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A B S T R A C T   

Biden pilosa (BP) is a type of weed commonly found in Thailand that needs to be removed from 
agricultural areas for protecting main crops. This research proposed a method to reduce BP by 
using BP as a feedstock for biochar production. Non-activated BP biochar from fresh BP was 
produced in pilot scale using a drum kiln with a heat-transferring duct at a pyrolysis temperature 
of 550 ◦C at a slow heating rate. The physical properties of the non-activated BP biochar were 
investigated using scanning electron microscopy, Fourier transform infrared (FTIR) spectroscopy, 
X-ray diffraction, and a surface area analyzer. A batch experiment was used to study the 
adsorption behavior of methylene blue (MB) on BP biochar. The microstructure study of the BP 
biochar indicated that it has a cell structure similar to that of BP, which shows the non-destructive 
nature of the proposed technique for BP production. Six dominant peaks at 3283, 2915, 1559, 
1403, 1116, and 863/839 cm⁻1 were observed in the FTIR spectrum. The BP biochar exhibited a 
surface area of 5.21 m2/g and a pore size of 8 nm. The adsorption of MB on the BP biochar 
followed the Langmuir adsorption isotherm and pseudo-second-order kinetics. The Langmuir- 
based maximum adsorption capacity of MB on the BP biochar was 200 mg/g at 303 K.   

1. Introduction 

Biden pilosa (BP) originated from South Africa and spread to all tropical and subtropical regions of the world, especially in 
Thailand. This can be attributed to its hardiness, adaptability to most environments, and significant reproductive capability [1]. BP is 
typically regarded as a weed because it rapidly spreads even on disturbed ground, harming several other vegetations. Thus, to preserve 
valuable plants, Thai farmers dispose of it by mowing or applying herbicides. BP is not suitable for use as animal feed because its seed is 
as sharp as a thorn, and cutting BP would leave their seeds in the field to germinate under suitable conditions. Therefore, using BP as a 
feedstock for biochar production is a potential method for reducing the amount of BP. Consequently, farmers reduce their expense for 
herbicides, which is good for the environment. Considering its suitability with external physical characteristics, BP biochar is more 
suitable for use as an adsorbent because it is fragile and easily reduced in size. 

Water contamination is a significant environmental problem that requires great attention. Numerous techniques have been 
investigated to remove contaminants from water. Adsorption technology can remove pollutants from a solvent phase to the solid phase 
[2]. For both organic and inorganic pollutants in water, carbonaceous materials have long been used as adsorbents for the adsorption 
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process. Both activated carbon and biochar are carbonaceous materials produced using pyrolysis. Activated carbon is produced from 
both wood and coal [3], whereas biochar is produced from biomass, such as agricultural waste and forestry residues, including animal 
manure [4]. 

Organic micropollutants can be successfully removed using activated carbon, but producing activated carbon is expensive and 
energy-intensive. Biochar based adsorption can save money [5]. Biochar is generated by the pyrolysis of biomass at a low temperature 
(approximately 700 ◦C) in an oxygen-limited environment. Due to variations in the pyrolysis conditions, i.e., the raw materials and 
technological procedures used to produce biochar, the final product has different physicochemical properties [6]. An advantage of 
biochar as an environmental technology is its capacity to immobilize pollutants [7]. Several contaminants, including dyes, heavy 
metals, pesticides, and antibiotic pollutants, can be effectively and efficiently adsorbed on biochar because of its surface area and pore 
structure, functional groups, and hydrophobic properties [8]. 

Dyes prevent light from penetrating streams and rivers, which inhibits photosynthesis and reduces the concentration of dissolved 
oxygen [9]. Dyes pose a major health risk to people, especially those who are hypersensitive; allergic; or who have asthma, renal, liver, 
or brain disorders [10]. Methylene blue (MB) is a group of cationic dyes used in several coloring and dyeing processes, in biological and 
pharmaceutical processes, and as chemical indicators [11]. MB is detrimental both to the environment and people. 

Studies on MB reduction in water using activated carbon and biochar based on biomass wastes are interesting because of their 
adsorption capacity and the different biomass obtained from different local areas. Activated carbon for MB adsorption can be obtained 
from various agricultural wastes and biological raw materials such as longan seeds [12] and Dipterocarpus alatus fruits [13]. Biochar for 
MB adsorption can be obtained from several sources, including seaweed [8], date palm fronds [14], areca leaf [15], and sugarcane 
bagasse [16]. 

Although biochar is useful and interesting to study, different production methods result in different biochar properties, which are 
affected by biomass types and pyrolysis temperature. The biomass type in local areas is a choice of raw materials for biochar pro
duction. Several studies also showed the effect of pyrolysis temperature on biochar properties. For example, Suhaimi research [17] 
produced bamboo biochar at various pyrolysis temperatures (400◦C-800 ◦C). Results showed that biochars pyrolyzed at 500 ◦C had the 
highest adsorptive performance for MB from an aqueous solution. The biochar preparation technique is one of the key conditions 
affecting the properties of biochar. 

According to Li summarization [18], there were five possible adsorption mechanisms: π-π interactions (π-π 
electron-donor-acceptor), hydrogen bonds, electrostatic interactions, hydrophilic interactions, and pore filling. For π-π interactions, 
the functional groups on biochar act as electron donors, such as C––C or –OH. 

In hydrogen bonds, the important functional groups are phenolic hydroxyl, carbonyl, and anhydride to form hydrogen bonds with 
dye contaminants. Electrostatic interactions involve the adsorption of ionic and ionizable contaminants, surface charges of an 
adsorbent, and pH solution. Generally, biochar has a negative charge, so its adsorption of cationic dyes follows an electrostatic 
interaction mechanism via a functional group on its surface to form a complex with cationic dye [19]. 

Furthermore, the pH of contaminant solutions affects the affinity between biochar (adsorbents) and dyes (adsorbates). Sackery 
research [20] showed that the adsorption capacity of bamboo biochar and rice straw biochar on basic red dyes increased steadily in the 
pH range of <7 and sharply at pH 9–11. 

Hydrophobic interactions in biochar were observed at low pyrolysis temperatures, forming an aliphatic domain, which is a part of 
hydrophobic organic compounds. 

Finally, pore filling is a possible adsorption mechanism. It is related to the surface properties of biochar, whose capacity is directly 
proportional to its surface area [18]. 

This study aimed to eliminate BP from available agricultural areas in Thailand and to produce BP biochar. Fresh BP was pyrolyzed 
in a high-energy conversion efficiency charcoal drum kiln with a heat-transferring duct. This is the first biochar production from fresh 
BP on a pilot scale. The physical properties and adsorption abilities of non-activated BP biochar were characterized. The kinetic and 
equilibrium adsorption of MB on BP biochar in aqueous solutions were evaluated under batch conditions. 

2. Experimental 

2.1. Biochar production 

BP was used as the raw material in this experiment. Fresh BP was obtained from the field at the Sufficiency Agricultural Practice 
Center, Chulalongkorn University, Nan Province, Thailand. 

Fresh BP was cut using grass shears and collected, excluding the roots. It was not washed to avoid excess water, and it was used 
without reducing the size before weighing and loading in a drum kiln with a heat-transferring duct. The kiln is a type of high-energy 
conversion efficiency kiln that was designed for charcoal and biochar production [21]. The BP moisture content was estimated 
following method for the determination of moisture content [22]. The cell structure of fresh BP was characterized using an optical 
microscope (Optika, B-190TBPL). 

After loading 22 kg of fresh BP into the kiln, its steel lid was closed and fastened with a metal ring. Firewood was used as a heat 
source, and ignition from the firing place was done. 

During BP biochar production, the temperature changes within the kiln were recorded. No smoke came out from the chimneys; the 
air intake at the chimneys and fire area was blocked to stop the heating process and cool down the kiln. 

Unlike electric kilns, the production temperature was not set before starting the process. The peak pyrolysis temperature resulted 
from the carbonization process within the drum, which depended on feedstock types. 
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The temperature changes during biochar production were recorded over the entire process. In the dehydration step, the temper
ature reached 190 ◦C after 3 h with a 60 ◦C/h (1 ◦C/min) heating rate. The heat rate then increased to approximately 180 ◦C/h (3 ◦C/ 
min), and the temperature reached 550 ◦C after another 2 h. During the cooling down process, the temperature inside the kiln dropped 
below 50 ◦C after 2 h (Fig. 1). The moisture content of BP was 88.14% ± 1.49%. Therefore, 2.64 kg of dried BP were obtained from the 
22 kg of fresh BP. BP biochar (0.81 kg) was obtained, i.e., a 30% BP biochar yield was achieved. 

The non-activated biochar was crushed and sieved through a 250-μm sieve. It was used without washing before adsorption studies. 

2.2. Biochar characterization 

The surface area, pore volume, and pore size of the BP biochar were measured by a Brunauer, Emmett, and Teller (BET) surface 
analyzer (BET, Micromeritics Flex Version 6.01) at 77 K. The BET equation was applied at a relative pressure (P/Po) of approximately 
0.3 to enable the evaluation of the BET surface area based on the N2 adsorption isotherm. 

Scanning electron microscopy (SEM, Hitachi SU3500) was used to examine the microstructure of BP biochars. Before character
ization, the samples were coated with gold/palladium (80/20%). 

The surface functional groups of the BP biochar were detected by Fourier transform infrared (FTIR) spectroscopy (Thermo Fisher 
Scientific, Nicolet iZ10). The FTIR spectrometer was equipped with an attenuated total reflection sampling module. The conditions of 
the spectrometer were in the range of 400–4000 cm− 1 with 64 scans and 4 cm− 1 resolution. 

Phase analysis of BP biochar was conducted by X-ray diffraction (XRD) using a Bruker model D8 Advance device. 

2.3. Adsorption studies 

MB was obtained from RANKEM (dye content 95%, reagent grade), India, and was used without further purification. Here, MB 
solutions (50 ml) were placed in 125-ml Erlenmeyer flasks at different starting concentrations (50–500 mg/l), and adsorption iso
therms were obtained. Powdered BP biochar (0.1 g) was weighed and mixed with the MB solution. 

For accuracy, the number of experiments for each starting MB concentration was repeated three times, and the average was taken. 
The mixtures were shaken using an orbital shaker (IKA, KS4000i control) at a constant speed of 120 rpm for the required contact 

time. A centrifuge (Hettich, Universal 320R) was used for 10 min at 9000 rpm to separate the BP biochar after collecting the aqueous 
samples at the current time intervals. Spectrophotometric analysis was conducted at 650 nm to calculate the residual concentration of 
the MB solution (Biochrom, EZ Read 400). 

Equation (1) was used to calculate the adsorbed amount at time, t, (qt, mg/g), and Equation (2) was used to obtain the adsorbed 
amount at equilibrium, qe (mg/g). 

qt =
(C0 − Ct)V

W
(1)  

qe =
(C0 − Ce)V

W
(2)  

where C0 and Ct (mg/L) are the MB initial concentration and liquid-phase concentration at time, t, respectively, Ce (mg/L) is the 
equilibrium liquid-phase concentration of MB, W is the mass of the dry adsorbent (g), and V is the volume of the solution (L). 

To investigate the effect of pH of 2–11, the pH of MB at 200 mg/l was adjusted with 0.1 M hydrochloric acid solution (RCI Labscan, 

Fig. 1. Temperature gradient during the manufacturing process of the Biden pilosa biochar in the drum kiln with a heat-transferring duct.  
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min. 37%, AR grade) and 0.1 M sodium hydroxide solution (J.T. Baker, 98% purity, reagent grade). A calibrated pH meter (Eutech 
Instruments pH510) was used for pH determination. 

2.4. Adsorption analysis 

2.4.1. Adsorption isotherm model 
Langmuir isotherm and the Freundlich isotherm are two models used to explain the adsorption relationship between adsorbates 

and adsorbents. The Langmuir isotherm is used for monolayer adsorption of adsorbate on an adsorbent surface. The Freundlich 
isotherm is used for multilayer adsorption and non-ideal adsorption on heterogeneous surfaces [23,24]. 

Equation (3) is the linear form of the Langmuir isotherm equation. 

Ce

qe
=

1
qmKL

+

(
1

qm

)

Ce (3)  

where qm (mg/g) is the maximum adsorption capacity of the monolayer, and KL is the Langmuir equilibrium constant. 
The logarithmic form of the Freundlich equation can be expressed by Eq. (4). 

log qe = log KF +

(
1
n

)

log Ce (4)  

where KF ((mg/g) (L/mg))1/n and n are the Freundlich constants. 

2.4.2. Adsorption kinetics model 
The pseudo-first order equation provided by Lagergren and Svenska [25] serves as the basis for calculating the adsorption rate 

constant using Eq (5). 

ln(qe − qt)= ln qe − k1t (5)  

where k1 (h− 1) is the pseudo-first order rate, and t (h) is time. 
The pseudo-second-order Ho equation [26] in its linear form is given in Eq (6). 

t
qt
=

1
k2q2

e
+

(
1
qe

)

t (6)  

where k2 (g/mg h) is the rate constant of the pseudo-second-order model. 
The root mean square error (RMSE) is estimated by Eq. (7), and confirms the applicability of both kinetic models [2]. 

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

n − 1
∑n

i=0

(
qe,exp − qe,cal

)2

√

(7)  

where N is the total number of data points. 

2.4.3. Thermodynamic study 
The thermodynamic parameters for the adsorption process were determined based on Eqs. (8)–(10) [27]. 

ΔG0 = − RT In KD (8)  

ΔG0 =ΔH0 − TΔS0 (9)  

InKD =
− ΔG0

RT
=

ΔS0

R
−

ΔH0

R
1
T

(10)  

where T is the absolute temperature (K), R is the universal gas constant (8.314 × 10− 3 kJ/mol K), G0 is the change in the free energy 
(kJ/mol), H0 is the change in the enthalpy (kJ/mol), S0 is the change in the entropy (J/mol K), and KD = (qe/Ce) is the single point or 
linear sorption coefficient. 

3. Result and discussion 

3.1. Biochar characteristics 

The surface area, total volume and average size of the pores of BP biochar were calculated via the BET approach to be 5.21 m2/g, 
0.018 cm3/g, and 8 nm, respectively. Sun and colleagues [28] reported that the distribution of macropores, mesopores, and micropores 
significantly affects the adsorption behavior and use of activated carbon. Here, the pore size of the produced BP biochar was within the 
mesopore size range (8 nm). The mesopore structure of BP biochar promoted the dye adsorption [29]. Large pore volumes and 

S. Sangsuk et al.                                                                                                                                                                                                       



Heliyon 9 (2023) e15766

5

mesopores are crucial for achieving high MB removal [30]. 
Elnour and colleagues [31] reported that the surface area of the date palm biochar produced at 400 ◦C were 5.5 m2/g. Sackery and 

colleagues [20] reported that the surface area, of rice straw non-activated biochar prepared at 500 ◦C were 5.21 m2/g. When bamboo 
biochar was prepared under the same conditions of the rice stalk biochar, it exhibited a surface area of 1.99 m2/g. 

Xiao and colleagues [32] reported the pyrolysis of halophytes at 500 ◦C to generate biochar without activation. The specific surface 
area of a biochar made from Suaeda altissima was only 3.5 m2/g, whereas that of a biochar made from Phragmites australis was 344.02 
m2/g. Therefore, apart from the pyrolysis temperature, different types of plants generate biochars with different surface areas. 

The optical micrograph of BP (Fig. 2(a)) revealed its cell structure, clearly showing the cell wall. Fig. 2(b) shows the SEM 
micrograph of BP biochar, indicating that the size of the cell structure is close to that of BP. This slight change in the cell structure after 
pyrolysis can be attributed to the biochar production at a slow heating rate (3 ◦C/min). 

Fig. 3 shows the FTIR spectra of BP and its biochar. The spectra of BP are similar to those of cotton fibers. For example, the peak at 
3334 cm⁻1 is a characteristic of the hydroxyl group of cellulose. The peak at 2917 cm⁻1 and 2850 cm⁻1 is C-H stretching in cellulose. The 
strong peak at 1028 cm⁻1 is the C-O and O-H stretching of polysaccharides in cellulose [33]. 

For the BP biochar, several adsorption peaks were observed in the FTIR spectrum at 3283, 2915, 1559, 1403, 1116, and 863/839 
cm− 1, which were attributable to the hydroxyl (O–H) stretching, C–H stretching of an alkane, C––C stretching of a cyclic alkane, O–H 
bending of a carboxylic acid or an alcohol, C–O stretching of an alcohol, and C––C bending of alkene or C–H stretching of an aromatic 
compound, respectively (Fig. 3). 

The FTIR spectrum of BP biochar was similar to those of rice stalk biochar [2,4,20] and Wodyetia bifurcata biochar [34]. 
The XRD patterns (Fig. 4) of the BP biochar informed the existing inorganic compounds, such as potassium chloride (KCl, 2Ɵ =

28.34◦, 40.50◦), potassium hydrogen carbonate (K(HCO3), 2Ɵ = 31.23◦, 34.09◦), and potassium sulfate (K2SO4, 2Ɵ = 30.78◦ 29.78◦). 
KCl was the phase with small amounts of K(HCO3) and K2SO4. The amounts of inorganic compounds in the BP biochar were very small 
in the form of ash, which are normally found in charcoal and biochar. 

3.2. Adsorption response to the initial concentration of the MB solution and the shake period 

The equilibrium period–MB solution concentration relationship was divided into two groups, i.e., low concentration (50–300 mg/l) 
and high concentration (400–500 mg/l). At a low concentration, it reaches equilibrium after 3 h (Fig. 5); however, those with a high 
concentration require an equilibrium period of up to 24 h. 

The adsorption of MB on the BP biochar increased over time. BP biochar exhibited numerous free adsorption sites at low initial MB 
concentrations. At a starting concentration of >300 mg/l, the MB molecules’ accumulation could affect the binding rate and orien
tation of MB on the BP biochar [35]. There was an increase in the adsorption capacity at equilibrium from 25 to 195 mg/g, with the MB 
concentration increasing from 50 to 500 mg/l, respectively. 

This confirms the ability of BP biochar to absorb MB from solutions despite having a small surface area. It is possible that the 
functional groups on the BP biochar surface (e.g., O–H and C–O) were a contributing factor to the MB’s adsorption, which enhanced the 
overall adsorption process. 

pH affects the adsorption capacity of biochar to dye. The zero point of charge (pHzpc) determines the type of charge on the ad
sorbents’ surface [8]. Based on Fig. 6, the BP biochar pHzpc was basic. Thus, if the pH of the solution is below 9, the BP biochar surface 
is positively charged, causing a push against MB, which is a cationic dye. If the pH of the solution is higher than 9, its surface is 
negatively charged, causing electrostatic interactions and allowing for good adsorption. 

In this experiment, MB solutions had a pH of 2–11, and the adsorption capacity of BP biochar on MB was 66–92 mg/g (Fig. 7). Based 
on pHpzc, the adsorption capacity at a basic pH was higher. According to Thai law, the pH range of industrial effluents must be 5.5–9, 
so BP biochars can be used as an adsorbent in textile industries since at pH 7–9, it had a high adsorption capacity. 

There are four possible adsorption mechanisms involved in the adsorption of MB in BP biochars: π-π interaction, hydrogen bonding, 
electrostatic interaction, and pore filling. For π-π interactions, functional groups (O-H, C = C, and C-O) are regarded as π-electron 

Fig. 2. Micrographs of (a) Biden pilosa (BP, × 400), (b) BP biochar ( × 500).  
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donors. In terms of hydrogen bonding, the O-H groups on the BP biochar surface play an important role. As pH influences the results, it 
confirmed the electrostatic interaction between BP biochars and MB. Finally, the pore size of BP biochars was 8 nm, which led to pore 
filling mechanism. 

3.3. Isotherm model of the MB adsorption on BP biochar 

Fig. 8 shows two theoretical isotherms, illustrating the experimental data points and a comparison. The experimental study results 
were found to optimally fit the Langmuir model. The MB adsorption capacity of biochar was estimated based on the adsorption 
isotherms [36]. 

Table 1 shows the KL, qm, and R2 values for the Langmuir adsorption isotherm model. These values were obtained by plotting Ce/qe 
vs. Ce (Fig. 9). The BP biochar adsorption capacities for MB were 200, 204, and 204 mg/g at 303, 313, and 323 K, respectively. qm and 
KL increased with the increase in the solution temperature. This reflects the endothermic activity of the system employing the BP 
biochar for MB adsorption [20]. The R2 value obtained using this model was 0.95–0.97. Therefore, the Langmuir adsorption isotherm 
suited the MB adsorption on the BP biochar. Table 1 lists the KF, n, and R2 values for the Freundlich adsorption isotherm model, which 
were obtained from plotting log qe and log Ce (Fig. 10). 

A good adsorption typically has a Freundlich constant n between 1 and 10, whereas 1/n = 1 reflects a linear adsorption, resulting in 

Fig. 3. FTIR spectra of the Biden pilosa (BP) and Biden pilosa biochar (BP biochar).  

Fig. 4. XRD of the Biden Pilosa biochar.  
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identical adsorption energies at all sites. Larger n values (lower values of 1/n) imply a more powerful adsorbent–adsorbate interaction. 
Typically, the occurrence of linear adsorption manifests at particularly low concentrations of solute and adsorbent loadings [37]. Here, 
the n value of the Freundlich model, ranging from 1 to 10, indicated the successful MB adsorption on the BP biochar. 

The R2 value obtained using the Freundlich isotherm model was 0.95–0.98. The Freundlich adsorption isotherm was also 
appropriate for MB adsorption on BP biochar. Nevertheless, the Langmuir isotherm’s somewhat different experimental and calculated 
qe data showed a greater RMSE (6.14–10.13) than the Freundlich isotherm’s RMSE (9.89–10.37). 

Fig. 5. Plot of qt vs. time at various initial MB concentrations for its adsorption on the BP biochar.  

Fig. 6. The pHpzc determination curve of BP biochar.  

Fig. 7. Effect of pH on adsorption capacity of BP biochar.  
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The comparative results of the Langmuir-based maximum MB adsorption capacity of a range of adsorbents are listed in Table 2. The 
BP biochar developed in this work exhibited a higher adsorption capacity than rice stalk, sugarcane, and switchgrass biochars within 
the same range of pyrolysis temperature (<600 ◦C). The adsorption capacity of BP biochar is close to that of the biochar based on date 
palm fronds. However, the BP biochar was prepared at a lower pyrolysis temperature than that used to prepare date palm biochar. This 
confirms that the type of biomass used to produce biochar affects the physical properties of the produced biochar, especially its 
adsorption capacity. 

These findings are similar to those obtained by Yu K.L [39] using Chlorella sp. microalgae biochar, which exhibited an MB 
adsorption capacity of 113 mg/g and a 2.65 m2/g surface area. To increase the carbon or biochar’s surface area and enhance their 
adsorption capacities, some studies focus on activation processes. However, the increase in the surface area does not always result in an 
increase in the adsorption capacity. For example, FeCl3-activated coffee husk exhibited a 965 m2/g surface area and a 71 mg/g MB 
adsorption capacity [40]. 

Fig. 8. Plot of the adsorption isotherm of MB on the BP biochar at different temperatures.  

Table 1 
Constants of the Langmuir and Freundlich isotherm models for MB adsorption on the BP biochar at differing temperatures.  

T (K) Langmuir model Freundlich model 

qm (mg/g) KL (mg/L) R2 RMSE KF [(mg/g) (mg/L)1/n] n R2 RMSE 

303 200 0.074 0.95 10.37 28 2.42 0.97 10.13 
313 204 0.079 0.97 9.92 28.2 2.37 0.98 6.14 
323 204 0.126 0.96 9.89 37 2.61 0.95 7.18  

Fig. 9. Linear plot of the MB adsorption on the BP biochar following the Langmuir isotherm model.  
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3.4. Kinetic model of the MB adsorption on BP biochar 

Fig. 11 shows the ln (qe–qt) vs. time curve at various MB concentrations. This figure was used to analyze the adsorption kinetics and 
determine the values for k1 and qe,cal, while Table 3 lists the k1, qe,cal, and R2 values. The values for qe,exp and qe,cal were different 
despite R2 being higher than 0.8. Thus, the MB adsorption on the BP biochar was not a first order kinetic process. Fig. 12 shows the 
linear plot between t/qt and time for the pseudo-second-order kinetic model. The k2, qe,cal, and R2 values of the model are listed in 
Table 3. 

The t/q vs. t linear plots (Fig. 12) demonstrate acceptable calculated–experimental qe value agreement (Table 3). The equilibrium 
adsorption capacity, qe,cal, derived utilizing the second-order kinetic model is compatible with the experimental data, qe,exp, and its 
correlation coefficients are higher than 0.99 with a small RMSE. Therefore, it is suggested that the adsorption of MB is governed by the 
pseudo-second-order kinetic model. A better model fitting results in a higher R2 value and a lower RMSE value [8]. Table 3 shows that 

Fig. 10. Linear plot of the MB adsorption on the BP biochar following the Freundlich isotherm model.  

Table 2 
Comparison of the maximum Langmuir-based MB dye adsorption capacities of different adsorbents.  

Adsorbent Pyrolysis temperature (◦C) Adsorption capacity (mg/g) References 

Biden pilosa biochar 550 200 This work 
Rice stalk biochar 500 90.91 [2] 
Sugarcane bagasse biochar 500 113 [16] 
Switchgrass biochar 600 37.6 [38] 
Date palm fronds biochar 700 205 [14] 
Wodyetia bifurcata-based activated carbon 700 149.30 [34] 
Longan seed-based activated carbon 850 1000 [12]  

Fig. 11. Linear plot of the MB adsorption on the BP biochar at 303 K following the pseudo-first-order kinetics model.  
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the MB adsorption on BP biochar can be adequately represented by the second-order kinetic model. This work is comparable to the MB 
adsorption on rice straw and switchgrass biochar [2,38]. 

3.5. Adsorption thermodynamics 

The MB solution at an initial concentration of 500 mg/l was used to study adsorption thermodynamics. The relation between lnKD 
and 1/T for MB adsorption on BP biochar is shown in Fig. 13 and linear fitting (R2 = 0.80) of lnKD and 1/T was obtained. The 
thermodynamic parameters of the adsorption process are listed in Table 4. H0 was approximately 4.94 kJ/mol. This positive value 

Table 3 
Adsorption capacity and pseudo-first/second order rate constants for various initial MB concentrations at 303 K.  

Co (mg/L) qe, exp (mg/g) First order kinetic model Second-order kinetic model 
k1 (h− 1) qe, cal (mg/g) R2 RMSE k2 (g/mg h) qe,cal (mg/g) R2 RMSE 

50 24.35 0.3526 0.89 0.97 10.49 1.201 24.39 1 0.01 
100 48.96 0.4148 1.50 0.95 21.22 0.833 49.01 1 0.02 
200 91.00 0.4491 9.00 0.88 36.67 0.151 90.90 1 0.04 
300 133.50 0.7474 27.60 0.88 47.56 0.093 133.33 1 0.07 
400 156.30 0.2059 24.91 0.94 58.76 0.024 158.73 0.99 1.08 
500 195.13 0.2162 29.63 0.95 74.01 0.023 196.07 0.99 0.42  

Fig. 12. Linear plot of the MB adsorption on the BP biochar at 303 K following the pseudo-second-order kinetics model.  

Fig. 13. Plot of the relationship between lnKD and 1/T for the adsorption process’s enthalpy change.  
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denotes an endothermic reaction, and its magnitude reflects a physisorption when H0 is less than 50 kJ/mol [41]). Based on previous 
studies on biochar, the positive value of S0 obtained here (S0 = 0.02 kJ/mol K) reflects the increased variability of the interface be
tween the solid (adsorption media) and solution throughout the adsorption [8,34]. Based on the negative values of G0 obtained at 303, 
313, and 323 K, the process became more feasible, spontaneous, and favorable with the increase in temperature [34,42]. 

3.6. Cost estimation 

BP biochars showed some advantages, as follows;  

1. The drum kiln-HDP costs 1000 US$.  
2. Nitrogen flow is not needed during production because it is a charcoal kiln.  
3. The kiln is movable, so it can be used in the field without transferring feedstocks.  
4. There was no sample pretreatment before loading. BP with the same size was used, which was cut from the field.  
5. BP biochar was easy to grind, so energy for BP biochar size reduction was conserved. 

Table 5 and Table 6 show the estimated direction cost for the biochar production and the estimated income for BP biochar, 
respectively. There was no raw material expense because BP was an agricultural waste that was cut by a worker. For BP biochar 
production, one worker was able to operate two kilns at the same time. Therefore, the labor cost was from one worker in a day. The BP 
biochar from one kiln was 0.8 kg. This means the BP biochar from two kilns was 1.6 kg. If the price of BP biochar was 9 USD/kg, the 
income from BP biochar was 14.4 USD, or the profit was 4.4 USD for production. Then BP biochar is possible for commercialization. 
According to online marketing information, the sale price of activated carbon powder was about 25–96 USD/kg. 

This study offers basic information for producing effective biochar for MB adsorption using a drum kiln with a heat-transferring 
duct, in which the pyrolysis temperature can be controlled. The BP biochar was not activated, making this an energy and chemical- 
saving method. Therefore, it is possible to produce BP biochar in local areas for in situ water treatment, which is a huge advantage 
because the cost of transportation is a significant element in the economics of producing biochar [43]. 

4. Conclusion 

Non-activated BP biochars were successfully produced from fresh BP on a pilot scale in an agricultural area. The carbonization step 
took 5 h to reach the maximum pyrolysis temperature at 550 ◦C. High-quality biochars can be produced using the proposed method, 
which involves only modest devices without the need for sophisticated technologies. Various concentrations of MB were removed from 
aqueous solutions using non-activated BP biochar as an adsorbent. A monolayer Langmuir isotherm was used to describe the 
adsorption behavior. A pseudo-second-order kinetic model was used to describe the kinetic data. The value obtained from the 
Langmuir model was comparable to the maximum adsorption capacity, qm (200 mg/g), at 303 K. 
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