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Introduction
Aerosols from fossil fuel burning increased during the twentieth 

century, suggesting that they may have contributed to global 
temperature changes.1,2 On the other hand, biofuels are sources 
of renewable energy, which could substitute petroleum products 
used in several human activities.3,4 In particular, the ethanol from 
sugarcane has advantages over fossil fuel in reducing greenhouse 
gas emissions and improving the air quality in cities.5 During the 
1980s, the cultivation of sugarcane for the production of ethanol in 
the Brazilian territory was encouraged by the federal government on 
the second phase of the National Alcohol Program (PROALCOOL 
II), generating the expansion to more than three million hectares of 
sugarcane plantations for ethanol production in the south-central 
region of Brazil.6 

Brazil was the second-largest global producer of ethanol in 2020 
(30% of the total)7 and the first-largest global producer of sugarcane 
in 2019 (39% of the total).8 In 2019, the volume of ethanol produced 
in Brazil was 10,092x103m3, with a volume stored in January 2020 of 
2,493x103m3.9 The Brazilian sugarcane crops area in the 2020/2021 
harvest was approximately 8.6 million hectares or 86,000km2, which 
corresponds to an area equivalent to Austria.10 The sugarcane crops 
generated 654 million tons of sugarcane, converted into 41 million 
tons of sugar and 29 billion liters of ethanol.10 Approximately 280kg 
of sugarcane bagasse, an agro-industrial waste, is generated during the 
processing of one ton of sugarcane,11 which can be burned to produce 
heat and electricity. The electricity generated is used in the sugar and 
alcohol production plants themselves and/or is sold to the electricity 
grid.12 Although sugarcane bagasse burns to electricity production 
yields in lower emissions compared with diesel, it still releases 
climate changes gases to the atmosphere.13

Consequently, the use of part of the sugarcane bagasse to produce 
products with greater added value and less environmental impact 

could represent interesting gains for sugarcane producers in Brazil 
or elsewhere. One of these products can be the activated biochar, an 
important adsorbent commonly used for pollutants removal due to 
its functional groups, large superficial specific area, good chemical 
stability, recyclability and high mechanical strength.14 The global 
market for activated biochar in 2020 was 1,666x103ton, with the water 
and/or wastewater treatment segment responsible for 52% of its total 
consumption, even considering the interest in masks with activated 
carbon during the COVID-19 pandemic.15 The production of activated 
biochar from sugarcane bagasse would fit into the circular economy 
concept, which has been widely promoted by government agencies, 
policymakers, businesses, and academia.16 It replaces the “end-of-
life” definition and presents a circular process with reducing, reusing, 
recycling, and recovering materials during its complete life cycle 
(production, distribution, consumption, and disposal process).17,18 On 
green fuel production chains, such as ethanol, the application of this 
concept is of high importance to guarantee the sustainability of the 
process.5 

The textile industries are one of the oldest and most traditional 
activities in the productive and profitable segments of the world. 
They are responsible for an important part of the Brazilian and 
world economy.19 However, they are characterized by high water 
consumption and the generation of large volumes of liquid effluents 
that can be toxic and causes several environmental problems.20,21 For 
the removal of color from textile effluents, the most known and studied 
processes are coagulation/flocculation, adsorption, and oxidative 
processes.22 However, adsorption is the technique that presents the 
best results and the one that has the greatest application in removing 
the color of textile effluents.23 One of the most common dyes used 
by the textile industry is the reactive blue 19 (RB19). Some studies 
presented the feasibility of the biochar for RB19 removal, such as 
grapefruit peel.24 dried pulp and paper sludge,25 citrus waste,26 coconut 
shell,27,28 pomegranate seed powder,29 rice straw ash30 and pistachio 
shell.31
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Abstract

Ethanol from sugarcane has advantages over fossil fuel in reducing greenhouse gas 
emissions and improving the air quality in cities. However, ~280kg of sugarcane bagasse, 
an agro-industrial waste, are still generated during the processing of 1 ton of sugarcane. 
In this paper, the sugarcane bagasse, was converted into activated biochar (AB) and the 
physicochemical properties and morphology of the AB were determined. The potential 
absorbent for reactive blue 19 dye (RB19) onto AB under different conditions was studied, 
considering the pH influence, adsorption isotherms, kinetic studies and thermodynamic 
parameters. Finally, a preliminary circular economic analysis was also performed. The 
characterization of AB showed microtubes of up to 1µm diameter and cavities lower than 
0.5µm, with a specific surface area of 687m2/g and an iodine number of 656mg I2/g. The 
Freundlich adsorption isotherm resulted in the best fit for the experimental data, with 
maximum adsorption of 58.1 mg/g at pH 2 and 31.4mg/g at pH 5. The adsorption took 
place in the first 2h, following a pseudo-second-order kinetic model. The thermodynamic 
experiments showed that higher temperatures improved the removal efficiency by ~10% 
and that the process is endothermic. The preliminary circular economic analysis for AB 
preparation revealed a cost of 2.18USD/Kg of adsorbent. This study indicates that AB is an 
economical material for large-scale wastewater treatment in textile industries, offering an 
alternative pathway for the agro-industrial waste generated during the ethanol production.

Keywords: textile industries, agro-industrial waste, activated biochar, adsorption of 
reactive dye, biomass valorization
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Although there are several studies involving the RB19 removal 
by different activated biochar, no studies were carried out using 
activated biochar produced with sugarcane bagasse (AB). Therefore, 
this study aims to assess the RB19 removal from an aqueous solution 
onto AB. The physicochemical properties and morphology of the AB 
were determined. The effects of the pH, the adsorption isotherms 
models, the kinetics study, and the thermodynamic parameters were 
also investigated. Finally, a preliminary economic analysis was also 
carried out to understand the opportunities in the circular economy 
related to the sugar cane bagasse, an important agro-industrial waste, 
which can be used as a low-cost adsorbent on cleaner production in 
textile industries in Brazil and elsewhere.

Materials and methods
Activation and characterization of the activated 
biochar 

The activated biochar (AB) with ZnCl (20mol/L), in the proportion 
of 1:3 (g:mL), was produced with sugarcane bagasse via pyrolysis at 
600°C and 1h residence time under nitrogen gas atmosphere.32 After 
activation, the material was washed with distilled water for 30min, 
and the mixture was centrifuged at 350rpm for 20min. Then, the AB 
was separated and dried in an oven at 60°C for 24h. The pH value 
for AB was characterized using the ratio 1:25 (g of AB per mL of 
distilled and deionized water), with an equipment trademark YSI, 
model 556. Patterns of high purity were used for calibration of pH 
4.00 (4.00±0.01 at 25°C±0.2°C) and 7.00 (7.00±0.01 at 25°C±0.2 °C). 

The specific surface area (SSA) was measured by BET/N2 
adsorption, using a Micromeritics ASAP 2010 instrument. According 
to the Brazilian Association of Technical Standards (EB-2133-
ABNT, 1991), the iodine number was measured (in mg I2/g of AB), 
which determined the adsorption characteristics of AB. The infrared 
spectrum of AB was determined by ATR FT-IR (Varian), with a 
wavelength range from 400-4000cm-1. Finally, the morphology of AB 
was identified using a Scanning Electron Microscope (SEM, JEOL 
JSM-6010LA).

Removal experiments

The reactive blue 19 dye (RB19), an anionic azo-dye, whose 
characteristics are shown in Table 1, was used in this study. All 
batch adsorption experiments were carried out in triplicate. The 
RB19 aqueous solutions (V=50mL) were mixed with AB (m=0.2g). 
The RB19 concentrations were measured using a Hach DR-2800 
spectrophotometer at a wavelength of 590nm,33 and deionized water 
was used as control. The amount of RB19 adsorbed onto the AB at 
equilibrium time, qe (mg/g), and the adsorption percentage (%A) were 
determined using equations 1 and 2, respectively.34,35
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Where: C0 and Ce are the initial and equilibrium concentrations of 
RB19, respectively (mg/mL), m is the mass of AB (g), and V is the 
volume of solution (mL). 

The pH influence and adsorption studies

According to the pH range, the solubility of dyes can be reduced 
or increased. Thus, the pH influence on the adsorption of RB 19 

into the AB adsorbent was carried out with C0 of 300mg/L at 25°C 
and in different pH values (2, 3, 5, 7, 9, and 12). The samples were 
stirred for 6 h at 120 rpm and the pH control was made with HCl and 
NaOH, 0.1 M. As presented in item 3.2 (Influence of pH on the RB19 
removal), the best pH for RB19 removal was 2. As achieving pH 2 
at a commercial scale is challenging, pH 5 was also tested on further 
studies. Therefore, the effect of initial concentration, the adsorption 
and kinetics studies and the temperature influence were assessed at 
pH 2 and 5.

Table 1 Main characteristics of the Reactive Blue 19 dye (RB19)

Molecular structure

 
Generic name C.I. Reactive Blue 19
Molecular formula C22H16N2O11S3Na2

Molar mass 626.54g/mol
Class Reactive
λmáx (nm) 590
1000 22

For adsorption experiments, different initial concentrations 
(C0) were investigated, i.e., 50, 150, 200, 300, 400, 500, 800, 
and 1000mg/L, based on the two selected pH values of 2 and 5 at 
25°C, with the samples stirred at 120rpm for 6h. After this period, 
in both experiments carried out, the solutions were centrifuged for 
20min at 3500rpm, and the remaining concentration (Ce) of RB19 
in the supernatant was measured. The Freundlich (Equation 3) 
and Langmuir (Equation 4) adsorption isotherms were applied for 
adsorption modelling.22
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Where: kF is the Freundlich capacity factor [(mg/g)/(mL/mg)1/n], 
1/n is the Freundlich intensity parameter, qmax is the maximum amount 
of adsorption corresponding to complete monolayer coverage on the 
surface (mg/g), and kL is the Langmuir constant related to the energy 
of adsorption (mL/mg).   

Adsorption kinetics

The kinetics studies were carried out in C0 of 300 mg/L for pH 2 
and 5 at 25°C. The suspensions were stirred at 120 rpm and sampled 
at 15, 30, 60, 120, and 420 min and the Ce of RB19 was determined as 
described above. The pseudo-first-order Lagergren (Equation 5) and 
pseudo-second-order (Equation 6) models were applied to determine 
kinetics constants and explain the reaction mechanisms.35
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Where: qt and qe are the amount adsorbed at equilibrium (mg/g) 
and at any time t (min), respectively, k1 and k2 are the rate constant of 
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pseudo-first-order rate (1/min) and pseudo-second-order adsorption 
(g/mg/min), respectively. 

The temperature influence on the adsorption

The temperature influence on adsorption of RB19 at different 
temperatures, i.e., 303 K (30°C), 313 K (40°C), and 323 K (50°C) 
was studied using C0 of 300mg/L, at pH 2 and 5, with the Ce of 
RB19 measured as described previously. The standard free energy or 
Gibbs energy (ΔG°-J/mg) was obtained from equations 7 and 8, and 
the enthalpy change (ΔH°-J/mg) and the entropy (ΔS°-J/mg/K) were 
determined from the slope and intercept of the linear trendline of the 
van’t Hoff equation (Equation 9).
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Where: R is the gas constant (J/mol/K), kc is the adsorption 
equilibrium constant, T is the temperature (K), -ΔH°/R is the slope of 
the van’t Hoff chart, and ΔS°/R is the intercept of the van’t Hoff chart.

Average relative error

The average relative error (ARE–Equation 10) and R2 were 
conjointly used in both isotherm and kinetics investigations in order 
to evaluate the best data fit to models.36 ARE results were also used to 
evaluate models under (+) and over (-) prediction.
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Where: |exp| and |cal| are the experimental and calculated values, 
respectively, for either isotherm or kinetic investigations, N = sample 
size.

Results and discussion
Characterization of AB

The AB possesses a pH value of 9.8 and SSA of 687m2/g. The 
pH value of 9.8 is higher than the pHPCZ (6.4).32 indicating negative 
charges on AB surface. In Brazil, the values higher than 600mgI2/g 
for the iodine number indicates if the activated biochar can be used 
in the water treatment plants – WTP (EB-2133-ABNT 1991). The 
iodine number for the AB was 656mgI2/g, suggesting the use of the 
AB in Brazilian WTP. The AB was analyzed by SEM to characterize 
its surface morphology (Figure 1a). The AB is composed of fragments 
of different sizes, shapes and textures since the AB is a heterogeneous 
material with microtubes varying from 0.6 to 1.0µm in diameter and 
several cavities and pores lower than 0.5µm. The high porosity helps 
the dye to be trapped and adsorbed by the AB.37

The FT-IR spectrum shows peaks at 3389, 1587, 1377, 1221, 1098 
and 797cm-1 (Figure 1b), which represent several functional groups. 
The broad peak detected at 3389 cm-1 is due to O–H stretching 
vibrations of hydroxyl functional groups, such as phenolic or aliphatic 
alcohol and carboxylic acid.38–40 The peak at 1587cm-1 is related to 
aromatic ring models (C=C stretching), while the peaks at 1377, 1221 
and 1098cm-1 represent the C–H bending (-CH3), amine (C–N) and 
C–O of a primary alcohol, respectively.37 Finally, the peak at 797cm-1 
is due to the =C–H in alkenes.39

Figure 1 Scanning electron microscopy (SEM) images of AB (a). FT-IR 
spectrum of AB (b).

Influence of the pH on the RB19 removal

The analysis of RB19 removal demonstrated a different percentage 
of removal for pH 2 and 5 (Table 2), with relative standard deviations 
lower than 3%. The pH 5 presented RB19 adsorption percentages 
varying from 12 to 56%, as a function of the initial concentration (C0). 
The pH 2 presented the highest adsorption percentage of RB19, with 
values between 22 and 68%. Additionally, the highest RB19 removals 
at pH 2 and 5 were obtained for lower initial concentrations, while 
for the elevated initial concentrations, the removal in both pH values 
decreased to 22 and 12%, respectively. Thus, the results show clearly 
that the initial RB19 concentration plays a significant role in the RB19 
adsorption process by AB.

Table 2 Adsorption percentage (%A) of RM19 onto the AB, at pH 2 and 5

C0 (mg/L) pH2 pH5
50 68 56
100 54 53
200 50 35
300 43 28
400 42 25
500 24 22
800 25 15
1000 22 12

The pHPCZ is another important issue on RB19 removal by AB, 
once it determines whether electrostatic attraction or repulsion 
between the sorbents and sorbates. At the pH values used in the 
experimental procedures (2 and 5), the AB in solutions with pH values 
lower than the pHPCZ (6.4).32 developed a positive charge on their 
surface, resulting in the electrostatic attraction that exists between the 
positively charged surface of the AB and the anionic RB19. The acid 
pH values (lower than 3) were suggested to maximum removal of 
RB19 using different adsorbents.24–26,28–31

Adsorption isotherms

The Freundlich (Equation 3) and Langmuir (Equation 4) adsorption 
isotherms at different pH values are presented in Figure 2. The 
parameters of both models are shown in Table 3. The highest values 
of R2 and the lower ARE values were obtained using the Freundlich 
model for both pH values studied. However, the R2 values and the 
maximum adsorption capacity suggest that the Langmuir model is 
also adequate. The Freundlich model considers the non-uniformity of 
real surfaces and describes the ionic adsorption within certain limits 
of concentration. Freundlich adsorption isotherm was considered as 
the better isotherm model in other studies reported in the literature 
(Table 4). 

The maximum adsorption was 58.1mg/g at pH 2 and 31.4 mg/g 
at pH 5. The highest kF value was obtained for pH 2, confirming its 
highest adsorption capacity in relation to pH 5. Table 4 also displays 
the comparison of AB adsorption capacity of this study with other 
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studies elsewhere. The maximum adsorption of 58.1mg/g at pH 2 
was higher than the other studies involving different AB, even in 
more acidic environments, highlighting the advantage of the use of 
sugarcane bagasse as an adsorbent of RB19 in relation to other AB.

Figure 2 Adsorption isotherms of RB19 by AB at pH 2 (a) and 5(b), using 
Langmuir and Freundlich adsorption models. Bars indicate standard deviation.

Table 3 Parameter of adsorption using Freundlich and Langmuir models for 
RB19 adsorption by AB, at pH 2 and 5

pH Freundlich parameter Langmuir parameter

 
kF [(mg/g)/
(mL/
mg)1/n]

1/n R2 ARE 
(%)

qmax 
(mg/g)

kL 
(mL/
mg)

R2 ARE 
(%)

2 2.57 0.49 0.99 6.7 58.1 0.006 0.99 9.1

5 2.27 0.38 0.99 7.3 31.4 0.012 0.99 10.2

Table 4 Comparison of AB adsorption capacity (qmax in mg/g) with other 
studies at ~ 25°C

Adsorbent pH qmax Reference

Sugar cane bagasse 2 58.1 Present study
Grapefruit peel 3 12.4 24

Dried pulp and paper sludge 3 4.1 25

Citrus waste -- 14.8 26

Coconut shell 12 2.2 27

Coconut sheel 2 57 28

Pomegranate seed powder 3 3.6 29

Rice straw fly ash 1 38.2 30

Pistachio shell 2 2.2 31

Kinetic studies

Figure 3 and Table 5 show the adsorption kinetics of RB19 by AB 
at pH 2 and 5. It demonstrates that the adsorption reactions are typical 
biphasic kinetics, with fast RB19 adsorption happening in the first 
2h, and a further increase in time does not improve the adsorption 
capacity. Therefore, the reaction does not need to be extended to a 
longer time. Using the maximum adsorption of 58.1mg/g at pH 2 and 
31.4mg/g at pH 5 and 120min as the adsorption limit time, transfer rate 
of 0.48 and 0.26mg/g/min, can be obtained for the RB19 adsorption 
on AB at pH 2 and 5, respectively.

The kinetic parameters presented in Table 5 were obtained from 
the adjustment of the kinetic models to the experimental adsorption 
data, at pH 2 and 5, using pseudo-first-order Lagergren and pseudo-
second-order. Comparing the qt versus adsorption time of RB19 by AB 
at pH 2 and 5 (Figure 3) for pseudo-first-order Lagergren and pseudo-
second-order kinetic models and their adjustment to the experimental 
data based on the ARE values and R2 (Table 5), the adsorption kinetics 
fits better with the pseudo-second-order kinetic model. The pseudo-
second-order was also the best kinetic model in the studies of activated 
biochar from grapefruit peel,24 coconut shell,27,28 pomegranate seed 
powder,29 rice straw fly ash30 and pistachio shell.31

Figure 3 qt versus adsorption time of RB19 by AB at pH 2 (a) and 5 (b) 
adjusted by pseudo-first order Lagergren and pseudo-second-order. Bars 
indicate standard deviation.

Table 5 Kinetic parameters obtained by pseudo-first-order and pseudo-
second-order models for RB19 adsorption by AB, at pH 2 and 5

Kinetic parameter pH
 2 5
Pseudo-first-order
qe (mg/g) 27.68 z
k1 (1/mim) 0.04 0.02
R2 0.95 0.98
ARE 6.2 5.6
Pseudo-second-order
qe (mg/g) 30.48 23.06
k2x103 (g/mg/mim) 1.79 1.09
R2 0.97 0.99
ARE 4.8 5.1

Thermodynamic studies

The thermodynamic studies indicated an increase in the percentage 
of adsorption of RB19 by AB of ~10% with increasing temperatures 
(Figure 4a), ranging from 42-53% for pH 2 and 28-38% to pH 5. 
Thermodynamic parameters of enthalpy, entropy and Gibbs energy (at 
303, 313 and 323 K) were calculated at pH 2 and 5 and are presented 
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in Table 6. The constants ΔH° and ΔS° were obtained from the slope 
and intercept of plot ln kc versus T−1.103 (van’t Hoff chart) (Figure 
4b), respectively. Positive values for ΔH° (4.21 and 8.22 kJ/mg for 
pH 2 and 5, respectively) suggested an endothermic process, while 
positive ΔS° (average of 0.05J/mg/K) indicated affinity of the AB 
for RB19.42 For ΔG°, negative values were observed, confirming the 
natural spontaneity of the adsorption process. The decrease of ΔG° 
with increasing temperature suggests an increase in adsorption affinity 
of RB19 for AB with temperature.41,42

Figure 4 Adsorption of RB19 by AB at different temperatures (a) and van’t 
Hoff chart (b). Bars indicate standard deviation.

Table 6 Kinetic parameters obtained by pseudo-first-order and pseudo-
second-order models for RB19 adsorption by AB, at pH 2 and 5

pH ΔH° (kJ/mg) ΔS° (J/mg/K) ΔG° (kJ/mg)
   303 (K) 313 (K) 323 (K)
2 4.21 0.02 -1.36 -1.68 -1.99
5 8.22 0.03 -0.86 -0.99 -1.2

Implications for circular economy 

Finally, a preliminary economic analysis was also carried out to 
understand the opportunities in the circular economy related to the 
sugarcane bagasse and its real field application in wastewater treatment 
from textile industries. The overall cost of AB preparation includes the 
chemical and energy costs. The main use of the sugarcane bagasse in 
the production of heat and electricity in thermoelectric plants. Based 
on the sugarcane bagasse burning in a thermoelectric plant in the 
Paraíba State (Brazil), indicated that ~1.4kg of sugarcane bagasse is 
necessary to generate 1kWh of electricity.13 In Brazil, the average cost 
for generating electricity is US$ 0.10 per kWh,43 which yields US$ 

0.10 to the mill owner. Considering the Brazilian market price for 1kg 
of AB (US$ 9.50) and that 1 kg of sugarcane bagasse generates 230g 
of AB, a cost of US$ 2.18 per ABkg can be calculated. Consequently, 
a minimum added value up to 31-fold can be obtained in relation to 
the sugarcane bagasse burning to generate electricity. The last harvest 
generated 654 million tons of sugarcane,10 corresponding to 182 
million tons of sugarcane bagasse, used to generate electricity. If part 
of this total amount of sugarcane bagasse were converted into AB, 
the circular economy would be applied. This agro-industrial waste 
would be applied not only for the generation of electricity but also 
a product with high added value, with excellent adsorbent properties 
for the removal of reactive dye during the wastewater treatment from 
textile effluents.

Conclusion
Ethanol produced from sugarcane crops helps to reduce the main 

aerosols related to the greenhouse effect. However, during ethanol 
production, a large amount of sugarcane bagasse is generated. Here, 
we produced the activated biochar from sugarcane bagasse and 
studied its potential adsorbent for the removal of reactive blue 19 
dye (RB19) from an aqueous solution. The highest removal value 
was achieved at pH 2 (68%) for the lower initial concentrations. The 
maximum achieved adsorption capacity was 58.1mg/g at pH 2 and 
31.4 mg/g at pH 5, with an initial concentration of 300mg/g at 25°C. 
The Freundlich adsorption isotherm was the better adjustment for the 
experimental data. The adsorption reactions happen in the first 2h, 
obeying a pseudo-second-order kinetic model, based on the chemical 
adsorption. The thermodynamic studies indicated an endothermic 
process and affinity of AB for RB19. The results obtained in this study 
showed clearly that the AB has higher adsorption capacity and fast 
adsorption kinetics than other studies involving different activated 
biochar elsewhere. In addition, a preliminary circular economic 
analysis indicated a low cost for AB preparation, with an added value 
up to 31-fold in relation to the sugarcane bagasse burning to generate 
electricity. Therefore, the use of sugarcane bagasse would not have 
its useful life ended during the generation of electricity but prolonged 
due to extremely useful product obtained, which could be used as a 
low-cost material highly efficient adsorbent in wastewater treatment 
from textile industries.
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