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a b s t r a c t
This work presents a detailed analysis of the adsorption process of royal dianix CC blue dye on 
biochars, synthesized from the bark of cupuaçu, a lignocellulosic residue generated by the food 
industry. The biochars were activated with KOH or H3PO4 and carbonized at a temperature of 
450°C. The kinetic parameters, the diffusion coefficients, the equilibrium data, and the ther-
modynamic parameters of the dye adsorption were also determined. The chemical and physical 
properties of the porous materials were affected by the activating agent used. The adjustment of 
the kinetic models to the experimental data suggested that the dye adsorption onto both biochars 
occurred predominantly by chemisorption, which was controlled by the external mass transfer. 
The acid and basic carbons presented a maximum adsorption capacity of 98.45 and 66.95 mg g–1, 
respectively. The negative values of Gibbs free energy and enthalpy indicate that the adsorption is 
spontaneous and exothermic.
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1. Introduction

Several industrial segments stand out in the environmen-
tal scenario as major polluters, with a strong emphasis on 
the textile sector due to the volume of effluents generated, 
characterized by the heavily colored synthetic dyes, which 
do not fully bind to the fiber during the dyeing process [1].

The presence of dyes in effluents affects aesthetics, 
water transparency, and gas solubility in water bodies, 
reducing the capacity of water bodies to regenerate due to 
the lower sunlight penetration and consequent alteration of 

photosynthesis. Dyes can also cause allergy, dermatitis, and 
skin irritation, and some dyes have also carcinogenic and 
mutagenic potential [2–4].

Due to their chemical structure, the synthetic dyes are 
characterized by having high resistance to conventional 
treatment processes, like flocculation and coagulation, and 
aerobic biodegradation. In this sense, alternative methods 
have been investigated for effluent dye removal, including 
electrodialysis, reverse osmosis, ultrafiltration, and adsorp-
tion [5–7].
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The adsorption stands out as a viable technological 
alternative, due to its simplicity, less processing time, effi-
ciency, and flexibility, and can be used to remove a wide 
range of pollutants. It consists of a mass transfer operation, 
in which the compounds in a fluid phase are transferred to 
a solid phase. The compounds retained onto the solid sur-
face are called adsorbates, while the solid phase is called 
adsorbent [8,9]. Whereas the adsorbed components concen-
trate on the outer surface, the greater the surface area per 
unit mass of the solid, the more favorable the adsorption will 
be, thus the adsorbents are generally porous solids [10,11].

The biochar, an activated carbon obtained from biomass, 
is one of several adsorbent matrixes used in many indus-
trial applications. It consists of carbonaceous material, with 
a highly developed porous structure and the presence of 
heteroatoms (O, N, and H) on its surface, which are obtained 
by chemical or physical activation of the biomass [12,13]. 
The synthesis consists of two main steps: carbonization and 
activation. Carbonization consists of the thermal treatment 
of the biomass in an inert atmosphere or not, at temperatures 
which may vary from 400°C to 900°C. Activation, in turn, 
consists of subjecting the material to secondary reactions, 
aiming at the development of porosity, increase in specific 
surface area, and superficial functional groups, which can 
occur by physical or chemical processes. The characteristics 
of the biochars are influenced, in particular, by the 
precursor carbon and the activation method used [10,14,15].

The products used in the production of carbon are 
compounds with high carbon value and low inorganic con-
tent, as well as solid agroindustrial residues (bark and seeds, 
wood, and bagasse) [12,16]. The production of biochar from 
biomass residues may be an attractive alternative since it 
allows the generation of products with high added value 
and adequate physicochemical properties [10,17]. Thus, 
studies on the potential of new lignocellulosic materials for 
carbon production is of the utmost importance.

The cupuaçu tree (Theobroma grandiflorum) is a fruit 
tree of the tropical forest, native to the Brazilian Amazon. 
The relative composition of the fruit (mass) is on average 
46% bark, 36% pulp, and 18% seeds. Cupuaçu pulp is 
mainly used in the production of juices, ice cream, and 
desserts in the food industry, while the seeds can be used 
in the preparation of an analog to chocolate [18]. In con-
trast, cupuaçu bark is generally considered as a by-product 
in the food industry, with no economic value. The inade-
quate disposal of this residual biomass in soils and natu-
ral waters can lead to the production of various chemical 
compounds and microorganisms that can contaminate the 
environment [19]. Thus, the conversion of this residue 
into biochar may be a promising alternative to minimize 
the environmental problems and to reduce the costs of 
manufacturing of this material.

Due to the above, this work had the objective of produc-
ing biochars from the food agroindustrial residues (cupuaçu 
bark) and to evaluate the ability of the materials produced 
to adsorb the royal dianix CC blue dye. In addition, a 
detailed analysis of the entire process including kinetic 
study, consistent mathematical modeling of the dye diffu-
sion process in the porous materials, and the determination 
of the thermodynamic parameters equilibrium data were  
performed.

2. Materials and methods

2.1. Synthesis of the biochars

Cupuaçu bark was used as a precursor material (PM) 
for the synthesis of the biochar. The PM was washed in 
running water to remove fruit residues and dried at 105°C 
for 24 h. They were then ground in a knife mill and sieved 
in a 420 μm sieve. For the synthesis process, the chemical 
activation of the lignocellulosic material was performed, 
followed by carbonization, with modifications as a function 
of the activation agent used.

Biochars were prepared by chemical activation according 
to the methodology described by Brito et al. [10] and Santos 
et al. [20], with modifications. The PM was impregnated 
with phosphoric acid (85% P.A.-CAS7664-38-2) or potassium 
hydroxide (CAS226-37-39) in the impregnation ratio of 1:1 
and kept in a drying oven at 105°C for 48 h. The carboniza-
tion step was performed in a muffle furnace at 450°C (heat-
ing rate of 5°C min–1) under nitrogen flow (50 mL min–1) for 
60 min. After this step, the excess of the activating agent was 
removed in the washing step, and the biochars were dried 
and sieved. The yield in biochar was calculated by Eq. (1).
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100  (1)

where WC and Wp (g) are the weight of the biochar and the 
dried PM, respectively.

2.2. Characterization of the cupuaçu bark and biochars

The cupuaçu bark was characterized for the composi-
tion in lignocellulosic material (lignin, cellulose, and hemi-
cellulose) and ash content. The concentrations of neutral 
detergent fiber and acid detergent fiber were determined 
according to the methodology described by Van Soest et 
al. [21]. The lignin content was determined by the sulfuric 
acid method (72%). Cellulose, hemicellulose, and ash con-
tents were quantified following the protocols described by 
AOAC [22], in which all chemical constituents are reported 
on a dry matter basis. The functional groups were evalu-
ated by Fourier-transform infrared spectroscopy (FTIR), 
using the attenuated total reflectance in the infrared region 
of 4,000–500 cm–1 in an Agilent Cary 630 FTIR spectrometer 
(Agilent Technologies Inc., Santa Clara, CA, USA). The pH 
of the zero charge point (pHpzc) of biochars was evaluated 
as described by Regalbuto and Robles [23]. The isotherms 
of adsorption/desorption of nitrogen at 77 K were obtained 
in a Micrometrics ASAP 2420 (Micromeritics Instrument 
Corporation, Norcross, GA 30093, USA), according to the 
methodology described by Brito et al. [10]. The morphology 
of the carbons samples was so analyzed in a scanning elec-
tron microscope equipped with EDS (Thermo scientific NSS 
Spectral Imaging, JEOL Model, JMS – 6610, Tokyo, Japan), 
according to the method described by Santos et al. [20].

2.3. Adsorption experiments

The royal dianix CC blue dye, donated by a textile 
industry located in the state of Bahia-Brazil, was used as the 
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model molecule for the study of the adsorptive process on 
biochars. The influence of the initial pH (3.0, 5.0, 7.0, and 9.0) 
of the dye solution on the adsorptive capacity of the porous 
materials, kinetic and adsorption isotherms of adsorption 
was evaluated. The experiments were conducted as follows: 
5 ml of the dye solution were placed in tubes containing 
0.25 mg of each biochar and kept under constant stirring on 
an orbital shaker at 20 rpm, for a predetermined time, pH 
and temperature. The pH of the solution was adjusted with 
monobasic or bibasic sodium phosphate buffer solution 
(200 mg L–1). After each assay, the tubes were centrifuged 
(3,500 rpm) for 10 min. The concentration of the dye in the 
supernatant was determined by direct reading in a UV/
Visible spectrophotometer (Quimis, Diadema, SP, Brazil) 
at the wavelength of 624 nm. All experiments were made 
in triplicate and the adsorptive capacity (qe, mg/g) of the 
biochars was calculated using Eq. (2).

q
VC VC
me =
−in

ads

 (2)

where V is the volume of the solution (mL), Cin initial con-
centration of the solution (mg L–1), C is the concentration 
of the solution (mg L–1) at equilibrium, and mads is the mass 
of the adsorbent (g).

In order to understand the dynamics of adsorption of 
the dye in the biochars, as well as the adsorbate/adsorbent 
interaction, the kinetic models (pseudo-first-order, pseudo- 
second, Elovich, and intra-particle diffusion) and adsorp-
tion isotherms (Langmuir and Freundlich) were adjusted 
to experimental data. Nonlinear models and the linear 
model for intraparticle diffusion were fitted to the experi-
mental data using sigma plot student software. The models 
were evaluated according to the determination coefficient 
(R2) and the root means square error (RMSE), according  
to Eq. (3).

RQEM =
∑ −( )Y Y

N

2

 (3)

where Y� is the variable estimated by the model, Y is the 
variable obtained experimentally, and N is the number of 
observations.

3. Results and discussion

3.1. Cupuaçu bark composition

The lignocellulosic material (cupuaçu bark) contains 
a low ash content (2.67%, on a dry basis) and lignocel-
lulosic content of 43.40% cellulose, 32.29% lignin, and 
12.53% hemicellulose, with a cellulose/lignin ratio of 1.34. 
The lignocellulosic content determines, to some extent, 
the physical properties of carbon. Studies have shown 
that precursors with cellulose and hemicellulose contents 
higher than lignin can be more easily activated, conse-
quently increasing the porosity of the carbon produced. 
This result is due to the cellulose and hemicellulose are 
volatile fractions removed during the pyrolysis and acti-
vation processes, leading to a pore development, whereas 

lignin, which confers rigidity to the biomass matrix, is the 
constituent with the lower capability to volatilize [24,25].

3.2. Yield and characterization of the biochars

The yield of the synthesis process and the charac-
terization of the biochars are shown in Table 1. The synthe-
sis yield of the biochar is an important parameter, which 
indicates the production viability of the adsorbent from a 
given precursor. In this study, the activation with H3PO4 
(BCP) led to the development of an adsorbent with higher 
yield when compared to the activation with KOH (BCK). 
The high yield observed for the acid activation is due to 
the dehydrogenation reactions that inhibit the formation 
of aromatic hydrocarbons (tar) and reduce the produc-
tion of other volatile products during carbonization [26]. 

Moreover, phosphoric acid can form a protective layer 
in the pore structure, generating phosphate, and poly-
phosphate esters that prevent excessive adsorption of the 
porous material, resulting in a higher yield [27]. The acti-
vation with KOH, in turn, leads to the formation of volatile 
compounds and light gases at lower temperatures before 
the activation of chemical reactions, thus leading to lower 
yields [10,28]. The impregnation ratio also provided a more 
rapid activation, accompanied by the release of volatiles.

Both biochars exhibited ash content higher than the 
precursor. It is known that phosphoric acid and potassium 
hydroxide promotes the biomass dehydration during the 
activation step, while the carbonization leads to the conver-
sion of some carbonaceous materials into inorganic com-
pounds, which are not removed in the washing step, leading 
to an increase in ash content of the porous material [6].

The FTIR spectra of the cupuaçu bark and the synthe-
sized biochars are presented in Fig. 1. In the spectra of PM can 
be observed various bands characteristic of lignocellulosic 
materials. A broad adsorption region around 3,319 cm–1, 
corresponding to the stretching vibrations of hydroxyl or 
carboxyl groups present in cellulose structure, the main com-
ponent of the cupuaçu bark. The band at 2,098 cm–1 related 
to carbonyl stretching (C=O). The peak around 1,615 cm–1, 
which is generally associated with C=O vibrations of car-
boxymethyl cellulose. The peak at 1,236 cm–1 corresponding 
to the aromatic ring vibration of lignin (guaiacyl rings), 
and an intense peak at 1,019 cm–1 associated with the C–O 

Table 1
Yield and characterization of the biochars

Parameters Sample

BCP BCK

Yield (%) 31.90 11.90
Ash (%) 7.58 4.24
pHpzc 4.8 6.7
Surface area (m2 g–1) 913 73
Pore diameter (nm)a 3.683 7.740
Mesopore volume (cm3 g–1) 0.318 0.042
Micropore volume (cm3 g–1) 0.150 0.016

aMaximum pore size distribution
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stretching of cellulose, hemicellulose, and lignin or C–O–C 
stretching of cellulose and hemicellulose. Finally, a small 
shoulder was observed at 898 cm–1 corresponding to the 
β-glycosidic bonds between the sugar units of hemi cellulose 
and cellulose [29–31].

Concerning the spectra of the biochar, the activation 
and carbonization processes were responsible for a reduc-
tion in the number of bands, as observed for the peaks at 
2,916 and 2,854 cm–1, indicating the decomposition of the 
lignocellulosic constituents during the synthesis process. 
The appearance of bands and peaks associated with other 
functional groups was also observed, characteristic of car-
bonaceous materials, emphasizing the vibrations of the 
carbon skeleton, characteristic of biochars, at 1,600 cm–1 
corresponding to the symmetrical stretching of the C=C 
of aromatic rings [11]. The different activating agents led 
to the emergence of distinct bands on the biochar surface. 
For BCP, bands at 1,168 and 1,038 cm–1 were observed, char-
acteristic of P=O in phosphate ester, and O–C bond in P–O–C 
and P=OOH [16,32] and a lower peak at 871 cm–1, related 
to CH curvature of aldehydes, pyranose compounds, and 
benzene derivatives [33]. For BCK, a band at 1,057 cm–1 was 
observed, corresponding to stretches of glycosidic bonds 
(COC) present in the structure of the lignocellulosic com-
ponents, evidencing that this material underwent minor 
structure modifications when compared to the BCP [10]. The 
knowledge of the functional groups of the porous materials 
is important to understand the adsorption mechanisms.

The surface charge of the biochars was evaluated by 
determination of the point of zero charges (pHpzc). At this 
pH range, the carbon surface presents zero residual elec-
tric charges. When the material comes into contact with a 
solution with pH lower than the pHpzc, its surface is posi-
tively charged, with a greater removal efficiency of anionic 
materials. When the solution has a pH value higher than 
pHpzc, the surface is negatively charged, preferentially 
adsorbing cationic compounds [3,12]. The different ionization 
behavior observed in the carbons (Table 1) may be due to the 
chemical structure of the activating agent used. Activation 
with H2PO4 led to the synthesis of carbon with oxygenated 
groups on its surface, associated with carboxylic acids, alco-
hols, phenols, and esters, as observed in the FTIR spectra, 

which confers acidic characteristics. This behavior was not 
observed for basic activation.

N2 sorption isotherms and pore distribution of the 
bio chars are shown in Fig. 2. In accordance with the 
International Union of Pure and Applied Chemistry classi-
fication, the N2 sorption isotherms of both biochars can be 
classified as type IV, that is, they represent porous solids 
with micro and mesopores. The hysteresis cycles, observed 
in both isotherms, is attributed to the capillary condensation 
mechanism of N2 in the mesopores [8,34]. It is also possible 
to verify that the volume of N2 adsorbed by the sample BCP 
was higher than that of the sample BCK, indicating a larger 
pore volume available for the adsorption phenomenon, and 
consequently a larger surface area (SBET (BET – Brunauer–
Emmett–Teller method)). Moreover, the adsorption and 
desorption curves of the carbon BCK are not found in low 
relative pressure values, as observed for the BCP, probably 
due to the pore distribution of these materials. The carbon 
BCK exhibited a narrower pore distribution in the mesopore 
range, with a pore widening in the region of larger pores, 
while the carbon BCP exhibited a more evident tendency of 
micropore formation. In the adsorption mechanism, a good 
ratio between mesopores and micropores is required, once 
the adsorbents may be able to rapidly diffuse the molecules 
inside the carbon and to access the micropores, where the 
adsorption occurs to a great extent [6,7,33].

In Table 1 are shown the results of the texture charac-
terization of the biochars. A material with greater SBET, total 
pore volume, and micropore volume were obtained when 
the activation with phosphoric acid was used. This behavior 
can be due to the different reaction mechanisms of the 
activating agents employed. In relation to the mechanism 
of action involving H3PO4, it is known that this chemical 
acts as an acid catalyst, leading to a bond rupture of the 
lignocellulosic components, the formation of crosslinks 
via cyclization and condensation reactions, in addition to 
combining with organic species to form phosphate and 
polyphosphates bridges, which connects and crosses the 
biopolymer fragments. The addition (or insertion) of phos-
phate groups initiates a dilation process leaving the matrix 
in an expanded state with an accessible pore structure 
[35,36]. These chemical reactions take place at mild acti-
vation temperatures, and the concomitant development of 
microporosity is usually observed at a temperature between 
150°C to 350°C. A further increase in temperature results in 
the formation of mesopores, mainly through enlargement of 
the existing micropores. In addition, after the activation pro-
cess, water from the washing step removes the phosphates 
formed, leaving a void space comprising a micropore with 
a volume corresponding to the compound removed [35,37].

The reaction mechanism between KOH and the con-
stituents of the carbon precursor evolves dehydration 
and oxidation steps with the formation of K2O and K2CO3, 
which are transformed into metallic potassium [Eq. (4)] [38], 
which diffuses between the layers of the structural graphene 
and enlarges them.

4 4 22 2KOH K CO H O+ → + +C  (4)

The last step of the carbon synthesis is washing the 
material with HCl (0.2 mol L–1) and water to remove residual 

Fig. 1. FTIR of the cupuaçu bark and the biochars.
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K, K2O, K2CO3, and KOH from the graphene layers. The 
structures of the pseudolamellar graphite cannot return to 
their original non-porous structure, resulting in the develop-
ment of porosity and an increase in the surface area [39–41]. 
However, it is worth noting that these reactions occur more 
effectively at temperatures higher than 400°C) and become 
thermodynamically viable when the carbonization tem-
perature is higher to the boiling point of potassium (762°C) 
[7,42]. The temperature used in the carbon synthesis with 
KOH was 450°C, thus it was not sufficient to promote the 
greater porosity development and increase the carbon SBET.

The effect of the chemical agent used for the impreg-
nation of the carbon PM on the texture characteristics of 
the synthesized biochars was also evaluated by scanning 
electron microscopy (SEM). A porous structure, with dif-
ferent morphologies, was observed for both materials 
(Fig. 3). The BCP (Fig. 3a) has an irregular structure with 
well- developed pores, with large slits, which extended 

to the inside of the adsorbent. Thus, more channels were 
formed, which contributed to increase the access to micro 
and mesopores, thus increasing their adsorptive capacity 
[43]. The sample BCK (Fig. 3b) presented a spongy structure, 
with light spots and denser nuclei. The formation of this 
type of structure is due to the synthesis conditions, which 
did not allow more effective hydrolysis of the lignocellulosic 
structures, interfering in the development of the porosity 
and consequently the increase in SBET, as discussed.

3.3. Royal dianix CC blue dye adsorption process

The pH of the solution is an important variable that is 
studied in the adsorptive process since the variation of this 
parameter can promote changes in the surface charges of 
the adsorbate molecules and porous materials. [11] When 
the adsorption capacity (q) of the carbons was evaluated 
(Fig. 4), although dye adsorption was observed at all pH 

Fig. 2. N2 sorption isotherms and pore distribution of biochar BCP (a and b) and BCK (c and d).
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values, the higher adsorption capacity occurred at pH 7.0 
for both biochars. At this pH value, the adsorbent surface 
has a negative charge (pH > pHpzc) and the dye surface 
presents positive and negative charges since the principal 
component of the dye (CI Disperse Green 9) is a molecule 
that has an amphoteric character [7]. Consequently, it is 
very stable and tends to suffer minimal lateral repulsions, 
thus favoring the formation of weak interactions: hydrogen 
bonds, van der Waals forces, and ion interactions, for exam-
ple. The lower adsorptive capacity at pH above 7.0 is due 
to the positive residual charge of the dye at this pH value, 
due to the higher number of OH– available in the mixture. 
Therefore, the ion interactions among the biochar and the 
dye are reduced, leading to a decrease in the adsorptive 
capacity of the biochars. As the sample BCP presented a 
greater number of acidic functional groups, this effect can 
be greater, leading to a lower dye removal when compared 
to the sample BCK. Therefore, the pH 7.0 was chosen to 

perform the other adsorption tests due to the higher adsorption 
capacity at this pH value for both carbons studied [44].

The kinetic adsorption studies are important to compre-
hend the adsorbent/adsorbate interactions, by determin-
ing parameters such as reaction order, the rate constant, 
and initial adsorption rate, as well as establishing the time 
required to reach equilibrium under certain conditions. In 
Figs. 5a and b are shown the results of the kinetic study of 
dye removal using the carbons BCP and BCK, respectively. 
A high removal rate from the fluid phase was observed, 
reaching the adsorption equilibrium within 60 and 90 min 
for BCP and BCK, respectively. The physical characteristics 
of the biochars, which directly affect the diffusion process of 
the dye molecules into the carbon pores and consequently, 
the time to reach equilibrium and amount of dye adsorbed.

To define an appropriate kinetic model capable of repre-
senting the dye adsorption onto the samples BCP and BCK, 
the pseudo-first-order [45], pseudo-second-order [46], and 
Elovich models [47], Eqs. (5)–(7), respectively, were fitted 
to the experimental data.

q q et e
k t= − 1 1  (5)

q
k q t
k q tt
e

e

=
+
2

2

21
 (6)

q tt = +( )1 1
β

αβln  (7)

where qe and qt are the quantities adsorbed (mg g−1) at 
equilibrium and at time t (min), respectively; k1 is the 
pseudo- first-order adsorption rate constant (min−1); k2 is 
the pseudo-second-order rate constant (g mg−1 min−1); α is 
initial adsorption rate constant (mg g–1 min–1); β is desorption 
rate constant (g mg–1).

In Table 2 the adjustment parameters of kinetics 
models are shown. The kinetic models fit satisfactorily to 
the experimental data, with high R2 values and low RMSE 

Fig. 3. SEM images of samples BCP (a) and BCK (b).

Fig. 4. Influence of the initial dye solution pH on the samples 
BCP and BCK adsorptive capacity (C0 = 200 mg L–1; T = 25°C; 
time = 24 h).



M.J.P. Brito et al. / Desalination and Water Treatment 197 (2020) 424–437430

values, indicating that the predicted values approach the 
experimental ones. When evaluating the pseudo-first- order 
model, it can be inferred that there was no saturation of the 
active sites of the adsorbents, in other words, the amount 
of dye molecules is significantly lower than the number 
of available sites [45]. The second-order model was success-
fully employed to describe the adsorption kinetics of a 

variety of adsorbates in chemisorption processes, involving 
valence forces through the sharing or exchange of electrons 
between the adsorbent and adsorbate [48,49]. The satisfac-
tory adjustment of the pseudo-second-order and Elovich 
models suggests the chemical adsorption as a limiting step, 
followed by the intraparticle diffusion phenomenon in the 
final stages [50]. When evaluating the parameters of the 
pseudo-second-order model, the adsorption equilibrium of 
the dye in the carbon BCK was reached faster when com-
pared to the carbon BCP, once it presented a higher initial 
adsorption rate (h0). This behavior may be associated with 
a lower surface adsorbent area, which implies a lower 
capacity to adsorb the dye molecules, as determined by 
the qe for this matrix, consequently requiring a shorter time 
for the mass transfer process to reach equilibrium [7].

The coefficients α and β, determined by the Elovich 
model, represent the initial adsorption rate and the desorp-
tion coefficient, respectively [51]. As can be seen in Table 2, 
the high value of α compared to β, shows the viability of 
the adsorption process.

Kinetic models are used to examine the adsorption, 
chemical reaction, and mass transfer mechanisms. However, 
the definitive adsorption mechanism may not be obtained 
by these models, thus the intra-particle diffusion models, 
including the intra-particle diffusion Weber and Morris 
model [52] and Boyd’s kinetic model [53] should be used.

The mass transfer mechanism of the adsorption process 
can be described by three consecutive steps: solute transport 
of the solution through the liquid film to the outer surface of 
the adsorbent (diffusion in the film), diffusion of the solute 
in the pore of the adsorbent, and adsorption of solute onto 
the inner surface of the adsorbent pores [54,55]. The quanti-
tative treatment of experimental data reveals a predominant 
role of a particular step that governs the adsorption rate. 
As reported by Mohan et al. [56], the third step does not 
represent the limiting step of the process because it is very 
fast, thus the film diffusion or the particle diffusion must gov-
ern the overall process. According to Weber and Morris [52], 
if the intra-particle diffusion is the determinant of velocity, 

Fig. 5. Kinetics of dye adsorption in samples BCP (a) and BCK (b) and non-linear adjustments of pseudo-first-order (- -), 
pseudo-first-order (– –) and Elovich (•) models (C0 = 200 mg L–1; pH: 7.0; T = 25°C; time = 0–300 min).

Table 2
Kinetic and intra-particle parameters for royal dianix CC blue 
dye adsorption onto BCP and BCK

Kinetic constants BCP BCK

Pseudo-first-order rate model
qe (mg g−1) 28.706 26.081
k1 (min–1) 0.080 0.077
R2 0.996 0.998
RMSE 0.549 0.338
Pseudo-second-order model

qe 29.397 26.759
k2 (mg g–1 min–1) 0.011 0.010
h0 (mg g–1 min–1) 9.333 7.805
R2 0.996 0.999
RMSE 0.526 0.288

Elovich
α (mg g–1 min–1) 3.96 × 109 3.10 × 109

b (g mg–1) 1.157 1.060
R2 0.995 0.997
RMSE 0.643 0.439
Morris–Weber rate model

Kad (mg g−1min−0.5) 2.976 1.794
C (mg g–1) 73.193 39.626
R2 0.831 0.764
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the adsorption removal varies linearly with the square root 
of time [57]. In this case, it is considered that the diffusion 
within the solid particle occurs slowly, limiting the process. 
Thus, surface diffusion happens gradually and linearly, and 
the model can be well represented by Eq. (8).

q K t Ct = +ad
1 2/  (8)

where qt is the amount of adsorbate adsorbed on the solid 
phase (mg g−1) at time t (min), Kad intra-particle diffusion 
coefficient (mg g−1 min−0.5), and C constant related to diffusion 
resistance (mg g–1).

The Boyd model, in turn, was proposed to determine 
if the external transport or intra-particle diffusion is the 
limiting step [58]. According to this model, the fraction of 
solute adsorbed at a certain time t can be determined by 
Eqs. (9) and (10).
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where F is the fractional equilibrium at time t (F = qt/qe), 
qe is the amount of adsorbate adsorbed at an infinite time 
(mg g–1) and qt is the amount of adsorbate adsorbed at a 
time t; Bt is the time constant; Di is the effective diffusion 
coefficient of the dye, r0 is the solid particle radius [59]. 
The Bt value was determined from Eq. (11), developed by 
Reichenberg [60].

Bt = − − −( )0 4977 1, ln F  (11)

The Bt value is calculated for each F value and plotted 
as a function of t (Boyd’s graph). If the graph is a straight 
line passing through the origin, then the adsorption rate is 
governed by the particle diffusion mechanism, otherwise, 
it is governed by the film diffusion.

Figs. 6a and b represent the graphs of qt vs. t1/2 for 
the dye adsorption onto the BCP and BCK respectively. 
It is observed that the experimental data do not behave 
linearly and do not pass through the origin. The Webber 
and Morris model suggest that, if the first straight segment 
(adsorption initial stage) has a linear coefficient different 
from zero, the intra-particle diffusion isn’t the limiting step, 
so the process that controls the adsorption can be the diffu-
sion in the film [57]. As shown in Table 3, the lower value 

Fig. 6. Adjustment of the Weber and Morris model applied to adsorption of dianix dye CC in BCP (a) and BCK (b), and Boyd intrapar-
ticle diffusion model for BCP (c) and BCK (d): (•) experimental data and (–) adjusted model.
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of the C constant for the BCK sample shows that the boundary 
layer effect in the diffusion process of the dye in this 
porous material is going to be smaller, since the constant 
C gives an idea of the thickness of it. The dye adsorption 
equilibrium was reached more rapidly in the BCK rather 
than BCP, due to its lower diffusion coefficient (Kad) at this 
step. The fit of the Boyd model is shown in Figs. 6c and d.  
Again, the intra-particle diffusion was not the stage that 
limits the dye removal process over time, confirming the 
results obtained by the Weber and Morris model, once the 
line did not pass through the origin. This result suggests a 
greater resistance to mass transfer in the film around the 
adsorbent rather than the pores [61]. The transport through 
the film is usually the limiting step for systems presenting 
a high affinity between solute and biochar [54].

The effective diffusion coefficients of the royal dianix 
CC blue dye in the biochars were estimated from a mathe-
matical model obtained from the fluid phase mass balance 
and adsorbent. The kinetic data were used to determine this 
parameter, and the following hypotheses were considered 
for the construction of the model:

• Constant diffusion coefficient;
• Isothermal process;
• Spherical particle;
• Mass transfer resistance of the liquid film is negligible;

By performing a solid phase mass balance [62]:
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The initial and boundary conditions were as follows:

q r q,0 0( ) =

q r t qc ,( ) = 0
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The resolution of the diffusion Eq. (12) is given by 
Eq. (10) [62]. The model parameters were estimated, mini-
mizing the objective function by the Marquardt method.
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The effective diffusion coefficient of the royal dianix 
CC blue in the adsorbent and the BCP and BCK was 
1.55 × 10–16 cm2 min–1 and 7.32 × 10–16 cm2 min–1 respectively. 
These results confirm that the dye adsorption equilibrium 
in the sample BCK was reached faster when compared to 
BCP, once it exhibited a higher diffusion coefficient. This 
behavior may be due to the lower Sg value of biochar BCK 
which implies a shorter time for the mass transfer process 
to reach equilibrium. In addition, the larger mean diameter 
of the pores may favor the dye diffusion into the pores, thus 

reaching equilibrium faster, once the diffusion is facilitated 
in materials with less compact porous structures [4,7].

The knowledge of the adsorption equilibrium is the ini-
tial step to study the behavior of an adsorbent in a sepa-
ration process. The isotherms are useful for describing the 
adsorption capacity, selecting the most suitable adsorbent, 
as well as establishing the required amounts in a given 
application. In addition, it is also a powerful tool for a 
theoretical study and interpretation of thermodynamic para-
meters, such as heat of adsorption [9,48,63].

The biochar adsorption capacity was evaluated, and 
the Langmuir and Freundlich non-linear models were 
adjusted to the experimental data at different temperatures. 
The Langmuir isotherm [Eq. (14)] proposes an adsorption 
mechanism on homogeneous surfaces, assuming unifor-
mity of adsorbent surface, and all the active adsorption sites 
are energetically identical [64]. The Freundlich isotherm 
[Eq. (15)] is an empirical equation that can be applied to het-
erogeneous systems [65].

q q
bC
bCs=

+
eq

eq1
 (14)

q KC n= eq
1/  (15)

where qs is the monolayer saturation capacity (mg g–1), 
Ceq is the concentration in the liquid phase at equilibrium 
(mg L–1); b is the adsorption equilibrium constant (L mg–1); 
K is the Freundlich constant [(mg g–1) (L mg–1)1/n], and n is a 
constant (dimensionless) related to the adsorption intensity.

In Fig. 7 the adjustments of Langmuir and Freundlich 
nonlinear models to the experimental data at temperatures 
studied are shown. From the isothermal parameters sum-
marized in Table 3, it can be observed that both models were 
adequately fitted to experimental data. When evaluating 
the qs and b values, determined by the Langmuir model, the 
dye adsorption capacity onto the synthesized adsorbents 
decreased with the increase in temperature. This behavior 
may be due to the exothermic nature of the adsorption, 
once the increase in temperature of the medium favors the 
displacement of the mass transfer equilibrium to the liquid 
phase of the system. Higher temperatures increase the 
agitation rate of water molecules, increasing the available 
energy for solute-solvent binding. The higher solubility due 
to the increase in temperature of the system compromises 
the hydrophobic interactions between the dye and the bio-
char surface and favors the formation of ion interactions 
and hydrogen bonds [66]. Furthermore, the sample BCP 
presented a greater adsorption capacity when compared to 
the BCK. As shown in the physicochemical characteri zation 
of the adsorbents, the BCP is characterized as a material 
with a larger SBET and total pore volume, consequently pre-
senting a greater number of adsorption sites available to 
bind to the dye, thus favoring the adsorption. In addition, 
the chemical composition of the adsorbent surface also 
contributed decisively to the higher adsorptive capacity of 
the BCP. However, it is worth mentioning that the sample 
BCK showed good dye adsorption capacity despite its very 
low surface area, due to the interactions that occurred 
between the functional groups of the biochar surface and 
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Fig. 7. Non-linear fits of Langmuir and Freundlich isotherm models to the dye adsorption onto biochars data: (a) BCP at 20°C, 
(b) BCK at 20°C, (c) BCP at 30°C, (d) BCK at 30°C, (e) BCP at 40°C, and (f) BCK at 40°C: (•) experimental data, (–) Langmuir and 
(– –) Freundlich (conditions: C0 = 25–300 mg L–1; pH: 7.0; T = 120 min).
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the dye molecules [67]. The adsorption capacity of biochar 
is due both to the molecular sieve effect (size and shape of 
carbon pores) and the chemical composition of the biochar 
surface [17]. As observed in the kinetic study, the film diffu-
sion was a limiting step of the process, that is, both adsor-
bents showed a high affinity with the solute. Moreover, the 
n values, determined by the Freundlich model, showed 
that the adsorption of dye onto the biochars was favorable 
at all temperatures evaluated, due to the n values < 0.

3.4. Thermodynamics of adsorption

The dye adsorption thermodynamic parameters onto 
the biochar, such as Gibbs energy (ΔG°), enthalpy (ΔH°) 
and adsorption entropy (ΔS°) were calculated using the 
following equations [5]:

∆G RT Kd° = − ln  (16)

∆ ∆ ∆G H T S° = ° − °  (17)

Combining the above two equations:

ln k G
RT

H
RT

S
Rd = −

°
−

°
+

°∆ ∆ ∆  (18)

where R is the universal gas constant (8.314 J mol–1 K–1), 
and T is the temperature (K) and Kd is the thermodynamic 
equilibrium constant (L g–1), which can be obtained by plot-
ting qe/Ce vs. qe and extrapolating the curve when qe tends 
to zero.

The results of the thermodynamic parameters of the 
royal dianix CC blue adsorption on the biochars BCP and 
BCK are shown in Table 4, with similar behavior for both 
carbons. Negative ΔG° values show that the transfer of the 

royal dianix CC blue dye from the solution to the adsorbent 
surface is a spontaneous process. In addition, the ΔG° val-
ues were more negative at 293 K, in which the adsorption 
capacity was higher, suggesting that the adsorption is 
more effective at this temperature [68]. However, these 
values become less negative with increasing temperature, 
due to the increase in energy of the system, which results 
in a reduction of enthalpy and an increase in entropy. 
The negative ΔH° values show an amount of energy 
released during the adsorption process, being the process 
exothermic and enthalpically driven. Negative enthalpy 
can be due to the predominance of strong interactions, 
such as hydrogen bonds and ion interactions between the 
dye and the biocarbon molecules. The adsorption pro-
cess can be classified as physical or chemical adsorption, 
depending on the magnitude of the enthalpy change. ΔH° 
values between 5 and 40 kJ mol–1 are characteristic of phy-
sisorption, while higher values (40–800 kJ mol–1) suggest 
chemisorption [69,70]. Therefore, the dye adsorption was of 
chemical nature for both biochars, as previously evidenced 
in the kinetic study. The negative adsorption entropy (ΔS°) 
indicates an increase in the organization of the system, 
associated with the accommodation of the dye molecules 
in more ordered layers on the adsorbent surface [7].

4. Conclusion

The results that were obtained allowed to elucidate 
the mass transfer mechanisms involved in the adsorption 
of royal dianix CC dye in the biochars synthesized from 
the cupuaçu bark. The diffusion process controlling step 
in both adsorbents is the diffusion in the film. In addition, 
the equilibrium data indicated that the biochar with H3PO4 
had a higher adsorption capacity than the biochar with 
KOH, a behavior explained by the different physical and 
chemical characteristics of the biochars. The activation with 

Table 3
Isothermal parameters of Langmuir and Freundlich models for dye adsorption onto biochars

Model Temperature Parameters

qs b K n R2 RMSE

BCP

Langmuir 20 98.449 0.007 – – 0.994 0.817
30 77.054 0.017 – – 0.978 1.839
40 41.116 0.166 – – 0.966 2.079

Freundlich 20 – – 1.157 1.263 0.996 0.608
30 – – 2.995 1.581 0.988 1.325
40 – – 9.100 2.515 0.988 1.182

BCK

Langmuir 20 66.945 0.011 – – 0.985 1.033
30 51.483 0.024 – – 0.985 1.644
40 43.990 0.052 – – 0.974 0.971

Freundlich 20 – – 1.753 1.517 0.991 0.598
30 – – 3.090 1.785 0.980 1.432
40 – – 4.951 2.120 0.990 1.522

qs (mg g–1), b (L mg–1) e a [(mg g–1) (L mg–1)1/n]
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the was more effective in modifying the precursor structure, 
favoring the development of an adsorbent with a num-
ber of functional groups on its surface, greater superficial 
area, and the higher average volume of the pores and these 
characteristics are being favorable to the adsorption process. 
This study demonstrated that the cupuçu bark has the 
potential to be used as a PM in the synthesis of biochar, since 
the adsorbents that were produced had adequate adsorp-
tion capacity of the textile dye, and could be a promising 
alternative in the substitution of the commercial adsorbent 
matrix. Besides that, the use of residual biomass leads to 
a reduction in the environmental impact that comes from 
the inappropriate disposal of these wastes in nature.
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