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The right to clean water is one of the Sustainable Development Goals from the United Nations 
Agenda 2030. Industrial activity produces several tons of wastewater daily contaminated with 
dyes that must be treated. In this sense, the adsorption employing carbon-based materials as 
adsorbents is one of the most used and efficient processes. In this study, we developed a more 
sustainable biochar derived from a licuri nutshell (LN), a typical Brazilian lignocellulosic residue, 
for methylene blue (MB) removal. The chemical treatment of this biochar with sulfuric acid and 
sodium hydroxide created a functional structure with acid and basic sites. The licuri nutshell 
modified biochar (LNMB) presented a maximum adsorption capacity of MB of 826.45 mg g-1, 

while the non-modified biochar and the commercial activated carbon presented only 5.27 and 
142.86 mg g-1, respectively. The recyclability of the adsorbents was evaluated, and there was a loss 
of efficiency in each cycle for every material. However, it is remarkable that LNMB presented in 
only one adsorption cycle almost six times more MB removal than the commercial material, thus 
proving its promising feature as a greener adsorbent derived from lignocellulosic waste.  
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Introduction

Natural resource exploitation has been more intense 
in recent years to meet the demands of a growing world 
population.1 Water can illustrate these natural resources, 
as it is essential to most human endeavors, generating a 
considerable amount of aqueous waste. This wastewater 
is released into the environment by 80% worldwide, 
and 95% is discarded without proper treatment in less 
developed countries. This has various harmful effects on 
the soil, sediments, and water in the area. Consequently, 
treating effluents is an environmental concern and 
has become a Sustainable Development Goals of the 
2030  United Nations Agenda.2 By focusing this study 
on the problem of aqueous effluents contaminated with 
organic compounds, some companies employ synthetic 

dyes and unlawfully discharge the wastewater into sewers, 
rivers, and oceans. For instance, the textile industry 
produces more than 700,000 tons of dyes yearly, and 
roughly 10% of this production and consumption are  
improperly released.3,4

In this sense, methylene blue (MB) is highlighted for 
being a substance of the class polymethine dyes, which have 
a chromophoric system conjugated by double bonds in an 
aromatic cycle, and for its cationic and basic properties.5-7 
In effluents, this compound is one of the causes of the 
alteration of water transparency due to its deep blue color, 
reducing the amount of O2 available and, consequently, 
the natural photosynthetic activity of the environment. 
Besides, the effect of MB in concentrations near 5 ppm 
in angelfish left evidence of teratogenic issues, thus 
exposing the impacts of its acute and chronic toxicity in 
the ecosystems.8 Moreover, it is known that in humans, MB 
can cause respiratory problems, inflammation and allergies, 
headache, vomiting, and mental confusion.9
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Thus, wastewater treatment systems have implemented 
various strategies to improve their operations and make 
them more effective, economical, and sustainable. 
Multiple techniques, such as advanced oxidation 
process (AOP), biodegradation, and phytoremediation, 
are already used.7 However, the MB adsorption method 
is the most affordable and employs a wide range 
of materials, including clay minerals,9 zeolites,10  
metalorganic frameworks (MOFs),11 and carbonaceous 
materials (graphene oxides, activated carbon, and carbon 
nanotubes).12 Despite these well-known adsorbents, using 
renewable sources for their production is essential, thus 
presenting a step forward in more sustainable materials. 
Using renewable resources like municipal solid wastes,13 
agro-industrial residues (such as rice husk, banana 
peel, and sugarcane filter cake),14-16 and other abundant 
lignocellulosic biomass is quite promising to achieve the 
production of these sustainable materials. 

From the point of view of a Brazilian scenario, the 
lignocellulosic biomass called licuri is an encouraging 
renewable source for adsorbent production. The licuri palm 
(Syagrus coronata), also known as “ouricuri” or licuri in 
Brazil, is recognized as one of the most valuable plants 
in the Caatinga region.17 Despite the well-known uses of 
its fruit and almond for the food chain, fragrances, and 
personal care products,18 the licuri nutshell is typically 
discarded since it is a resistant and non-nutritive material 
and is thus considered an abundant waste.19 The total 
annual production of licuri fruits per hectare ranges from 
2,000 to 4,000 tons, exposing that a generous amount of 
nutshell will be further discarded without any use.20 Herein, 
this lignocellulosic biomass residue can be commercially 
upgraded using a thermochemical conversion technique 
to give biochar and reintegrate this residue in the circular 
economy of licuri palm.21-23 

Biochar is a carbon-rich solid product that originates 
from the thermal transformation of organic matter at 
temperatures above 250 °C and in a low-oxygen atmosphere. 
The initial focus of biochar production was to improve soil 
fertility and nutrient retention in plants and reduce N2O, 
CH4, and CO2 emissions.24 Through technological advances, 
the use of biochar went far beyond these applications, where 
methods of treating and activating biochars (base‑KOH, 
K2CO3, NaOH, and acid-H2SO4, H3PO4, and HCl) to 
control the surface chemistry and physical properties 
towards effective adsorption of contaminants are being 
discussed.25-27 However, it is noteworthy that biochars 
with both acidic and basic properties remain relatively 
underrepresented in the existing literature. This knowledge 
gap is particularly conspicuous in the realm of catalysis 
and adsorption processes, which need the presence of 

both Brønsted and Lewis sites for enhanced reactivity.28,29 
The coexistence of acidic and basic functional groups on 
biochar surfaces holds substantial promise, as it allows 
selective adsorption and targeted reactions with specific 
molecules, contingent upon their charge and chemical 
characteristics.30 This inherent selectivity emerges as a 
valuable asset, especially in scenarios involving complex 
mixtures of contaminants in water or when aiming to 
optimize the production of a specific compound within a 
catalytic reaction.

Furthermore, the suitability of biomass waste-derived 
biochar to more extensive scale and the life cycle 
assessment (LCA) also has been a vital topic to boost the 
implementation of these carbon materials in industrial 
applications.31 For example, Gaunt and Lehmann32 
studied the environmental benefits of biochar addition 
to agricultural soils and compared its use to energy 
generation. They found that biochar had to be priced at 
US$47 per ton to compensate for potential economic 
profits from additional energy generation, emphasizing 
its potential as a soil amendment. Similarly, Peters et al.33 
modeled a slow pyrolysis system for biochar production 
from lignocellulosic feedstocks and observed harmful 
greenhouse gas emissions indicating of significant carbon 
abatement potential. Nonetheless, Choudhary and Philip34 
showed that acid-modified biochar, applied to wastewater 
treatment, had a total impact contribution of 20 times 
less than commercial activated carbon in the LCA, 
demonstrating a more favorable performance in climate 
change mitigation and low-cost adsorbent. These studies 
collectively highlight biochar’s role in the sustainable 
aspect of climate change mitigation while emphasizing 
the economic considerations associated with its various 
applications.

Thus, this study explores the valorization of the 
licuri nutshell through slow pyrolysis and also evaluates 
a chemical treatment in the generated biochar toward 
removing MB dye from aqueous solutions. The adsorption 
was drastically increased when the biochar was modified 
with sulfuric acid and sodium hydroxide due to the creation 
of acid and basic surface groups. All the materials prepared 
were analyzed regarding their physicochemical properties, 
and the chemically treated biochar was extensively studied 
in the MB removal, i.e., equilibrium curves, kinetics, and 
adsorption mechanisms. The comparison with commercial 
activated carbon and other materials in the literature 
revealed that this modified biochar presented an outstanding 
capacity for MB removal, being suitable for wastewater 
treatment and incorporating a more sustainable feature 
into the process. 
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Experimental

Chemicals

All chemicals used were analytical grade quality 
and used without further purification. Methylene blue 
(empirical formula: C16H18ClN3S) was purchased from 
Sigma-Aldrich (Cotia, Brazil). Sulfuric acid, sodium 
hydroxide, sodium carbonate, sodium bicarbonate, and 
chloridric acid were purchased from Synth (São Paulo, 
Brazil). Commercial activated carbon was purchased from 
Dinâmica (Indaiatuba, Brazil).

Sampling and biochar production

The licuri nutshell (LN) was collected from a local 
community in Caldeirão Grande, Bahia, Brazil (11°0’32’’S 
and 40°18’7W). The raw biomass was dried overnight 
(105 °C) and processed in a ball milling.35 A commercial 
activated carbon, labeled as CAC, was used as a comparative 
material for the adsorption tests. This carbon was dried at 
105 °C for 12 h and received a granulometric adjustment 
between 0.212 and 0.045 mm.

According to previous studies of our research group,15,35,36 
250 g of raw biomass were subjected to the thermochemical 
process in a batch-type reactor using a Heraeus R/O 100 oven 
(Niterói, Brazil). The sample was positioned in the central 
region of the tube, being isolated from the rest of the system 
by a layer of glass wool at the terminals of the tube to allow 
only the passage of gases. A continuous flow of N2 gas at 
500 mL min-1 was applied for 10 min before the pyrolysis 
and throughout the process to ensure an inert atmosphere. 
After this purging, the heating started at 12  °C  min-1 
until 400 °C and kept at this temperature for 90 min. The 
biochar was collected, and the other products formed in the 
pyrolysis (aqueous phase and bio-oil) were reserved. After 
the pyrolysis process, the licuri nutshell biomass (LN) was 
named licuri nutshell biochar (LNB).

Chemical treatment of biochar

For the acid modification, a mixture of biochar (LNB) 
and H2SO4 (mass ratio 1:2) was heated at 185 °C for 3 h 
under stirring.36 Then, small amounts of distilled water were 
added to the mixture to ensure the system’s homogeneity. 
The mixture was cooled until room temperature and washed 
with distilled water. Subsequently, the solid was soaked 
in a 10% NaOH solution for 30 min under stirring and 
washed with distilled water until pH = 7. The resultant solid 
was dried overnight (105 °C), and the LNB sample was 
converted into the licuri nutshell modified biochar (LNMB).

Physicochemical characterization of the materials

Ultimate analysis (CHNS)
The CHNS analysis was performed using FlashEA 

1112 equipment (ThermoScientific, Rio de Janeiro, 
Brazil) in triplicate, and the standards used were 2,5-bis(5-
tert-butyl-benzoxazol-2-yl)thiophene and L-cystine. The 
oxygen content was obtained by difference according to 
equation 1. 

O (%) = 100 – (C + H + N + S)	 (1)

where O, C, H, N, and S are the percentage weight of each 
element.37

Proximate analysis
The moisture, volatile matter, and ash content were 

performed in duplicate according to ASTM 1762-84.38 In 
addition, the fixed carbon content was determined indirectly 
from moisture, volatile matter, and ash content values, as 
described in the ASTM D3172-13.39

Thermogravimetric analysis (TGA)
The thermogravimetric studies were performed in a 

DTG-60/60H (Shimadzu, Niterói, Brazil) equipment for 
air atmosphere and a STA 409 PC/PG equipment (Netzsch, 
Niterói, Brazil) for N2 atmosphere. For these analyses, 6 mg 
of each sample were weighed in a platinum crucible. The 
analysis parameters were the heating rate at 10 °C min-1 
under a flow rate of 50 mL min-1 of gas until a temperature 
of 800 °C for air and 500 °C for N2.40

Scanning electron microscopy (SEM)
Micrographs were performed in a scanning electron 

microscope QUANTA FEG 450 (FEI, Santo André, Brazil). 
The samples were dispersed in isopropanol, kept in an 
ultrasonic bath for 30 min, followed by a dispersion over 
a 12 mm carbon conductive tape, and then dried. A 20 nm 
Au sputtering coating was used to enhance the conductivity 
of samples. The ImageJ41 software was used to analyze the 
cavities in the micrographs. Twenty regions in each material 
(LNB and LNMB) were measured and expressed as their 
mean and standard error value. 

Textural characterization
The textural analysis using N2 sorption was performed 

in Autosorb-1 (Quantchrome, Santo André, Brazil) 
equipment. The materials were treated in a vacuum at 
150 °C for 24 h before the analysis. The pore distribution 
and total pore volume were determined by the Barrett-
Joyner-Halenda (BJH) method, and the surface area was 
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calculated using the Brunauer-Emmett-Teller (BET) 
method from P/P0 = 0.05 until 0.30.42

Fourier-transform infrared spectroscopy (FTIR)
Infrared spectra were made from 550 to 4000 cm-1 in 

a spectrometer (Nicolet iS50 FTIR- Niterói, Brazil) using 
a direct insertion method of the sample in the attenuated 
total reflectance (ATR) with 16 scans. All samples were 
dried to obtain a spectrum without moisture interferences.

Boehm titration
The Boehm titration method was used to quantify the 

basic and acid groups on the surface of the carbonaceous 
material.43,44 Three hundred milligrams of each adsorbent 
were suspended in 25 mL of four different solutions: 
(i) 0.0990 mol L-1 NaOH solution to determine the total 
acid groups and phenolic groups, (ii) 0.1003 mol L-1 
Na2CO3 solution to determine the lactonic groups and, 
(iii) 0.0996 mol L-1 NaHCO3 solution to determine the 
carboxylic groups, and (iv) 0.0972 mol L-1 HCl solution 
to determine the total basic groups.45 The suspensions 
were kept under agitation in an orbital shaker (24 h, 
150 rpm) and centrifuged. Then, 5 mL aliquots of the 
supernatants were taken, diluted to 30 mL, and titrated 
with a 0.096 mol L-1 HCl standardized solution for the 
acid groups quantification. The aliquots were titrated 
with a standardized NaOH solution for the basic groups 
quantification. The titrations were performed in triplicate, 
and the results were reported as mean with standard error. 

Surface charge measurements
A Zetasizer NanoZS equipment (Malvern, Santo 

André, Brazil) was used to measure the zeta potential of 
the carbonaceous solids produced from licuri nutshell. 
The samples were prepared as described: 5 mg of each 
adsorbent were suspended in 25 mL of deionized water 
from pH = 3 to 12 (adjustments with 1-0.01 mol L-1 NaOH 
and HCl), and the suspensions were stirred in an orbital 
shaker (24 h and 150 rpm). After that, these samples were 
sonicated for 30 min, and 1.3 mL aliquots of each solution 
were measured.46 

Adsorption studies of methylene blue (MB)

Different experimental variables were studied for the 
adsorption tests of MB, except for temperature variation and 
adsorbent amount. In the kinetic studies, solutions of MB 
were used in the following concentrations: 10, 25, 376, and 
1376 mg L-1.47 The contact time ranged from 2 min to 24 h 
to obtain the optimum equilibrium time of the materials. 
The effect of pH in the adsorption of MB was evaluated 

by changing the pH of a previously made dye solution and 
adjusting it with 1 mol L-1 of NaOH or HCl. 

The effect of the dye concentration was evaluated in 
a preliminary adsorption experiment on LNB and LNMB 
using aqueous solutions of MB at low concentrations 
(0.5-14.0 mg L-1). In the subsequent experiments, the 
concentrations ranged from 10 to 1187 mg L-1 and were 
also used for the isotherm study. During all tests, 10 mg of 
each material was used, with particle size between 0.212  
and 0.045 mm, for 10 mL of each MB solution (dosage of 
adsorbent 1 g L-1). The tests kept the material in contact 
with the MB solutions in an orbital shaker Q225M (Quimis, 
Niterói, Brazil) with constant agitation at 150  rpm, at 
room temperature 20 ± 2 °C. After adsorption, the samples 
were centrifuged at 3600 rpm for 2 min to separate the 
suspended char from the solution. Next, 5 mL aliquots 
of the supernatant were removed to analyze the resulting 
absorbance in the UV-Vis spectrophotometer (PerkinElmer 
Lambda 45, Niterói, Brazil). The maximum wavelength 
of the MB used in the measurements was 665 nm. The 
calculation used for quantifying the adsorptive capacity is 
represented by equations 2 and 3. 

	 (2)

	 (3)

where qe (mg g-1) is the adsorptive capacity at equilibrium, 
C0 (mg L-1) is the solution concentration at the beginning 
of the experiment, Ce (mg L-1) is the solution concentration 
at equilibrium, V (L) is the solution volume and m (g) the 
adsorbent mass. The kinetic study uses pseudo-first-order 
(PFO), pseudo-second-order (PSO), and adsorption rate 
models to characterize the phenomena on the adsorbent 
surface.48-51 These models were used in their linear forms, 
respectively, according to equations 4-6.

	 (4)

	 (5)

	 (6)

where t (min) is the contact time of the solution with 
the adsorbent, qe, and qt (mg g-1) are the amounts of MB 
adsorbed at equilibrium, and time t, k1 (min-1) is the pseudo-
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first-order adsorption rate constant, k2 (g mg-1 min-1) is 
the pseudo-second-order adsorption rate constant, and h 
(mg g-1 min-1) is the adsorption rate. 

The linear Langmuir and Freundlich (equations 7 and 8) 
arranged below were the isotherm models used to describe 
the adsorption process.48

	 (7)

logqe = nlogCe + tlogKF	 (8)

where KL is the Langmuir constant (L mg-1), KF is the 
Freundlich constant (mg g-1), Ce is the concentration 
in solution at equilibrium (mg L-1), qe is the adsorptive 
capacity at equilibrium (mg g-1), qmax is the monolayer 
maximum adsorption capacity of the material (mg g-1). 

An ethanol-washing procedure was used to remove 
the adsorbed MB from the materials for the recyclability 
tests. After each adsorption cycle, about 50 mL of absolute 
ethanol was added into the material recipient and sonicated 
for 1 h until the color of the solution became blue. Then, 
the supernatant was removed, and another washing started 
until the ethanol became almost colorless. After the last 
washing with ethanol, the same procedure was repeated 
with deionized water, followed by the sample being dried 
overnight at 100 °C for the next adsorption cycle.52

Results and Discussion

Slow pyrolysis of licuri nutshell

The slow pyrolysis process of the licuri nutshell (LN) 

produces biochar as the primary product (36%) (Figure S1, 
Supplementary Information (SI) section). In addition, 
it was also detected pyrolysis gas (24%), an aqueous 
fraction  (31%), and bio-oil yield (9%).22 From a more 
sustainable point of view, the gaseous fraction might be 
recycled as a carrier gas or even for energy purposes such as 
heat generation. In addition, the aqueous fraction might be 
redirected to studies of biological activity against pests and 
microorganisms and even for the production of biofuels, 
thus adding a valuable purpose to these other products.53-55 

Physicochemical characterization of the materials

The ultimate and proximate analysis results for the 
studied biochars are presented in Table 1. As expected, 
carbon was the most significant fraction of LN, LNB, 
and LNMB materials as it is the most abundant in the 
lignocellulosic materials. The H/C molar ratio represents 
the aromaticity degree (balance between aliphatic carbon 
and aromatic compounds), in which the values reported in 
the literature for raw lignocellulosic biomass is 1.72, and 
for pure cellulose is 1.67.56 Therefore, due to the pyrolysis 
process leading to partial thermal decomposition of the 
organic content, dehydration, dehydrogenation reactions, 
and the cleavage and cracking of weak hydrogen bonds 
within the biochar structure, these are expected to possess 
a lower degree of aromaticity.57,58 In this sense, the raw LN 
was the material that presented the highest H/C ratio (1.36), 
while its derived biochar products were 0.56 for LNB and 
0.63 for LNMB, showing the effect of the transformations 
(pyrolysis and chemical treatment).56

As for the H content, it can be observed that it 
follows a decreasing pattern as the raw material was 

Table 1. Results of ultimate analysis and proximate analysis for the produced biochars

Property
Material

LN LNB LNMB CAC

C / % 45.24 ± 1.01 69.44 ± 0.22 52.07 ± 0.58 72.47 ± 0.58

H / % 5.11 ± 0.11 3.24 ± 0.07 2.74 ± 0.10 1.24 ± 0.14

N / % 0.73 ± 0.02 0.71 ± 0.01 0.46 ± 0.01 0.44 ± 0.08

S / % ND ND ND ND

Oa / % 48.92 ± 0.95 26.61 ± 0.15 44.73 ± 0.58 25.85 ± 0.37

Molar ratio H/C 1.36 0.56 0.63 0.21

Molar ratio O/C 0.81 0.29 0.64 0.27

Moisture / % 10.1 ± 0.14 0.9 ± 0.21 2.7 ± 0.03 0.3 ± 0.01

Volatile matter / % 66.8 ± 1.87 25.9 ± 0.16 32.5 ± 0.96 7.2 ± 0.23

Ash content / % 2.4 ± 1.48 6.7 ± 0.12 18.5 ± 0.63 15.9 ± 0.08

Fixed carbon / % 20.7 ± 0.25 66.4 ± 0.17 46.4 ± 1.5 76.6 ± 0.30
aIt was calculated by difference accordingly to equation 1. ND: not detected; LN: licuri nutshell; LNB: licuri nutshell biochar; LNMB: licuri nutshell 
modified biochar; CAC: commercial activated carbon.
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transformed through pyrolysis. This occurs because 
of the volatilization and decomposition reactions in 
the lignocellulosic biomass, so the H is linked to the 
volatile and heavier compounds formed and subsequently 
condensed or released as pyrolysis gas.59 The decrease 
after the chemical treatment of the biochar LNB, i.e., 
the LNMB material, is related to the oxidation of the 
biochar’s structure through H2SO4, which increases its O 
content and therefore decreases the others, such as H.57 
The N content follows the same pattern of increase in the 
transformations of the raw biomass since is more likely to 
be retained in the biochar’s structure compared with the 
oxygenated fractions. This observation is associated with 
the higher chemical stability of N, compared to O, when 
conjugated or interacting with aromatic substances and 
functional groups, which are present in more significant 
amounts in the lignocellulosic carbonaceous matrix.60 
Another critical point to be mentioned in the N content 
is the environmental issues related to releasing NOx 
gases, thus contributing to atmospheric pollution. These 
gases (NO and NO2) are formed during the combustion 
of certain materials at high temperatures. In the long 
term, they end up being more harmful than SOx and also 
prejudice the photosynthesis of various living beings, 
reducing the amount of O2 available in the air.1,60,61 Thus, 
nitrogen contents of materials from licuri did not change 
significantly (0.73, 0.71, and 0.46%). They were close 
to the reference commercial carbon (0.44%), indicating 
its application for other environmental purposes and not 
affecting the atmosphere with the release of NOx during 
their production. The sulfur content in materials content 
has demonstrated significant importance to concerns 
relating to climate change.62 Besides, all licuri nutshell-
derived materials, including the LNMB treated with 
H2SO4, exhibit this beneficial environmental aspect by 
not retaining sulfur in their composition.63 

It is essential to mention that the combination of 
oxygen and carbon content provides the molar ratio of 
O/C, typically used to represent the amount of oxygenated 
functional groups. This ratio might be associated with 
the adsorption capacity of these biochars.61 However, 
when analyzing the O/C ratio of LN (0.81), LNB (0.29), 
and LNMB (0.64), it can be seen that pyrolysis reactions 
removed a large part of these oxygenated groups from the 
raw biomass, which might represent a harmful effect for 
the final material LNMB. The proximate analysis furnishes 
essential insights into the modulation of the adsorption 
capacity, such as the ash content and volatile matter.64 In 
the studies reported by Niu et al.,64 the best ability in MB 
removal was observed for the material with the highest 
ash content, volatile matter, and oxygen content among 
the biochars. Thus, it is also reported that the evolution 
of some gases during pyrolysis and H2SO4 impregnation 
act as pore development and incorporation of oxygenated 
functional groups, consequently increasing adsorption 
properties through different mechanisms.65

Successive, the thermal behavior of the produced 
carbonaceous materials was evaluated under nitrogen 
(Figure 1a) and synthetic air (Figure 1b), and the 
decomposition data are presented in Tables S1-S2 (SI 
section).

The TGA analysis under an inert atmosphere (N2) was 
made to simulate the pyrolysis process and observe these 
materials’ thermal stability. In Figure 1a, the first weight 
loss event from 25-105 °C is assigned to the loss of humidity 
and volatile organic molecules adsorbed on the materials. 
Also, it is notable that LN shows four weight loss events, 
while LNB and LNMB presented three and two events, 
respectively. This can be associated with the decomposition 
of the lignocellulosic structure, which is more pronounced 
in raw biomass. Also, LNB showed a considerable weight 
loss from 275-500 °C (71%), while LNMB was more 

Figure 1. Thermogravimetric decomposition curves of studied materials. (a) Atmosphere: nitrogen. (b) Atmosphere: synthetic air (oxidant). LN: licuri 
nutshell; LNB: licuri nutshell biochar; LNMB: licuri nutshell modified biochar; CAC: commercial activated carbon.
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thermally stable, showing a slightly constant decrease 
from 105-500 °C, ending in 24% of weight loss. When 
comparing the raw biomass LN with the biochars LNB 
and LNMB, it is possible to note that pyrolyzed materials 
possibly present a higher amorphous carbon degree due to 
the thermochemical treatments made in this work (pyrolysis 
and acid-base modification), justifying their lower weight 
loss from 250-350 ºC due to lesser depolymerization of 
cellulose, which is responsible for creating the arrays 
of amorphous carbon.66 The thermal behavior under an 
oxidant atmosphere (Figure 1b) is helpful to examine the 
stability of the materials under more real circumstances 
since the adsorption capabilities of these biochars will be 
evaluated under a non-controlled atmosphere.67 It can be 
observed that all samples presented stability at temperatures 
indicated by region (I) in the graphs. This stability under an 
air atmosphere at this temperature range is required since 
the adsorption of contaminants in aqueous effluents occurs 
at lower temperatures.68 As expected, the raw biomass LN 
presented the lowest thermal stability with a weight loss 
higher than 90% starting at 150 °C and almost completely 
decomposed at 500 °C. The biochar produced from licuri 
nutshell LNB presented significantly higher thermal 
stability, and its decomposition occurred in the 270-540 °C 
range. In addition, the modified biochar LNMB presented 
a weight loss event from 105 to 425 °C, assigned to the 
decomposition of oxygenated compounds created in the 
chemical impregnation process. A second weight loss event 
from 425 to 515 °C was also observed for this material 
and assigned to the decomposition of organic matter. It is 
worth mentioning that LNMB presented the highest ash 
content and thus presented thermal stability from 515 to 
750 °C.69 The commercial activated char presented the 
highest thermal stability among all the materials, with the 
decomposition event assigned to organic matter starting at 
380 °C and ending at 635 °C. 

The morphological characterization of the studied 
carbonaceous materials was performed using SEM, as 
shown in Figure 2. From these images, it is possible 
to note a significant difference in the morphological 
characteristics of these materials. The raw biomass LN 
presented a thin fibrous husk morphology with irregular 
cavities. After pyrolysis, LNB showed a granular aspect 
and a homogeneous surface with few rugosities and a 
small number of cavities with a mean size of 6.7 ± 2.8 µm. 
In contrast, after the chemical treatment with H2SO4 and 
NaOH, the LNMB presented a distinct surface morphology 
from its precursor material LNB. It is possible to identify 
some larger cavities, within a mean size of 13.5 ± 4.7 µm, in 
different layers of the material and a considerable increase 
in the number of other smaller cavities (1.0  ±  0.4  µm), 

which is possibly related to the surface’s corrosion. The 
reactions responsible for this oxidation of the material 
can be elucidated through the dehydration reaction of 
the carbonaceous matrix of biochars with H2SO4, which 
facilitates the formation of internal pores, cavities, and 
oxygenated functional groups.70 Meanwhile, the CAC 
image furnished an intermediate surface between LNB and 
LNMB, presenting a regular structure and well-developed 
pores.13,71-73

The FTIR spectra are presented in Figure 3. A typical 
lignocellulosic biomass spectrum was observed for the 
precursor material (LN), suggesting a prominent band in 
the 3400-3200 cm-1 range related to O−H stretching of 
alcohols or carboxylic acids. In 1690 cm-1, a low-intensity 
band related to C=O stretching can be noted, and an 
intense stretching of C=C bond at 1610 cm-1. In addition, 
three bands at 1364/1240/1030 cm-1 associated with C–O 
in esters, carboxylic acids, or ketones were observed.74 
Comparing this raw biomass LN to its pyrolyzed-derived 
material (LNB), an intensity decrease in all bands related 
to O bonds is noticeable. This decrease is assigned to 
many volatile and structural oxygenated compounds 
transformed during pyrolysis at 400 °C.66 Furthermore, 
the bands associated with C=O and C–O stretching can 
still be seen (1690 and 1364 cm-1) in the LNB sample. 
After the chemical treatment of LNB, it can be observed 
on LNMB an increase in the bands assigned to oxygenated 
functional groups stretching due to the high oxidant 
activity of sulfuric acid and a large band at 3400‑3200 cm-1 
associated with O−H stretching and C–O stretching bands at 
1364/1190/1033 cm-1 also reappeared.52 As for commercial 
activated carbon, low‑intensity signals of superficial 
functional groups can be seen and assigned to C−H, C=C, 

Figure 2. SEM images of all adsorbents studied.
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and C–O vibrational bands at 2918, 1570, and 1030 cm-1, 
respectively.75

As seen in Table 2, the textural characterization using 
N2 physisorption (specific surface area, Sa, pore volume 
Vp, and pore size, Dp) of the licuri nutshell-derived 
materials did not show a considerable change between the 
pyrolysis and the chemical treatment. It can be noted that 
all the licuri nut-shell-derived samples had low surface 
areas (< 2 m2 g-1) and a similar total pore volume and size 
(0.010‑0.012 cm3 g-1 and 4.9‑17.2 nm, respectively).76,77 
These results indicate that the conditions used for 
the chemical treatment acted more superficially, not 
developing a highly porous material. The N2 adsorption 
isotherms are presented in Figure S2 (SI section). LN, 
LNB, and LNMB are classified as type II, characteristic of 
non-porous or microporous materials with low interaction 
with N2 molecules, as suggested by the less distinct 
B points.78 Moreover, the isotherm of the commercial 
activated carbon is classified as a mixture of type I and 
IV characteristic of the presence of micro- and mesopores 

and hysteresis loop classified as H4-typical of micro-
mesoporous carbons.78

Following, the quantification of surface functional 
groups of these materials was accessed using Boehm 
titration.73,79 The results indicated an improvement of the 
total acid sites from 1.52 (LNB) to 2.67 (LNMB) mmol g-1 
due to the H2SO4 treatment, which successfully incorporated 
oxygenated-containing functional groups.80 LNMB showed 
1.68, 0.24, and 0.75 mmol g-1 of phenolic, carboxylic, 
and lactonic functional groups, respectively. The total 
basic sites were also highly increased from 0.23 (LNB) to 
2.96 (LNMB) mmol g-1 during the NaOH washing process, 
achieving a material with dense coexisting areas with 
properties ranging from acidic to basic.74 It is important 
to remark that, instead of merely rinsing it with water 
to remove any residual acid, NaOH also facilitates the 
formation of other active sites, enhancing the adsorption 
process. One of the reasons for this can also be attributed 
to the fact that NaOH treatment can break chemical 
bonds such as alkyl-aryl in the carbonaceous structure in 
addition to dehydration reactions, enabling the formation of  
−C–O–Na+ and −C–O− sites on the surface.81 Furthermore, 
it is essential to highlight that the acidity of the material 
could be even higher. Still, because of this alkaline washing 
to insert the basic groups, the biochar has part of its acidic 
surface groups being neutralized throughout the process.82 
In contrast, the commercial activated char CAC has not 
presented appreciable acid sites and total basic sites of 
0.57 mmol g-1.

Adsorption studies of methylene blue

Adsorption kinetics
The adsorption kinetics studies of MB on LN-derived 

biochars and commercial activated carbon were first 
performed at 10 mg L-1 (lower concentration) and then at 

Figure 3. Normalized FTIR (ATR) spectra of the materials studied. 
LN: licuri nutshell; LNB: licuri nutshell biochar; LNMB: licuri nutshell 
modified biochar; CAC: commercial activated carbon.

Table 2. Textural and chemical surface properties of the studied materials

Property
Material

LN LNB LNMB CAC

Sa / (m2 g-1) 0.8 1.5 0.5 645.9

Vp / (cm3 g-1) 0.013 0.010 0.012 0.286

Dp / nm 4.9 17.2 5.6 3.2

Total basic sites / (mmol g-1) 0.11 ± 0.03 0.23 ± 0.03 2.96 ± 0.01 0.57 ± 0.03

Total acid sites / (mmol g-1) 2.24 ± 0.14 1.52 ± 0.02 2.67 ± 0.09 0.0

Phenolic groups / (mmol g-1) 1.97 ± 0.15 1.07 ± 0.16 1.68 ± 0.10 0.0

Carboxylic groups / (mmol g-1) 0.13 ± 0.09 0.39 ± 0.20 0.24 ± 0.09 0.0

Lactonic groups / (mmol g-1) 0.14 ± 0.07 0.06 ± 0.02 0.75 ± 0.01 0.0

Sa: specific surface area; Vp: pore volume; Dp: pore size; LN: licuri nutshell; LNB: licuri nutshell biochar; LNMB: licuri nutshell modified biochar; 
CAC: commercial activated carbon.
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higher concentrations (25, 376, and 1376 mg L-1). Figure 4a 
presents the adsorption behavior at the same 10 mg L-1 
of MB concentration for all materials. LNB adsorption 
rate was lower until 3 h and reached the equilibrium at 
24 h (h = 10 mg g-1 h-1).83 The adsorption process was 
much faster for the LNMB and CAC carbons, almost 
reaching the equilibrium at 0.25 h, which justifies their 
elevated adsorption rate (h = 854.7 and 595.2 mg g-1 h-1, 
respectively). In this sense, the kinetics evaluation at 
higher concentrations was carried out due to the almost 
complete removal of MB. In Figure 4b can be seen that the 
adsorption capacity of all materials gradually increases until 
10 h, and then slowly reaches the equilibrium at 24 h. This 
phenomenon is explained by the pronounced availability 
of surface groups or active sites (as observed in Table 2) 
at the beginning of the adsorption process. Then, when 
these sites were almost saturated, the adsorption tended 

to decrease until they reached their maximum adsorption 
capacity.83 In this context, LNB, LNMB, and CAC achieved 
an adsorption capacity (qe) of 18.9, 979, and 190 mg g-1 at 
24 h, respectively.

The kinetic modeling for these materials is presented 
in Table 3, with more details in Figures S3-S5 and 
Tables S3‑S5 (SI section). All materials better fit the PSO 
since the R2 values were closer to 1 at lower and higher 
concentrations. In contrast, the PFO presented adjustment 
values relatively lower than 1, suggesting that the PSO 
model was more accurate in describing the adsorption 
process. Since the calculated adsorption capacity (qcalc) 
values were very close to qe values (with discrepancies 
lower than 5%), the PSO model indicates that the adsorption 
has a rate-limiting step mainly occurring through the 
physicochemical interactions of the adsorbent surface and 
the adsorbate.64,84 

Figure 4. (a) Kinetic study of the materials in MB solutions at 10 mg L-1 (lower concentration). (b) Kinetic study of the materials in MB solutions at 
25, 376, and 1376 mg L-1 for LNB, LNMB, and CAC (higher concentrations). Conditions: mass of adsorbent = 10 mg, volume of dye solution = 10 mL 
(dosage 1 g L-1), T = 20 °C, pH = 6, and 150 rpm. 

Table 3. Kinetic parameters of methylene blue (MB) adsorption for the studied carbonaceous materials at lower and higher MB concentrations

Sample Kinect model R2 qe / (mg g-1) qcalc / (mg g-1) k1 / (h-1) k2 / (g mg-1 h-1) h / (mg g-1 h-1)

LNB (10 mg L-1)
PFO 0.4496

7.23 ± 0.20
4.88 0.19 − −

PSO 0.9999 7.39 − 0.18 10.0

LNB (25 mg L-1)
PFO 0.8716

18.96 ± 0.32
13.15 0.15 − –

PSO 0.9611 20.23 - 0.02 8.2

LNMB (10 mg L-1)
PFO 0.1481

9.61 ± 0.30
0.59 0.78 − −

PSO 0.9999 9.61 − 9.246 854.7

LNMB (1376 mg L-1)
PFO 0.9323

979 ± 7
545.13 0.24 − −

PSO 0.9974 1000.13 − 0.002 1567.4

CAC (10 mg L-1)
PFO 0.1337

9.91 ± 0.20
0.79 0.07 − −

PSO 0.9999 9.91 − 6.058 595.2

CAC (376 mg L-1)
PFO 0.9486

190 ± 3
125.27 0.20 − −

PSO 0.9958 194.55 − 0.006 206.6

PFO: pseudo-first-order; PSO: pseudo-second-order; LNB: licuri nutshell biochar; LNMB: licuri nutshell modified biochar; CAC: commercial activated 
carbon; R2: adjustment to the models; qe: adsorptive capacity at equilibrium; qcalc: calculated adsorption capacity; k1: pseudo- first-order adsorption rate 
constant, k2: pseudo-second-order adsorption rate constant; h: adsorption rate. 
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Effect of pH in methylene blue adsorption
The pH of an aqueous medium is known for significantly 

influencing the materials’ surface charge. In this context, 
pH surface charge and its effect were studied as MB is a 
cationic dye, and electrostatic effects could change the 
adsorption capacity.85 Figure 5a shows that LNB and CAC 
have the same pattern of MB adsorption increasing as the 
pH increases from 3 to 10, while LNMB has a maximum 
adsorption capacity at pH = 6. This pattern can be supported 
by the zeta potential in Figure 5b. LNB and CAC tend to 
increase the negative surface charge as the pH increases, 
enhancing the electrostatic attraction between negative 
charges on the material surface by the cationic MB.86 In the 
case of LNMB, the peak of negative charge (−55 mV) is 
found between pH 5 and 6. Meanwhile, LNB and CAC have 
a zeta potential of –31 and –21 mV at pH = 6, respectively. 
This difference in the zeta potential value can be associated 
with the acid and basic groups on the material’s surface. 
For example, carboxylic or phenolic groups dissociate, 
releasing H+ in water and increasing the negative charge 
in the functional group surroundings. In contrast, the basic 
groups assume a positive charge when dissociating.46 
Considering this effect, the following adsorption studies 
were performed at pH = 6, the pH where the materials have 
a negative charge density on the surface, and the pH of MB 
solutions without adjustments.87

Effect of initial dye concentration and isotherm studies
A preliminary experiment (Figure 6a) was performed 

to study the difference in the adsorptive capacity of the 
biochars at lower concentrations (0.5-14 mg L-1). LNB 
showed a qe of 5.29 ± 0.52 mg g-1 at the C0 = 7.50 mg L-1. 
However, this value decreased as the MB concentrations 
increased in the reaction medium, which might be associated 
with its textural properties, such as a small number of 

pores and the amount of dye in the media that hinders the 
adsorption.88 The LNMB presented a good MB removal 
for all concentrations, thus suggesting that the chemical 
treatment was an effective process essential to improving 
MB adsorption. Afterward, a study was carried out at higher 
concentrations of MB (10-1187 mg L-1) (Figure 6b) for 
the LNMB and CAC. These materials presented a similar 
adsorption profile up to the concentration of 108 mg L-1, 
but when the initial concentration exceeds 331 mg L-1, a 
differentiation between the adsorption capacity of these 
materials was noted. At C0 = 1187 mg L-1, CAC reached 
a maximum qe = 141.57 mg g-1 while LNMB displayed a 
marked higher value, qe = 808.28 mg g-1.

To evaluate the adsorption equilibrium, the isotherms 
of the linearized Freundlich and Langmuir models were 
considered (Tables 4 and S6, and Figure S6, SI section).

These models make assumptions regarding the 
adsorbent properties, such as the shape of the isotherm 
and its surface nature. The Freundlich isotherm assumes 
a heterogeneous surface with a non-uniform adsorption 
energy distribution. On the other hand, the Langmuir 
isotherm assumes that the surface of the materials has a 
fixed and uniform number of active sites, and the adsorption 
process is reversible in front of specific stimuli and only 
occurs in monolayers.48 Nevertheless, it is essential to 
note that each surface site may have a different interaction 
mode that does not affect the others. This suggests that 
different adsorption mechanisms can occur simultaneously 
but in different sites. From the adjustment to the models 
values, it can be seen that all materials (LNB, LNMB, and 
CAC) presented a profile closer to the Langmuir model, 
which corroborates some modified biochars reported in the 
literature.84,89,90 It is worth mentioning that the qmax obtained 
by this model was closer to the qe obtained experimentally, 
confirming the correct modeling of the studied biochars.

Figure 5. (a) Comparison of adsorptive capacity of materials in MB solutions at 25, 376, and 1376 mg L-1 for LNB, LNMB, and CAC, respectively, after 
24 h in the pH of 3, 6, and 10. Conditions: mass of adsorbent = 10 mg, volume of dye solution = 10 mL (dosage 1 g L-1), T = 20 °C, pH = 3, 6, and 10, and 
150 rpm. Bar represents the left Y axis, and colored symbols represent the right Y axis. (b) Comparison between pH curves in the zeta potential function 
for all adsorbents.
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Table 5 provides a comparative analysis between the 
materials synthesized in this study and those commonly 
found in the literature. The results demonstrate the superior 
adsorptive capacity of the LNMB, which is the only one 
that presented a modified structure with acid and basic 
active sites. Notably, this chemically treated material 
exhibits remarkable adsorption performance and reaches an 
impressive value of 826.45 mg g-1. In this sense, it is worth 
mentioning that even when compared to materials subjected 
to separated acidic or basic treatments, the LNMB biochar 
stands out as a highly innovative and efficient adsorbent.

Recyclability and post-adsorption characterization

The recyclability study was made to ensure that the 
produced adsorbents could be desorbed to have at least 
more than one cycle of adsorption/desorption. Based on 
Figure 7a, it can be seen that all materials lose their removal 
efficiency. In the 1st cycle, LNMB has a qe = 969 mg g-1, 
and after the recycling process, its removal capacity 
reduces to qe = 192 and 112 mg g-1 in the 2nd and 3rd cycles, 
respectively. The decrease in the adsorption capacity of 
LNB and CAC was not so abrupt, but even with this, their 

adsorption capacity remains lower than a 3rd cycle LNMB. 
One of the reasons that may be associated with this activity 
reduction is that all MB adsorbed on the 1st cycle could 
not be desorbed, blocking the active sites.83 Besides the 
desorption washing process with ethanol being effective to 
other types of biochar, due to the high adsorption capacity 
of LNMB, other washing procedures could be tested to 
guarantee the complete desorption of MB molecules.98,99 
However, additional characterization would be suitable to 
ensure that the surface nature of the biochar would not be 
changed regarding acid or alkali regeneration agents.

In Figure 7b, a post-adsorption FTIR was made to 
see functional group changes. As it was expected, the 
spectra showed differences in some bands, such as the 
shift from 2973 and 2883 cm-1 to 2917 and 2846 cm-1 
related to the C−H bond, probably due to the four −CH3 in 
each MB molecule adsorbed. The other intensity changes 
in vibrational bands of C=O, C=C, and C–O bonds 
strongly correlate to the surface functional group acting 
in adsorption.83,100 An additional remark must be made to 
CAC because minor changes can be seen in the material 
FTIR spectrum, probably because it is a pore-driven MB 
adsorption and fewer forces of functional groups are 

Figure 6. (a) Preliminary experiment-comparison of MB adsorptive capacity in solutions from 0.5 to 14 mg L-1 after 24 h. (b) Comparison of MB adsorptive 
capacity in solutions from 10 to 1187 mg L-1 after 24 h. Conditions: mass of adsorbent = 10 mg, volume of dye solution = 10 mL (dosage 1 g L-1),  
T = 20 °C, pH = 6, and 150 rpm. 

Table 4. Results of linear isotherm models applied to the chars used after 24 h of MB adsorption

Sample Isotherm model R2 qmax / (mg g-1) qe / (mg g-1) KL / (L mg-1) KF / (mg g-1) n

LNB
Langmuir 0.9868 5.27 5.29 3.801 − −

Freundlich 0.6276 − − 3.49 0.443

LNMB
Langmuir 0.9990 826.45 808.28 0.167 – -–

Freundlich 0.5102 − − 129.09 0.364

CAC
Langmuir 0.9628 142.86 141.57 0.023 − −

Freundlich 0.7278 − − 68.95 0.084

LNB: licuri nutshell biochar; LNMB: licuri nutshell modified biochar; CAC: commercial activated carbon; R2: adjustment to the models; qe: adsorptive 
capacity at equilibrium; qcalc: calculated adsorption capacity; k1: pseudo- first-order adsorption rate constant, k2: pseudo-second-order adsorption rate 
constant; h: adsorption rate. 
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used (no acid sites and low basic sites, Table 2). Also, the 
micrographs presented in Figure S7 (SI section) illustrate 
the distinctive characteristics of the adsorbents before and 
after MB adsorption. Remarkably, the adsorption process 
does not induce significant morphological alterations. 
However, discernible surface agglomerates are observed. 
Particularly noteworthy is the LNMB, which has the highest 
adsorption capacity wherein the degree of aggregation 
appears to be more pronounced. 

However, despite the deactivation of the LNMB material, 
it is essential to mention that it represents a step forward in 
preparing more sustainable adsorbents for dyes-polluted 
wastewater. The adsorption and reuse of the CAC were 
superior or comparable, but the industrial production of 
activated carbon involves several energy-demanding steps 
and generates waste.101 For example, CACs are typically 
produced under an inert atmosphere at temperatures ranging 
from 600 to 900 oC, exposed to strong bases (e.g., KOH) in 

Table 5. Comparative of the monolayer maximum adsorptive capacity of methylene blue (MB) with literature materials

Material
Modification 

agent
Method

Surface area / 
(m2 g-1)

qmax / 
(mg g-1)

Temperature / 
°C

pH Reference

Licuri nutshell biochar N/A slow pyrolysis < 2 5.27 20 ± 2 6.0 this work

Licuri nutshell modified biochar H2SO4

impregnation at 
185 °C

< 2 826.45 20 ± 2 6.0 this work

Commercial activated carbon – − 645.9 142.86 20 ± 2 6.0 this work

Licuri nutshell fibers N/A N/A − 36.40 25 5.5 91

Sugarcane filter cake biochar N/A slow pyrolysis 19.8 54.64 25 6.2 92

Activated banana peel NaOH N/A − 19.90 20 5.0 14

Pine-fruit shell N/A N/A 63.7 252.00 25 8.5 93

Treated pine-fruit shell H2SO4

impregnation at 
100 °C

702 529.00 25 8.5 93

Cotton stalk N/A N/A − 147.06 25 ± 2 7.0 94

Sulfuric acid-treated cotton stalk H2SO4

impregnation at 
150 °C

2.8 555.56 25 ± 2 7.0 94

Phosphoric acid-treated cotton stalk H3PO4

impregnation at 
150 °C

7.3 222.22 25 ± 2 7.0 94

Activated bamboo dust biochar −
carbonization, 

steam digestion, 
and acid treatment

− 143.20 30 ± 1 7.2 16

Activated coconut shell biochar − − 277.90 30 ± 1 7.2 16

Activated rice husk biochar − − 164.90 30 ± 1 7.2 16

Activated periwinkle shell biochar KOH pyrolysis − 500.00 25 ± 1 7.0 95

Activated beer residue biochar CO2

pyrolysis and CO2 
activation

80.5 161.00 25 6.5 96

Treated coconut shell H2SO4

impregnation at 
150 °C

< 2 50.60 30 8 97

N/A: not applied.

Figure 7. (a) Comparison of the recyclability of the produced materials applied to MB removal. [MB] = 25, 376, and 1376 mg L-1 for LNB, LNMB, and 
CAC. Conditions: mass of adsorbent = 10 mg, volume of dye solution = 10 mL (dosage 1 g L-1), T = 20 °C, pH = 6, 150 rpm, and contact time = 24 h.  
(b) Normalized FTIR spectra of the materials before and after the MB adsorption (1st cycle). 
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large amounts for pore creation, followed by other thermal 
activation steps to develop porosity.102 In this sense, LNMB 
production is greener because it uses a lignocellulosic 
biomass residue, and its modification processes are milder. 
Furthermore, from a sustainable point of view, it is also 
possible to recover the acid and basic solutions and employ 
them to produce other batches.103 Besides, our biochar LNMB 
was able to remove in a single adsorption cycle almost 2.5 
times more MB than CAC in three adsorption cycles, i.e.,  
qe 969 mg g-1 versus 394 mg g-1.

Methylene blue adsorption mechanism

An overall comparison between the adsorption capacity 
and the physicochemical properties of the biochar materials 
reveals that multiple processes could be related to the 
high adsorption capacity of the LNMB sample, including 
chemisorption and physisorption mechanisms.84 The 
chemical treatment with acid and base increased the total 
acidic and basic groups and formed oxygenated surface 
functional groups, confirmed by Boehm titration and 
FTIR. As shown in Figure 8, the functionalized surface 
of the biochar can exert a crucial role in MB adsorption. 
In Figure  8a, some oxygenated functional groups on 
the surface of the material are responsible for hydrogen 
bonding with the N atom of the MB with the carbonaceous 
adsorbent, thus improving its removal.104 In addition, the 
interaction of π-electrons of MB aromatic rings and the 

π-electrons from the biochar aromatic structure might lead 
to a π-π stacking interaction (Figure 8b). In Figure 8c, when 
the pH > pHPZC, the net surface of the material is negatively 
charged (i.e., occurring the deprotonation of functional 
groups), hence favoring an electrostatic attraction with 
positively charged species, such as MB (cationic dye).105 
In Figure 8d, although the textural properties of LNB and 
LNMB were relatively low (compared to conventional 
adsorbents such as CAC) to support strong physisorption 
into the pores, this process must be considered. In 
Figure 8e, the cationic exchange process is shown, which 
can occur by the inorganic composition (metal ions or 
ash content) of the biochar and the MB. In the case of 
LNMB, this mechanism was probably enhanced due to the 
insertion of –O–Na+ sites in the washing step with sodium 
hydroxide.79 All these phenomena support that despite the 
low surface area of LNMB, this biochar still had a high 
adsorption capacity and confirmed that the adsorption 
process is not only ruled by the presence of highly porous 
materials. This observation was also recently reported 
by Jawad et al.97 and Zhu et al.,106 where H2SO4-treated 
biomass and slow pyrolysis biochars with low porosity 
characteristics exhibited an enhanced adsorption capacity 
towards MB. In contrast, CAC was the only material with 
a dominating porosity role in the adsorption mechanism, 
probably because of a lower quantity of functional groups 
detected by FTIR and Boehm titration.

Figure 8. Proposed adsorption mechanisms of MB over LNMB biochar. 
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Conclusions

This study successfully demonstrated the conversion 
of licuri nutshell (a Brazilian lignocellulosic waste) into 
biochar with high economic value and improved adsorption 
properties. Through slow pyrolysis, substantial yields 
of biochar (36%), bio-oil (9%), aqueous fraction (31%), 
and gas (24%) were obtained. The subsequent chemical 
treatment of licuri nutshell biochar with sulfuric acid and 
sodium hydroxide generated acid and basic sites, resulting 
in a remarkable 155-fold increase in the adsorption capacity 
for MB compared to its precursor biochar. This chemical 
modification effectively transformed the residual biochar 
into a product that surpassed commercial coal and other 
biochar and biomass reported in the literature. Moreover, 
the Langmuir isotherm and PSO kinetics models were 
the most appropriate fit between the different models. 
Notably, the investigation of adsorption mechanisms 
revealed the prominent roles of surface functional groups 
and electrostatic forces, highlighting their significance over 
material low porosity. In summary, this work presents a 
groundbreaking contribution by successfully converting 
licuri nutshell waste into high-value biochar with enhanced 
adsorption capabilities.

Supplementary Information

Supplementary information (TGA analyses, N2 
adsorption isotherms, and other MB adsorption data) is free 
of charge at http://jbcs.sbq.org.br as PDF file. 
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