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Abstract 

Biochar is a value-added product that can be used for many purposes, particularly for environmental 

and agricultural purposes. In this study, pyrolysis at 450–500 °C was used to upgrade urban waste 

such as disposable bamboo chopsticks (DBCs) into biochar. The properties of DBC biochar were 
analyzed, and the biochar was subsequently used to cultivate Romaine lettuce to assess its potential 

as a soil amendment. Its properties, including specific surface area (SSA), pore size, pore volume, 

pH, cation exchange capacity (CEC), contents of carbon (C), hydrogen (H), nitrogen (N), oxygen 
(O), macronutrient content, and the atomic ratio of H/C, O/C, (O+N)/C, and C/N, were analyzed. 

The experimental pots consisted of four treatments, each with ten replicates: unamended soil (TC), 

soil amended with 10% (w/w) vermicompost (TV), soil amended with 10% vermicompost mixed 
with 1.5% biochar (TVB1.5), and soil amended with 10% vermicompost mixed with 2.5% biochar 

(TVB2.5). Fundamental physicochemical soil properties and plant yield (plant height, leaf width, 
number of leaves, and fresh weight) were investigated. The results indicated that the DBC biochar 

was neutral (pH 6.80) and had a high CEC (10.86 cmol/kg), 66.80% C, 3.76% H, 25.93% O, and 

0.61% N. It had mesopores (39.077 Å), a large SSA (0.542 m2/g), and a pore volume of 0.005 cc/g. 
The biochar exhibited high aromaticity and hydrophobicity. Based on these results, the DBC biochar 

has the potential to be used as a soil amendment: it significantly enhances soil quality and increases 
plant yields. The application of 2.5% biochar resulted in the highest yield. 
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1- Introduction 

Worldwide, waste generation rates are increasing, especially in urban areas. With rapid population growth and 

urbanization, municipal waste generation is expected to increase to 2.2 billion tons by 2025 [1]. Asia produces more 

than 1 million tons of municipal solid waste (MSW) daily, and this value is expected to reach 1.8 million tons by 2025 

[2]. One important waste from urban areas is single-use wood chopsticks, which are highly used in this region. Single-

use wood chopsticks are produced from several types of wood, such as bamboo, cottonwood, birch, poplar, and spruce; 

these types of wood are lignocellulosic biomasses that have the potential to be reused and upcycled [3]. Due to the 

properties of disposable bamboo chopsticks (DBCs), such as low moisture content, low ash content, high volatile matter 

content, and high carbon content, they have the potential to be converted into biochar [4]. The transformation of these 

wastes into valuable materials seems to be a good solution for waste management and the sustainable consumption of 

natural resources. Driving a waste-to-resource management system provides enormous potential to promote the idea of 

a circular economy [5]. Moreover, lignocellulosic biomasses are advantageous for biochar production due to their low 

sulfur and nitrogen contents and lack of net emissions of atmospheric CO2 [6, 7]. 
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Biochar is a porous carbonaceous solid material with a high degree of aromatization and high resistance to 

decomposition when applied to soil ecosystems [8, 9]. Biochar is recognized as an environmentally friendly soil 

amendment with diverse properties; however, the fundamental characteristics of biochar make it suitable for use as a 

soil amendment include its large surface area, high porosity, highly stable carbon availability, alkalinity, high exchange 

cation capacity, and essential plant nutrients [4, 10-12]. Previous studies have reported that biochar can be produced 

from various biomass feedstocks, including wood-based and nonwood-based feedstocks [13, 14]. A meta-literature 

analysis indicated that various lignocellulosic biomass wastes, including agricultural residue, agricultural byproducts, 

and urban wastes, have received increased amounts of attention and are considered potential feedstocks for conversion 

into biochar, both in terms of their availability and properties [8, 12, 15]. 

Slow pyrolysis is generally used to produce biochar, in which a substrate is heated under oxygen-free or oxygen-

limited conditions [16 ,17]. Several factors influence the biochar production process, such as temperature, residential 

time, heating rates, and reactor types, which affect the resultant biochar properties [18-20]. A systematic review of meta-

analyses of published works by Ippolito et al. [21] and Tomczyk et al. [22] indicated that feedstock types influence 

biochar properties; wood-based biochar has high carbon and fixed carbon contents with various porosities but low 

nutrient contents compared to those of biochar derived from sewage sludge and animal manure. In contrast, the pyrolysis 

temperature affects biochar properties when the same type of feedstock is used. Huang et al. [23] indicated that wood-

based biochar had 66.40% carbon and 19.80 m2/g specific surface area when pyrolyzed at 300 °C, and these values 

increased to 83.29% carbon and 73.10 m2/g specific surface area when the temperature reached 600 °C. However, in 

wooden feedstocks, some previous studies have noted that wood-based biochar has diverse properties, including 

morphological and physicochemical properties, due to the complex structures and compositions of the wooden feedstock 

[24-26].  

A meta-analysis of the literature by Tomczyk et al. [22] indicated that feedstocks with high lignin contents are likely 

to provide greater biochar yields, but some studies have reported that the use of biochar derived from wood is not in line 

with the above trends. Moreover, numerous studies have reported that an increase in pyrolysis temperature increases 

biochar alkalinity and decreases N content [18, 27, 28]. In contrast, it has been reported that the opposite results were 

obtained for certain types of wood biochar [3, 13, 29]. Under the same pyrolysis condition, Kloss et al. [29] reported that 

increasing the pyrolysis temperature from 400 °C to 525 °C increased the N content in biochar obtained from poplar 

wood (Populus tremula) and spruce wood (Picea abies). In contrast to the result, Tu et al. [13] reported that biochar 

derived from the same types of woody feedstock had decreased N content from 4.41% to 1.49% when the temperature 

rose from 300 °C to 700 °C. At the same pyrolysis temperature (450–500 °C), Wijitkosum [14] demonstrated that biochar 

derived from a rain tree (Samanea saman (Jacq.) Merr.) had a specific surface area of 31.17 m2/g, while krachid (Streblus 

ilicifolius (Vidal) Corner.) presented of 151.27 m2/g. Zama et al. [30] reported that mulberry wood biochar had a specific 

surface area of 16.56 m2/g from 350 °C and increased to 31.45 m2/g from 450 °C. Bamboo is used in various ways and 

has received attention for its use as a feedstock for producing biochar. However, previous research reported that the 

variable properties of bamboo feedstock were also observed, particularly the fixed carbon content. Different values of 

fixed carbon content in bamboo were reported as 16.03% in bamboo (Bambusoideae) [31], 9.41% in Ampel bamboo 

(Bambusa vulgaris) [32], and 17.75% in bamboo (D. giganteus Munro) [33]. With many of those observations in mind, 

the conversion of wood-based feedstock into biochar still needs to be studied in more detail in the interest of its 

application. 

A study on biochar application showed that the ultimate goal of biochar research is to enable the application of biochar 

for agricultural and environmental purposes, that is, as a soil amendment for directly improving soil and increasing crop 

productivity [20, 34, 35] and for indirect purposes such as carbon sequestration and reducing greenhouse gas emissions 

[36]. Wang et al. [37] and Palansooriya et al. [38] reported that biochar can improve soil properties and increase crop 

yield efficiency, both when used individually and when incorporated with compost and fertilizer [34, 39, 40], over short- 

and long-term cultivation [41-43]. Moreover, biochar was applied in various soil issues, including low-fertility soil [44], 

salt-affected soil [45, 46], and weathered [47]. According to the literature review, biochar application in agriculture has 

been studied in pots [48], greenhouses [49], and fields [36, 37, 50]. Its application in cultivating various plants, such as 

rice, field crops, and horticulture plants, has been reported [34, 42, 51]. Previous studies by Hou et al. [52], Liu et al. 

[53], and Hardy et al. [54] reported that the effect of biochar on soil and plant yield relies on the mechanism of biochar 

in the soil environment, which involves the relative effects of different biochar types and application rates on plant 

nutrient responses [39, 52, 55]. The biochar application rate is variable, and the range of application is wide, partly due 

to cultivation conditions (such as area location, container size, and cultivation pattern) and biochar properties and their 

effects [47, 56, 57]. 

Although a large body of literature has reported that biochar significantly promotes plant growth, increases plant 

productivity, and improves soil quality, some previous studies have reported the negative effects of biochar on plant 

yield [58, 59]. In addition, some studies have reported that biochar does not affect plant growth [60]. In addition, meta-

analysis literature by Ye et al. [61] reported that in short planting time (1 yr), biochar effectively enhanced crop yields 

when fertilizer was combined. On the other hand, Wijitkosum & Sriburi [62] stated that using a cassava stem biochar 
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alone (at all rates) for maize cultivation increased the fresh weight of seeds more than those obtained from plots cultivated 

with fertilizer alone. The significant factors influencing these results were considered in terms of biochar quality and 

properties, suitable biochar for soil resources (size and type), and application rates [63, 64]. As previously described, 

various properties and factors influence biochar and its utilization. Furthermore, this diversity strongly motivates 

researchers to attain the mechanistic understanding needed to produce optimized biochar and application patterns for 

specific crops and soil systems. Therefore, research on the potential of biochar and its use as a soil amendment is still 

needed, particularly for biochar derived from wood-based feedstocks, which are more diverse than non-wood feedstocks. 

For the reasons mentioned above, this study aimed to exploit DBC waste, an abundant waste in urban areas, and convert 

it into biochar, which can be utilized as a soil amendment. Although DBC is a biomass that has the potential to produce 

biochar, assessments of the performance of biochar obtained from DBC as a soil amendment are rare. Accordingly, the 

feasibility of applying DBC biochar as a soil amendment to grow Romaine lettuce in greenhouse plantations was 

investigated. The efficiency of biochar application at different rates mixed with vermicompost was analyzed and 

compared to that of vermicompost. The results confirmed the efficiency and potential of DBC biochar for soil 

amendment and an appropriate application rate for crop cultivation. The results can help guide the management of DBC 

waste and provide a way to upscale biochar production. 

2- Material and Methods 

2-1- Experimental Design 

The experiments were designed with a completely randomized block design (CRBD); the plants were cultivated 

in plastic pots and placed in the greenhouse to establish an urban agricultural prototype. The experimental set was 

established to assess the feasibility of using biochar produced from disposable bamboo chopsticks as a soil 

amendment combined with vermicompost. The biochar application rate was taken from previous research by 

Wijitkosum & Jiwnok [48], who reported that the biochar application rate clearly affects crop yield during urban 

crop cultivation on a high-rise building. Therefore, four experimental treatments, each with ten replicates, were set 

up: 1) unamended soil as a control treatment (TC), 2) soil amended with 10% (w/w) vermicompost (TV), 3) soil 

amended with 10% vermicompost mixed with 1.5% biochar (TVB1.5), and 4) soil amended with 10% vermicompost 

mixed with 2.5% biochar (TVB2.5). 

The planting materials (soil, vermicompost, and biochar) were thoroughly mixed on trays at the specified 

application rates and incubated under a clear polyvinyl chloride (PVC) sheet for 30 days; then, the mixed materials 

were placed in the experimental pots. The experimental pots consisted of black plastic pots with twelve drainage 

holes and a pot volume of approximately 2.26 liters, a width of 6 inches, a 4-inch bottom diameter, and a height of 

5 inches. 

Lactuca sativa L. var. Longifolia, or Romaine lettuce, a highly valuable plant, was selected for the evaluation of 

the potential of DBC biochar as a soil amendment for urban farming. Romaine plants are a variety of lettuce plants 

that have leaves that are longer than they are wide, and they typically have an upright growth habit, forming an 

elongated head so that they can be planted in a limited area [49, 63]. Romaine lettuce was seeded and grown in peat 

moss blocks for 14 days [64], and healthy plants aged 14 days were subsequently planted in the experimental pots 

with one plant per pot and covered with rice straw. All the plants in the experimental pots were placed in the 

greenhouse and watered by sprinkler irrigation once daily. The planting period was 60 days, after which the plants 

were harvested. 

 

Figure 1. The conceptual research framework 
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2-2- Biochar Preparation and Property Analysis 

DBC biochar was obtained from disposable bamboo chopsticks by pyrolysis at 450–500 °C for 4 hrs using a prototype 

local-design furnace. The biochar samples were kept and stored in a tightly closed container at room temperature before 

analysis of the essential properties of the soil amendments and characterization of their morphology. The samples were 

ground to approximately 2-3 sieve particle sizes and subjected to laboratory analysis without any treatment. The analysis 

methods followed the standard product definitions and product testing guidelines for biochar used in the soil [65]. 

The biochar pH was measured in deionized water and 1 m KCL solution using the 9045D method based on the United 

States Environmental Protection Agency [66]. The cation exchange capacity (CEC) was determined at pH 7 using 

ammonium acetate extraction. The organic matter (OM) content was analyzed using the Walkley and Black method. The 

elemental compositions of carbon (C), hydrogen (H), and nitrogen (N) were analyzed following the ASTM D5373-16 

method using an elemental analyzer (CHN; LECO, Truspec CHN analyzer; conditions: 950, 850 °C; O2 (HP); He 

(UHP)). Following the ASTM, the oxygen (O) content was determined by the difference in the percentage of ash and 

the elemental C, H, and N contents [67]. DBC was evaluated to determine whether the product was produced as biochar 

by calculating the atomic ratio of H/C, O/C, (O+N)/C, and C/N of the biochar to evaluate aromaticity, polarity, and 

longevity [68-70]. The macronutrient contents, including total nitrogen (N), total phosphorous (P2O5), and total 

potassium (K2O), were analyzed. The distillation apparatus was used to analyze the total N via the Kjeldahl method. The 

spectrophotometric molybdovanadophoshate method was used to analyze the total P2O5, and the total K2O was analyzed 

using the flame photometric method [71]. 

The morphology and structure of the DBC biochar were characterized using scanning electron microscopy (SEM) on 

a JEOL JSM-6610LV, Oxford X-Max 50, scanning electron microscope to determine the porosity morphology and 

characteristics. Energy dispersive X-ray spectroscopy (EDS) was used to analyze the qualitative and quantitative 

elemental compositions of the DBC biochar. The specific surface area was analyzed by the Brunauer–Emmett–Teller 

(BET) method, and the Barrett–Joyner–Halenda (BJH) method was used for the analysis of the total pore volume and 

the average pore diameter [72]. 

2-3- Properties of the Untreated Soil and Vermicompost  

The soil used in this study was clay loam soil with a pH of 6.80, CEC of 16.30 cmol/kg, and an organic C content of 

1.26%. The untreated soil had the following macronutrients: total N of 1.38 mg/kg, available P of 223 mg/kg, and 

available K of 234 mg/kg. 

Vermicompost is obtained by the bioconversion of organic waste into biofertilizer through the intestines of 

earthworms, which act as biological reactors [73, 74]. In the present study, vermicompost was obtained from Eudrilus 

eugeniae [75]. It was slightly acidic with a pH of 6.10, an electrical conductivity (EC) of 1.57 dS/m, a CEC of 15.30 

cmol/kg, and a C/N ratio of 28.87. The vermicompost contained an OM content of 19.40%, a total N of 3.9 g/kg, a total 

P2O5 of 7.00 g/kg, and a total K2O of 23.20 g/kg. 

2-4- Analysis of Plant Yield and Postcultivation Soil Properties 

After harvesting, plant yield and soil samples were collected for analysis. The Romaine lettuce yield was evaluated 

by the height of the plant, width of the leaf, number of leaves, and fresh weight. The height of the plant was measured 

from the base of the root boundary to the highest leaf tip. The number of leaves was counted for every leaf per plant. 

The roots were cut off before being weighed per plant, after which the fresh weight was recorded. 

Soil samples from all the experimental pots were sampled, and their physicochemical properties were analyzed. This 

study focused on examining the ability of DBC biochar to apply a soil amendment; therefore, the analyzed soil properties, 

including pH, CEC, and macronutrients (N, P, and K), were necessary. The soil properties were analyzed using the 

principles and procedures for using the soil survey laboratory data method [76]. A hydrometer was used to analyze the 

soil texture. The soil pH was measured using a pH meter with 1:1 (v/v) soil:water and CEC (ammonium acetate method). 

The Kjeldahl method with a distillation apparatus was used to analyze the total N [77], and the Bray II method with 0.1 

N HCl and NH4F was used to analyze the available P [78]. The available K was analyzed by extraction with 1 M 

NNH4OAc at pH 7.0 via an atomic absorption spectrophotometer (AAS), and the K content was determined via the 

atomic emission method [79]. 

2-5- Statistical Data Analysis 

The data on Romaine lettuce yield obtained from different experimental treatments are displayed as the mean ± SD 

and were derived from ten replicates. Analysis of variance (ANOVA) and Duncan’s new multiple range test (DMRT) 

were used to analyze the mean variance and compare statistically significant differences (p < 0.05). The Statistical 

Package of the Social Science (SPSS) software was used to analyze the statistical data. Postcultivated soil properties are 

reported as the mean (average) values. 
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3- Results and Discussion 

3-1- Characteristics of Biochar Obtained from Disposable Bamboo Chopsticks and its Use as a Soil Amendment 

The thermochemical conversion of lignocellulosic biomass, such as DBC waste, into biochar by pyrolysis at 450-500 

°C changes the structure and properties of the biomass. Lignocellulosic components, such as cellulose, hemicelluloses, 

lignin, and other extracts, are degraded and decomposed at different temperatures, affecting biochar properties [5, 6, 8, 

11]. Key biochar factors that improve soils and support plant growth include pH; CEC; the contents of C, H, N, and O; 

specific surface area; porosity; aromaticity; polarity; and hydrophobicity. The physicochemical properties and nutrient 

contents of the DBC biochar are shown in Table 1. 

Table 1. Physicochemical properties and nutrient contents of DBC biochar 

pH CEC (cmol/kg) OM (%) 
Nutrient contents (g/kg) 

total N total P2O5 total K2O 

6.80± 1.064 10.86± 5.857 8.77± 1.874 0.54± 0.010 1.79± 0.155 3.06± 0.800 

Remark: Data are shown as the mean ± SD with a harmonic mean sample size = 4.00. 

The DBC biochar was neutral with a pH of 6.80; the pH was higher than that of the DBC feedstock, which had a 

pH of 3.96. Biochar can have diverse pH values, ranging from strongly acidic to strongly alkaline, depending on the 

feedstock type and pyrolysis process applied. Štefanko & Leszczynska [24] reported that alkaline biochar is often 

derived from manure and agricultural lignocellulosic waste. Conversely, acidic biochar is derived from wood -based 

feedstocks [3, 13, 19, 26]. The thermochemical conversion process increased the pH as acidic surface functional 

groups were lost during pyrolysis, and the functional groups were replaced by neutral or basic fused aromatic moieties 

[5, 18, 66]. Therefore, biochar obtained at high pyrolysis temperatures (>450 °C) and long residence times has high 

pH values [18, 24]. The DBC biochar had a CEC of 10.86 cmol/kg, which was influenced by the pyrolysis 

temperature; biochar produced at high temperatures (>450 °C) had a high CEC value due to the specific functional 

groups formed during pyrolysis that can affect the surface properties of the biochar [28]. However, Wijitkosum [3] 

reported that CEC increases with increasing temperature and decreases when the temperature reaches 500 °C. 

Moreover, the CEC of biochar depends on the feedstock type [25, 47], among which wood-based biochars have 

higher CEC values than other biochars [14]. 

Elemental analysis (Table 2) revealed that the DBC biochar had 66.80% C, 3.76% H, 25.93% O, and 0.61% N. These 

elemental compositions originated from the composition of lignocellulose in the biomass feedstock; pyrolysis dissociated 

bonds between C and functional groups on the surface of the biomass feedstock, including -OH, aliphatic C-O and 

aliphatic C-H groups [22, 72]. Degradation and disintegration occur at different temperatures depending on the structure, 

bonding strength, and composition of the lignocellulosic biomass [8, 19, 24]. An increase in temperature drives volatile 

compounds and gases (CO2, CO, H2O, and volatile hydrocarbons) out of the biomass feedstock, and the aromatization 

process begins at approximately 350 °C and continues at higher temperatures. The content of aromatic structures 

increases when the temperature exceeds 400 °C, and aromatic C–H deformation increases until the temperature reaches 

500 °C [6, 20, 26]. Therefore, the DBC biochar had higher C content than feedstock. In the end, amorphous carbons, 

which have an aromatic ring structure, are formed as the main component of biochar, making biochar a stable carbon 

material that can endure in the soil environment [4, 6, 10, 15]. 

Table 2. The physicochemical properties and nutrient contents of DBC biochar 

Elemental compositions (%) Atomic ratios 

C H N O H/C O/C (O+N)/C C/N 

66.80 ± 1.421 3.76 ± 1.117 0.61 ± 0.028 25.93 ± 0.030 0.675 0.291 0.300 127.76 

Remark: Data on elemental compositions are shown as the mean ± SD with a harmonic mean sample size = 4.00. The 

atomic ratios are shown as the means with a harmonic mean sample size = 4.00. 

The DBC biochar has lower H and O contents than feedstock due to the degradation of cellulose and lignin and the 

dehydration of hydroxyl groups during carbonization [3, 7, 8], which is consistent with Sucipta et al. [32] and Hernandez-

Mena et al. [33]. The N content of the feedstock was transformed from an organic phase to heterocyclic N structures, 

and this transformation was accompanied by the aromatization of C [19, 32]. However, the N content in biochars has 

been reported to both increase [3, 29, 32] and decrease [13, 33] compared to feedstock. The O content in biochar indicates 

the concentration of O-containing functional groups and surface hydrophilicity and hydrophobicity [6, 9]. Accordingly, 

decreasing H/C and O/C resulted from removing H- and O-containing functional groups with increasing temperature, 
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and the biochar exhibited high aromaticity and low polarity [20, 36]. The results (Table 2) showed that DBC biochar had 

an H/C of 0.675 and an O/C of 0.291, which indicated that the DBC biochar was characterized as biochar and presented 

high persistence potential in the soil environment. Biochar with an H/C ratio lower than 0.7 had a highly fused aromatic 

ring structure and condensed aromaticity [65, 69, 70]. Likewise, the O/C ratio reflects the degree of biochar oxidation 

and stability and is close to 0.2, indicating high stability [4].  

The polarity of biochar can be evaluated from the (O+N)/C ratio along with O/C [4, 68]. The results showed that 

DBC had low polarity with an (O+N)/C of 0.30. The polarity of biochar results from the diminished and eliminated 

water-soluble organic compound content, especially at low molecular weights, from its pores and surface [68], which 

occurs at a temperature higher than 450 °C [26]. Although the C/N ratio was not significant enough to directly indicate 

that biochar can be used for soil amendment, it was used to infer benefits for the soil microbes due to the relative 

concentrations of essential chemical constituents needed for the growth and metabolic reactions of the microbial 

population [27, 43, 54]. 

The DBC biochar had a nutrient content of total N of 0.54 g/kg, a total P2O5 of 1.79 g/kg, a total K2O of 3.06 g/kg, 

and an OM content of 8.77%. The feedstock type influences and determines the nutrient content of biochar rather than 

the pyrolysis conditions applied [14, 18, 25]. The wood-based feedstock had a low nutrient content, while the agricultural 

residual-based feedstock had higher nutrient content [11, 21]. The highest contents were found in manure-based 

feedstocks [23, 52]. However, temperature affects nutrient content through thermal degradation; a high temperature 

decreases N content due to the loss of volatile compounds in the feedstock and the relatively small loss of alkali nutrients 

in the gaseous phase [7]. In contrast, the P and K contents increased with pyrolysis temperature [22]. Accordingly, if a 

high amount of plant nutrients is expected in biochar, choosing manure and wastewater sludges for the feedstock is often 

considered. 

Physical property analysis revealed that the DBC biochar had a specific surface area of 0.542 m2/g, a pore volume of 

0.005 cc/g, and an average pore diameter of 39.077 Å. The physical and morphological properties of biochar derived 

from wooden feedstock have been reported to be different, although it is a similar wood type, such as bamboo. Sahoo et 

al. [31] reported that bamboo biochar obtained from pyrolysis at 500 °C had a specific surface area of 225.33 m2/g, a 

pore volume of 0.18 cm3/g, and an average pore diameter of 2.37 nm. The morphology of the biochar (specific surface 

area, pore volume, and pore size) is influenced mainly by its feedstock, while the pyrolysis temperature plays a role in 

making its physical properties favorable [13, 16, 26]. Compared with the other biochar types, wood-based biochar has 

the greatest specific surface area [14, 16] because it contains more lignin and cellulose than the other feedstock types 

and has a lower content of nondecomposable components [20, 72]. Moreover, the lignocellulosic biomass in the 

feedstock and inorganic minerals, including alkali and alkali earth metals, influence pore development during pyrolysis 

[21]. 

Channel structures increase the SSA and pore volume during pyrolysis, during which pore-blocking substances are 

removed or thermally cracked, increasing the externally accessible surface area [28, 34]. Simultaneously, cellulose and 

lignin are progressively degraded, and vascular bundles or channel structures are formed [17, 19]. An increase in biochar 

porosity is caused by the decomposition of lignin and aromatic condensation reactions as the temperature increases 

[6,15]. A higher pore volume leads to a high capillary force, increasing the hydrophobicity of the biochar [23, 24]. 

Furthermore, wood-based biochar acts as a soil amendment and could promote more favorable soil physical 

characteristics than biochar derived from another feedstock [21]. 

Scanning electron microscopy and electron dispersive X-ray analysis (Figure 2) provided information about the 

surface structure and mineral distribution of the DBC biochar, revealing that C, O, and K were the significant elements 

found in the DBC biochar. This result demonstrated that C formed the main skeleton along with O in the DBC biochar. 

The O might have originated from oxygen-containing functional groups (e.g., -COOH and -OH) or oxygen-containing 

metal mineral particles. 

3-2- Plant Yields from Different Experimental Treatments 

Romaine lettuce plants were harvested from the different experimental treatment groups; the yields are shown in 

Figure 3 and Table 3. The cultivation of lettuce in soil amended with vermicompost mixed with biochar at every rate 

markedly promoted plant growth compared with that in soil amended with vermicompost. The results showed that the 

tallest plants (57.88 cm) were found in the TVB2.5 pot, and their heights significantly differed from those of plants in 

the other pots. The plant height obtained from the pots amended with vermicompost (26.28 cm) was not significantly 

different from that obtained from the unamended soil (24.60 cm). 
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Spectrum processing: 

Peaks possibly omitted: 2.141, 9.701 keV 

Processing option: All elements analyzed 

(Normalised) 

Element Weight% Atomic% 

C K 75.78 82.38 

O K 19.77 16.13 

K K 4.46 1.49 

Total 100.00  
 

 

Figure 2. SEM and EDS images of the pore structure and elemental composition of DBC biochar 

 

Figure 3. The height of Romaine lettuce plants obtained from different experimental treatments 

Table 3. Plant yield obtained from different experimental treatments 

Treatments Number of leaves (leave/plant) Width of leaf (cm) Fresh weight (gram/plant) 

TC 6.00±1.31bc 3.51±0.35b 6.25±1.49c 

TV 6.75±1.49b 3.53±0.28b 7.63±1.77c 

TVB1.5 7.00±2.51b 4.19±0.68ab 9.63±4.96b 

TVB2.5 9.38±2.33a 4.46±0.45a 13.75±3.65a 

Remark: Data are shown as the mean ± SD with a harmonic mean sample size = 10.00. The letters a, b, and c represent 

statistically significant differences between the experimental treatments at p <0.05. 
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Moreover, amending soil with vermicompost mixed with biochar increased the number of plant leaves and the leaf 

size, and the TVB2.5 treatment had the highest values (9 leaves/plant and 4.46 cm/leaf). The number of Romaine lettuce 

leaves obtained from the TVB2.5 experimental pots was significantly greater than that obtained from the other 

experimental pots. In contrast, the number of leaves did not significantly differ from that in the other pots. The Romaine 

lettuce leaves obtained from the TVB2.5 pot were significantly larger than those obtained from the other pots, except 

for those obtained from the TVB1.5 pot, and the smallest leaves were found in the TC pot. In addition, the leaves obtained 

from the TV pot (3.53 cm) were the same size as those obtained from the control pot (3.51 cm). 

The fresh weight results showed that cultivation in soil amended with vermicompost mixed with biochar at the highest 

rate (2.5%) markedly increased the plant weight compared with that obtained from the other amended and unamended 

soils. The romaine lettuce plants obtained from the TVB1.5 treatment group were significantly heavier than those 

obtained from the TV and TC treatment groups, while the weight of the lettuce plants in these two groups did not 

significantly differ. 

3-3- Postcultivation Soil Physicochemical Properties 

The physicochemical properties of the soil before planting (after 30 days of incubation) showed that the soil pH was 

neutral, ranging from 6.70 to 6.80, and the soil in the experimental pots of the TV, TVB1.5, and TVB2.5 groups had the 

same pH values (6.70). The soil had a cation exchange capacity of 16.30-17.50 cmol/kg. The soil in the TVB2.5 treatment 

had the highest CEC value, and the control pot had the lowest CEC. Macronutrient analysis (for N, P, and K) revealed 

that the soil had a total N content ranging from 1.34-1.73%, available P ranging from 223-281 mg/kg, and available K 

ranging from 204-245 mg/kg. 

After lettuce cultivation, the soil properties changed in all the experimental treatments, as presented in Table 4. The 

pH of the soil increased in all the experimental treatments postcultivation, reaching neutral to slightly alkaline values 

(pH of 7.05-7.52). The soil in the TC pots had the highest pH values, which were slightly alkaline. The CEC ranged 

from 10.50 to 22.0 cmol/kg, with the highest values found in the TVB2.5 pots and the lowest in the TC pots. Moreover, 

the soil in the TV pots (21.40 cmol/kg) had higher CEC values than did that in the TVB1.5 pots (18.40 cmol/kg). The 

total N ranged from 1.25 to 1.60 g/kg, with the TV pot having the highest total N and the TC having the lowest total N. 

The postcultivation soil had available P and available K values ranging from 213.00 to 256.25 mg/kg and from 369.00 

to 515.00 mg/kg, respectively. The TC soil had the lowest available P and available K, while the highest values were 

found in TVB2.5. The soil in the TVB1.5 group had a greater available K content than that found in the TV pots. 

Table 4. The physicochemical properties of postcultivated soil from different experimental treatments 

Treatments pH CEC (cmol/kg) Total N (g/kg) Available P (mg/kg) Available K (mg/kg) 

TC 
Pre 6.80 16.30 1.38 223.00 234.00 

Post 7.52 10.50 1.42 213.00 369.00 

TV 
Pre 6.70 16.80 1.34 247.00 245.00 

Post 7.37 21.40 1.60 249.50 441.00 

TVB1.5 
Pre 6.70 16.90 1.73 269.00 204.00 

Post 7.05 18.40 1.25 234.88 470.00 

TVB2.5 
Pre 6.70 17.50 1.34 281.00 240.00 

Post 7.25 22.00 1.47 256.25 515.00 

Remark: Data are shown as the means with a harmonic mean sample size = 10.00. 

The analysis of changes in soil properties indicated that the postcultivation soil in all the experimental pots had an 

increase in pH and available K compared to those in the untreated soil. An analysis of changes in pH showed that the 

increase in TC was greatest (10.59%), and the increase in pH was lowest in the TVB1.5 pot (3.68%). The TC treatment 

was the only treatment in which the CEC decreased. The TVB2.5 pot had the highest increase in CEC (34.97%) and 

available P (14.91%). An analysis of the changes in total N content showed that the TC and TVB1.5 pots had a decrease 

in total N, with the TC pot having the highest rate of decrease (11.59%). In contrast, the TV pot had the highest increase 

(15.94%). The TC pot had the lowest increase in available K in the soil after cultivation (57.69%), while the highest 

increase was found in TVB2.5 (120.09%). Moreover, the increase in available K in TVB1.5 (100.85%) was greater than 

that in TV (88.46%). 

Mixing vermicompost and biochar improved or adjusted the soil substrate physicochemical properties. The soil 

properties changed after incubating for 30 days compared to those of untreated soil because soil microbial activities led 

to oxidation‒reduction and hydrolysis reactions [77]. In the case of postincubation soil, the CEC increased via two 

mechanisms: adsorption of organic acids by biochar and oxidation of the biochar surface [12, 30]. Moreover, previous 

research by Dumroese et al. [64] showed that an appropriate proportion of different substrates affects the C/N ratios and 
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enhances crop growth. Therefore, the postcultivation soil properties changed compared to those of the preplanting soil 

(soil after incubation). The CEC in postcultivation soil dramatically decreased by 35.58% in the TC group, and the 

greatest change was in the TV pots (27.38%), followed by TVB2.5 (25.71%) and TVB1.5 (8.88%). The available P in 

postcultivation soil decreased in every experimental group except for TV, which increased by only 1.01%; the highest 

decrease was found in TVB1.5 (12.68%). In contrast, after cultivation, the available K in the soil increased in all the 

experimental treatments; that in TVB1.5 markedly increased by 130.39%, followed by that in TVB2.5 (114.58%), TV 

(80.00%), and TC (57.69%). 

3-4- Effect and Performance of DBC Biochar as a Soil Amendment on Plant Yield and Soil Properties 

The results indicated that biochar derived from DBC feedstock had morphological and fundamental physicochemical 
properties that can be used for cultivation, as indicated by its large surface area (0.542 m2/g), mesoporous structure 
(39.077 Å), high CEC value (10.86 cmol/kg), high C content (66.80%), high OM content (8.77%), high C/N ratio 

(127.76), low atomic ratio (H/C) (0.675), high O/C (0.291), and high (O+N)/C (0.30). The analytical results of the 
Romaine lettuce growth and yield indicated that DBC biochar could significantly increase plant growth (plant height) 
and crop yield (fresh weight) compared to those of plants grown without soil unamended (TC) or cultivated with 
amendment soil with vermicompost alone (TV). The Romaine lettuce yield was consistent with the postcultivation soil 
properties. The properties of the precultivation soil in which the biochar was mixed for 30 days, as evidenced, were 
changed by the mechanism of DBC biochar in the soil. The soil in the TVB1.5 and TVB2.5 pots had higher nutrient 

contents (total N and available P) than did the soil in the TV pots. Furthermore, TVB1.5 and TVB2.5 had high CEC 
values, which affects nutrient availability and uptake [13, 48, 52]; thus, soil mixed with DBC biochar and vermicompost 
creates a soil environment that promotes plant growth beginning at an early stage. 

DBC biochar enhanced the Romaine lettuce yield by providing a suitable soil environment for plant growth both 
directly and indirectly. Regarding the promotion of plant nutrients in the soil, biochar acts through direct and indirect 
mechanisms [18, 44, 55]. Soil nutrients are directly increased due to the nutrient content of biochar, which directly 

releases nutrients such as PO4
3-, NH4+, K+, Mg2+, and Ca2+, and pH strongly influences the release of these nutrients from 

biochar [40, 48]. Although the nutrient levels in DBC are not very high, vermicompost supplements the nutrient content; 
moreover, biochar functions can increase nutrient availability through various mechanisms in the soil [13, 40, 55, 57]. 
As evidenced by the postcultivation soil results, the soil amended with DBC biochar and vermicompost had higher 
nutrient contents than did the soil amended with only vermicompost, except for the total N content. Several important 
indirect mechanisms involve changes in pH and CEC in the soil and alterations in the biochemical processes of soil 

microbes [41, 46, 53]. DBC biochar has a large surface area (0.542 m2/g), providing abundant reactive adsorption sites 
[30, 56, 58]. A large surface area combined with the presence of many active functional groups on SSA, such as hydroxyl, 
carboxyl, and sulfonic acid groups, is effective for microbial cell adhesion and proliferation [35, 38], providing additional 
opportunities for microbial colonization and nutrient fixation. Furthermore, DBC biochar and vermicompost could 
improve soil microbial activities by providing accessible sources of available nutrients and C and N [27, 43, 52]. 
Nutrients can be retained in the soil through this mechanism and improve vermicompost use efficiency, increasing crop 

growth and yields. Moreover, Zhang et al. [41] reported that biochar improved K availability in soil by increasing the 
number and metabolic activity of Azotobacter and Pseudomonas and effectively alleviated K deficiency in plants, 
supporting the present results. 

With its pore structure, biochar provides habitat for soil microbes, while the biochar pH creates favorable habitat 

conditions for microbial activity and communities in soil ecosystems [37, 38]. An altered soil pH can effectively shape 

microbial populations through their diversity and abundance [37, 54]. Not only does it provide habitat, but with its highly 

dense mesoporous DBC biochar, it also stores dissolved substances and water, supporting microbial activity. 

Additionally, DBC biochar provides carbon sources and nutrients for microorganisms [54], as the high C/N value of 

DBC biochar allows soil microbes to obtain more N and enhance their activities, such as N fixation. However, Dumroese 

et al. [64] indicated that a high C/N ratio (> 100) might be problematic for plant growth because of the immobilization 

of N by microorganisms. In contrast, the results of the present study showed that this phenomenon would not be a 

problem because DBC biochar and vermicompost have sufficiently high total N contents to support plant growth. 

Moreover, applying DBC biochar with vermicomposts encourages specific microbes to form microbial communities 

[27]. With the mechanism described above, applying DBC biochar to the soil enhances the persistence, survival, and 

colonization of microbes, which play a crucial role in soil biochemical processes and nutrient and carbon cycling [35, 

46], making the soil fertile and supporting plant growth. 

An increase in the soil pH in the TV, TVB1.5, and TVB2.5 pots was influenced by both DBC biochar and 

vermicompost, particularly in the DBC biochar, which has liming potential. Similar results were reported by Wang et al. 

[37], Wu et al. [45], and Hafez et al. [50]. The increase in soil pH following biochar addition was caused by the ash in 

the biochar, which contains oxides, hydroxides, and carbonates of alkaline metals [56]. Consequently, the negatively 

charged functional groups (-COOH, -OH) bind H+ ions from the soil solution, which decreases the activity of H+ ions 

and increases the soil pH [17]. As mentioned above, biochar application might have resulted in the neutralization of soil 

pH by a series of proton-consuming reactions, as supported by many studies [50, 66]. Simultaneously, vermicompost 

addition increases soil pH due to the decomposition of organic matter to produce organic acids such as humic acid and 

phosphoric acid, which reduce the concentration of H+ [73, 74]. However, some studies have reported the opposite 
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results, indicating that using biochar in the soil causes a decrease in soil pH [34, 55, 56]. Similarly, Demir [49] reported 

that applying vermicompost to sandy clay loam soil under water addition causes the soil pH to decrease. This situation 

resulted from complex chemical reactions in the soil involving soil microorganisms and abiotic elements, as supported 

by a meta-analysis by Dai et al. [12], which indicated that the ability of biochar to increase plant yield was significantly 

related to biochar-specific functionality and soil conditions. Moreover, irrigation systems also affect chemical reactions 

in the soil [47, 49], and the biochar application rate affects the buffering capacity of the soil [46, 66]. This is an additional 

reason why the 2.5% DBC biochar application rate increased the soil pH more than the biochar application rate did 

(1.5%). In addition, the buffering capacity, due to the biochar application rate, causes the change in soil pH to be variable 

and unpredictable; it is another reason that soil pH changes in many studies are variable and not entirely consistent in 

the same direction. 

DBC biochar and vermicompost influenced the soil CEC, as presented in the results showing that soil amended with 

DBC biochar and vermicompost and soil with vermicompost alone increased the soil CEC postincubation and 

postcultivation. The increase in soil CEC with DBC biochar application was explained by two potential mechanisms. 

Biochar directly increases the soil CEC by increasing the number of exchange sites on soil particles via the high charge 

density on the surface of biochar, which results in a high degree of oxidation of soil organic matter and a high surface 

area for cation adsorption sites [10, 42, 56, 72]. A high quantity of oxygen-containing functional groups on the biochar 

surface, which contributes to negative soil charges, could also increase the soil CEC [34, 60, 47]. In addition, biochar 

indirectly inhibits the mineralization of native soil organic matter, a large source of cation exchange sites [39, 47]. 

Additionally, an increase in soil CEC is positively correlated with the application rate [42, 44]; this is an additional 

reason why the soil in the TVB2.5 experimental pot had a higher CEC than that in the TVB1.5 pot. For vermicompost 

(TV), a high CEC and increasing pH could increase the soil CEC [48, 74]. 

Due to its biochar properties, high CEC, and large surface area, along with its many porous structures, biochar benefits 

plants by increasing the absorption of cationic nutrients, including ammonium (NH4+), K+, calcium (Ca2+), and 

magnesium (Mg2+), from the soil to plant roots by releasing H+ to balance charges in the soil [38, 51, 57]. Additionally, 

increased soil CEC acts as a buffer, preventing the chemical structure of the soil from changing in unfavorable ways. 

The hydrophobicity of DBC prevents water from entering the internal pore structure. This may increase water retention 

in the soil [9,23]. Moreover, the ability of biochar to increase water retention can reduce nutrient loss, improve crop 

productivity, and reduce nutrient leaching rates [10, 53, 55]. Improving the physical properties of the resulting soil 

increases plant growth and supports root elongation; with better root architecture, roots can continuously take up soluble 

nutrients in the soil for plant growth [39, 44, 52, 57]. As a result, higher Romain lettuce yields were observed in the 

TVB1.5 and TVB2.5 pots. 

Although this plant was cultivated in pots and watered by sprinklers, which may reduce nutrient loss from 

vermicompost, DBC biochar, which has a high CEC, a stabilizing chemical structure, and many porous characteristics, 

allows it to retain more nutrients from vermicompost [18, 45, 53] and supports reduced nutrient loss and leaching from 

the soil [10, 34]. This is a reason to support the evidence that experimental pots mixed with DBC biochar still contain 

greater amounts of nutrients than soil mixed with fertilizer alone. Nutrient leaching and loss from cultivated areas are 

major problems for agriculture in the field, and many studies have reported that the properties of biochar can help correct 

nutrient leaching [40, 43, 53, 54]. The positive impact of biochar on soil nutrient retention is more prominent during 

long-term cultivation or multiple-season planting, as reported by Zhang et al. [41], who conducted a four-year study on 

the application of biochar to acidic soil and citrus growth. Adekiya et al. [42] applied biochar for cocoyam cultivation 

in sandy loam soil during a two-year cultivation regime. Additionally, Wijitkosum & Sriburi [71] applied biochar once 

during two cycles of maize cultivation. Although this study involved only one season of Romaine lettuce cultivation, the 

results sufficiently indicate that the positive impacts of DBC biochar application persist in the soil after planting, as 

indicated by the quantity of nutrients remaining in the soil after cultivation, and the soil amended with DBC biochar had 

a higher nutrient content than the soil with vermicompost.  

Considering the characteristics and mechanisms of DBC in the soil, as discussed above, Romaine lettuce plants 

growing in soil were mixed with biochar and vermicompost, increasing the CEC and nutrient content (N, P, and K) of 

the soil; thus, the plants were allowed to grow and produce significantly greater yields than were those growing in soil 

mixed with vermicompost alone. Although the total N content in the soil amended with vermicompost was greater in the 

postcultivation soil than in the control soil, this difference did not cause a greater number of leaves or leaf size than the 

yield obtained from planting in the amended soil with DBC biochar. The opposite results were obtained for total N in 

the soil after cultivation in this study; for example, Wijitkosum & Jiwnok [48] reported that the highest total N content 

in postcultivation soil was found in the soil in which the highest percentage of rice husk biochar was applied mixed with 

vermicompost. However, the crop yield results obtained from both studies are in the same direction. 

Applying biochar to the soil has been shown to significantly increase the effectiveness of N, P, and K from fertilizer, 

which are the macronutrients for plant growth [11, 34, 59, 61]. Therefore, soil amended with DBC biochar mixed with 

vermicompost had a greater plant yield than soil amended with only vermicompost. These findings are consistent with 

numerous previous studies, such as a study by Wang et al. [40], who reported that the combined application of biochar 
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and compost provides significant benefits for grain yield and nutrient cycling. Wijitkosum & Jiwnok [48], who reported 

that using rice husk biochar at 2.0% and 2.5% mixed with vermicompost at 20% helps improve soil properties and 

increases Chinese kale productivity more than using vermicompost alone (20%). Similarly, Regmi et al. [59] 

demonstrated that hardwood biochar mixed with fertilizer increases Viola growth and flowering. For cultivation in pots 

under a greenhouse, the amount of watered significantly affects yields, as supported by the report by Demir [49]. 

Irrigation level affects soil aeration, root growth, and plant nutrient uptake [52, 54, 57]. Therefore, this cultivation of 

Romaine lettuce plants under sprinkler irrigation did not negatively impact the biochar mechanism in the pot soil or plant 

growth. 

Moreover, biochar application at appropriate rates combined with fertilizer also further increased the yield. These 

results are consistent with previous studies examining different plants, such as rice [45, 50, 53], maize [39, 62, 71], citrus 

[41], cocoyam [42], grape [57], and oat [60]. The results showed that low rates of DBC biochar (1.5%) combined with 

vermicompost still increase lettuce yield, particularly fresh weight, more than those obtained from pots cultivated with 

vermicompost alone. However, some previous research reported that a low biochar application rate is insufficient to 

increase crop yields [48, 61, 62]. Furthermore, Regmi et al. [59] reported that the fertilizer-added biochar application 

rate did not impact flowering and flower polyphenol concentrations. On the contrary, a high biochar application rate 

harms plant growth; as shown in a report by Bai et al. [58], it was found to be harmful to the germination rate, shoot 

length, and root growth of rice and corn. The present study indicated that applying 2.5% DBC biochar mixed with 

vermicompost provides the best results for determining the yield and soil properties of Romain lettuce. The soil and 

plant results demonstrated that DBC biochar derived from disposable bamboo chopstick waste can be used for crop 

cultivation. When used as a soil amendment, it had a positive effect on plant growth, supported the growth of cultivated 

plants, and increased yields. 

4- Conclusion 

This research goal is to find ways to exploit abundant urban waste that has not yet been upcycled, such as disposable 

bamboo chopsticks, by converting such waste into biochar for use as a soil amendment for growing household crops. 

Experimenting with household cultivation as a greenhouse by planting Romaine lettuce in the pots took place based on 

two frameworks: evaluating the potential of DBC waste for upcycling into biochar and its feasibility for use as a soil 

amendment in household vegetable growing. The conversion of disposable bamboo chopstick wastes into biochar 

promotes the upgrading of wastes into resources through the pyrolysis process, which increases the value of waste. The 

physicochemical properties and morphology of the DBC biochar showed that disposable bamboo chopsticks can be good 

feedstocks. The DBC feedstock characteristics changed through the pyrolysis process: the pH, CEC, specific surface 

area, pore volume, and C content increased while the O and H content and pore size decreased. The DBC had good 

physicochemical properties and morphology: it had a high C content and CEC value with a large specific surface area 

and mesopores, indicating that the biochar-amended soil was suitable for cultivation, enhanced plant growth, and 

improved soil properties. Due to the low nutrient content of DBC, 10% vermicompost was applied in combination with 

DBC for cultivation. The results demonstrated that DBC biochar positively impacted the yield of soil and Romaine 

lettuce. Amending soil with DBC biochar at 1.5% and 2.5% mixed with vermicompost increased the plant yield and soil 

quality compared to applying vermicompost alone. The study also showed that Romaine lettuce productivity increased 

according to the rate of biochar application. The application of 2.5% DBC biochar mixed with vermicompost had the 

greatest effect on the height of the plant, number of leaves, leaf size, and fresh weight. Therefore, this application rate 

was recommended for Romaine lettuce in pot cultivation. 
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