the non-biochar compost, two sharp bands were observed at 3695.65 cm−1 and 3621.80 cm−1 of medium-bonded O–H stretch of free alcohols (Hagemann et al., 2018). These bands were absent in the biochar-containing compost types. The band at 3310.74 cm−1, which was present in all the compost types, was assigned to strong broad, intermolecularly bonded O–H stretching of carboxylic, phenolic, and alcohol groups and N–H stretching of aliphatic amines (Yang et al., 2006; Hagemann et al., 2018; Bong et al., 2020). The intensity of this band was highest in the non-biochar compost and lowest in the 10% and 20% biochar composts. The bands at 2917.47 cm−1 and 2851.40 cm−1 were assigned to the C–H stretch of aliphatic methyl and methylene groups (Carballo et al., 2008; Hagemann et al., 2018). The band at 2917.47 cm−1 was present in all the composts, albeit with reduced intensities in the biochar compost types. The band at 2851.40 cm−1 in the non-biochar compost was lost upon biochar addition. On the other hand, a band at 2968.29 cm−1 in biochar compost types, which was also assigned to aliphatic methylene groups (Carballo et al., 2008), appeared. A band at 2,650 cm−1 was present in all the compost types with similar intensity and was assigned to strong intermolecular O–H bonding of carboxylic acids (Sahoo et al., 2012). A medium-bond C=C stretch, indicative of conjugated and unsubstituted alkene, and C=O stretch of carboxylic acids, esters, ketones, and quinones (Carballo et al., 2008), was assigned to the band at 1634.59 cm−1 for the non-biochar compost. In the biochar compost types, this band (1634.59 cm−1) re-centered at 1588.44 cm−1 and was assigned to the medium N–H bend of amine and the medium C=C stretch for cyclic alkene. The band at 1402.80 cm−1 was assigned to O–H deformation and C=O vibration of phenols and COO− vibration of aliphatic deformation (Abouelwafa et al., 2008; Carballo et al., 2008). This band (1402.80 cm−1) shifted and re-centered at 1372.44 cm−1 in the biochar composts. The band at 1034.47 cm−1 in the non-biochar compost was assigned to the strong S=O stretch of sulfoxide. The band re-centered at 1039.32, 1037.08, 1036.67, and 1036.67 cm−1 for the 10, 20, 30, and 40% biochar composts, respectively, indicating a chemical shift. The band at 1005.75 cm−1 in the non-biochar compost could be a strongly bonded C=C for mono-substituted alkene. This band disappeared in the biochar compost types. In all the compost types, the presence of strongly bonded C–H bends, suspected to be mono-, 1-3-di-, and 1,2,3-tri-substituted, was assigned to the bands at 779.73 cm−1 and 690.22 cm−1. Moreover, the band at 690.22 cm−1 was again assigned to a strong C=C band indicative of a benzene derivative. This band (690.22 cm−1) re-centered at higher wavenumbers with the addition of biochar.
[image: Figure 4]FIGURE 4 | FT-IR spectra of the compost type.
DISCUSSION
Feedstock properties and pyrolysis conditions can influence the properties of biochar and, subsequently, biochar application (Kloss et al., 2012; Spokas et al., 2012). Legumes accumulate high concentrations of N and P because they have a high demand for these nutrients compared to non-leguminous crops under similar cropping systems (Adamu et al., 2014; Anguria et al., 2017; Romanyà and Casals, 2020). Nitrogen and P absorbed by plants are translocated to reproductive regions (Logah et al., 2013; Bender et al., 2015). It, therefore, stands to reason that groundnut husk, which is part of the legume reproductive organ, accumulated higher N and P than the MS. The higher C, N, and P levels in the groundnut husk compared to the MS justified the former’s choice as an ideal feedstock for pyrolysis. With higher C and P, groundnut husk upon charring should give elevated concentrations of these elements under similar pyrolysis conditions. The elevated P could be a source for organic fertilizer formulation. The lower N content of the MS may have contributed to its higher C:N ratio, as noted elsewhere by Ruan et al. (2019) and Kumar and Singh (2018).
Loss of acid functional groups such as the carboxylic groups after charring of groundnut husk as depicted by the FT-IR, which is consistent with the very low content of 1.05 mmol/g carboxylic functional group from the Boehm titration with a concomitant release of soluble basic cations such as K+, Ca2+, and Mg2+, accounted for a higher biochar pH compared to the groundnut feedstock, as noted elsewhere by Novak et al. (2009) and Bourke et al., 2007. With most soils in humid sub-Saharan Africa being acidic, any amendment with a liming potential and high P levels should improve the availability of the macronutrient. The higher pH of the biochar than its feedstock is certainly attributable to the release of approximately 8.04 g/kg soluble K+, Ca2+, and Mg2+ upon charring.
The biochar yield in this study is indicative of biomass reduction, which can be attributed to the loss of volatile constituents such as CO, CO2, H2O, HCN, and NH3, from the thermal degradation of cellulose, hemicellulose, and lignin (Lee et al., 2016; Pawar and Panwar, 2020). The loss of volatile constituents is evident in the decreased O and H contents of the biochar derivative compared with the groundnut husk feedstock. This finding is consistent with the biochar yield from slow pyrolysis reported by Tomczyk et al. (2020) and Fidel et al. (2017). Alkali salts such as carbonates, oxides, and hydroxides of Ca, Mg, Na, and K, together with nutrients such as P, S, N, Fe, and Zn, released upon separation of mineral matter from the organic matrix, constitute the mineral ash content of biochar (Fungai and Sanjai, 2016). Hence, the mineral ash content of biochar is closely correlated with pH, EC, and nutrient status (Lehmann et al., 2011; Uras et al., 2012; Fungai and Sanjai, 2016). The high concentrations of Ca, Mg, and K observed in the present study and the presence of carbonate ions revealed by FT-IR may account for the high pH of the biochar and suggest that the biochar could be used as a liming material in acidic soils (Eduah et al., 2019; Frimpong-Manso et al., 2019). The high pH of the GHB, coupled with its high soluble base content, is a positive attribute that could be exploited in composting. When co-composted with MS, the high pH and soluble bases would mitigate the inhibitory effect of low initial pH on decomposing organisms and promote a shorter composting duration.
High salt concentrations that reflect a high EC can inhibit seed germination and plant growth through water stress, salt stress, and nutrient imbalances (Al-Wabel et al., 2013; Tomczyk et al., 2020). The release of Ca, Mg, and K from the organic matrix may have accounted for the higher GHB EC, which was twice that of the feedstock. The EC of the biochar, being below 2 dS m−1, is considered non-saline (Hazelton and Murphy, 2016). Thus, the biochar produced can be used as a growth medium, soil amendment, or feedstock to produce non-saline compost.
Oxygen-containing surface functional groups account for the CEC of biochar (Sohi et al., 2010; Briggs et al., 2012). Carboxylic acids (COOH) have pKa values lower than 5.0, above which deprotonation occurs to yield carboxylate (COO−) ions, one of the main sources of CEC. Similarly, phenolic groups deprotonate at pH around 9.0 and contribute to negative charges for increased CEC (Banik et al., 2018; Eduah et al., 2019; Tomczyk et al., 2020). Considering the fact that the concentration of the carboxylic functional groups (1.05 mmol g−1) in the biochar was just a paltry 2.7% of the phenolic group, the contribution toward negative charge development (CEC) is more attributable to the phenolic groups. At the biochar pH of 9.74, more than half of the phenolic group will deprotonate for negative charge development. When GHB is applied to acidic soils, the equilibrium pH would be lower than the pKa (9.8) of the phenolic group (Evangelou, 1998), and this may not favor the deprotonation of the phenolic group. As such, the CEC of the amended soils will only be marginally improved owing to the low content of carboxylic functional groups.
The soluble bases, 52% ash content, and high pH of the biochar would promote surface precipitation of liberated P, and that may, in part, account for the very high total P of 3,400 mg kg−1, of which only 22% is available. Nevertheless, the available P content of the biochar is high enough to sustain crop cultivation should the amendment be applied in the appropriate form. The MS with its inherent lower pH (5.75) during co-composting with GHB will release more organic acids to minimize surface precipitation of P onto biochar by complexing with the cations in the ash of the biochar. The decomposing MS will, in addition, provide more carboxylate ions to repel phosphate anions into the soil solution to increase the availability of P when the soil is amended with the biochar compost. Co-composting GHB with MS should, therefore, provide a better P amendment than sole biochar or sole MS compost.
The increase in C concentration can be attributed to carbonization, whereas losses of H and O atoms may be due to the dehydration of groundnut husk. These two processes subsequently concentrate carbon in the biochar (Guo and Rockstraw, 2007). The ratios of H:C and O:C have been used to predict the stability of biochar in soil (Spokas, 2010; Budai et al., 2013; 2016). The reduction in the H:C ratio is an indication of the loss of alkyl C groups and the formation of aromatic C compounds in the biochar. According to Budai et al. (2013), approximately 70% of biochar would persist for more than 100 years in soil if the H:C ratio is at most 0.4. The H:C ratio of 0.04 reported in this study implies that the biochar is stable and that more than 70% would remain for at least 100 years when applied to soil. The O:C ratio of 0.43 suggests that the biochar produced has a half-life of between 100 and 1,000 years (Spokas, 2010), which will promote carbon sequestration in the fragile soils of sub-Saharan Africa.
Pyrolysis of biomass results in the conversion of organically bound phosphorus in feedstocks into plant-available forms at temperatures below 400°C (Xu et al., 2016). The plant-available forms of P are, however, converted to unavailable forms at temperatures between 400°C and 600°C (Figueiredo et al., 2021; Jiang et al., 2019; G; Xu et al., 2016). Phosphorus in biochar may become completely unavailable when pyrolyzed at temperatures above 700°C (Figueiredo et al., 2021; Jiang et al., 2019; G; Xu et al., 2016). In the present study, biochar was produced at a temperature of approximately 450°C, accounting for the very high total P, of which only 22% is in the available form.
The high C:N ratio of the biochar can be attributed to a high increase in C because of carbonization. Application of biochar with such a high C:N ratio would result in immobilization of N and possibly N starvation of plants, especially in N-deficient soils (Fungai and Sanjai, 2016). In the present study, nitrogen from decomposing cow dung was, thus, added to the farm residue composting heaps, with or without biochar, to facilitate decomposition.
According to Keiluweit et al. (2010) and Rutherford et al. (2012), decomposition of aliphatic carboxylic groups and aromatization of carbon lead to the formation of phenolic and/or amine groups of higher bond energy. Thus, the increased intensity and chemical shift of the broad OH-stretching vibration can be attributed to increased phenolic and/or amine groups formed from dehydration and decarboxylation reaction products of C–H, C=O, and O–H groups (Angın, 2013). This assertion was confirmed by the results of the Boehm titration, which revealed a relatively higher concentration of the phenolic and lactonic groups than the carboxylic group. The intensification of 1,630 cm−1 upon pyrolysis suggests an enrichment in aromatic groups containing amines. Thus, inorganic N released may have reacted with C=O groups to form more stable products (Chen et al., 2017; 2018). The loss of the bands at 2,920 cm−1 and 1739.40 cm−1 upon pyrolysis can be attributed to the decomposition of aliphatic carboxylic groups. Similar results have been reported by Rutherford et al. (2012) and Keiluweit et al. (2010). The retention of C–O and C–N groups can be attributed to the lignin component as biochar was produced at a temperature lower than the ceiling for lignin decomposition (Babu, 2008). Inorganic phosphate, carbonate, and nitrate ions identified are attributed to the presence of these anions in the mineral ash of the biochar produced (Montes-Morán et al., 2004; Carrier et al., 2012). Inorganic phosphates have been reported to be completely absent at temperatures above 700°C (Christel et al., 2014). Thus, considering the temperature (454 °C) at which the biochar was produced in this study, the presence of inorganic phosphate and carbonate was expected.
The initial increase in temperature during composting is indicative of active microbial decomposition in the various heaps. Consequently, the early initial increase in temperature of the heap with 20% biochar can be attributed to the neutralization of organic acids produced at the initial decomposition stage by the alkalinity of biochar (Akumah et al., 2021). The 1-day delay of the 0% and 10% biochar heaps suggests that the alkalinity of the 10% was not enough to neutralize the organic acids produced during MS decomposition and that similar microbial activities prevailed in both heaps. The delayed increase in temperature of the 30% and 40% biochar heaps can be attributed to the higher proportions of unavailable N associated with these higher biochar loading rates. The high N concentration in the 30% and 40% biochar heaps may have lowered the C:N ratio. However, these N forms are recalcitrant to microbial attack, culminating in lowered microbial activity in these heaps. Moreover, the absorption of moisture at these high biochar rates may have lowered the moisture at the interface between decomposing microbes and the MS, thereby reducing microbial activity (Antonangelo et al., 2021). Thus, in the composting of stover–biochar mix, moistening of heaps to higher contents (>60%) may be required. The temperature profiles of the compost heaps in this study (Figure 2; Figure 3) suggest that the composting process occurred in the mesophilic range. The dry form of the maize stover may have suppressed microbial activity and, consequently, the composting process.
GI, a measure of compost phytotoxicity, is mainly used to determine compost maturity (Luo et al., 2018). Mature composts must have very little or no phytotoxic effect on germinating seeds, in addition to their ability to supply nutrients. When cress or tomato seeds are used, values of 100 and above are accepted for commercially produced composts intended for use as growth media. Lower values are acceptable for composts to be used as soil amendments (Hase and Kawamura, 2012; Warman, 2013; Luo et al., 2018). In the present study, all the composts scored more than 100 for germination index, which indicates that the various compost types were non-phytotoxic and, hence, matured.
The humification process during composting is often used to ascertain compost maturity. Humic acid-to-fulvic acid ratio (HA:FA) is an index of humification that describes the progress of HA-to-FA transformation during composting. A ratio ranging from 3.6 to 6.2 has been recommended for mature composts (Hase and Kawamura, 2012; Zhou et al., 2014). The ratio in the present study (0.61–1.36) suggests that the composts contain nearly equal amounts of fulvic and humic acids and that they would undergo further humification when applied to soils. The results also indicate that the 40% biochar-compost was the least humified. Perhaps, the predominant recalcitrant biochar N and C in the 40% biochar heap accounted for low humification. This compost type, when applied to the degraded soils of the Guinea Savanna zone, is likely to improve their carbon status as it will persist in the soil relatively longer.
Humic acid and fulvic acid contain surface functional groups, of which carboxylic groups dominate in the latter. The complete dissociation of protons in carboxyl and phenolic groups results in the formation of negatively charged surfaces. The negative charges developed constitute the CEC of the compost. Thus, the high CEC (62.5–66.7 cmol kg−1) of the compost types can be attributed to deprotonation of the abundant carboxyl group as the pH was below the pKa of phenolic functional groups. According to the CEC rating by Harada and Inoko (1980b), mature composts have CEC >60 cmol kg−1. Thus, the composts from this study with CEC >60 cmol kg−1 can be considered mature. The statistically similar CEC of the five compost types despite the varying proportion of biochar applied implies that the contribution of biochar to charge development in the compost was negligible. Perhaps with the aging of the biochar in soils, the positive effects on CEC would manifest. The fact that the compost types are still undergoing humification implies that, with time, the CEC would increase to improve upon cationic nutrient storage. The use of these biochar compost types holds promise as P-enriched organic amendments in sub-Saharan Africa. With humification, the availability of P may increase with time, implying that residual P may be higher in subsequent seasons. Therefore, there may not be a need for annual applications, which is the main drawback of organic farming in the tropical environment. It is, however, imperative for trials to be carried out to determine when to reapply the amendment for sustainable crop growth. Again, with the high available P contents but very low available N, these biochar compost types could be exploited for use in legume production in the P-deficient ferruginous soils of the Guinea Savanna zone of Ghana. Phosphorus would be made more available, and the legumes would experience N deficiency, which could induce N fixation.
However, co-application of these compost types with cationic micronutrients such as Zn, Cu, and Mn into soils is not encouraged, as the readily available P may promote precipitation of the metals. The high CEC of these compost types will repel H2PO4− and HPO42- in the compost. These anions will then persist in the soil solution to precipitate any metal that may be available. Co-application will rather promote metallic micronutrients and P deficiency. Preferably, in the use of biochar compost amendments, micronutrients should be applied as foliar fertilizers.
The pH of compost types in the present study increased with an increase in biochar percentage and was within the acceptable range (6.5–7.5) for crop production (Anthonis, 1994). The increase in pH with an increase in biochar percentage can be attributed to the release of alkaline compounds present in the biochar, as was revealed by a strong positive correlation between biochar pH and the sum of Ca and Mg (Supplementary Figure S1). According to the regression analysis, the sum of Ca and Mg accounted for 75% of the increase in compost pH (Supplementary Figure S1).
The aeration of the heaps in this study may have contributed to increased nitrification and consequently reduced NH4+ accumulation in the final composts. Although the composts produced in the present study were not alkaline, they can be applied to extremely acidic soils, such as Oxisols and Ultisols, to serve as liming materials. Application of these compost types to neutral soils would increase their pH buffering capacity due to their high CEC, as noted elsewhere by Antonangelo et al. (2021). The neutral nature of the compost types will minimize the volatilization of ammonium to preserve the already low N in the various amendments. However, it is expected that with further humification, the available N contents will increase. The neutral pH of the compost types is a result of the high nitrification rates of the amendments, as reflected in the very low NH4+:NO3− ratios of less than 0.4. High nitrification will culminate in the release of protons, which will nullify alkalinity.
Another parameter used to assess compost maturity is the nitrification index (NH4+–N:NO3−1–N ratio) (Rashad et al., 2010). Composts with NH4+:NO3− lower than 1 are free of the phytotoxic effect of NH4+ (Abouelwafa et al., 2008; Tumuhairwe et al., 2009; Vergnoux et al., 2009). Final compost ratings of NH4+–N:NO3−–N ratio of <0.5, between 0.5 and 3.0, and >3.0 are indicative of a very mature, mature, and immature compost, respectively (Das et al., 2011). All the composts had NH4+–N/NO3−1–N ratios <0.5, confirming that all the composts were very mature.
A significant positive correlation existed between EC and K (0.96**) and EC and Na (0.92**) in the compost types, as evident in Supplementary Figure S2, S3, respectively, indicating that the EC of the amendments was largely controlled by their K and Na contents. Approximately 92% and 85% of the EC can be attributed to K and Na, respectively. Thus, the Na and K contents of the MS contributed to the high EC of the non-biochar compost. The lower EC of the biochar-compost types could be attributed to the dilution effect of the GHB. Compost EC is one of the important properties that determines its quality and, therefore, class. An EC value of at most 4.0 dS m−1 is recommended for general-purpose composts and for landscaping (Lasaridi et al., 2006; Gondek et al., 2020). The various composts had EC values lower than the critical value of 4.0 dS m−1, suggesting that they can be applied as soil amendments. The non-biochar-compost and the 10% biochar compost types, which have ECs of 3.69 dS m−1 and 3.54 dS m−1, respectively, close to the critical limit, could be used with moderation for landscaping and not for the cultivation of crops to avoid salt injury and destruction of soil structure. The other biochar-compost types, particularly those with 30% and 40% biochar loading rates, could be used for crop production without fear of salt injury or salinity problems. The similarity in the EC values for the non-biochar compost and the 10% biochar compost and the fact that their P contents are marginally different implies that in the preparation of the latter, cost must be factored in. Would the additional cost incurred in charring groundnut husk to co-compost with MS compensate for the additional available P compared to the non-biochar compost type?
Increasing the biochar loading rate resulted in a high total organic C content of the compost due to the high levels of C in the biochar. In addition, the reduced decomposition upon incorporation of biochar into the compost was evident in the higher C:N ratios of the biochar-compost as compared with the non-biochar counterparts.
Total N retention in the groundnut husk biochar vis-à-vis the increasing loading rate resulted in the high total N content of the biochar-compost. The ratio of carbon to nitrogen is used as an indicator of the stability of mature composts (Bernal et al., 2009). Values around 20 show a satisfactory maturity of composts (Li et al., 2015). The slightly higher values for the biochar-containing compost can be attributed to the recalcitrant C content of the biochar added. The differences in the C:N ratio further suggest that the various composts would be mineralized to varying extents when applied to soil. For early-maturing crops such as corchorus, which is a leafy vegetable popular in the diet of people in the Guinea Savanna zone of Ghana, the compost of choice should be the non-biochar types as they would mineralize faster to release N for plant uptake. The non-biochar compost type would be characterized by faster release of N because it had the highest available N and the least C:N ratio of 12.8. It should, however, be used with regular monitoring of the soil’s EC to avoid destruction of the structure of the soil. For tree crops and long-duration crops, the biochar compost types should be preferred. The biochar-composts, particularly the 20% biochar type, would be more appropriate for carbon sequestration because of their relatively high C:N ratio. The decrease in the available N content of the compost types with an increase in biochar percentages can be attributed to the effect of biochar on reducing degradation (Khan et al., 2014). The high proportion of carbon in the biochar may have accounted for the reduced mineralization of the MS and the resultant lower available N with an increased biochar percentage.
Biochar addition resulted in the loss of free hydroxyl groups in the final compost, which can be attributed to the loss of water caused by aeration in the biochar-containing compost types. The loss of the aliphatic groups can be attributed to microbial degradation due to their low recalcitrance (Barje et al., 2012). The chemical shifts observed in the bands of the biochar-compost types suggest surface modifications, which can be attributed to the adsorption of NH4+ onto biochar, as mentioned by Barje et al. (2012).
CONCLUSION
This study showed that MS and groundnut husk, which abound in the Guinea Savanna zone of Ghana, could be harnessed into sustainable production of P-enriched organic amendments to reduce the import bill of fertilizers while closing the nutrient loop. This may also reduce nutrient miming to minimize soil fertility decline in the soils of the Guinea Savanna, particularly when amendments are applied to soils from which the feedstocks are harvested.
Biochar addition affected the composting process. Germination index, HA:FA, and CEC showed that all the compost types were non-phytotoxic after 10 weeks of composting. Excessive dissipation of heat associated with the bulky nature of the feedstocks favored mesophilic activities during composting. The addition of GHB to the MS improved P availability by 1.9- and 2.9-folds, respectively, over the non-biochar compost type.
This study indicates that composting MS alone or co-composting MS with 10% GHB is not ideal for producing good-quality compost. Good-quality compost with low EC, very high available P, and high CEC for crop cultivation and the ability to sequester carbon could be produced for use in the Guinea Savanna zone of northern Ghana by co-composting 40% groundnut husk charred in the Kuntan kiln with MS.
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