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Abstract: Water pollution remains a global problem that urges researchers to develop new technolo-
gies aimed at environmental restoration. Here, this study aimed at obtaining an activated biochar
from pequi almonds for dye removal. Before and after adsorption, the materials underwent charac-
terization using techniques such as X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), Raman spectroscopy, and thermogravimetric analysis
(TG). The biochar from the pequi almond was called BA, and the activated biochar from the pequi
almond was called ABA. The influence of the pH, contact time, and adsorbate concentration on
adsorption was investigated using the dye methylene blue. The morphological assessment revealed
higher cracks and pores in the ABA than in the BA. The TG showed that the BA lost approximately
19% more mass than the ABA, indicating that activation occurred. The activation contributed to
the decrease in the degree of disorder in the BA because of the increased number of graphitic
carbon atoms (ordered) in the ABA, as observed via Raman. The adsorption kinetics followed a
pseudo-second-order model, while the adsorption isotherms followed the Langmuir model. The BA
adsorption capacity was 500.00 mg g~!, constituting a robust solution for dye removal from aqueous
environments. Therefore, this implies the success of the process.

Keywords: water treatment; chemical activation; adsorption; methylene blue; pequi almond biochar;
NaOH-activated biochar

1. Introduction

Industries contribute significantly to the world economy; however, they can generate
effluents that, if left untreated, can cause damage to the environment. Primary effluents
such as phenols, dyes, heavy metals, solid waste in suspension, and different gases are the
main sources of harm to the water quality [1,2]. Synthetic dyes in effluents cause adverse
effects on the ecosystem and human health, leading to an imbalance in aquatic ecosystems
and degradation of the water source quality [3,4].

Methylene blue (MB) is a cationic dye extensively employed in textiles, paints, and
pharmaceuticals. Due to its extensive utilization, this dye is frequently identified in effluent
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and aquatic environments. Human exposure to water containing this dye can result in vari-
ous health concerns, such as eye and skin irritation, seizures, rapid heart rate, shortness of
breath, and, upon ingestion, may lead to gastrointestinal irritation, nausea, and occasionally
diarrhea [5-7].

The scientific community is greatly concerned about the environmental pollution from
the food, cosmetic, pharmaceutical, and textile industries. Researchers have been engaged
in studies that propose approaches for addressing these pollutants. These approaches
encompass various techniques, including advanced oxidation technologies, chemical oxi-
dation, chemical precipitation, membrane separation, coagulation, and adsorption [2,6,8,9].

The adsorption process is an accessible alternative for treating several types of effluents,
including those from the textile industries, due to its economical production and the lack of
secondary byproducts, thus making this approach advantageous [10,11].

Biochar production involves using plant-derived materials (biomass), which contain
renewable lignocellulosic materials such as plant residues, sawdust, and fruit components
that exhibit varying degrees of porosity [12-15].

Among the biomass residues investigated for repurposing in biochar production, the
pequi nut (Caryocar brasiliense), a distinctive fruit from the Brazilian Cerrado region, stands
out. The pequi holds notable economic significance due to its utilization in cooking and the
production of liqueurs and medicinal syrups. Furthermore, studies in the literature have
shown that adsorbents produced from pequi (Caryocar brasiliense) efficiently remove dyes,
heavy metals, and herbicides from an aqueous medium due to their differentiated physical
and chemical properties [15-18]. Thus, it is crucial to conduct further studies on using
almonds derived from pequi, which commonly appear as production waste, to produce
adsorbents to remove contaminants from aqueous environments. In this way, because it is
a typical Cerrado fruit, with great abundance in several states of Brazil, is low-cost, has no
toxicity, and has promising adsorbent properties, almond emerges as a promising biomass
candidate for biochar manufacturing [19-22].

We aimed to produce and activate biochar using biomass residues (specifically, pequi
almonds (seed)). These materials were characterized using different equipment and subse-
quently employed in adsorption tests to remove a model organic dye. The experiments
involved variations in parameters such as the pH, time, and concentration, and the acquired
data were fitted to mathematical models of kinetics and equilibrium.

2. Experimental Part
2.1. Reagents

The reagents used were methylene blue (MB) (C16H185n3Cl, Dindmica, Brazil, 97%),
sodium hydroxide (NaOH, Dinamica, 98%), hydrochloric acid (HCl, Dinamica, 38%),
sodium chloride (NaCl, Dynamics, 99%), and distilled water. The reagents were used
without purification. Pequi almond residues were purchased at the market in Floriano,
State of Piaui (PI), specifically on Avenida Bucar Neto, Centro, ZIP Code 64800-000.

2.2. Biochar Preparation

Biochar production from pequi almonds was executed through a sequential four-stage
procedure (Figure 1). In the initial stage, the gathering of pequi and the physical elimination
of unwanted elements were performed. The different components of pequi (mesocarp,
endocarp, and almond) were segregated, with the almonds being subjected to a 2 h drying
period under sunlight (30 £ 2 °C). The dried almonds were processed in a mill and sieved
through a sieve (stainless steel sieve—ASTM 10—MESH/TYLER 9—2 mm opening). The
material was subjected to oven-drying in the third phase and transferred to porcelain
crucibles for carbonization. The carbonization process occurred within a muffle furnace
(model CE-800/S-4) with a gradual heating rate of 10 °C per minute (°C min~!) until
reaching a temperature of 500 °C for 30 min. Afterwards, the material was allowed to
cool down to room temperature with a cooling rate of 10 °C min~!. The product was
called pequi almond biochar (BA). BA underwent chemical activation. The activating agent



Water 2023, 15, 4006

30f17

used in the chemical activation process was sodium hydroxide (NaOH), using the ratio
1:3 (w:w). In other words, one part BA plus three parts NaOH were used. Thus, the BA
biochar was physically mixed with NaOH. Initially, a mixture of biochar and precursor was
produced, which underwent a thermal activation treatment (TAT), gradually increasing
the temperature at 5 °C min~! until it reached 800 °C. Then, a controlled cooling process
was implemented at a rate of 5 °C min~!. The material subjected to TAT was washed with
distilled water and HCI (1.0 mol/L) to remove excess NaOH. After the immersion, the
material obtained was separated through filtration and subjected to a drying period of 12 h
at 105 °C in an oven. The activation procedure was called activated pequi almond biochar
(ABA) [18,23,24].

Fruit peel :

Endocarp The almonds
l:vgre d::ﬁd hftor3(2) Sle‘(lzgrﬂitoe_nal carbonization _
in sunlight ( > MESH/TYLER9- > lsherid biocki
+2°C), then 2mm opening). / pequi almond biochar
ground in a mill. (BA)
L—Y—/ Pequi (Caryocar brasiliense) heating rate of 10 °C min™
T =500°C
for 30 min
material was separated The material is washed cooling process / b f '
by filtration and dried with distilled water rate of 5 °C min™ carbonization
in an oven for 12 h at and HCI (1.0 mol/L) to * NaOH
105°C remove excess NaOH. 8 A .
N / @ Physical mixture of

|

o

BA with NaOH. 1:3

heating rate of 5 °C min™!
(w:w) ratio.

T =800°C

activated pequi almond biochar (ABA)

Figure 1. Production of biochar derived from pequi almonds.

2.3. Characterizations

Infrared spectra were acquired employing a Bomem FTIR spectrophotometer, MB
series, utilizing the wafer method. The data collection encompassed 60 scans, spanning
the range of 600 to 4000 cm~!. Thermal analysis was performed using a Shimadzu DT-
60 thermal analyzer. The analysis was conducted under an inert nitrogen atmosphere,
employing a heating rate of 10 °C min~! within the 25 to 800 °C temperature range.
X-ray diffraction (XRD) analysis was performed using a Shimadzu instrument, model
Labx-XDR 6000, covering a scan range of 20 = 3° to 75°. Raman spectra were acquired
employing a Raman spectrometer (Horiba-Jobin-Yvon, LabRam HR Evolution, Frankfurt,
Germany). The excitation source was a solid emitter (785 nm) with a laser beam power
set at 1 mW. Each acquisition involved an exposure time of 30 s and was averaged over
ten accumulations. A 50x magnification lens was employed during the measurement.
The full width determined the curve fitting utilizing Lorentz and Gauss functions at half
maximum (FWHM), peak position, and intensity. Porosity characterization, encompassing
specific surface area, pore diameter, and total pore volume, was conducted through N,
adsorption/desorption isotherm analysis at 77 K. The analysis was performed utilizing a
micrometer (ANOVA 1000e—Quantachrome Autosorb-iQ Instruments), employing both
the Brunauer-Emmett-Teller (BET) and Barrett-Joyner—-Halenda (BJH) methods.

2.4. Point of Zero Charge (pHpzc)

Determining the pH at the point of zero charge (pHpzc) involves balancing the adsor-
bent’s surface charge and the solution’s charge. First, 20.0 mg of biochar was introduced
into 20.0 mL of NaCl solution (0.1 mol L™!), and the pH was adjusted within the pH range
of 2 to 10. We used 1.0 mol L~! HCl and/or 1.0 mol L~! NaOH solutions for necessary
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adjustments. The mixtures were stirred at 140 rpm and maintained at 25 °C for 24 h on an
orbital shaker table with temperature control (TE-420 INCUBADORA-TECNAL, Limeira,
Brazil), with the equipment used in the following experiments. The solutions underwent
centrifugation for 10 min at a speed of 5000 rpm (NI 1812 Benchtop Centrifuge—Piracicaba,
NOVA Instruments, Brazil). The solutions were centrifuged at 5000 rpm for 10 min, and the
final pH was measured (pHmeter Model: PHS-3E—EVEN). The ApH value was calculated
using Equation (1), the initial pH values (referred to as pH,,), and the final pH (referred to
as pH,). The dataset was employed to construct a plot correlating ApH against pHy. The
point at ApH equating to 0 indicates zero charges [25].

ApH = pH, — pH; @

2.5. The Influence of pH

The impact of pH on dye adsorption was systematically explored in triplicate at pH
values of 4, 7, and 10. Then, 40 mg of biochar (BA or ABA) was added in the methylene
blue (MB) dye solution (20.0 mL). The MB concentration was 100.0 mg Lt using BA
and 800 mg L~! using ABA. After 24 h of contact time, the solutions were centrifuged.
The concentrations were determined using a calibration curve established in a UV-Vis
spectrophotometer (Agilent Cary 60 UV-Vis spectrophotometer), with the wavelength used
being 663 nm, referring to the maximum wavelength of the MB dye. Equation (2) was used
to determine the adsorbed quantity g, (mg g~*) [15,25].

(©-9), "

e = -

C; signifies the initial dye concentration (mg L~!), while C r stands for the final concentration
(mg L~1). The variable m represents the mass of the adsorbent, measured in grams, and V
denotes the volume of dye solution, in liters [15,25].

2.6. Adsorption Kinetics

The kinetic evaluation of the adsorption was carried out in triplicate at a temperature
of 25 °C, with the pH adjusted according to the result of the previous section, The Influence
of pH, with the value used referring to the highest adsorption capacity. In separate flasks,
40 mg of biochar was added to 20.0 mL of MB dye solution. The dye concentration used for
BA was 100 mg L1, while for ABA, it was 800 mg L-L

The solutions were agitated at 140 rpm for a pre-established time. Afterwards, the
samples were centrifugated. The adsorbed quantification was calculated using Equation (2).
The data were fitted to pseudo-first-order and pseudo-second-order kinetic models, respec-
tively (Equations (3) and (4)) [26,27].

In(qe — q¢) = Inge — ky -t 3)

t 1 t

= 4 4

qt kZ‘Qez e @)
where g, signifies the quantities of adsorbed dye (mg g~!) at equilibrium, and g; signifies
the quantities of adsorbed dye (mg g~') at equilibrium time # (minutes). The parameter k
denotes the adsorption constant of the pseudo-first-order model (min~1), while k, repre-

sents the constant associated with the pseudo-second-order kinetic model (mg g~! min1).

2.7. Adsorption Isotherm

The concentration variation was measured in triplicate at 25 °C, using pH and time
adjustments optimized for maximum adsorption. In the initial stage, 40.0 mg of biochar
(BA or ABA) was added to a dye solution containing 20.0 mL. The dye concentration
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range was 50 to 1000 mg L~! for the BA material and 1000 to 1600 mg L~! for the ABA
material. After the contact time, aliquots were centrifuged (and if necessary, diluted).
Then, the equilibrium concentrations were calculated using Equation (2). Finally, the
adsorption isotherm model that best fits the experimental data—Langmuir or Freundlich—
was identified. The linearized form of the Langmuir equation via Equations (5) and (6)
presents the linearized version of the Freundlich equation [28,29].

g Koqo 4o

1
ce e ©)

Inge = InKp + %lnCe (6)

Within these equations, g, refers to the amount of substance adsorbed per unit mass
of the adsorbent (mg g~!), and g represents the maximum adsorption capacity per unit
mass of the adsorbent (mg g~1). C, represents the adsorbate equilibrium concentration
(mg L), Ky symbolizes the Langmuir adsorption constant associated with the chemical
equilibrium between adsorbate and adsorbent (mg L=!), Kr represents the Freundlich
adsorption constant, and # is a parameter related to the strength of the adsorption process.

3. Results and Discussions

The obtained biochar materials had the characteristic of a fine, low-density black
gunpowder, which is characteristic for this material. Figure 2a presents the X-ray diffrac-
tograms for the BA and ABA. The analysis classifies the biochar (BA) as amorphous, and the
activated biochar (ABA) exhibits low crystallinity. Some peaks demonstrate the difference
and activation effect, indicating a different organization after activation. The XRD for the
ABA has two peaks at 20 = 20° and 26= 25°, which may indicate the presence of carbon
structures [30]. It can also be observed that some peaks indicate a degree of gratification
of the material, which in this case would be the peaks at 20 = 22.24° and 43.36°, referring
to the (002) and (100) graphitic plane [31,32]. The structure of the activated biochar forms
stacks of parallel graphene layers that make up tiny fragments of graphene planes plus
disorganized amounts of carbon [33].

The FTIR spectra of the pequi almond biochar (BA) and and activated pequi almond
biochar (ABA) are shown in Figure 2b. The BA presented bands in the 1130, 889, and
577 cm™! regions. These bands are related to C-O-C stretching, C-H deformation of aromat-
ics, and C-C-H bending, respectively, as they are these bands’ characteristics of biochars [34].

Changes are evident in the spectra of the activation process. The band intensity at
the 1083 cm ! region indicates CO vibrations typically associated with oxidized biochars.
A new band emerges at 470 cm~!, corresponding to C-O-H bending, a characteristic
feature of activated biochar. The shift can be attributed to the biochar activation procedure,
underscoring inherent structural alterations [18,34].

The thermogravimetric analysis (TG) for the biochars (BA and ABA) are presented
in Figure 2c. cl and c3 in Figure 2 represent the TG profiles of the BA and ABA, respec-
tively, while the derivatives of the corresponding thermogravimetric curves (DTG) are
also presented (as c2 and c4 in Figure 2). The thermal behavior was divided into distinct
stages: three stages for the BA and two stages for the ABA. The initial stage occurs at
approximately 50 °C for the ABA and 75 °C for the BA. A decrease in mass is attributed to
the release of trapped water and physically adsorbed gases. The BA phase, around 624 °C,
possibly indicates the expulsion of molecules confined in the material’s pores. The third
stage of the BA process occurs around 917 °C, representing the highest degradation rate of
the material. The second stage for the ABA occurs at a temperature of 930 °C, indicating the
existence of aromatic compounds within the material after the adsorption procedure [35,36].
When analyzing the residual mass, the BA material (67.5%) lost about 19% more mass than
the residual mass of the ABA material (86.5%). This reinforces the successful occurrence of
activation, underscoring the imperative role of biochar activation in eliminating impurities
and molecules encapsulated in the material [37].
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Figure 2d shows the pHpzc curves of the biochar. The pHpzc value of the BA biochar
was 8.3, and the pHpzc of the ABA biochar was 5.5. The presence of molecules that were
removed with the activation shown in the TG curves caused impairments in the functional
groups because they were physically adsorbed, causing a lower acidity on the BA surface.

W
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Figure 2. Characterization analysis of almond biochar (BA) and activated almond biochar (ABA):
(a) XRD diffractogram of pequi almond biochar (BA) (al) and activated pequi almond biochar (ABA)
(a2); (b) FTIR spectra of pequi almond biochar (BA) (b1) and activated pequi almond biochar (ABA)
(b2); (c) thermal analysis, TG (c1) and DTG (c2), for pequi almond biochar (BA) and TG (c3) and
DTG (c4) for activated pequi almond biochar (ABA); (d) pH point of zero charge (pHpzc) for pequi
almond biochar (BA) (d1) and activated pequi almond biochar (ABA) (d2).

The morphological assessment of the biochars is shown in Figure 3, employing various
magnifications to examine their shapes and surface characteristics. The visual representa-
tions of the BA biochar are presented in Figure 3A,B, illustrating three-dimensional particles
that coalesce into nonhomogeneous blocks with limited pore distribution. In contrast, the
images of the ABA biochar (Figure 3D,E) reveal blocks exhibiting a more pronounced pore
population than the BA biochar. The result aligns with the TG and pHpyc values, indicating
the sites with organic molecules. The distinction becomes more evident in Figure 3C,F,
wherein the ABA biochar manifests more significant cracks and pores than the BA. It is,
according to previous results, reaffirming the activation’s success. The non-uniform config-
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urations of the ABA biochar exhibit irregular shapes, potentially contributing positively to
the adsorption capacity [38,39].

Figure 3. Scanning electron microscopy (SEM) images of the BA sample with a scale size of 50 um (A),
20 pm (B), and 10 pm (C), and the ABA sample with a scale size of 50 pm (D), 20 um (E), and 10 pm (F).

Figure 4 presents the Raman spectra for the BA (Figure 4a) and ABA (Figure 4b) samples.
All Raman spectra were obtained with excitation at 785 nm and show characteristic bands
of carbonized samples. The linear fit of the Raman curves shows two prominent bands. The
D1 band is associated with disordered carbon atoms and is typically around 1350 cm~! [40].
Moreover, the G band is associated with graphitic carbon atoms (ordered), typically around
1580 cm ™! [41]. The intensity ratio of these two bands, I(D1)/1(G), measures the degree of
disorder in activated carbon, with a higher ratio indicating more disorder. The results are
summarized in Table 1.

=) =
s &
2 2
= 5
[ [
X b
£ £
il —
c c
(o} (5]
g g
[¢] o1
& &
800 1000 1200 1400 1600 1800 1000 1200 1400 1600 1800
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Figure 4. Cont.
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(c)

Figure 4. Raman spectra of BA (a) ABA (b). The scatter are experimental data, the fits are the solid
red line, and solid blue lines are the deconvolution using Lorentzian peaks fitted to the spectrum
representing each Raman mode. The nitrogen adsorption/desorption isotherm (N;) for ABA (c).

Table 1. The intensity ratio of I(D1)/I(G) bands for BA and ABA biochars.

BA Biochar ABA Biochar
Amplitude Center FWHM Amplitude Center FWHM

D1 182.48 1348.40 230.98 295.87 1305.55 162.46
G 80.82 1579.41 106.11 149.71 1576.07 68.65
ID1/1G 2.26 1.98

Bands

The nitrogen adsorption/desorption isotherm (N;) for ABA is shown in Figure 4c. The
isotherm is Type IV, a mesoporous structure in the biochar and monolayer-multilayer
adsorption with a hysteresis loop at a high relative pressure H4. The nitrogen volume
adsorption in the lower pressure range (0 < p/p0 < 0.5) increased smoothly, showing
monolayer adsorption. The gas adsorption gradually increased (0.5 < p/p0 < 0.8), indicating
that the adsorption shifted from monolayer to multilayer. The interval of (0.8 < p/p0 < 1.0)
was observed for gas adsorption, which strongly indicates the occurrence of a capillary
condensation phenomenon during the adsorption process. The textural characteristics of
the BA and ABA adsorbents are shown in Table 2 [42].

Table 2. Nj adsorption/desorption information—surface area, pore volume, and average pore diameter
for BA and ABA biochars.

Biochar

Surface Area m? g1 Pore Volume—BJH cm?3 g1 Average Pore Diameter—BJH (nm)

BA

14.5 0.093 3.115

ABA

1923.0 0.290 3.133

The intensity ratio of the I(D1)/1(G) bands for the BA biochar is 2.26, whereas for the
ABA biochar, it is 1.98. The results indicate that the activation process contributed to a
decrease in the degree of disorder in the biochar, increasing the number of graphitic carbon
atoms (ordered) in the ABA [43], corroborating the data obtained via the XRD, in which the
activation generated a different organization and was an amorphous material before the
activation.

Table 2 presents the BA and ABA biochars surface area, pore volume, and mean pore
diameter values. Specifically, for the BA, the surface area is 14.5 m? g’l, the pore volume is
3.115 nm, and the pore diameter is 0.093 cm® g 1. In contrast, the ABA exhibits significantly
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higher values, with a surface area of 1923.0 m?2 g’l, pore volume of 3.133 nm, and mean
pore diameter of 0.290 cm® g~!. This indicates a significant increase in the surface area
and pore volume values of the ABA biochar compared with those of the BA, which was
expected to improve the MB adsorption process. Additionally, the average pore diameters
of the BA (3.115 nm) and ABA (3.133 nm) classify the biochars as mesoporous. These results
confirm that the ABA has a large surface area and mesopores and can be considered a
potential adsorbent for dyes [44,45].

Figure 5 shows the variation in adsorbed amounts concerning the pH in the study
of the pH dependence of the MB solution. The most efficient removal of MB dye by the
BA biochar is consistently achieved at pH 4 and 7. Consequently, pH 7 was chosen for
subsequent tests. On the other hand, an increase in MB adsorption by the ABA biochar
is discernible at pH 10. As a result, pH 10 was selected for the following assays. It is
known that for biochar, pHpzc values are characterized by the material’s surface being
positive, and for values above pHpzc, the material’s surface is negatively charged [46].
Thus, according to the results presented in the figure about the pHpzc of the BA and ABA
biochars, they emphasize the reason for the difference in adsorption presented under the
influence of pH, with the amount adsorbed by the BA being 12 mg g~!, while for the ABA,
it was 464 mg g~ ! at pH 10. This shows that the ABA material having a negative surface
charge favors adsorption via electrostatic attraction between the MB dye and the surface
of the activated biochar when used in more alkaline pH liquids. The activation process
applied to biochar derived from Pequi almonds is advantageous.

500
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400 i 1 fitealv}i‘:aii\ bar (aZ)
* 7 430 ~.
—~ %_ 420 /
T
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| bl N
54 5 13!
1 121 ——
0 - 38 ;g 42
1 T T T T T :
2 4 5 6 7 8 9 10 11

Figure 5. Correlation between adsorbed dye amount for BA (al) and ABA (a2) as a function of pH.

The kinetics of the adsorption for both the BA and ABA are illustrated in Figure 6a
and were fitted using the pseudo-first-order (PFO) and pseudo-second-order (PSO) models.
The assessment of the isothermal adsorption for the biochars is presented in Figure 6b and
was fitted using the Langmuir and Freundlich models. The linearized versions of these
models were analyzed through the correlation coefficient (R?) and the parameters of their
adjustments (Tables 3 and 4).
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Figure 6. Adsorption kinetics for BA (al) and ABA (a2) (a); concentration isotherm for BA (b1) and
ABA (b2) (b).

Table 3. Fitting to the pseudo-first-order and pseudo-second-order kinetic models for the BA and
ABA biochars.

Pseudo-First-Order Pseudo-Second-Order

Biochar Ge Ky R2 7e K, R2
(mgg1) (min—1) (mgg1) (mg g~ min—1)
BA 11.20 0.0098 0.8850 22.32 0.0022 0.9844
ABA 11.75 0.0084 0.9453 500.00 0.0040 0.9999

Table 4. Fitting to the Langmuir and Freundlich isothermal models for BA and ABA biochars.

Biochar Langmuir Freundlich
qo K R? n Kr R?
BA 42.73 0.009992 0.9268 11.0497 18.05 0.1846
ABA 476.19 0.004671 0.9965 2.9797 41.73 0.9643

The acquired kinetic data underwent comparison with two distinct kinetic models: the
pseudo-first-order and the pseudo-second-order. The comparison enabled an exploration
of the adsorption process rate and the determination of the rate-controlling step governing
the adsorption of the MB within the biochars. The adsorption stabilization occurs within
approximately 15 min. As depicted in Table 3, the pseudo-second-order (PSO) model
presents the most fitting description of the biochar’s MB adsorption process in both scenar-
ios, attributed to the notably high correlation coefficient values (R?), reaching 0.9844 for
the BA and 0.9999 for the ABA. The calculated g, results from the PSO model closely align
with the experimental g, values, underscoring that the MB dye’s adsorption transpired
via chemical interactions involving the functional groups on the material’s surface. The
analysis revealed a substantial disparity in adsorption between the ABA and BA. The
adsorption capacity (g.) for the ABA reached an impressive 500.00 mg g~ !, significantly
surpassing the performance of the BA, which registered a g, of 22.32 mg g~!. This stark
difference underscores the efficacy of the chemical activation process, solidifying its utility
in dye removal from aqueous environments. The results of the kinetic tests, combined
with the analysis of surface charges and the differences in the biochars” morphological
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characteristics, indicate that the activation process was a success [47,48]. Furthermore, it
is essential to point out that these results for the BA and ABA are similar to those found
in the literature for biochars and activated biochars used in MB adsorption [15,18,49,50].
The concentration variation adsorption test at constant temperature of biochars (Figure 6b)
reveal an enhancement in adsorption capacity. These isotherms were fitted to the Langmuir
and Freundlich models. The linearized versions of the Langmuir and Freundlich models
were scrutinized utilizing the correlation coefficient (R?), with the respective statistical
attributes presented in Table 4.

Table 4 demonstrates that the Langmuir isotherm model more accurately characterizes
the MB adsorption process by the biochars in both cases. The correlation coefficient (R?)
values were 0.9268 for the BA and 0.9965 for the ABA. The adsorption process occurred on
the surface of the adsorbent in a uniform monolayer configuration and through chemical
interactions, as in the kinetic results. The correlation values for the BA indicated a relatively
lower alignment with the model. This can be attributed to molecules on the surface before
activation, which may have caused less uniform adsorption in sites than the adsorption
in the ABA, which was better adjusted to the Langmuir model, with values closer to 1
for the ABA (Figure 7). The experimental values for each biochar, presented in Figure 6b,
follow a concave curve, typical of microporous carbons, which presents an increase in the
initial concentrations, indicating a strong affinity for dye with the materials, followed by a
saturation, which is characteristic of the Langmuir isotherms [51,52].

( Adsorbent distribution on the adsorbate surface \ ‘ Adsorbent distribution on the adsorbate surface

°
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Figure 7. Mechanism of MB adsorption on biochars BA (a) and ABA (b).

Characterization of Biochars after Adsorption

After the adsorption of the dye, the materials were characterized to verify changes in
their properties and validate the binding of the dye to the biochars. The same initials were
used to facilitate identification by adding “A” after the initials of the material, i.e., BAA and
ABAA for the pequi almond biochar after adsorption and activated pequi almond biochar
after adsorption, respectively.

The FTIR spectra of the materials after adsorption (Figure 8a) showed significant re-
sults. The band in the two studied biochars, around 1100 cm ™}, is attributed to symmetrical
C-O-C stretching vibrations after adsorption [53]. The band around 470 cm~! in the ABA
biochar, representing a C = O bond, disappeared after the adsorption process, probably
due to the interaction with the MB [54]. The bands remained around 900 cm ™! for the BAA
material, which is attributed to the C-H bond [55,56].

The thermal analysis of the BA biochar, before and after adsorption, is represented
in Figure 8b. The thermal profile of the biochar remains similar to that observed before
adsorption. However, noticeable differences are evident between the curves before and
after adsorption. The mass difference between the two curves corresponds to the adsorbed
dye, providing clear evidence of the effectiveness of the adsorption process. This indicates
the successful impregnation of the dye onto the material’s surface. At 1000 °C, the BA
biochar has 67.7% mass, while the BAA has 57.9%. Therefore, there is a difference in the
mass percentage of about 9.8%, which refers to the mass of the adsorbed dye. The result
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shows a proportional percentage to the adsorbed amount, corroborating the adsorption
efficiency of the MB by the BA shown in the adsorptive studies.
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Figure 8. FTIR for the coal samples from BA(al), BAA(a2), ABA(a3), and ABAA(a4) (a); TG (b1) and
DTG (b3) curves for the studied BA samples and TG (b2) and DTG (b4) curves for the studied BAA
samples (b); TG (c1) and DTG (c3) curves for the studied ABA samples and TG (c2) and DTG (c4)
curves for the studied ABAA samples (c); Raman spectra for BAA (d) and ABAA (e).

Analyzing the ABA and ABAA curves (as depicted in Figure 8c), it becomes evident
that these curves experienced a noteworthy alteration in terms of mass loss, while the
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Adsorbed Volume (cm? g!)

temperature ranges remained unchanged. At 1000 °C, the ABA biochar has 86.25% mass,
while the ABAA has 75.67%. Therefore, there is a difference in the mass percentage of
about 11%. This increment is directly proportional to the quantity of adsorbed dye. The
methodology effectively immobilized the dye on the surface, and the quantity adsorbed
following activation surpassed that of the biochar. The analysis after adsorption shows
a strong indication of the interaction between the dye and the biochars, reinforcing the
adsorption data and corroborating the other techniques [18,57].

The Raman spectra of the BAA biochars (Figure 8d) and ABAA biochars (Figure 8e)
showed Gaussian and Liptizian curves similar to those of the BA biochars (Figure 4a) and
the ABA (Figure 4b). The linear fit of the Raman curves shows the permanence of two
prominent bands, one associated with disordered carbon atoms around 1350 cm~ ! and an-
other associated with graphitic carbon atoms (ordered) around 1580 cm ™! [58]. The intensity
ratio of the I(D1)/1(G) bands for the BAA and ABAA biochar is shown in Table 5.

Table 5. The intensity ratio of the I(d)/I(g) bands for the BAA and ABAA biochars.

Bands BAA Biochar ABAA Biochar
Amplitude Center FWHM Amplitude Center FWHM
D1 202.72 1336.65 244.42 122.01 1317.40 144.73
G 83.69 1569.68 97.55 57.88 1584.28 87.26
ID1/1G 242 2.11

Table 5, compared with Table 1, shows an increase in the intensity ratio of the I(D1) /1(G)
bands. The intensity ratio of the I(D1)/I(G) bands for the BA biochar before adsorption
is 2.26. After adsorption, it is 2.42, whereas the intensity ratio of the I(D1)/I(G) bands for
the ABA biochar before adsorption is 1.98, and after adsorption, it is 2.11. Raman spectra
were used to assess the degree of defects (D peaks) and graphitic arrangements (G peaks)
in the biochars before and after dye adsorption. After the adsorption of MB molecules, the
intensity ratio (ID/IG) increased, suggesting definite interactions between the dye and the
biochar and increasing the disorder in the system [59]. Figure 9 shows the hysteresis of the
ABA biochar (before adsorption) and the ABAA (after adsorption). After adsorption, the
hysteresis loop remains, meaning that the isotherms remain type IV [60].

800

750

700

650

600

550

500

450

400

260
240
o 2204
L ]
& 2004
o |
E 180
S
> 4
g 160
= ]
{ 2
’ 2 140 .
J <1 *
° 120 A
T T T T T T T T T 100 T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P,) Relative Pressure (P/P,)
(a) (b)

Figure 9. BET for ABA (a) and ABAA (b) samples.

Table 6 presents the surface area, pore volume, and average pore diameter mea-
surements for the different biochar samples: BA, BAA, ABA, and ABAA. The observed
parameter variations reflect the distinct structural characteristics of the activation processes
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and applied impregnation techniques. The volume and surface area of the biochar decrease
from 0.093 cm® g~ (BA) t0 0.027 cm® g~! (BAA) and from 14.5 m? g~ (BA) to 13.4 m? g~!
(BAA), indicating the presence of MB after biochar adsorption. The results also show that
the pore volume and surface area decreased considerably from 0.290 cm® g~! (ABA) to
0.134 cm® g=! (ABAA) and from 1923.0 m? g~! (ABA) to 598.6 m? g~! (ABAA), demon-
strating the presence of MB and the consequent efficiency of the biochar adsorption process.
The reduction in the BET surface area and pore volume after adsorption is apparent, prov-
ing once again that the MB adsorption process on the surface of the biochars occurred
satisfactorily [61].

Table 6. Surface area, pore volume, and average pore diameter of BA, BAA, ABA, and ABAA biochars.

Biochar Surface Aream? g1 Pore Volume—BJH ¢cm3 g1 Average Pore Diameter—BJH (nm)
BA 14.5 0.093 3.115
BAA 134 0.027 3.180
ABA 1923.0 0.290 3.133
ABAA 598.6 0.134 3.957

4. Conclusions

Pequi almond biochar was successfully prepared through biomass pyrolysis at 500 °C.
The biochar underwent an efficient activation process, with NaOH at 800 °C as the activat-
ing agent, which was proven by the characterizations with changes in structure, changes in
thermal profile, the removal of some impurities present before activation, and the change
in some bands in the FTIR due to the removal of some groups following from activation.
The intensity ratio of the I(D1)/1(G) bands, made via the Raman study, confirms that the
activation process contributed to the reduction in the degree of the biochar, increasing
the graphitic carbon atoms (ordered) in the TAB. The biochar application to methylene
blue (MB) adsorption remarkably adhered to the pseudo-second-order kinetic and Lang-
muir isothermal models. The most substantial adsorption capacities were recorded at
pH 10 for the ABA and within the pH range of 4 to 7 for the BA. Notably, the activated
material derived from renewable biomass, naturally discarded without established utility,
emerged as a promising adsorbent for effectively eliminating dyes from aqueous settings.
With an outstanding adsorption capacity of 500.00 mg g~! for methylene blue, this study
underscores the compelling potential of harnessing such sustainable sources to generate
high-performance biochar materials, offering substantial prospects for sustainable environ-
mental solutions.
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