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Abstract: In this work, raw rice husk biochar (RRHB) was investigated for its potential as a valuable
industrial byproduct for the decontamination of water using rhodamine B (RB) as a model pollutant.
Specific functional chemical groups that were identified in the structure of the biochar using Fourier
transform infrared (FTIR) spectra were determined to be responsible for the interaction between
the biochar and the pollutant, explaining the sorption process. The interaction between the pollu-
tant and biochar was also explained by the porosity of the sorbent, as demonstrated by scanning
electron microscopy (SEM), and the specific surface area (Brunauer–Emmett–Teller analysis, BET).
The ionic charge of the biochar structure was determined based on the point of zero charge (pHPCZ).
The best kinetic fit for the sorption of the dye on/in the biochar was obtained with the nonlinear
pseudo-second-order and Elovich models. The nonlinear Freundlich isotherm had the best fit to the
experimental data, and it was determined that the maximum sorption capacity was ~40 mg g−1. The
thermodynamic parameters indicated that the sorption of the RB on/in the RRHB was spontaneous.
Overall, RRHB was demonstrated to be a potential biosorbent for cationic dyes such as RB. Finally,
it is possible to recover the biosorbent, aggregating value to the byproduct and showing it to be an
excellent option for use in water purification filters.

Keywords: sorption; biosorbent; pollution

1. Introduction

The preservation of water resources is indispensable, and as such, resources are neces-
sary for studies on climate change as well as on the subsistence of the world population [1].
Both the causes and impacts of climate change are related to the use and reuse of water
resources [2]. Thus, a joint set of actions involving governments, businesses, research
institutes, universities, and society is essential to the preservation of these resources [3].
Access to water is indispensable for the eradication of hunger and poverty [4]. Approx-
imately four billion people around the world face water scarcity at least one month per
year [4–6]. To address this huge challenge, a set of measures should be taken to promote
a sustainable policy for the monitoring, protection, and treatment of water resources [7].
Policies addressing the treatment of industrial, domestic, and hospital wastewater are
essential in ensuring greater access to drinking water for the population and in minimizing
the environmental impact of the improper disposal of wastewater [8,9].

In the current scenario of water scarcity throughout the world, there is a need for
sustainable, economically feasible wastewater treatment technologies that are reproducible
on an industrial scale and capable of the effective removal of different types of pollutants.
Water treatment using byproducts from industrial production is an inexpensive, potentially
feasible option that is easily applicable for the decontamination of waters containing
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industrial dyes [10]. RRHB is a byproduct of the food industry that has been proposed for
the sorption of pollutants with the possibility of decontaminating waters and aggregating
value to the used sorbent material. Several sorbents have been tested for the removal of
pollutants from water, including activated carbon, silica gel, activated alumina, zeolites, and
synthetic resins [9–12]. Carbon-based materials such as RRHB are potential matrices for the
sorption of hydrophilic pollutants due to their porous structures and large surface areas [13].
This facilitates intermolecular and intramolecular interactions between the pollutant and
solid material [13]. As some carbon-based materials are hydrophobic, chemically inert, and
show poor dispersion in water, they need to be modified to improve their sorption capacity
and applicability in aqueous media [13]. However, the cost of the water treatment process
when using activated and modified materials is higher compared to the cost of RRHB [14].
In this context, RRHB, without any modification, is a sorbent that could be a useful option
for the removal of RB from water by controlling the sorption parameters.

RB (Figure 1) is a pollutant model that can be used in sorption studies during the
development of water decontamination methods.
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toxic, and neurotoxic and causes harm to humans due to its interaction with cellular DNA, 
forming intermolecular hydrogen bonds that alter the physiological functions of cells 
[17,18]. However, RB is important for the monitoring of environmental pollution by pes-
ticides because it is added to pesticide compositions to enhance the stability of these agri-
cultural products [19]. 
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lecular interactions with different solutes, enabling their effective separation from an 
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It is a basic synthetic cationic dye classified as a xanthene due to its chromophore
group [7]. This dye has a color index classified as basic violet 10, a molar mass of
479.02 g mol−1, a wavelength between 547 and 555 nm for the absorption of electromag-
netic radiation, a solubility in water of approximately 50.0 g L−1, and a pKa value of 3.7
at 20.0 ◦C. RB can be used in acid and/or moderately acid baths due to the presence of a
carboxyl group in its molecule and due to its zwitterionic structure [9,15]. The uses of RB
include the dyeing of cotton, wool, silk, leather, paper, and bamboo. RB is also widely used
as a biological stain in biomedical research labs due to its analytical and photochemical
applications [16]. Although its zwitterionic form is neutral, it is generally considered to
have a local charge due to the presence of ionizable groups [15]. RB is considered to be
carcinogenic, genotoxic, and neurotoxic and causes harm to humans due to its interaction
with cellular DNA, forming intermolecular hydrogen bonds that alter the physiological
functions of cells [17,18]. However, RB is important for the monitoring of environmental
pollution by pesticides because it is added to pesticide compositions to enhance the stability
of these agricultural products [19].

Methods for the removal of organic pollutants such as RB from aqueous solutions
include coagulation–flocculation [20], membrane filtration [21], electrocoagulation [22],
electroflocculation [5,22], photodegradation [16,23], sorption [24], and so forth. From a prac-
tical and economic standpoint, sorption is important for the removal of diverse pollutants
in water purification and refinement processes, as certain sorbents have intermolecular
interactions with different solutes, enabling their effective separation from an aqueous
medium [25]. For instance, RB can be removed from water by sorption on different ac-
tivated carbon species, with a possibility of comparison with RRHB [26–28]. Moreover,
different materials have demonstrated to be useful for the removal of other dyes such as
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congo red, yellow 18, methylene blue, methyl violet, and nile blue from aqueous solutions
via sorption [29,30].

Considering the possibility of aggregating value to rice husk by applying the biochar
of this industrial byproduct in pollutant sorption studies, the aim of the present study was
to demonstrate decontamination strategies for waters containing industrial dyes using
RB as a model pollutant. For this, different experimental variables were studied, such
as the sorption time, the pH of the solution, the temperature of the solution, and the
stirring velocity. The interaction between the pollutant and biochar was determined based
on the results of FTIR spectrometry. The morphology and specific surface area of the
biochar were demonstrated using SEM and BET analyses, respectively. The pHPCZ was
determined to predict the ionic charge of the biochar structure. Sorption kinetics, isotherms,
and thermodynamics were studied to enable the proposition of scaling methods for the
decontamination of waters and the fabrication of a sorption filter. Overall, the innovation
of the current work is related with the possibility of using RRHB as a sorbent, without any
modification, for the removal of RB from aqueous solutions by controlling the sorption
parameters and biochar properties. In addition to removing RB from solutions, it is possible
to aggregate value to this industrial residue, which could be useful as a sorbent material in
water purification filters in the textile industry.

2. Material and Methods
2.1. Reagents

All reagents were analytical grade and prepared using ultrapure water. RB was used
with 100% purity. Sodium hydroxide (NaOH) with 100% purity, hydrochloric acid (HCl)
with 35% purity, and analytical-grade ethanol were used as purchased. RRHB was acquired
after the industrial processing of rice that was ground in a blender and converted into a
powder, with the subsequent removal of silica by using alkaline hydrolysis.

2.2. Characterization of RRHB

FTIR spectrometric analyses were conducted in a Perkin-Elmer Frontier spectrometer
with an attenuated total reflectance (ATR). The RRHB sample was previously prepared
with potassium bromide (KBr) for the analyses using KBr pellets due to the chemical nature
of the material. The range of the analysis was from 4000 to 500 cm−1, with a resolution
of 2.0 cm−1 and with 32 scans per sample. SEM images were recorded using a JSM-
6701F scanning electron microscope with a magnification ranging from 200 to 5000 times,
a distance of 12.3 mm, a tungsten cathode as the electron source, and an acceleration voltage
of 15 kV. To determine the pHPCZ, different solutions were prepared, and the initial pH
(2.07, 3.64, 4.01, 5.07, 6.00, 7.28, 8.00, 9.48, 11.00, and 12.00) was adjusted using sodium
hydroxide and hydrochloric acid (0.10 mol L−1). The solutions were placed in contact
with 0.10 g of the biochar for 24 h. The final pH of the solution was measured for the
graphical determination of the pHPCZ. This experiment was performed in triplicate with
calculations of the respective standard deviation values. The BET method was employed to
estimate the surface area and porosity of the material. This experiment was performed with
a Quantachrome Nova 1000e analyzer operating between 77 and 273K with the sorption of
ultrapure nitrogen gas onto the solid surface of the biochar. Each sample was previously
treated at 250 ◦C for 12 h before the BET analysis. The pore distribution was estimated using
the Barrett–Joyner–Halenda (BJH) method, and the specific surface area was estimated
in the region of low pressure (p/p0) of 0.3028. the surface area was calculated using
Equation (1):

SBET =
(mmNaA)

MM
(1)

in which mm is the mass of molecules in a complete monolayer, Na is the Avogadro
constant, A is the surface area occupied by a nitrogen molecule, and MM is the molecular
mass of nitrogen.
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2.3. RB Sorption Tests

Standard RB solutions at different pH values (3.5, 4.0, 7.0, and 9.0), concentrations (1.0,
2.0, 3.0, 4.0, 5.0, and 6.0 mg L−1), and temperatures (22.0, 45.0, 55.0, and 60.0 ◦C) were placed
in 120 mL Erlenmeyer flasks containing different masses of RRHB (0.1, 0.5, 1.0, and 2.0 g).
The mixtures were maintained for different sorption times (5, 15, 30, 45, 60, 90, 120, 150, 180,
and 210 min) with different stirring velocities (2.0, 3.0, 4.0, and 5.0 rpm). The supernatant
was removed from the solution and analyzed by measuring the absorbance using a UV-Vis
spectrophotometer operating at 555 nm. All these experiments were performed in triplicate
with calculations of the respective standard deviation values. The concentrations were
estimated using an analytical calibration curve. The sorption capacity of the biochar was
calculated using Equation (2):

qt =
(Co − Ct)

m
·V (2)

in which qt is the sorption capacity of the biochar at a specific time t (mg g−1), Co and Ct
are the initial concentration and concentration at a specific time t (mg L−1), respectively, V
(L) is the volume of the pollutant solution, and m (g) is the mass of the RRHB.

The removal efficiency (R, %) was calculated using Equation (3):

R, % =
(Co − Ct)

Co
·100 (3)

Pseudo-first-order [31], pseudo-second-order [32], Elovich [33], and intraparticle diffu-
sion [34] kinetic models were used to estimate the sorption kinetics. Nonlinear Langmuir,
Freundlich, Redlich–Peterson, and Sips isotherms [35,36] were used to predict the sorption
mechanism, whereas the thermodynamics were studied considering the enthalpy, entropy,
and free energy of the system [37,38].

2.4. RB Desorption Tests

Distilled water and ethanol were tested for the desorption of RB from the biochar, as
the dye had a high solubility in both media. The desorption process was conducted using
0.10 g of biochar and 400 mL of solvent under stirring for 250 min. The desorption study
was performed on two occasions (on the first and eighth days of sorption) to determine
whether a change in the desorption would occur. The concentration of RB extracted from
the biochar was measured using a UV-Vis spectrophotometer operating at 550 nm, and the
recovery yield was calculated.

3. Results and Discussion
3.1. Characterization of RRHB

The FTIR spectra for the RRHB before and after the sorption process of RB, the SEM
image at magnification of 5000 times, and the BET surface area related to the sorption of
nitrogen gas on/in the biochar are presented in Figure 2.

The absorption band at 3434 cm−1 in the FTIR spectrum before the sorption of RB
corresponded to hydroxyl groups (O-H) in the structure of the RRHB, which was also
indicative of the presence of carbohydrate structures [39]. The composition of the natural
fibers in the biochar may have alkanes, esters, aromatics, ketones, alcohols, and carboxylic
acids that have oxygen and hydroxyl in the structure of their functional groups, which
also assists in explaining the absorption bands between 1450 and 1600 cm−1. The absorp-
tion band at 2918 cm−1 was due to symmetrical and asymmetrical vibrations of -CH2-
groups [40]. A band corresponding to the stretching of the C=O bond of conjugated ketones
and aldehydes was found at 1635 cm−1 [41]. All the chemical groups identified in the struc-
ture of the RRHB are important to pollutant sorption studies and water decontamination
processes. Similar absorption bands were found in the FTIR spectrum after the sorption of
RB, with slight peak shifts and a decrease in the peak intensities due to intermolecular and
intramolecular interactions among the cationic amino groups of the dye with the anionic
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hydroxyl groups of the biochar. Moreover, hydrogen bonds between the dye and biochar
enabled the occurrence of the sorption process, affecting the removal of the pollutants from
the water [42].
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The SEM image shows that the RRHB had a potentially irregular surface with various
cavities. This morphology is interesting for sorption studies as it facilitates intermolecular
and intramolecular interactions between the pollutant and solid material [32,42–44]. The
morphological information is also important for the application of this material in pollutant
sorption studies as it enables a better understanding of the sorption phenomena taking
place on the surface and in the pores. By comparing the morphology of the biochar with
the results of the BET analysis, the material structure could be better understood. High
adsorption was seen at low N2 pressures with the possibility of the formation of micropores.
The surface area determined using the BET method was 267.9 m2 g−1 with a total pore
volume of 49.6 cm3. Based on the distribution of the volume of pores as a function of the
diameter, the biochar mainly had micropores with an average diameter of 224.0 Å.
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Figure 3 displays the result for the pHPCZ of the biochar, showing a value of 9.75.
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The sorption and electrostatic interactions of pollutants on/in solid structures can
be explained by the pHPCZ of the sorbent [45]. When the pH of a pollutant solution is
less than the pHPCZ of the sorbent (9.75 in the present case), the biochar surface tends
to be positively charged, increasing the possibility of sorption studies of anionic species
in solutions. In contrast, if the pH of the solution is higher than the pHPCZ, the sorption
of cationic species occurs on the biochar surface as the material tends to be negatively
charged [46,47]. The results of the pHPCZ analysis revealed a predominance of positive
charges in the structure of the biochar between pH 2 and 4, a gradual increase in the quantity
of negative charges with the increase in the pH between 4 and 9, and a predominance of
negative charges at pH values higher than 9.75. Thus, the possibility of the sorption of
cations and anions is expected between pH 4 and 9, depending on the pKa of the species of
interest. By considering that RB is a zwitterionic species that has a pKa of 3.7, there will be
predominance of negative charge on its structure at pH values higher than the pKa value,
with the possibility of efficient sorption in the predominantly positive RRHB structure (pH
below the pHPCZ of the biochar) [48]. This effect is also minutely discussed in Section 3.2,
confirming why higher sorption efficiencies of the RB were found at pH values ranging
from 4 to 9. These surface data, together with the morphological and BET data, indicate
that the RRHB investigated in this work is a potential option for studies on cationic and
anionic species in aqueous solutions, depending on the pH of the medium and pKa of the
species of interest.

3.2. RB Sorption Variables

Figure 4 presents the sorption capacity of the RB on/in the RRHB with variations in
the sorption time and biochar mass.
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Experimental conditions: initial concentration of RB = 4.0 mg L−1; pH = 4.0; temperature = 22.0 ◦C;
stirring = 3.0 rpm.

An increase in the sorption capacity was found with the increase in the biochar mass
between 0.1 and 2.0 g. However, the greatest variation occurred with the use of 0.1 g
of biochar mass, as a larger contact surface was available with a smaller mass for the
interaction between the biochar and pollutant due to less aggregation of the material.
Moreover, the concentration gradient at the solution/biochar surface interface was affected
more by larger sorbent masses [49]. The largest change in the sorption capacity between
masses of 0.5 and 2.0 g was around 2.0%, but this difference reached 97.7% between 0.1 and
2.0 g. As the sorbent mass is inversely proportional to the sorption capacity, an increase
in the mass is expected to result in a reduction in the sorption capacity when the initial
concentration is maintained and when the volume of the solution and the sorption time
are constant. In such cases, intermolecular interactions between the sorbent and pollutant
are disregarded. The sorption equilibrium using from 0.5 to 2.0 g of biochar occurred in
15 min due to the rapid saturation of the active sites available for interaction on the smaller
available active surface area. In contrast, the sorption equilibrium occurred only between
180 and 210 min when 0.1 g was used.

Other variables of interest were the stirring velocity and the pH of the aqueous
medium. The results of these analyses are shown in Figure 5a and Figure 5b, respectively.

No significant change in the sorption capacity (qt) was found with the increase in
the stirring velocity from 2.0 to 5.0 rpm, with the exception of a velocity of 3 rpm. This
may have occurred because slight desorption took place at certain velocities due to the
effects of sorption kinetics [50]. Regarding the pH, the lowest quantity of dye removed
beginning at 120 min was at pH 9.0, and the largest quantity was at pH 4.0 due to the
pHPCZ of the biochar and the pKa of the RB. The difference in the quantity of RB removed
between pH 4.0 and 9.0 was due to the zwitterionic structure of the dye and the mixture
of positive and negative charges in the structure of the biochar, as discussed in the pHPCZ
results. The lower sorption capacity at pH 3.5 is explained by the predominance of positive
charges in the structure of both the biochar and the RB. At a very low pH, RB is expected
to lose its zwitterionic structure, and a predominance of a cationic acid structure occurs
in the solution [48], which hampers its sorption to positively charged surfaces such as
that of the biochar. The greater RB sorption capacity at pH 4.0 may be explained by the
predominance of negative charges in this zwitterion at pH values immediately above its
pKa and a predominance of positive charges in the structure of the biochar due to its
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pHPCZ [15]. This sorption capacity tends to diminish at pH values higher than 4.0 due to
the tendency toward an increase in the anionic charge in the structure of the biochar with
the deprotonation of functional groups containing hydroxyls, increasing the electrostatic
repulsion forces between the sorbent and sorbate [51]. The reduction in the sorption
capacity with the increase in the pH is also associated with the formation of hydrated RB
ions and the increase in the size of the molecular structure, hampering intrapore diffusion
and intermolecular interactions in the interior of the biochar structure [12]. Therefore,
the more favorable pH value for the sorption of RB in the RRHB structure would be
approximately 4.0, whereas the more unfavorable pH values would be those lower than 3.5
and approximately 9.0.
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temperature of 22.0 ◦C, sorbent mass of 0.10, and stirring at 5.0 rpm.

3.3. RB Sorption Kinetics on/in Biochar

One of the objectives of sorption kinetics studies is to understand how resistance
to mass transfer occurs between sorbents and sorbates [32]. The results of the nonlinear
pseudo-first-order, pseudo-second-order, and Elovich kinetic models and the results of the
intraparticle diffusion model are presented in Figure 6a–d, respectively, and in Table 1.

Table 1. Theoretical and experimental variables of kinetic models for sorption of RB on/in RRHB as
industrial byproduct with aggregated value.

Kinetic
Model

Qmaxcalc
(mg g−1)

Qmax ex
(mg g−1) χ2 k (min−1) α β R2 Adj.R2

PFO 37.60 39.40 10.3 0.08 0.9303 0.9340
PSO 40.60 39.40 2.79 0.03 0.9810 0.9805

E 1.56 33.90 0.17 0.9902 0.9801
ID 2.28 0.78 0.7572

Note: Pseudo-first-order (PFO). Pseudo-second-order (PSO). Elovich (E). Intraparticle diffusion (ID). Unit of
measure of k value for ID: mg g−1 min−0.5.
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for sorption of RB on/in biochar. Intraparticle diffusion model (d). Experimental conditions:
temperature = 22.0 ◦C; biochar mass = 0.1 g; pH = 4.0; initial concentration of RB = 4.0 mg L−1;
stirring = 3.0 rpm.

A much faster sorption of the pollutant occurred at the beginning of the experiment,
which was followed by a significant reduction after 30 min due to the saturation of the
active sites in the structure of the biochar [52]. The sorption equilibrium was reached after
approximately 150 min of contact. The pseudo-second-order and Elovich kinetic models
were the most suitable for explaining the sorption process based on the lower chi-square
(χ2) values and higher correlation coefficients (R2 and Adj.R2). The maximum experimental
sorption capacity (Qmax exp) determined by the pseudo-second-order kinetic model was
39.4 mg of RB per g of biochar. This value was very similar to the calculated maximum
sorption capacity (Qmax calc), which was 40.6 mg g−1. The sorption coefficient (k) obtained
by this kinetic model was 0.03 min−1, indicating that the interaction at the biochar/RB
interface occurred at a fast enough velocity to favor the process [32]. The intraparticle
diffusion coefficient of 2.28 mg g−1 min−0.5 suggests that this interaction occurred both
on the surface and in the pores of the biochar during the RB sorption process. The initial
sorption rate (α) determined by the Elovich kinetic model indicates a greater number of
active sites available at the beginning of the sorption process, which explains the faster
sorption in the first 30 min of the experiment. The low Elovich desorption constant (β)
indicates that stronger intermolecular interactions took place during the sorption to the
surface of the biochar. As the β value determined by the intraparticle diffusion model was
a little larger, the forces of these interactions tended to diminish somewhat in the pores. In
both cases, however, the RB interacted strongly enough with the biochar to be retained in
its structure.

3.4. Sorption Isotherm of RB on/in Biochar

Table 2 presents the parameters of the nonlinear Langmuir, Freundlich, Sips, and
Redlich–Peterson isotherms for the sorption of RB on/in the RRHB.
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Table 2. Parameters of nonlinear Langmuir, Freundlich, Sips, and Redlich–Peterson isotherms for
sorption of RB on/in RRHB. Experimental conditions: temperature = 22.0 ◦C; biochar mass = 0.1 g;
pH = 4.0; initial concentration of RB = 4.0 mg L−1; stirring = 3.0 rpm; sorption time = 250 min.

Model Parameters

Langmuir

KL = 3.67 × 10−4 L mg−1

RL = 0.063
R2 = 0.7709
χ2 = 117.2

Freundlich

KF = 1363.9 mg g−1 L mg−1

nF = 3.34
R2 = 0.9501
χ2 = 21.0

Sips

Ks = 110.68 L mg−1

ns = 1.0 × 10−10

R2 = 0.77
χ2 = 146.47

Redlich–Peterson

KRP = 110.68 L mg−1

nRP = 122.09
R2 = 0.77
χ2 = 146.47

The general profile found for the isotherms that best explained the experimental data
was concave, indicating that the sorption process was favorable, which was in agreement
with some thermodynamic data [53]. In this case, high quantities of RB were sorbed in
small quantities of sorbates. Regardless of the predominance of physisorption in the surface
interactions between the biochar and RB, chemical interactions could occur, especially in
the pores [54]. The isotherm that best explained the experimental data of the RB sorption
on/in the biochar was the nonlinear Freundlich model, which had a correlation coefficient
(R2) of 0.9501 and a chi-square (χ2) value of 21.0. This implies that sorption occurred at
multiple sites on both the surface and in the pores of the biochar, with interactions between
the sorbed pollutant and neighboring active sorption sites. The Langmuir separation factor
(RL) was 0.063, suggesting that the RB interacted better with the solid phase (biochar)
than the liquid phase (aqueous medium). Due to the very low pollutant concentration,
the Langmuir model was not adequate for explaining the experimental results because
this model assumes sorption on a homogenous surface, on which all sorption sites are
identical and energetically equivalent. This diminishes the theoretical sorption capacity
in comparison to the experimental sorption capacity [55]. With an nF value of 3.34, the
sorption process was assumed to be favorable [44]. However, this model is unable to
predict or describe the sorption results at very high pollutant concentrations [37]. Moreover,
the nonlinear Freundlich isotherm model is was to a linear model at low concentrations.
There is experimental evidence of the distribution of energy among highly energetic active
sorption sites with the formation of a strong bond between the sorbate and sorbent [56].
This explains the possibility of physical and chemical bonds during the sorption process
of RB on/in biochar and the possibility of predicting the sorption process, as shown in
Figure 7. The low ns and high nRP values are indications that the nonlinear Sips and
Redlich–Peterson isotherm models were not useful for predicting the sorption mechanisms
of the RB on/in the RRHB. This conclusion is also based on the low R2 and high χ2 values.
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3.5. Thermodynamics of Sorption of RB on/in Biochar

Figure 8 displays the thermodynamic results of the RB sorption on/in the biochar as a
function of time and temperature. Table 3 displays the variations in the Gibbs free energy
(∆G◦

s), sorption enthalpy (∆H◦
s), and sorption entropy (∆S◦s).
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Table 3. Thermodynamic parameters for sorption of RB on/in RRHB.

Temperature (K)
Parameters

∆G◦
s

(J mol−1)
∆H◦

s
(J mol−1)

∆S◦
s

(J mol−1) R2

295.15 −6069.38

−6019.03 0.17 0.9802
318.15 −6073.31
328.15 −6075.01
333.15 −6075.87

The reduction in temperature gradually increased the sorption capacity as a function
of time until reaching equilibrium after 150 min. As the ∆G◦

s values were negative at
all the temperatures studied, the sorption process was assumed to be spontaneous and
favorable, which was compatible with the kinetic and isotherm results. The spontaneity
of the reaction was practically invariable with the change in the temperature, indicating
that ∆G◦

s was not a relevant thermodynamic parameter for explaining the change in the
sorption of the RB on/in the biochar. The negative ∆H◦

s value indicates that the sorption
process of the RB on/in the biochar was exothermic. In this case, the release of heat into the
neighborhood during the exothermic process heats the medium and hampers the sorption
of liquids to solid matrices [35], which explains the reduction in the sorption capacity of
the RB on/in the RRHB by increasing the temperature values. Moreover, the ∆H◦

s value of
–6019.03 J mol−1 was small enough to indicate surface physisorption during the process
with the exchange of energy between the system and neighborhood. This type of surface
interaction facilitates the recovery of sorbates in desorption processes. The positive ∆S◦s
value indicates that the interactions between the solute and solvent in the aqueous medium
were stronger than the interactions between the RB and the biochar, with a consequent
structural change occurring in both. Despite the positive ∆S◦s, the biochar had an excellent
affinity for the RB and could be very useful for the purification of water and industrial
effluents [57].

3.6. Recovery of RB and Biochar

The recovery of the RB from water was only 3.67% after eight days of contact, with
a reduction in the recovery rate over time. This is only an indication of the removal of
non-sorbed species or those with very weak intermolecular interactions on the surface of
the biochar in this medium, despite the occurrence of the sorption process with physical
and chemical interactions at multiple sites. The low desorption of the pollutant in this
type of solvent is important for improving the efficiency of a water purification system.
However, the average quantity of RB recovered after eight days of experimentation was
68.96% when ethanol was the eluent. In this case, greater interaction occurred between
the RB and the solvent due to its greater solubility in ethanol [15]. This medium could be
useful for the recovery of the pollutant and sorbent during the reutilization processes of an
RB/RRHB system after some adjustments. Lastly, ethanol could be an option in a fixed-bed
column to elute RB during column separation and purification processes.

4. Conclusions

The studies conducted in this work demonstrated the possibility of the sorption of
RB on/in RRHB with the objective of proposing methods for the purification of water
and wastewater from industries that process food and textile dyes. However, the control
of some experimental variables in the medium (sorption time, pH, temperature, stirring
velocity, and initial concentration of the pollutant) is required to achieve a high solute
removal efficiency. Under the best experimental conditions, it was possible to remove up to
98% of the RB from the aqueous medium, which confirms the efficiency of the proposal.
As the sorption process occurs with the formation of monolayers and a predominance of
physisorption, the recovery and reuse of the biochar and pollutant is feasible, aggregating
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value to this byproduct of industrial rice production. The maximum sorption capacity was
around 40.0 mg of RB per g of biochar, with a recovery of approximately 70% using ethanol
as the solvent. Thus, the sorption of cationic and anionic species on/in RRHB and the
recovery of the biosorbent for reuse are possible. This aggregates value to an industrial
byproduct that is currently discarded, avoiding environmental impacts and minimizing
pollution from wastewater released from industries that use food and/or textile dyes in
their systems.
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