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Abstract 

The economic exploitation of sisal (Agave sisalana) fibers leads to the generation of underutilized 

waste. Therefore, technologies must be developed to mitigate the environmental impacts caused by inade-

quate waste disposal and ensure more income from sisal exploration. The present study investigated the 

potential of agave residues in producing biochar with high adsorbent capacity via slow pyrolysis. Hybrid 

Itaporanga, Hybrid Bahia, and Mutant-1 hybrid agave varieties were used as precursors and methylene blue 

(MB) dye was used as a solute. In general, agave residues presented similar contents of lignin (12.1-13.2%) 

and ash (10.3-13.9%), while the greatest differences were recorded in the values of holocellulose (31.4%-

42.4%) and extractives (23.2%-33.4%). The increase in temperature favored an increase in the surface area 

and volume of micropores in the biochar; however, the adsorption capacity of MB dye was reduced. The 

pseudo-second-order models effectively adjusted the adsorption kinetics. The Hybrid Itaporanga biochar 

obtained at 400 °C outperformed the other biochar, presenting static (80 mg.g-1) and dynamic (180 mg.g-1) 

adsorption values. Thus, thermochemical valorization of agave residue is attractive to obtain a cheap and 

environmentally friendly adsorbent. 

Keywords: waste biomass; biochar; thermochemical valorization 
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1. Introduction 

 

The use of Crassulacean Acid Metabolism (CAM) plants as an abundant source of lignocellulosic bio-

mass has drawn the attention of researchers recently due to their high energy potential [1], low-cost biomass 

production, adaptation to drylands, and survival with little or no rainfall for long periods⁠. CAM plants can 

sequester carbon dioxide and photosynthesize more efficiently under water-limited environments than 

plants with C3 and C4 metabolism [2]⁠. Among the different types of CAM plants, agave species stand out 

for their economic appeal: Agave tequilana and Agave sisalana. Agave tequilana is used to prepare tequila, 

a distilled alcoholic drink that is a symbol of Mexico. Agave sisalana is widely used to generate natural 

fibers for handicrafts and has Brazil as one of its main global producers[3]. 

A. sisalana was brought to Brazil from the United States and has been planted extensively, especially 

in the semiarid region. Between 1980 and 1990, Brazil exported more than 200 thousand tons of sisal fiber 

yearly [4]⁠. In 2021, Brazil produced around 85 thousand tons of agave fiber and exported 65 thousand tons, 

generating around 100 million dollars in the poorest region of Brazil. This lower production occurred be-

cause of the Covid-19 pandemic, but even so, Brazil continued to be the largest sisal fiber exporter in the 

world [5]⁠. Around 1 million families and local farmers benefit directly and indirectly from the cultivation, 

processing and exportation of agave fiber in Brazil’s poorest regions [6]. 

In sisal processing, the primary product is the fiber; however, this process generates a considerable 

quantity of residues, comprising about 80%-90% of the plant biomass. In Brazil, these residues represent 

more than 1.8 million tons 80%, liquid and 20% solid bagasse rich in lignocellulose [7]⁠, [8]⁠⁠. A part of agave 

bagasse is used as a low-nutritional quality animal feed source, exclusively offered to livestock animals 

during drought periods. Thus, most of the residues have no current significant use, being discarded without 

any application, and their inappropriate disposal generates several environmental problems [9]. 

Agave residue contains a significant amount of lignocellulose, which can be thermally treated in the 

absence of oxygen in a process called pyrolysis. Pyrolysis can produce multiple products, such as bio-oil, 

biochar, and syngas [10], [11]⁠[12]⁠. The composition of the phases can be controlled by adjusting some 

operational parameters, such as final reactor temperature, residence time, heating rate, carrier gas flow, type 

of reactor, and the nature of biomass used [13], [14] and [3].  

Biochar is a source of low-cost carbonaceous material, highly stable and exceptionally resistant to 

chemical and biological degradation, exhibiting good water and mineral retention capacity [3]⁠⁠. Biochar 

serves several applications, including biofuel, catalyst support, bioremediation, and to help ameliorate de-

pleted soil nutrition [15]⁠. The generation of biochar is also being touted as a route to decarbonizing the 

atmosphere [16]. However, without a doubt, water treatment is one of the main destinations for biochar[17]. 

The effluents from textile industries are characterized by high turbidity and a high load of organic 

chemical compounds. Dyes are the primary contaminants of these effluents, which are difficult to degrade 

and highly toxic to the environment, making this effluent one of the most difficult to treat [18]. Therefore, 
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developing technologies for treating these wastewaters has received increasing attention. Due to its excel-

lent chemical properties and porous structure, biochar has been widely used to remove environmental con-

taminants, and it can be effective in discoloring contaminated water with a few ppm of dyes [19]. Malike 

Dizbay-Onat et al., investigated the use of sisal fiber residue (Agave sisalana) in the preparation of activated 

carbon with high surface area and excellent properties in the removal of dyes found in trace amounts in 

wastewater [20]. Another study using activated charcoal obtained from sisal fiber was carried out by Kahina 

Bouhadjra when studying textile industrial wastewater, obtaining excellent results removing Cibacron blue 

dye [21]. 

Despite the growing literature, some aspects and challenges of agave biochar still need to be addressed. 

The influence of different sisal hybrids on the adsorptive performance of the biochar has not been previ-

ously documented. Also, little is known about how the pyrolysis temperatures affect the sisal residue bio-

char physicochemical properties and adsorptive capacity. Therefore, the present work was conducted to 

characterize the chemical composition and physicochemical properties of the residues of three agave hybrid 

species (Hybrid Itaporanga, Hybrid Bahia, and Mutant-1), evaluating their potential use to produce biochar 

without any activation and analyzing their performance for the adsorptive removal of methylene blue (MB) 

dye in synthetic aqueous solutions. 

 

2. Materials and methods 

2.1. Chemicals 

Hydrated methylene blue (C16H18CIN3S. xH20) for analysis was obtained from Neon commercial rea-

gents, and sodium hydroxide (NaOH) acquired from Synth was used to maintain the pH at 9 (buffer), for 

methylene blue adsorption experiments. All MB dye solutions were obtained using distilled water. 

 

2.2 Preparation and characterization of agave residues 

Agave samples were kindly provided by the Embrapa Algodão unit, which is in the city of Mon-

teiro (State of Paraíba, Brazil) (7° 53' 20" S 37° 07' 12" W). The agave samples comprised shredded residues 

from the Itaporanga, Mutant Bahia, and Mutant-1 varieties. The samples were dried in an air circulation 

oven at 60 °C for 96 h and then crushed and sieved at 80 mesh. 

Different physicochemical characterizations were carried out with the agave samples. Elemental 

analysis was performed on a 2400 SERIES II elemental analyzer (Perkin Elmer), based on the procedures 

of Dayton and Foust [22]. The percentage of oxygen (O%) is calculated from the difference between the 

total (100%) and the sum of the carbon, nitrogen, hydrogen, and sulfur contents. The calorific values (LHV 

and HHV) were measured (in triplicate) in an adiabatic oxygen bomb calorimeter C 2000 (IKA WEBER), 

according to the ASTM D5865 method [29]⁠. The chemical composition of the agave varieties (moisture, 

extractives, ash, cellulose, holocellulose, Klason lignin) was determined using the procedures of Sluiter et. 

al. (2005, 2008a, 2008b). FTIR analyzes were performed on a Bruker Tensor II spectrometer with a range 

of 4000-850 cm-1 and a resolution of 4 cm-1. Thermogravimetric analyzes were also used to characterize 
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the agave samples. The thermogravimetric analysis was conducted on a TGA SDT Q600 equipment (QA 

Instruments) under an inert atmosphere (N2 flow gas rate) and heating rate of 20 °C.min-1. 

         

2.3. Biochar production via pyrolysis 

Pyrolysis was carried out in a homemade fixed-bed reactor under an inert environment (1 L.min-1 

of N2 gas flow rate) with a heating rate of 10 °C.min-1 until the desired temperature (400, 600 or 800 °C). 

Figure 1 illustrates the apparatus used for the pyrolysis of agave waste. The gases generated in the process 

passed through an ice bath condenser to obtain bio-oil. After 1 h of process, the biochar samples were 

collected after cooling in an inert environment and then stored in a desiccator for later use. Bio-oil and bio-

oil yields were calculated based on the mass of agave residue used (on a dry basis). 

Figure 1. Biochar and bio-oil production from the slow pyrolysis of agave residue. 1-nitrogen gas, 2-tem-

perature control and thermostat, 3- electric furnace 4- stainless steel pyrolysis reactor, 5-biomass, 6-water 

condenser,7-water container, 8-water, 9-non condensable gas outlet, 10-gas flow valve.  

 

 

 

 

 

 

 

 

 

 

 

 

2.4. Characterization of the biochar from agave residues 

The biochar samples were characterized by FTIR. Like agave residues, biochar samples were an-

alyzed on a Bruker Tensor II spectrometer with a range of 4000-850 cm-1 and a resolution of 4 cm-1. Surface 

area (BET method) and porosity (mesopore and micropore volume) analyzes were carried out on an ASAP 

2420 equipment (Micromeritics Instrument Corporation). X-ray fluorescence analyzes on the biochar sam-

ples were also carried out. Measurements were performed in vacuum with biochar pressed into an S2 Puma 

EDXRF spectrometer (Bruker) with 50 W X-ray and HighSense Silicon Drift detector. 

 

2.5. Methylene Blue adsorption experiments 
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Surface area and porosity analyses were performed on a Surface Area and Porosity Analyzer, 

model ASAP 2420, manufactured by Micromeritics Instrument Corporation. The surface area of the sam-

ples was determined from the N2 adsorption–desorption isotherms and by using the Brunauer–Emmett–

Teller (BET) method. The Barrett–Joyner–Halenda mesopore characteristics and the micropore volume 

using t-plots were also determined. BET analysis was performed for biochar produced at 400 and 600 °C 

from Hybrid Itaporanga residue. 

2.5.1 Batch adsorption experiments 
 

Adsorption experiments were conducted in Erlenmeyer flasks to screen biochar samples with the 

highest MB dye removal capacity. Biochar samples (50 mg) were added to 25-mL Erlenmeyer flasks con-

taining 10 mL of 100 mg.L-1 MB dye (in Tris-HCl buffer, pH 9.0). The flasks were placed in a shaker at 30 

°C and 150 rpm for 24 h, and the supernatants were collected for MB dye quantification. MB dye was 

quantified in a Genesys UV10 spectrophotometer (ThermoSpectronic, United States) at 665 nm. The ad-

sorption capacity was calculated by Eq 2. 

 𝐸𝐸% =
�𝐶𝐶0−𝐶𝐶𝑓𝑓�𝐶𝐶0 × 100                                                    (1) 

𝑞𝑞 =
𝑉𝑉(𝐶𝐶0 − 𝐶𝐶𝑒𝑒)𝑚𝑚  

(2) 

 

Where E% is the adsorption efficiency, q (mg. g-1) is the amount of adsorbed solute per gram of adsorbent, 

C0 is the initial concentration of the MB dye, and Ce and Cf are the equilibrium and final concentrations in 

mg. L-1. V (L) is the volume of the solution, and m (g) is the mass of biochar used. 

The operational conditions (pH, temperature, time, etc.) were maintained, and only the initial MB 

dye concentration was changed (25-3000 mg.L-1) in adsorption isotherm experiments. The linearized Freun-

dlich (Eq. 3) and Langmuir (Eq. 4) models were chosen to predict the equilibrium adsorption behavior. 𝑙𝑙𝑙𝑙𝑞𝑞𝑒𝑒 =
1𝑛𝑛 𝑙𝑙𝑙𝑙𝐶𝐶𝑒𝑒 + 𝑙𝑙𝑙𝑙𝑘𝑘𝐹𝐹                                                  (3) 𝐶𝐶𝑒𝑒𝑞𝑞𝑒𝑒 =
1𝐾𝐾𝐿𝐿𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 +

𝐶𝐶𝑒𝑒𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 
(4) 

 

The terms qe and qmax represent the equilibrium adsorption capacity and maximum equilibrium 

adsorption capacity, respectively (both have the unit mg g-1). The term KL is the Langmuir constant (L g-

1), Ce is the equilibrium adsorbate concentration (mg L-1), and KF is the Freundlich constant (L g-1). The 

term n is an empirical parameter of the Freundlich model. 

Mathematical models also fitted adsorption kinetic data. Pseudo-first-order (Eq. 5) and pseudo-

second-order (Eq. 6) mathematical models were linearized and applied according to the methodology of 

Kaline et al. [23]. 𝑙𝑙𝑙𝑙(𝑞𝑞𝑒𝑒 − 𝑞𝑞) = 𝑙𝑙𝑙𝑙𝑞𝑞𝑒𝑒 − 𝑘𝑘1𝑡𝑡                                             (5) 
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1𝑞𝑞 =
1𝑘𝑘2𝑞𝑞𝑒𝑒2 +

t𝑞𝑞𝑒𝑒 
(6) 

 

The terms k1 and k2 represent the adsorption constants of the pseudo-first and pseudo-second-order models, 

respectively. 

2.5.2 Column adsorption experiments 

 

Column adsorption experiments were carried out in continuous flow using a TE-BP-01 peristaltic 

pump (Tecnal, Brazil) and a homemade column. The column had dimensions of 1.0 × 60.0 cm and a perfo-

rated stainless-steel plate to ensure fluid distribution and biochar retention. The experiments were con-

ducted with a volumetric flow rate of 1.8 mL.min-1, fixed bed height of 6 cm and, MB dye concentration of 

500 mg.L-1. Aliquots were collected for every 10 mL of passing solution and analyzed in a spectrophotom-

eter at 665 nm. The dynamic adsorption capacity (DAC; mg.g-1) of MB dye was calculated from Eq. 7.     

𝐷𝐷𝐷𝐷𝐶𝐶 =
𝐶𝐶0𝑉𝑉𝑓𝑓−∫ 𝐶𝐶 𝑑𝑑𝑉𝑉𝑉𝑉𝑓𝑓0𝑚𝑚𝑎𝑎𝑑𝑑𝑠𝑠                                                     (7) 

Where C0 is the initial concentration of the methylene blue solution (mg L-1), Vf is the final volume of the 

injected solution (mL), and mads is the adsorbent (biochar) mass (g) as adapted from [24]. 

3. Results and Discussion 

Table 1 presents the elemental analysis, heat of combustion, and characterization of the different 

agave samples. The carbon content of the Hybrid Bahia residue (35.2%) was slightly higher than the carbon 

content of the Hybrid Itaporanga (34.2%) and Mutant-1 (34.6%) residues. The highest oxygen content 

(47.1%) was observed in the Mutant-1 residue. Differences in hydrogen, sulfur, and nitrogen content were 

negligible. In general terms, the results of the elemental analysis of agave residues are in accordance with 

the characteristics of lignocellulosic biomasses. 

Chemical composition analyzes revealed more relevant differences. The Hybrid Itaporanga agave 

residue presented a higher polysaccharide content (42.4%), while the Hybrid Bahia agave residue presented 

a lower polysaccharide content (31.4%). Due to its holocellulose and lignin contents (31% and 13.0%), 

Hybrid Itaporanga agave residue is a potential raw material for 2G bioethanol schemes. Extractives corre-

spond to non-chemically bound substances from the lignocellulosic matrix. According to Barbosa et al. 

[25], substances such as waxes, saponins, resins, and phenols make up extractives from sisal samples. In 

the present study, the extractive contents were 23.2%, 33.4%, and 24.3% for Hybrid Itaporanga, Hybrid 

Bahia, and Mutant-1 agave residues, respectively. Extractive values are particularly high in plant samples 

(as in the present study) and are higher than in samples of agro-industrial residues, woods, barks, among 

others. In turn, the ash values in the present study were surprising. Satyanarayana et al. reported an ash 

content of only 5% in blue agave pomace [26]. In the present study, ash values were greater than 10%. Ash 

can act as a cracking catalyst in thermochemical processes (mainly alkaline earth metals). Although lignin 

levels are considered low (~12.5%), the high ash content in agave residues indicates that these biomasses 

are attractive for obtaining biochar (Allen & Downie, 2020). These ash contents also explain agave residues' 

low LHV and HHV values. The LHV results were in the range of 14.76-15.02 kJ.kg-1, while the HHV 
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results were in the range of 15.13-15.53 kJ.kg-1. The negative effect of ash on the calorific potential of 

lignocellulosic biomass has already been reported in studies by Protásio et al. [27]  and Belay et al. [28]. 

 

 

Table 1. Elemental content, heat of combustion and chemical characterization of agave residues. 

Properties Hybrid Itaporanga Hybrid Bahia Mutant-1 

Elementary content     

C (%) 34.2 ± 0.10 35.2 ± 0.20 34.6 ± 0.30 

H (%) 4.7 ± 0.00 4.9 ± 0.00 4.7 ± 0.00 

O (%)* 46.6 ± 0.10 46.2 ± 0.20 47.1 ± 0.20 

N (%) 1.2 ± 0.00 1.2 ± 0.00 1.2 ± 0.00 

S (%) 0.2 ± 0.00 0.2 ± 0.00 0.3 ± 0.10 

Heat combustion    

LHV (kJ.kg-1) 14.76 14.66 15.02 

HHV (kJ.kg-1) 15.26 15.13 15.53 

Chemical composition    

Moisture (%) 4.6 ± 0.20 5.7 ± 0.10 4.1 ± 0.10 

Holocellulose (%)** 42.4 ± 1.10 31.4 ± 0.90 39.3 ± 0.50 

Klason lignin (%)**  13.0 ± 0.00 13.2 ± 0.00 12.1 ± 0.00 

Extractives (%)** 23.2 ± 0.10 33.4 ± 1.10 24.3 ± 0.60 

Ash (%)** 12.1 ± 0.10 10.3 ± 0.20 13.9 ± 0.30 

*The oxygen content was estimated by reducing the maximum content (100%) minus the carbon, hydrogen, 

nitrogen, and sulfur content. **The chemical composition was calculated from moisture-free biomass. 

Figure 2 presents the transmittance profiles of agave residues in FTIR analysis. Peaks correspond-

ing to OH stretching (3250 cm-1), C-H stretching (2910 cm-1), and CH3 (asymmetric vibration) (2843 cm-

1) were common in all samples (Chowdhury et al., 2016). Peaks attributed to the bonds of cellulose (C-O 

stretching: 1050 cm-1) and lignin (aromatic skeletal: 1592 cm-1; CH2 scissoring: 1420 cm-1; C-O of syringyl 

ring: 1307 cm-1) are also observed in the samples (Kurian et al., 2015)  [29]. Subtle changes were observed 

in the peaks of phenyl ring (1528 cm-1), C-O guaiacyl ring (1260 cm-1) and C-H deformation in aromatic 

ring (890 cm-1) [30]. Even though there were differences in holocellulose and extractive contents between 

agave residues, it was expected that the transmittance profiles would be similar. All samples come from the 

Agave sisalana; therefore, there were not sufficient changes in the S/G proportions of lignin or the accumu-

lation of different substances in the extractives to promote relevant differences in the analysis. 
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Figure 2. Transmittance profile of agave waste samples of Hybrif Itaporanga, Bahia and Mutant-1. 

 

The thermal degradation behavior of agave residues is shown in Figure 3. The first moments of 

the analysis (30-140 °C) promote the loss of free water from the samples. The main stage was established 

at 180-390 °C, which corresponds to a loss of 54% of the initial mass. Extractives are not chemically bound 

and are susceptible to thermal degradation [31]. This behavior was most evident with the Mutant-1 residue 

(Figure 2C), in which there is a degradation peak at 180 °C. In the other samples, the degradation of the 

extractives occurred at a higher temperature or probably in conjunction with hemicellulose, as in the anal-

ysis of the Hybrid Bahia residue (Figure 2B). In other words, the Hybrid Itaporanga agave residue presents 

more thermolabile extractives. After 300 °C, another degradation peak is well established, probably cellu-

lose, according to Ferreira et al. [32]. At this stage, the degradation peaks of Hybrid Itaporanga, Hybrid 

Bahia, Mutant-1 agave residues occurred at temperatures of 340 and 460 and 680 °C, respectively. Degra-

dation temperature differences were not observed in the following peaks (600 and 800 °C). This region is 

commonly attributed to lignin and confirms the structural similarity of the biopolymer between agave res-

idues. 
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Figure 3. Mass loss profiles and differential thermal analysis (DTG) of the agave samples Hybrid Itaporanga 

(A), Hybrid Bahia (B), and Mutant-1 (C). 

 

Table 2 shows the bio-oil and biochar yields from slow pyrolysis of agave waste. Increasing tem-

perature led to reduced bio-oil yields but increased biochar yields. For example, in Hybrid Itaporanga res-

idue pyrolysis, the yield increased from 22.2% to 35.7%, increasing the temperature from 400 to 800 °C. 

Maximum biochar yields from Hybrid Bahia and Mutant-1 residues were achieved at 600 °C. These sam-

ples were not tested in pyrolysis experiments at 800 °C. In fact, temperature is a critical factor in the slow 

pyrolysis process. The increase in temperature makes chemical bonds more susceptible to degradation and, 

consequently, implies greater degradation of solids. However, the opposite behavior was observed in the 

present study. These results can be attributed to the type of reactor used and the occurrence of recombination 

reactions [33]. 

Table 2. Bio-oil and biochar yield of agave samples under different temperatures in slow pyrolysis 

Agave variety 

400 °C 600 °C 800 °C 

Bio-oil 

yield (%) 

Biochar 

yield (%) 

Bio-oil 

yield (%) 

Biochar 

yield (%) 

Bio-oil 

yield (%) 

Biochar 

yield (%) 

Hybrid Itaporanga 30.3 ± 0.8 22.2 ± 1.2 27.4 ± 0.9 32.5 ± 0.9 19.8 ± 0.2 35.7 ± 2.4 

Hybrid Bahia 29.3 ± 0.7 28.6 ± 1.8 26.9 ± 1.0 32.3 ± 1.4 - - 



11 

 

Mutant-1 28.1 ± 0.4 30.1 ± 1.7 23.6 ± 0.4 32.9 ± 1.8 - - 

 

Figure 4 presents the transmittance profiles from the FTIR analysis of the biochar samples. The 

biochar generated during slow pyrolysis has a highly condensed polyaromatic structure due to successive 

disruption and recombination reactions. For this reason, temperature had a stronger impact on the chemistry 

of biochar than the type of agave waste used. The peaks corresponding to the stretching vibrations of the 

OH bond (3217 cm-1), the C-H bond (1398 cm-1), the C-O bond (1050 cm-1), and the C=C bond (890 cm-1) 

were common in the biochar obtained at 400 and 600 °C [34]. However, differences were recorded between 

the samples at 2910 and 2843 cm-1, corresponding to the vibration of the C-H bonds of aliphatic moieties. 

This result confirms the absence of aliphatic portions in samples obtained at 600 °C, indicating that these 

biochar' structure is more aromatic. This behavior was also recorded by Yang et al. (2021) [35] in studies 

to obtain biochar at different temperatures. The greater aromatization of biochar with increasing tempera-

ture was also confirmed by observing the peak of 1554 cm-1 (C=C stretching), which was only evident in 

biochar obtained at 400 °C. The peak corresponding to the C-OH bond (1308 cm-1) (El-Maghrabi et al., 

2021) occurs in samples at 400 °C but is non-existent in samples at 600 °C. This result indicates that biochar 

obtained at 400 °C still have more active oxygen functional groups than biochar obtained at 600 °C. 

Figure 4. Transmittance profile of biochar samples from agave residues of the Hybrid Itaporanga (A), Hy-

brid Bahia (B), and Mutant-1 (C) varieties. 

 

Structural analyzes were carried out to evaluate other effects of temperature on biochar. At this 

stage, only Hybrid Itaporanga residue was used as raw material for biochar. The results of surface area, 

micropore volume, and pore size are shown in Table 3. Table S1 presents the percentages of elements con-

tained in the biochar. The increase in temperature promoted an increase in the surface area of Hybrid 
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Itaporanga waste biochar. Increasing the temperature from 400 to 800 increased the surface area by more 

than 14 times. Micropore volume values increased strongly with increasing temperature used in pyrolysis. 

The micropore volumes were 5.89 × 104, 13.53 × 104, and 73.08 × 104 cm3.g-1 at temperatures of 400, 600, 

and 800 °C, respectively. Increasing temperature implies a greater extent of lignin degradation, so more 

volatile compounds are released and, consequently, more micropores are opened (Wong et al., 2019). Pore 

size showed another behavior. Biochar obtained at 400 and 600 °C were 549.6 and 622.1 Å, while biochar 

from 800 °C were 142.1 Å in size. Despite the increase in surface area, the reduction in pore size is not 

desirable for dye adsorption. According to Jung et al. (2017), the predominance of mesopores favors the 

dye adsorption on biochar. 

Table 3. Physical properties of biochar samples from Hybrid Itaporanga agave residue obtained at temper-

atures of 400 (I400), 600 (I600), and 800 °C (I800). 

Type of bio-
char 

BET surface area 
(m2.g-1) 

Micropore volume 
(cm3.g-1) 

Average adsorption pore diame-
ter (Å) 

I400 2.87 5.89 × 104 549.6 

I600 1.79 13.53 × 104 622.1 

I800 40.58 73.08 × 104 142.1 

 

MB dye adsorption equilibrium data on biochar obtained at 400 and 600 °C are presented in Figure 

and Table 4. As expected, the increase in the MB dye concentration in the liquid phase favored the increase 

in the adsorption capacity of the biochar. Experiments with biochar at 400 °C showed an adsorption capacity 

of 35 mg.g-1 with complete removal of MB dye from the liquid phase, and then the adsorption capacity 

grew slowly, exceeding 80 mg.g-1. In turn, the biochar obtained at 600 °C showed a maximum adsorption 

capacity of 40 mg.g-1. The decline in adsorption capacity in biochar obtained at 600 °C can be explained 

by the loss of functional groups with active oxygen (hydroxyl, phenols, carboxylic acid, among others) 

during pyrolysis. These functional groups are susceptible to ionization at alkaline pHs, and they are sites 

for ion exchange with the cationic dye. Suhaimi et al. (2022) also reported that biochar obtained at 600 and 

800 °C were worse for MB dye adsorption than biochar obtained at 500 °C [36], [37]. 

Regardless of agave residue and temperature, the Freundlich model (R2 = 0.95-0.99) was more 

efficient in describing equilibrium data than the Langmuir model (R2 = 0.85-0.96). The Freundlich coeffi-

cients of the 400 °C biochar were higher than those of the 600 °C biochar. Unfortunately, screening the best 

raw material for biochar is not yet possible, since the n values also varied among the agave residues. To 

prospect for biochar with better performance, only biochar obtained at a temperature of 400 °C were used 

in the following steps. 
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Figure 5. Methylene blue adsorption isotherms on biochar obtained from agave waste. The biochar were 

prepared by slow pyrolysis at 400 and 600 °C with agave residues from the Hybrid Itaporanga (A), Hybrid 

Bahia (B) and Mutant-1 (C) varieties.  

 

 

Table 4. Parameters of the Langmuir and Freunlich models corresponding to the MB dye adsorption equi-

librium tests on agave residue biochar. I400 and I600: Hybrid Itaporanga obtained at 400 and 600 °C; B400 

and B600: Hybrid Bahia obtained at 400 and 600 °C; M400 and M600: Mutant-1 obtained at 400 and 600 

°C. 

Langmuir       

 I400 I600 B400 B600 M400 M600 

qmax (mg.g-1) 75.9 ± 7.6 39.1 ± 3.3 68.1 ± 5.6 32.9 ± 4.7 68.2 ± 0.7 36.6 ± 3.3 

kd (L.mg-1) 72.8 ± 34.7 4.3 ± 2.6 12.5 ± 5.8 19.7 ± 5.6 28.4 ± 0.1 37.7 ± 16.7 

R2 0.96 0.91 0.96 0.85 0.96 0.94 

Freundlich       

 I400 I600 B400 B600 M400 M600 

K (mg1-1/n.L1/n.g-1) 12.9 ± 2.4 11.7 ± 2.6 21.4 ± 3.5 7.2 ± 2.1 16.5 ± 3.1 7.4 ± 1.4 

n 4.2 ± 0.5 7.4 ± 1.9 5.9 ± 0.9 4.5 ± 0.9 5.0 ± 0.7 4.4 ± 0.6 

R2 0.98 0.95 0.99 0.99 0.98 0.97 
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Adsorption kinetics of MB dye onto biochar are shown in Figure 6. The effectiveness of biochar 

to remove dyes from the liquid phase was already evident in the first moments. MB dye removal after 1 

min reached 60% (C/C0 = 0.4) and 20% (C/C0 = 0.8) in experiments with initial concentrations of 100 and 

250 mg.L-1, respectively. Then, the dye concentration in the liquid phase decreases until equilibrium. Due 

to the lower solute content, the decline of MB dye in the liquid phase was more abrupt in experiments with 

an initial MB dye concentration of 100 mg.L-1. The kinetic experiments also allowed us to identify the 

biochar with the greatest potential to remove MB dye, the biochar obtained from the Hybrid Itaporanga 

residue. Using this biochar, experiments with 100 mg.L-1 reached equilibrium at 10 min and showed 95% 

removal of MB dye after 120 min in experiments with an initial solute concentration of 250 mg.L-1. The 

other biochar performed worse. The biochar obtained from the Mutant-1 residue no longer ensured com-

plete dye removal in experiments with an initial concentration of 100 mg.L-1. In turn, Hybrid Bahia waste 

biochar removed only 80% of MB dye after 120 min. 

Table 5. Parameters of the pseudo first-order and pseudo-second-order models on the adsorption kinetics 

of MB dye on biochar. I400-Biochar from Hybrid Itaporanga obtained at 400 °C; B400 – Biochar from 

Hybrid Bahia obtained at 400 °C; M400-Mutant 1 Biochar obtained at 400 °C. 

 

 

Table 5 presents the parameter values of the pseudo-first-order and pseudo-second-order models 

to fit the adsorption kinetic data. Regardless of the initial solute concentration and the type of biochar, the 

pseudo-second-order model was more efficient. For example, in the condition with 100 mg.L-1 MB dye and 

Mutant-1 biochar, the pseudo-second-order model presented an R2 value equal to 1.00. In contrast, the 

pseudo-first-order model only obtained R2 equal to 0.53. The pseudo-second-order model is more suitable 

for situations where chemisorption is rate limiting, and it is widely applied in dye removal studies from 

biochar  [38],[39]. 

 

 

 

Adsorption kinetics data I400 B400 M400 

Pseudo-first-order constant – K1 (MB dye = 100 mg.L-1) 0.014 0.020 0.016 

R2 0.15 0.61 0.53 

Pseudo-first-order constant – K1 (MB dye = 250 mg.L-1) 0.028 0.025 0.029 

R2 0.94 0.85 0.97 

Pseudo-second-order constant – K2 (MB dye = 100 mg.L-1) 0.052 0.051 0.051 

R2 1.00 1.00 1.00 

Pseudo-second-order constant – K2 (MB dye = 250 mg.L-1) 0.021 0.028 0.023 

R2 0.98 0.90 0.99 
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Figure 6. MB dye adsorption kinetics on agave residue biochar from Hybrid Itaporanga (A), Hybrid Bahia 

(B), and Mutant-1 (C). The experiments were carried out with 0.5% (w/v) biochar, pH 9.0, and 150 rpm. 

 

Figure 7 shows the MB dye adsorption in a fixed bed column with agave residue biochar. All 

curves showed an S-shape, which is characteristic of the dynamic nature of the experiment. The injected 

dye is eventually captured during the passage of the bed in the first moments of the experiment so that the 

presence of dye at the column exit occurs after saturation of the initial layers of the fixed bed. In the present 

study, experiments with biochar from Hybrid Itaporanga (I400) and Hybrid Bahia (B400) residues showed 

non-zero concentrations of MB dye after 60 and 40 mL, respectively. Mutant-1 residue biochar showed 

lower performance due to the presence of MB dye at the column exit already at 10 mL of flow and the 

displacement of its data to the left. The continuous injection of dye into the fixed beds increased the dye 

concentration in the liquid phase to C/C0 = 0.85 (equivalent to 212.5 mg.L-1) for the Hybrid Bahia and 

Mutant-1 biochar. In comparison, the solute concentration only reached C/C0=0.63 (equivalent to 157.5 

mg.L-1) for Hybrid Itaporanga biochar. This behavior corroborates the better performance of Hybrid Ita-

poranga waste biochar over other biochar. In experiments with Hybrid Itaporanga residue, the dye injection 

was left beyond 200 mL of solution to reach saturation, but the dye concentration in the liquid phase in-

creased little. DAC values reached 179, 123, and 75 mg.g-1 for Hybrid Itaporanga, Hybrid Bahia, and Mu-

tant-1 biochar, respectively. DAC values with other results in the literature are illustrated in Table 6. 
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Figure 7. Dynamic MB dye adsorption in a fixed bed column filled with biochar from Hybrid Itaporanga 

(I400), Hybrid Bahia (B400), and Mutant-1 (M400). Biochar were produced by slow pyrolysis at 400 °C 

for 1 h. The adsorption experiments were carried out with an initial MB dye concentration of 250 mg. L-1 

and a bed height of 6 cm (equivalent to g). 

 

Table 6. Dynamic adsorption capacities (DAC) of methylene blue column adsorption with biochar 

Biochar (raw mate-

rial and pyrolysis 

condition) 

Column adsorption 

conditions 

BET surface 

area (m².g-1) 

Dynamic adsorption 

capacity (mg g-1) 
References 

Sugarcane bagasse 

pyrolyzed at 500 °C 

40 mg L-1 MB dye, 

10 cm bed height 
322.96 31.10 [40] 

Tea powder pyro-

lyzed at 700 °C 

(NaOH activation) 

50 mg L-1 MB dye 441.00 79.59 [41] 

Pine corn pyrolyzed 

biochar 

50 mg L-1 MB dye, 

7 cm kaolin bed 

height 

335.00 20.25 [42] 

Egg shell mem-

brane pyrolyzed bi-

ochar at 700 °C 

100 mg L-1 MB dye 8.48 101.10 [43] 
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Lychee seed pyro-

lyzed at 700 °C 

(KOH activation) 

100 mg L-1 MB dye 154.00 124.50 [38] 

Rice straw pyro-

lyzed at 700 °C 

(HCl activation) 

50 mg L-1 MB dye 378.02 67.00 [39] 

Agave residue py-

rolyzed at 400°C 

(HCl activation) 

50 mg L-1 MB dye, 

6 cm bed height 
2.87 179.76 This work 

 

As illustrated in table 6, the DACs of various adsorption experiments for MB dye removal were investi-

gated. The biochar tea powder had the highest BET surface area of 441 m².g-1 at 700 °C while the agave 

residue surface area was 2,87 m².g-1 obtained at 400 °C. This disparity in surface area can be attributed to 

the pyrolysis temperatures used to obtain the biochar. At higher temperatures, higher value of BET surface 

area is obtained generally for biomass pyrolysis [44], [45]. Nonetheless, the HCl activated agave biochar 

showed an excellent DAC value (179 mg.g-1) compared to the rest of the biochar obtained, as the activation 

improves its adsorption capacity. Furthermore, from the BET analysis, agave biochar showed a macropore 

characteristic, which is good for removal of contaminants made of bigger molecules such as MB dye [41].  

Conclusions 

In general, the agave varieties showed similar chemical characteristics. All agave residues pre-

sented low combustion responses (HHV of 15 MJ/kg), possibly due to the high ash content. Changing the 

agave variety resulted in more significant changes in the content of extractives and holocellulose. The in-

crease in temperature surprisingly increased the biochar yields and the surface area of the product, but the 

biochar generated at higher temperatures showed low adsorption capacity for MB dye. No effect of agave 

variety was observed on biochar yield and chemistry. FTIR analyses showed the loss of functional groups 

in biochar obtained at 600 °C compared to biochar obtained at 400 °C. Hybrid Itaporanga residue biochar 

obtained at 400 °C stood out from other biochar due to its MB dye adsorption performance in batch and 

column tests. 

Statements and Declarations 

The authors acknowledge that there is no financial or authorial conflict of interest on this work. We thank 

the following institutions for support: CNPq, CAPES (grants: 88887.492716/2020-00), FACEPE (APQ- 

0176-19; Project Biotec-Semiárido APQ- 1379-9.25/21), and MCTI for financial support, Finep (Call 

MCTI/FINEP/CT-INFRA 01/2013- REF 0648/13 - SUGERE). This work is part of the “Rede de Pesquisa 

e Inovação em Energia no Semiárido (REPIENSA)” from the National Observatory of Water and Carbon 

Dynamics in the Caatinga Biome - NOWCDCB, supported by FACEPE (grants: APQ-0498-3.07/17 INCT 

2014, APQ-0500-5.01/22), CNPq (grants: INCT 465764/2014-2, 406202/2022-2, 440444/2022-5), and 

CAPES (grant: 88887.136369/2017-00).  

 



18 

 

Reference 

 

1.  Razo-Flores, Montoya-Rosales, Jesús CV-OJ de C, et al (2021) Saccharification of agave bagasse 

with Cellulase 50 XL is an effective alternative to highly specialized lignocellulosic enzymes for 

continuous hydrogen production _ Elsevier Enhanced Reader.pdf 

2.  Niechayev NA, Pereira PN, Cushman JC (2019) Understanding trait diversity associated with 

crassulacean acid metabolism (CAM). Curr Opin Plant Biol 49:74–85. 

https://doi.org/10.1016/j.pbi.2019.06.004 

3.  Canché G, Lee E, Aguillón G, et al (2022) Characterization of bio ‑ oil and biochar obtained by 

pyrolysis at high temperatures from the lignocellulosic biomass of the henequen plant. J Mater 

Cycles Waste Manag 24:751–762. https://doi.org/10.1007/s10163-022-01361-5 

4.  Maschinen B, Investition A, Beschaffungen G, et al (2014) J-er-1 sr __1. Renew Sustain Energy 

Rev 32:158–161. https://doi.org/10.1016/B978-0-12-813766-6/00004-7 

5.  Trigo F, Pupke M, Miguel L, et al (2021) Industrial Crops & Products Extreme physiology : 

Biomass and transcriptional profiling of three abandoned Agave cultivars. 172:. 

https://doi.org/10.1016/j.indcrop.2021.114043 

6.  Samanta S, Benhadi-mar J, Silva F (2021) The Temporal and Spatial Variation of Arthropod 

Associations Inhabiting Non-Crop Vegetation in a Sisal Crop , Agave sisalana in the Caatinga 

Biome 

7.  Macedo EP, Cerqueira CLO, Souza DAJ, et al (2013) Production of cellulose-degrading enzyme 

on sisal and other agro-industrial residues using a new Brazilian actinobacteria strain streptomyces 

sp. SLBA-08. Brazilian J Chem Eng 30:729–735. https://doi.org/10.1590/S0104-

66322013000400005 

8.  Alemán-Nava GS, Gatti IA, Parra-Saldivar R, et al (2018) Biotechnological revalorization of 

Tequila waste and by-product streams for cleaner production – A review from bio-refinery 

perspective. J Clean Prod 172:3713–3720. https://doi.org/10.1016/j.jclepro.2017.07.134 

9.  Palomo-Briones R, López-Gutiérrez I, Islas-Lugo F, et al (2018) Agave bagasse biorefinery: 

processing and perspectives. Clean Technol Environ Policy 20:. https://doi.org/10.1007/s10098-

017-1421-2 

10.  Nigam PS, Singh A (2011) Production of liquid biofuels from renewable resources. Prog Energy 

Combust Sci 37:52–68. https://doi.org/10.1016/j.pecs.2010.01.003 

11.  Pereira, L. G. G., Heeres, H. J., Lima, S. B., & Pires CAM (2022) Development of process-product 

relations for the pyrolysis of sisal residue _ Elsevier Enhanced Reader.pdf 

12.  Srivatsav P, Bhargav BS, Shanmugasundaram V, et al (2020) Biochar as an eco-friendly and 

economical adsorbent for the removal of colorants (Dyes) from aqueous environment: A review. 

Water (Switzerland) 12:1–27. https://doi.org/10.3390/w12123561 



19 

 

13.  Gabhane JW, Bhange VP, Patil PD, et al (2020) Recent trends in biochar production methods and 

its application as a soil health conditioner : a review. SN Appl Sci 2:1–21. 

https://doi.org/10.1007/s42452-020-3121-5 

14.  Kizito S, Luo H, Lu J, et al (2019) Role of nutrient-enriched biochar as a soil amendment during 

maize growth: Exploring practical alternatives to recycle agricultural residuals and to reduce 

chemical fertilizer demand. Sustain 11:. https://doi.org/10.3390/su11113211 

15.  Amoah-Antwi C, Kwiatkowska-Malina J, Thornton SF, et al (2020) Restoration of soil quality 

using biochar and brown coal waste: A review. Sci. Total Environ. 722 

16.  Bhattacharyya P, Barman D (2018) Crop Residue Management and Greenhouse Gases Emissions 

in Tropical Rice Lands. Elsevier Inc. 

17.  Sajjadi B, Chen WY, Egiebor NO (2019) A comprehensive review on physical activation of biochar 

for energy and environmental applications. Rev Chem Eng 35:735–776. 

https://doi.org/10.1515/revce-2017-0113 

18.  Zhou Z, Xu Z, Feng Q, et al (2018) Effect of pyrolysis condition on the adsorption mechanism of 

lead , cadmium and copper on tobacco stem biochar. J Clean Prod 187:996–1005. 

https://doi.org/10.1016/j.jclepro.2018.03.268 

19.  Viet D, Liu N, Anh V, Hou C (2019) Meso / micropore-controlled hierarchical porous carbon 

derived from activated biochar as a high-performance adsorbent for copper removal. Sci Total 

Environ 692:844–853. https://doi.org/10.1016/j.scitotenv.2019.07.125 

20.  Dizbay-onat M, Vaidya UK, Lungu CT (2017) Preparation of industrial sisal fiber waste derived 

activated carbon by chemical activation and effects of carbonization parameters on surface 

characteristics. Ind Crop Prod 95:583–590. https://doi.org/10.1016/j.indcrop.2016.11.016 

21.  Bouhadjra K, Lemlikchi W, Mignard S (2023) Removal of Cibacron Blue P-3R (RB 49) dye from 

aqueous solution using chemo-physically activated biochar from Agave fiber waste. Biomass 

Convers Biorefinery 13:225–235. https://doi.org/10.1007/s13399-021-01397-x 

22.  Dayton DC, Foust TD (2020) Biomass Characterization. Anal Methods Biomass Charact Convers 

19–35. https://doi.org/10.1016/b978-0-12-815605-6.00002-0 

23.  Kalinke C, Oliveira PR, Oliveira GA, et al (2017) Activated biochar: Preparation, characterization 

and electroanalytical application in an alternative strategy of nickel determination. Anal Chim Acta 

983:103–111. https://doi.org/10.1016/j.aca.2017.06.025 

24.  Meirelly C, Elpídio DA, Eduardo C, et al (2018) Fabrication and Characterization of a Dye-

Immobilized Yttria- Stabilized Zirconia Pellicular Adsorbent for Expanded Bed Adsorption 

Chromatography. Chromatographia 81:1355–1364. https://doi.org/10.1007/s10337-018-3581-6 

25.  Barbosa PS, Barbosa MHP, Faria BDFH De, Teófilo RF (2021) Improvements in the Extractive 

and Carbohydrate Analysis of Sugarcane Bagasse. Waste and Biomass Valorization 12:3727–3740. 

https://doi.org/10.1007/s12649-020-01268-y 



20 

 

26.  G SK, Flores-sahagun THS, Pereira L, et al (2013) Composites : Part A Characterization of blue 

agave bagasse fibers of Mexico. Compos Part A 45:153–161. 

https://doi.org/10.1016/j.compositesa.2012.09.001 

27.  Protásio T de P, Bufalino L, Tonoli GHD, et al (2011) Relação entre o poder calorífico superior e 

os componentes elementares e minerais da biomassa vegetal. Pesqui Florest Bras 31:113–122. 

https://doi.org/10.4336/2011.pfb.31.66.113 

28.  Belay JB, Habtu NG, Ancha VR, Hussen AS (2021) Alkaline hydrogen peroxide pretreatment of 

cladodes of cactus (opuntia ficus-indica) for biogas production. Heliyon 7:e08002. 

https://doi.org/10.1016/j.heliyon.2021.e08002 

29.  Kurian JK, Gariepy Y, Orsat V, Raghavan GSV (2015) Microwave-assisted lime treatment and 

recovery of lignin from hydrothermally treated sweet sorghum bagasse. Biofuels 6:341–355. 

https://doi.org/10.1080/17597269.2015.1110775 

30.  Stark NM, Yelle DJ, Agarwal UP (2016) Techniques for Characterizing Lignin. Lignin Polym 

Compos 49–66. https://doi.org/10.1016/B978-0-323-35565-0.00004-7 

31.  Hernández-Meléndez O, Miguel-Cruz F, Montiel C, et al (2016) Characterization of Blue Agave 

Bagasse (BAB) as Raw Material for Bioethanol Production Processes by Gravimetric, Thermal, 

Chromatographic, X-ray Diffraction, Microscopy, and Laser Light Scattering Techniques. 

Bioenergy Res 9:. https://doi.org/10.1007/s12155-016-9760-0 

32.  Ferreira-Villadiego J, García-Echeverri J, Vidal M V., et al (2018) Chemical modification and 

characterization of starch derived from plantain (Musa paradisiaca) peel waste, as a source of 

biodegradable material. Chem Eng Trans 65:763–768. https://doi.org/10.3303/CET1865128 

33.  Yang J, (Sophia)He Q, Yang L (2019) A review on hydrothermal co-liquefaction of biomass. Appl 

Energy 250:926–945. https://doi.org/10.1016/j.apenergy.2019.05.033 

34.  Nautiyal P, Subramanian KA, Dastidar MG (2016) Adsorptive removal of dye using biochar 

derived from residual algae after in-situ transesterification: Alternate use of waste of biodiesel 

industry. J Environ Manage 182:187–197. https://doi.org/10.1016/j.jenvman.2016.07.063 

35.  Yang S, Chen X, Jiang Z, et al (2020) Effects of biochar application on soil organic carbon 

composition and enzyme activity in paddy soil under water-saving irrigation. Int J Environ Res 

Public Health 17:. https://doi.org/10.3390/ijerph17010333 

36.  Suhaimi N, Kooh MRR, Lim CM, et al (2022) The Use of Gigantochloa Bamboo-Derived Biochar 

for the Removal of Methylene Blue from Aqueous Solution. Adsorpt Sci Technol 2022:22–24. 

https://doi.org/10.1155/2022/8245797 

37.  Manyà JJ, Azuara M, Manso JA (2018) Biochar production through slow pyrolysis of different 

biomass materials: Seeking the best operating conditions. Biomass and Bioenergy 117:115–123. 

https://doi.org/10.1016/j.biombioe.2018.07.019 

38.  Sahu S, Pahi S, Tripathy S, et al (2020) Adsorption of methylene blue on chemically modified 

lychee seed biochar: Dynamic, equilibrium, and thermodynamic study. J Mol Liq 315:113743. 



21 

 

https://doi.org/10.1016/j.molliq.2020.113743 

39.  Phuong DTM, Loc NX, Miyanishi T (2019) Efficiency of dye adsorption by biochar produced from 

residues of two rice varieties, Japanese Koshihikari and Vietnamese IR50404. Desalin Water Treat 

165:333–351. https://doi.org/10.5004/dwt.2019.24496 

40.  Biswas S, Mohapatra SS, Kumari U, et al (2020) Batch and continuous closed circuit semi-fluidized 

bed operation: Removal of MB dye using sugarcane bagasse biochar and alginate composite 

adsorbents. J Environ Chem Eng 8:103637. https://doi.org/10.1016/j.jece.2019.103637 

41.  Mu Y, Ma H (2021) NaOH-modified mesoporous biochar derived from tea residue for methylene 

Blue and Orange II removal. Chem Eng Res Des 167:129–140. 

https://doi.org/10.1016/j.cherd.2021.01.008 

42.  Dawood S, Sen TK, Phan C (2019) Performance and dynamic modelling of biochar and kaolin 

packed bed adsorption column for aqueous phase methylene blue (MB) dye removal. Environ 

Technol (United Kingdom) 40:3762–3772. https://doi.org/10.1080/09593330.2018.1491065 

43.  Wu T, Yang G, Cao J, et al (2022) Activation and adsorption mechanisms of methylene blue 

removal by porous biochar adsorbent derived from eggshell membrane. Chem Eng Res Des 

188:330–341. https://doi.org/10.1016/j.cherd.2022.08.042 

44.  Chiu Y, Lin L (2019) Journal of the Taiwan Institute of Chemical Engineers Effect of activating 

agents for producing activated carbon using a facile one-step synthesis with waste coffee grounds 

for symmetric supercapacitors. J Taiwan Inst Chem Eng 101:177–185. 

https://doi.org/10.1016/j.jtice.2019.04.050 

45.  Shahkarami S, Azargohar R, Dalai AK, Soltan J (2015) Breakthrough CO2 adsorption in bio-based 

activated carbons. J Environ Sci (China) 34:68–76. https://doi.org/10.1016/j.jes.2015.03.008 

 

 



Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

highlights.docx

https://assets.researchsquare.com/files/rs-3658548/v2/5d6d6cdd6161454284209b6d.docx

	1. Introduction
	3. Results and Discussion

	The authors acknowledge that there is no financial or authorial conflict of interest on this work. We thank the following institutions for support: CNPq, CAPES (grants: 88887.492716/2020-00), FACEPE (APQ- 0176-19; Project Biotec-Semiárido APQ- 1379-9...
	Reference

