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study of the model dye removal profile showed a 
higher removal ratio over a shorter period for the 
alkaline-treated material. This profile is described 
by the pseudo-second-order model, which was the 
best fit for the D-R isotherm in both biosorbents. The 
maximum biosorption capacities were 190.18 mg g−1 
(untreated) and 264.50 mg g−1 (treated) at 45 °C, and 
the alkaline-treated materials were shown to be reus-
able for at least 5 cycles. The results show that these 
biosorbents are efficient and cost-effective to remove 
the studied model molecules.

Keywords  Adsorption · Annona · Biomass · Eco-
friendly · Residue · Wastewater treatment

1  Introduction

Water contamination by different pollutants causes a 
series of negative impacts on aquatic ecosystems and 
poses risks to human health, whether due to water 
or fish consumption from these sources (Dutta et al., 
2020; Richardson & Ternes, 2018; Sellaoui et  al., 
2021a; Sellaoui et al., 2021a, b). This contamination 
results from high volumes of industrial waste with 
diverse chemical compositions that is discharged 
daily into water bodies worldwide (Ferrari et  al., 
2019; Mateo-Sagasta et al., 2017; Silva et al., 2021). 
Many studies of contaminants derived from the tex-
tile industry and other sectors involving the use of 
dyes have indicated the potential toxicological risks 
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of these compounds and their degradation products 
(Carneiro et  al., 2010; Tkaczyk et  al., 2020). There 
are reports of carcinogenic and mutagenic effects 
that may be cumulative in certain organisms and 
are capable of causing endocrine disorders (Bafana 
et al., 2011). However, the major problem related to 
the disposal of dye-containing waste concerns the 
dyes themselves. The presence of these compounds 
in water prevents the penetration of solar radiation 
and can interfere with the photosynthetic activity of 
algae and submerged plants, reducing the amount of 
oxygen available to other aquatic organisms (Tkaczyk 
et al., 2020).

In this context, adsorption has emerged as a prom-
ising method to efficiently remove dyes from waste-
water (Smoczyński et al., 2020). However, despite an 
intense search for new adsorbent materials (Kumara 
et al., 2019), finding a material that is easily obtained, 
abundant, has a good adsorption capacity, and is low 
cost is still a challenge. Therefore, natural compounds 
such as agricultural waste, which is usually improp-
erly discarded, have emerged as promising candidates 
for the development of new adsorbents, known as 
biosorbents (Fomina & Gadd, 2014). Numerous types 
of biomass can be used as biosorbents, including rice 
husks (Vithanage et al., 2016), malt bagasse (Juchen 
et  al., 2018), sisal fibers (Khadir et  al., 2020), wolf 
apples (Araújo et al., 2018), dairy cattle manure (Tsai 
et al., 2019), marine algae (El-Naggar & Rabei, 2020; 
Mokhtar et  al., 2017), invasive macrophytes (Pérez-
Morales et al., 2019), geopolymer monoliths (Novais 
et  al., 2018), and Roger mushrooms (Kariuki et  al., 
2017), among others.

Atemoya is a hybrid fruit produced from an arti-
ficial cross-breeding between the sweetsop (Annona 
squamosa L.) found in dry climates and a species of 
cherimoya (Annona cherimola Mill.), which grows 
in high-altitude tropical climates (Morton, 1987). 
The fruits of the atemoya weigh ~ 300  g and have a 
pleasant taste and aroma, with sensory characteris-
tics superior to those of the sweetsop and cherimoya 
(Baron et  al., 2018). They are usually consumed in 
natura, but because of their considerable perishabil-
ity, some forms of processing have been considered, 
such as juices, jellies, jams, and purées, and storage 
as frozen or freeze-dried products (de Souza et  al., 
2015). During processing, which values the pulp of 
the atemoya fruit, large amounts of byproducts are 
generated and discarded (Silva et  al., 2016). These 

residues include the rough green peel, which accounts 
for between 28 and 50% of the mass of the fruit (Cruz 
et  al., 2013). This waste is a low-cost raw material 
with the potential for several applications that could 
add value to the atemoya crop.

Methylene blue is a low toxicity cationic dye that 
is difficult to degrade (Cooksey, 2017). This dye is 
widely used in the laboratory to identify the adsorp-
tion capacity of most distinct adsorbents (Biehl et al., 
2018). Owing to its strong absorption in the UV–vis-
ible light region of the spectrum, high solubility, and 
properties similar to textile dyes, it has been widely 
used as a model compound for organic contaminants 
and in oxidation reactions (Rafatullah et  al., 2010). 
Based on the above considerations, the objective 
of this study was to prepare a new biosorbent from 
agricultural waste consisting of atemoya peels. The 
removal efficiency of the obtained material was eval-
uated using an adsorption study of the methylene blue 
model molecule in aqueous solutions.

2 � Materials and Methods

2.1 � Preparation of the Biosorbent

Fresh atemoya fruits of the Thompson variety (Exsi-
cata ESAL 30.249) were purchased from a local rural 
producer (Lavras/MG) during the 2016–2017 harvest 
(Venceslau et  al., 2021). The biosorbents were pre-
pared from the peels, following the methodology of 
Carvalho et al. (2018). After removing the pulp, the 
atemoya peels were oven-dried at 70 °C and crushed 
in a knife mill with a 150 mesh particle size. After 
this process, a portion of the material was stored in 
hermetically sealed flasks (“untreated”) The remain-
ing material was mixed with a 1 mol L−1 NaOH solu-
tion, stirred for 12  h and vacuum filtered, washed 
with distilled water to a neutral pH, and dried in an 
oven at 60 °C for 48 h. This material was then stored 
in hermetically sealed flasks for further characteriza-
tion (“treated”).

2.2 � Biosorbent Characterization

The biosorbent materials were characterized using 
UV spectroscopy, thermogravimetric analyses, and 
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morphological analyses with scanning electron 
microscopy.

A Digilab Excalibur Fourier transform infrared 
spectrometer (FTS 3000 series) was used to obtain 
the absorption spectra in the infrared region using 
KBr optical windows. In addition to the prepared 
biosorbents, 10  mg samples of the materials were 
analyzed after they were exposed to methylene blue 
(50 mg L−1, pH 7.00) under constant stirring for 12 h 
at 150 rpm at room temperature (25 ± 2 °C), then fil-
tered and dried in an oven at 40 ± 2 °C for 24 h. The 
spectra were obtained in the range of 4000–400 cm−1, 
with 8  cm−1 resolution and an accumulation number 
of 32 scans.

Thermogravimetric analyses of the biosorb-
ents were performed in an N2 atmosphere using 
a Shimadzu Model 60 AH system with tempera-
tures ranging between 25 and 700 °C, a gas flow of 
30 mL min−1, an initial sample mass of ~ 5 mg, and a 
10 °C min−1 heating rate.

Morphological analyses were performed using a 
LEO EVO 40XVP scanning electron microscope. The 
samples of the prepared biosorbents were arranged in 
aluminum stubs and covered with colloidal gold in an 
argon atmosphere in a vacuum for 180  s in a Balz-
ers Sputter Coater SCD 050. After this procedure, the 
electron micrographs were obtained.

2.3 � Adsorption and Desorption Studies

Studies of the effect of solution pH on the adsorption 
process used 20  mg of each biosorbent dispersed in 
10 mL of a 20 mg L−1 dye solution. The pH of the 
initial reaction medium was adjusted using 0.025 mol 
L−1 HCl and 0.1  mol L−1 NaOH solutions. Analy-
ses at pH values of 1.00, 2.00, 3.00, 4.00, 5.00, 6.00, 
7.00, 8.00, 9.00, 10.00, 11.00, and 12.00 were con-
ducted. The systems were agitated at room tempera-
ture (25 ± 2 °C) for 12 h at 150 rpm and centrifuged 
for 5 min at 3500 × g, after which the supernatant was 
collected for analysis. The amount of adsorbed dye 
was calculated using Eq. 1:

where qe (mg g−1) is the amount of adsorbed meth-
ylene blue, V (L) is the solution volume, Ci and Ce 
(mg L−1) are the initial and final dye concentrations, 

(1)qe =

(

Ci − Ce

)

V

m

respectively, and m (g) is the mass of the adsorbent. 
The percentage removed was calculated using Eq. 2:

To determine the pHZCP, 10 mg of each adsorbent 
was added to 10 mL of a 0.100 mol L−1 aqueous KCl 
solution, under 12 different initial pH conditions 
(1.00, 2.00, 3.00, 4.00, 5.00, 6.00, 7.00, 8.00, 9.00, 
10.00, 11.00, and 12.00). The pH was adjusted using 
0.1 mol L−1 HCl or NaOH solutions. After agitation 
in a thermostatic bath at 25 ± 2 °C for 24 h, the sam-
ples were filtered and the final pH of the solution was 
measured. The ΔpHZCP was obtained from the differ-
ence between the initial and final pH values.

A 20 mg sample of each biosorbent was transferred 
to 50-mL flasks for the adsorption kinetics analy-
ses. Then, 20 mL of the 50 mg L−1 dye solution was 
added. At predetermined intervals (0, 2, 5, 10, 15, 20, 
25, 30, 40, 50, 60, 90, 120, 150, 180, and 210 min), 
200 µL aliquots of the solution were collected and 
diluted in 5000 µL of deionized water, after which the 
dye concentration was measured. The experiments 
were conducted under continuous stirring at 150 rpm 
at four different temperatures (25, 35, 45, and 55 °C) 
and at a pH of 7.00.

Adsorption equilibrium analyses were conducted 
by dispersing 10 mg of each atemoya biosorbent into 
10 mL of dye solutions with different initial concen-
trations (10, 25, 50, 75, 100, 150, and 200 mg L−1) 
at a pH of 7.00. The samples remained under con-
tinuous stirring (150 rpm) for 12 h at 25, 35, 45, and 
55 °C. Afterwards, they were centrifuged for 5 min at 
3500 × g and the supernatant was collected to deter-
mine the equilibrium concentration of the dye.

For desorption analyses, samples of each biosorb-
ent were loaded with methylene blue as in the adsorp-
tion experiments (10  mg biosorbent, 10  mL of a 
50 mg L−1 methylene blue solution, stirred at 150 rpm 
for 1 h, at pH 7.00 and 25 ± 2 °C). The mixture of the 
biosorbent and the loaded dye was centrifuged for 
5 min at 3500 × g, the supernatant was removed, and 
the amount of adsorbed dye was determined using 
Eq.  1. Then, 10  mL of 0.200  mol L–1 HCl solution 
was added to the dye-loaded material and agitated 
for 1 h at 150  rpm. Finally, a 200 µL aliquot of the 
supernatant was removed and diluted in 5000 µL 
of deionized water to determine the desorbed dye 

(2)%biosorption =
Ci − Ce

Ci

× 100
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concentration. The remaining material was vacuum 
filtered and washed with deionized water up to pH 
7.00. and reused in batches for 5 successive adsorp-
tion/desorption cycles.

All adsorption tests were performed in tripli-
cate and the quantification of the methylene blue in 
the solutions was performed using UV–vis molec-
ular absorption spectrophotometry at a 665  nm 
wavelength.

3 � Results and Discussion

3.1 � Biosorbent Characterization

3.1.1 � Infrared Spectroscopy

The surface of a chemically modified biosorbent can 
modulate the specific number of active bonding sites 
in the material, improving its ion exchange proper-
ties and its adsorption capacity (Ramrakhiani et  al., 
2016). Infrared spectroscopy can provide important 
information on the chemical modifications due to the 
alkaline treatment of the biosorbents obtained from 
the atemoya peels. Figure 1 shows the infrared spec-
tra of the prepared biosorbents. The main functional 
groups on the surfaces of these materials that influ-
ence adsorption behavior can be identified.

The wide bands between 3000 and 3600  cm−1 
observed in the infrared spectra of the alkaline-
treated and untreated atemoya peel materials are 
related to the vibrational elongation of the O − H 
bond of the hydroxyls in lignin, cellulose, and water 
(Mohamed et al., 2017; Tran et al., 2017). The band 
at 2920 cm−1 in both spectra corresponds to the strain 
vibrations of C–H bonds in alkanes, aliphatic acids, 
and aldehydes, which are bonds of cellulose, hemi-
cellulose, and lignin structures (Gerola et  al., 2013; 
Sadaf & Bhatti, 2014). The band at 1724  cm−1 is 
related to the symmetrical stretching of the keto tau-
tomer of carbonyl C = O in cellulose, hemicellulose, 
and lignin (Schwanninger et al., 2011) and is present 
only in the spectrum of the untreated biosorbent. This 
band disappears after alkaline treatment, suggesting 
that this process partially removes the non-cellulosic 
compounds from the atemoya peel. Accordingly, the 
band related to the elongation vibration of the C = C 
bonds in the aromatic rings of the lignin structure, 
observed at 1605  cm−1 in the untreated material, 

shifted to 1598  cm−1 after alkaline treatment. This 
confirms that a compositional modification is caused 
by the alkaline treatment applied to the atemoya peel 
and is related to the partial solubilization of lignin 
(Costa et al., 2006).

This hypothesis is also corroborated by observed 
changes in the biosorbent spectra at 876 and 
1014 cm−1. The band at 1014 cm−1 is associated with 
cellulose and hemicellulose C − O vibrations (Mohtar 
et al., 2015), as well as aromatic and vinyl ethers pre-
sent in the flavonoids characteristic of the Annona 
species, and appeared after the alkaline treatment. In 
the material in natura, this band is superimposed on 
the 1020 cm−1 band and is associated with the angular 
deformation vibrations of C–H bonds in the planes of 
lignin aromatic rings. In addition, the bands at 1423 
and 1364 cm−1 in both spectra, with differing intensi-
ties, correspond to the angular deformations of − CH3 
and − CH2 adjacent to carbonyl, respectively.

3.1.2 � Thermogravimetric Analyses

Thermogravimetric analyses (TGA) were performed 
to assess the thermal stability of the untreated (Fig. 2-
a) and alkaline-treated (Fig. 2-b) biosorbents.

The TGA thermogram profiles of the materials 
were very different, confirming that the alkaline 

Fig. 1   Infrared spectra of the atemoya biosorbent samples that 
were (a) untreated and (b) alkaline-treated
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treatment modified the composition of the biosorb-
ent. The elimination of low molar mass volatile 
compounds and surface-adsorbed water from the 
biosorbent occurred between 50 and 183  °C in the 
untreated material (Fig.  2-a) and between 50 and 
229  °C in the alkaline-treated material (Fig.  2-b), 
with 14 and 20% losses in mass, respectively.

The thermal decomposition stages of the mate-
rials were observed at temperatures above those at 
which volatilization compounds were eliminated. 
For biomass in natura, the stages at which the larg-
est mass losses occurred started at 270 °C and were 
associated with the decomposition of the extractives 
composed of hemicellulose (271 °C, 58%) and cel-
lulose (315 °C, 42%). The decomposition of lignin 
and other compounds occurred above 466  °C (8%) 
(Shanmugarajah et  al., 2019), and at 488  °C the 
material was completely degraded.

The thermal stability of the material increased 
after the alkaline treatment, starting at 314  °C 
(38%). This was probably due to the loss of part of 
the hemicellulose content, which has a lower ther-
mal stability than cellulose (Singh et  al., 2015) 
possibly due to a lower crystallinity. The com-
plete decomposition of the organic material in the 
alkaline-treated biosorbent occurred at 600  °C. 
Above this temperature (data not shown), the mass 
remained constant, leaving ~ 20% of the mass as 
ash. The production of ash in the decomposition 
process indicates that the protonated acid groups 
of the material in natura were ionized during the 
alkaline treatment, leading to the formation of com-
plexes with sodium ions.

3.1.3 � Scanning Electron Microscopy

The microstructures of the untreated (Fig.  3-a) and 
alkaline-treated atemoya biosorbents (Fig.  3-b) were 
observed using scanning electron microscopy at 
300 × magnification.

The material in natura (Fig.  3-a) exhibited an 
irregular surface, with cracks and pores of vary-
ing diameters and depths, many of which were 
obstructed, characterizing a heterogeneous surface. 
After the alkaline treatment, the material exhibited a 
rougher surface (Fig.  3-b). Moreover, the treatment 
seems to have promoted the opening of the pores, 
leading to a larger specific surface area that was con-
figured as a favorable modification for the adsorp-
tion of larger molecules in solution. This process 
must have been associated with the dissolution of 
lignocellulosic and hemicellulose components by the 
NaOH solution, which can cause swelling of the fib-
ers and results in an increase in the internal surface 
area (Rojo et  al., 2013). These observations suggest 
that treating atemoya peels with 1  mol L−1 NaOH 
modified the biomass properties that favor their use in 
adsorption processes, as previously reported in stud-
ies of other adsorbents (Chieng et al., 2017).

3.2 � Effect of pH on Methylene Blue Removal 
Capacity

pH is an important parameter regarding the removal 
capacity of an adsorbent, as it affects both the 
adsorbate charge distribution in the solution and 
the adsorbent surface charge distribution, especially 

Fig. 2   Thermogravimetric 
analyses of the (a) untreated 
and (b) alkaline-treated 
atemoya biosorbent
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because of the protonation/deprotonation processes 
of the acid and basic surface functional groups 
(Carvalho et  al., 2019). Thus, the pH of the zero-
charge point (pHZCP) is an important parameter for 
obtaining qualitative information about the liquid 
charge of an adsorbent as a function of pH, enabling 
the understanding of adsorption behavior at differ-
ent pH values. The pHZCP of the untreated (in nat-
ura) and alkaline-treated materials were determined 
using the solid addition method, as shown in Fig. 4.

The untreated and alkaline-treated materials had 
pHZCP values of 5.15 and 7.48, respectively. At pH 
values below the pHZCP, the adsorbent surface has 
a positive liquid charge, with a greater capacity for 
adsorbing anionic species, while above the pHZCP, 
the liquid charge is negative, favoring the adsorp-
tion of cationic species such as methylene blue 
(Regalbuto & Robles, 2004).

The increase in the pHZCP of the modified mate-
rial is in accordance with the loss of organic matter 
content (hemicelluloses and lignin), which resulted 
in the loss of acid groups with low pKa values in 
hemicelluloses and a consequent increase in the spe-
cific number of basic sites of the material. Although 
the working pH range suitable for cation adsorption 
decreased in the modified biosorbent (i.e., a pH > 7.48 
compared to a pH > 5.15 of the untreated material), it 
is expected that neutral to slightly basic media will 
result in a good removal capacity for the alkaline-
treated material. The reason for this is that the micro-
structural modification of the biosorbent promoted by 
the alkaline treatment can compensate for the loss of 
the acid groups. Analyses of the effect of pH on the 
adsorption of methylene blue by the biosorbents were 
conducted to confirm this hypothesis and are pre-
sented in Fig. 5.

For both adsorbents, the percentage of biosorption 
increased with an increase in pH, remaining constant 
for pH values above 5.00. The material in natura 
yielded dye removal capacities of 81–88% in a pH 
range of 5.00–12.00, while the alkaline-treated mate-
rial yielded removal capacities of 86–94% in the same 
pH range. Although the removal of methylene blue 
using the modified biosorbent at higher pH values 
was more efficient, the material in natura adsorbed 
the methylene blue better at pH values below 3.00. 

Fig. 3   Scanning electron microscope images of the (a) 
untreated and (b) alkaline-treated atemoya peels

Fig. 4   pH of zero-charge points (pHZCP) of the (a) untreated 
and (b) alkaline-treated atemoya biosorbents.
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This suggests that a change in the surface charge den-
sity of the materials occurred that was mediated by 
the pH.

According to Yanishpolskii et  al. (2000), the pKa 
value of the methylene blue molecule cannot be 
experimentally determined since it is above a pH of 
13.00. Its high alkalinity forces its ions to behave in 
a similar manner as alkaline metal ions, holding a 
positive charge in all investigated pH ranges. Thus, 
the lower removal percentages of the methylene blue 
model dye for pH values below 5.00 result from elec-
trostatic repulsion between the adsorbate and the sur-
face of the adsorbents (also positively charged), since 
in this range the pH is lower than the pHZCP values of 
the two biosorbents.

At pH values of 1.00 and 2.00, the removal of 
part of the hemicellulose and lignin fractions from 
the treated material increased the specific fraction 
of protonable sites on its surface. This promoted 
a greater competition of H+ ions at high concentra-
tions at the adsorption sites on the material, increas-
ing the positive surface charge and leading to lower 
removal percentages than those of the untreated mate-
rial. When the pH was increased to 3.00, the positive 
surface charge was reduced, decreasing the electro-
static repulsion between the dye and the surface while 
reducing the competition of H+ ions at the adsorption 

sites. Under these conditions, the alkaline-treated 
material had the highest methylene blue dye removal 
rates, reinforcing the concept that the alkaline treat-
ment modified the microstructure of the material.

A pH of 7.00 was chosen for the other analy-
ses because it yielded high removal percentages 
and does not require a pH adjustment for disposal 
after biosorbent use in potential textile effluent dye 
removal applications.

3.3 � Adsorption Kinetics

Evaluating the kinetic parameters is an important fac-
tor for describing the effectiveness of an adsorption 
process. The kinetic model cannot only estimate the 
adsorption rate, but can also provide evidence of the 
possible mechanisms involved (Foo & Hameed, 2009; 
Kwak et al., 2019). The kinetic adsorption behaviors 
of the methylene blue model molecule in untreated 
(Fig. 6-a) and alkaline-treated biosorbents (Fig. 6-b) 
were monitored for 210  min at a pH of 7.00 and at 
temperatures of 25, 35, 45, and 55 °C.

The results of the methylene blue adsorption kinet-
ics analyses for both biosorbents indicated a rapid 
adsorption process in which the highest adsorption 
rates occurred in the first 60 min of contact between 
the adsorbent and the adsorbate. Equilibrium was 
reached at 150  min for both untreated and alkaline-
treated materials at 25 °C. This decreased to 90 min 
for the untreated material and 120 min for the alka-
line-treated material when the temperature reached 
55  °C. Franco et  al. (2020) also identified this 
biosorption profile when working with Annona cras-
siflora seeds, which has a kinetic profile that shows 
initial rapid dye removal from the solution, followed 
by a slower removal process. This can be explained 
by the fact that more adsorption sites are available on 
the biosorbent surface (Kilic et al., 2011).

Several kinetic models were used to determine 
the adsorption mechanism. This study evaluated the 
pseudo-first-order (Lagergren, 1898; Rudzinski & 
Plazinski, 2007), pseudo-second-order (Ho & McKay, 
1999; Rudzinski & Plazinski, 2007), and intrapar-
ticle diffusion (Weber & Morris, 1963) models. The 
pseudo-first-order model assumes non-dissociated 
molecular adsorption on the surface of the material 
(Lagergren, 1898; Rudzinski & Plazinski, 2007) and 
is expressed linearly using Eq. 3.

Fig. 5   Effect of pH on the removal of methylene blue (20 mg 
L−1) by biosorbents obtained from atemoya peels. The mix-
tures were stirred at room temperature (25 ± 2 °C) for 12 h at 
150 rpm
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where qt (mg g−1) is the adsorption amount at time 
t (min), qe (mg g−1) is the amount adsorbed at equilib-
rium, and k1 (min−1) is the pseudo-first-order speed 
constant. The kinetic parameters for this model were 
obtained by plotting ln (qe—qt) vs. t.

The pseudo-second-order model assumes 
an adsorption process by chemisorption (Ho & 
McKay, 1999; Rudzinski & Plazinski, 2007) and is 
expressed in its non-linear form as:

where qt (mg g−1) is the adsorption amount at time 
t (min), qe (mg g−1) is the amount adsorbed at equi-
librium, and k2 (min−1) is the pseudo-second-order 
constant rate. The kinetic parameters were obtained 
by plotting 1/qt vs. t.

The intraparticle diffusion model assumes that 
adsorption depends on the transfer rate of the 
adsorbate from the solution phase to the surface 
of the adsorbent particles, and is controlled by one 
or more steps (e.g., film or external diffusion, pore 
diffusion, and surface diffusion) (Weber & Morris, 
1963). The model is expressed by:

where kint is the intraparticle diffusion speed constant 
(mg g−1 min−1/2) and C (mg g−1) is the intersection of 
the straight line with the ordinate axis. The value of 
C provides a quantitative relationship with the thick-
ness of the diffusion limit layer (i.e., the higher the 

(3)
qt

qe
= e−k1t

(4)qt =
q2
e
k
2
t

1 + k
2
tqe

(5)qt = kintt
1∕2 + C

value of C, the greater the effect of the limit layer). 
By plotting qt versus t1/2, it is possible to calculate the 
slope of the line, kint. A plot of the intraparticle diffu-
sion model generally exhibits multi-linearity, indicat-
ing that two or more adsorption steps can occur. The 
first step represents immediate adsorption, the second 
step is a gradual phase, and the third is the final equi-
librium phase where speed reduction occurs (Lin & 
Juang, 2002).

The validity of each model was evaluated using 
the obtained linear regression data, including the 
correlation coefficient (R2) and the root mean square 
(RMS) function, defined by:

where y^ are the experimentally determined values, 
y are the values predicted by the model, and n is the 
number of analyzed data points. Table  1 shows the 
evaluated kinetic model parameters and Figs.  S1, 
S2, S3, and S4 (Supplementary material) present the 
graphs with the appropriate adjustments.

Based on the correlation coefficient (R2 > 0.9662) 
and RMS (RMS < 0.046) values, the kinetic studies 
indicate that the pseudo-second-order model provided 
the best adjustments for the experimental data of both 
treated and untreated materials independent of the 
adsorption temperature. This indicates that the reac-
tion mechanism was kinetically controlled by chemi-
cal adsorption. The occurrence of chemisorption sug-
gests an exchange or sharing of electrons between 
the functional groups on the surface of the biosorb-
ent and the methylene blue (Rangabhashiyam et  al., 
2018). The second-order speed constants increased 

(6)RMS =

�

∑n

i=1
(y−y)2

n

Fig. 6   Effect of contact 
time on methylene blue 
removal at different temper-
atures for the (a) untreated 
and (b) alkaline-treated 
atemoya biosorbents. The 
mixtures were stirred for 
210 min at 150 rpm, an 
initial pH of 7.00, and an 
initial 50 mg L−1 dye con-
centration

Water Air Soil Pollut (2021) 232: 455Page 8 of 18 455



1 3

Table 1   Kinetic adsorption parameters of the biosorbents for the methylene blue model molecule

Untreated biosorbent
Pseudo-first order
T (K) qe exp (mg g−1) qe calc (mg g−1) k1 (min−1) R2 RMS
298.15 29.33 21.45 1.26 × 10−02 0.9678 0.130
308.15 28.02 18.09 1.49 × 10−02 0.8570 0.143
318.15 32.02 15.13 7.66 × 10−03 0.8499 0.187
328.15 27.22 10.85 8.79 × 10−03 0.8208 0.194
Pseudo-second order
T (K) qe exp (mg g−1) qe calc (mg g−1) k2 (g mg−1 min−1) R2 RMS
298.15 29.33 30.86 1.29 × 10−03 0.9911 0.018
308.15 28.02 28.60 2.23 × 10−03 0.9928 0.029
318.15 32.02 30.51 2.90 × 10−03 0.9890 0.030
328.15 27.22 26.41 4.65 × 10−03 0.9953 0.026
Intraparticle diffusion line 1
T (K) C2 (mg g−1) kint (mg g−1 min−1/2) R2

298.15 1.99 2.57 0.9728
308.15 5.45 2.22 0.9895
318.15 9.40 2.19 0.9276
328.15 7.08 3.36 0.9999
Intraparticle diffusion line 2
T (K) C2 (mg g−1) kint (mg g−1 min−1/2) R2

298.15 11.47 1.14 × 100 0.9719
308.15 14.49 8.65 × 10−1 0.8844
318.15 15.70 9.50 × 10−1 0.7887
328.15 17.23 5.90 × 10−1 0.9550
Treated biosorbent
Pseudo-first order
T (K) qe exp (mg g−1) qe calc (mg g−1) k1 (min−1) R2 RMS
298.15 37.50 25.75 7.62 × 10−3 0.9064 0.155
308.15 36.96 28.05 8.74 × 10−3 0.9823 0.137
318.15 39.75 32.75 1.10 × 10−2 0.9871 0.113
328.15 43.31 38.40 1.48 × 10−2 0.9917 0.084
Pseudo-second order
T (K) qe exp (mg g−1) qe calc (mg g-1) k2 (g mg-1 min-1) R2 RMS
298.15 37.50 36.53 1.03 × 10−3 0.9759 0.046
308.15 36.96 37.40 8.11 × 10−3 0.9662 0.041
318.15 39.75 42.61 6.27 × 10−4 0.9760 0.038
328.15 43.31 49.11 5.20 × 10−4 0.9861 0.026
Intraparticle diffusion line 1
T (K) C1 (mg g-1) kint (mg g-1 min−1/2) R2

298.15 2.11 3.06 0.9038
308.15 4.54 2.20 0.9907
318.15 1.97 2.94 0.9752
328.15 0.62 3.41 0.9843
Intraparticle diffusion line 2
T (K) C2 (mg g-1) kint (mg g-1 min−1/2) R2

298.15 8.14 1.74 0.8362
308.15 3.02 2.12 0.9669
318.15 5.64 2.20 0.9911
328.15 13.45 1.99 0.9289
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with increasing system temperatures, indicating that 
an activation energy needs to be supplied for this spe-
cific interaction between the adsorbate and adsorbent 
sites to occur. Removal of methylene blue using Agro-
bacterium fabrum biomass (Sharma et al., 2018) and 
using apple peels (Enniya & Jourani, 2017), as well as 
the removal of copper ions using Annona squamosa 
L. seeds (Sivakumar et  al., 2019), exhibits kinetic 
behaviors similar to those observed in this study.

The intraparticle diffusion graphs (qt vs. t1/2 
curves) for the dye adsorption by the adsorbents 
exhibited two stages (Figs. S5 a, b, c, and d and S6 
a, b, c, and d). The lines representing the first stage 
of adsorption did not cross the origin (C1 S5 a, b, c, 
and d and S6 a, b, c, and d). The lines representing 
the first stage of adsorption did not cross the origin 
(ON USING biosorbents. The obtained kint values 
increased with temperature in the case of the treated 
material; however, the untreated material exhibited 
the opposite behavior. This suggests that the solvent 
layer around the surface of the material has distinct 
water molecule solvation structures, probably due 
to differences in hydrophobicity promoted by the 
removal of more hydrophilic compounds during the 
heat treatment. In the final equilibrium stage (second 
linear region in the qt vs. t1/2 graph), diffusion through 
the film decreased because of the low dye concentra-
tion in the solution and a low number of available 
adsorption sites on the surface of the biosorbents.

3.4 � Adsorption Isotherms

Adsorption isotherms provide important information 
for describing how the adsorbate interacts with active 
sites on the surface of the adsorbents. The adsorption 
isotherms of the investigated biosorbents for methyl-
ene blue dye are presented in Fig. 7.

The isotherms obtained for the untreated and alka-
line-treated biosorbents have ascending profiles with a 
decrease in the adsorption rate with Ce, which can be 
explained by a decrease in the availability of adsorp-
tion sites as the equilibrium concentration increases. 
In the case of the untreated biosorbent (Fig. 7-a), at 
lower equilibrium concentrations the temperature did 
not affect the amount adsorbed. As the equilibrium 
concentration increased, the temperature increase 

slightly increased the amount adsorbed. In the case of 
the alkaline-treated biosorbent isotherms (Fig.  7-b), 
the adsorption was constant at all temperatures and an 
equilibrium concentration of 75 mg L−1.

The experimental methylene blue adsorption data 
were adjusted using the linear forms of the Langmuir, 
Freundlich, Dubinin-Radushkevich, and Temkin 
models. The Langmuir model is valid for monolayer 
adsorption on a homogeneous surface (Langmuir, 
1916) and is represented by Eq. 7.

where qe is the amount adsorbed at equilibrium (mg 
g−1), Ce is the dye equilibrium concentration of the 
solution (mg L−1), KL is the Langmuir constant, and 
qm represents the maximum adsorption capacity (mg 
g−1).

The Freundlich model adequately describes the 
adsorption on energetically heterogeneous surfaces 
with the linear form of the Freundlich isotherm (Freun-
dlich, 1907) as shown in Eq. 8:

where qe and Ce have the same meaning as those 
parameters in the Langmuir isotherm and KF and nF 
are the constants related to the Freundlich adsorption 
capacity and intensity, respectively.

The Dubinin-Radushkevich (D-R) isotherm is 
similar to the Langmuir isotherm with respect to 
adsorption occurring in a single layer. However, it 
is more general because it does not assume a homo-
geneous surface or a constant adsorption potential 
(Balarak et  al., 2017; Chen & Yang, 1994; Dada 
et  al., 2012). Equation  9 is the linear expression of 
the D-R isotherm:

where qe is the amount of adsorbed solute and qs is 
the adsorption capacity, both in mg g−1, and KDR is 
the constant associated with the adsorption energy 
(mol2 kJ−2). The parameter ε is the Polanyi potential 
and is given by RTln

[

1 + (1∕Ce

]

.
Finally, the Temkin model considers the effects 

of indirect interactions between the adsorbate 

(7)
Ce

qe
=

1

qmKL

+
1

qm
Ce

(8)lnqe = lnKF +
1

nF
lnCe

(9)lnqe = lnqs − KDR�
2
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molecules on the surface of the adsorbent, assum-
ing that the variation in adsorption enthalpy 
decreases linearly as the dye adsorbs (Balarak 
et al., 2017; Dada et al., 2012; Temkin & Pyzhev, 
1940). The Temkin isotherm in its linear form is 
given by Eq. 10:

where parameters qe and Ce have the same meanings 
as in the Langmuir isotherm, KT is the bonding equi-
librium constant (L g−1) and bT is a constant associ-
ated with the variation in adsorption enthalpy. Table 2 
shows the adjusted isotherm parameters for all of the 
evaluated models in the studied mixtures. Figures S7, 
S8, S9, S10, S11, S12, S13, and S14 (Supplemen-
tary material) display the adjustments made for each 
model.

In general, the D-R model presented the best 
adjustments (high R2 values with lower RMS val-
ues) for both biosorbents at temperatures of 308.15 
and 318.15  K. At 298.15  K, the Freundlich model 
provided the best adjustments for both materials, 
while at 328.15  K, the isotherm obtained for the 
material in natura fit the Langmuir model better, 
and the isotherm obtained for the modified mate-
rial fit the Freundlich model better. Nevertheless, 
at these temperature extremes, the D-R model also 
yielded good adjustments and could be used to 
explain the dye adsorption process on the biosor-
bents at the evaluated conditions, suggesting an 
adsorption process involving heterogeneous sites. It 
is interesting to note that the KDR value tends to be 
lower at the highest temperatures, indicating larger 
variations in adsorption free energy under this ther-
modynamic condition.

The qm parameter in the Langmuir equation allows 
the estimation of the maximum adsorption capacities 
of the biosorbents, which were 190.18  mg  g−1 and 
264.50 mg  g−1 for the untreated and alkaline-treated 
biosorbents, respectively. A comparison between 
these capacities and those of other biosorbents stud-
ied recently is presented in Table 3, showing that the 
biosorbents made from the atemoya peel, both alka-
line-treated and untreated, can be considered good 
alternatives for remediating water contaminated with 
cationic dyes.

(10)qe = bTlnKT + bTlnCe

3.5 � Desorption Analyses

The reuse of adsorbents is of great importance, as 
it enables economically viable pollutant removal in 
water treatment processes. The desorption analy-
ses consisted of removing the methylene blue mol-
ecules previously adsorbed, allowing the biosorbent 
to be reused for the next cycle. Figure  8 shows the 
dye removal profile for five cycles of adsorption and 
desorption.

The adsorption efficiency for the untreated mate-
rial was reduced from 61.06 to 41.14% from the first 
to the second adsorption cycle, remaining practically 
constant for additional cycles. This may be related 
to the strong chemical interactions between some 
functional groups on the untreated material surface 
and the methylene blue cations. Functional groups 
are likely capable of developing specific interac-
tions, such as carboxylic groups negatively charged 
to hemicelluloses. The remaining dye in the untreated 
material was experimentally visible, since the mate-
rial had a very dark color (close to black) at the end 
of the fifth cycle after 1 h of desorption.

The adsorption and desorption efficiencies of 
the alkaline-treated material remained high for all 5 
cycles, presenting only small decreases in removal 
efficiency from 93.82 to 84.96% and from 92.28 to 
82.65% in desorption percentages. In general, the 
reuse of the modified material proved feasible, since 
the average efficiencies of the adsorption and desorp-
tion processes of the alkaline-treated material were 
above 80%, indicating the material’s potential for 
low-cost application use.

3.6 � Infrared Spectra After Adsorption of Methylene 
Blue

The infrared spectra for the untreated and alkaline-
treated materials filled with the adsorbed dye are 
shown in Fig. 9.

Figure  9 shows a significant decrease in the 
3100–3400  cm−1 peak for both biosorbents related 
to OH vibrational stretching, leading to the belief 
that this functional group participated in the meth-
ylene blue adsorption process. Furthermore, band 
shifts were observed (Table 4), indicating interactions 
between methylene blue and both the alkaline-treated 
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Table 2   Adsorption isotherms of the biosorbents for the methylene blue model molecule. Methylene blue concentrations (10; 25; 
50; 75; 100; 150; and 200 mg L−1), initial pH = 7.00, 12 h stirring at 150 rpm

Untreated
Langmuir
T (K) qm (mg g-1) KL (L mg-1) R2 RMS
298.15 177.89 1.69 × 10−2 0.7244 0.076

0.070
0.035
0.067

308.15 157.08 4.62 × 10−2 0.9420
318.15 190.18 3.03 × 10−2 0.9688
328.15 168.00 4.59 × 10−2 0.9501
Freundlich
T (K) nF KF [mg g-1 (L mg-1)1/n] R2 RMS
298.15 1.48 5.39 0.9873 0.036

0.078
0.057
0.091

308.15 1.59 9.97 0.9359
318.15 1.40 7.48 0.9702
328.15 1.51 9.87 0.9235
D-R
T (K) qs (mol kg-1) KDR (kJ2 mol-2) R2 RMS E (kJ mol-1)
298.15 2.961 5.37 × 10−3 0.9776 0.048 1.04 × 10−1

308.15 3.665 4.62 × 10−3 0.9503 0.070 9.61 × 10−2

318.15 5.429 4.97 × 10−3 0.9825 0.044 9.97 × 10−2

328.15 4.695 4.31 × 10−3 0.9440 0.078 9.28 × 10−2

Temkin
T (K) bT (mol kg-1) KT (L mol−1) R2 RMS
298.15 0.08058 1.34 × 105 0.8207 0.312

0.254
0.277
0.236

308.15 0.08800 2.59 × 105 0.9149
318.15 0.10110 1.78 × 105 0.9432
328.15 0.09640 2.42 × 105 0.9511
Treated
Langmuir
T (K) qm (mg g-1) KL (L mg-1) R2 RMS
298.15 168.83 6.15 × 10−2 0.8546 0.132

0.074
0.140
0.174

308.15 239.61 4.17 × 10−2 0.8455
318.15 264.50 5.73 × 10−2 0.5084
328.15 189.94 1.59 × 10−1 0.7343
Freundlich
T (K) nF KF [mg g−1 (L mg-1)1/n] R2 RMS
298.15 2.17 19.49 0.9584 0.073

0.102
0.115
0.090

308.15 1.27 10.49 0.9257
318.15 1.76 22.78 0.9207
328.15 2.53 38.74 0.9344
D-R
T (K) qs (mol kg-1) KDR (kJ2 mol-2) R2 RMS E (kJ mol-1)
298.15 1.504 3.16 × 10−3 0.9278 0.099 7.95 × 10−2

308.15 11.491 5.66 × 10−3 0.9469 0.085 1.06 × 10−1

318.15 3.172 3.30 × 10−3 0.8915 0.139 8.12 × 10−2

328.15 1.469 2.00 × 10−3 0.9044 0.112 6.32 × 10−2

Temkin
T (K) bT (mol kg−1) KT (L mol−1) R2 RMS
298.15 0.0655 1.06 × 106 0.7580 0.400

0.294
0.523
0.439

308.15 0.1306 2.42 × 105 0.9487
318.15 0.0901 1.02 × 106 0.6919
328.15 0.0623 6.61 × 106 0.6721
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Table 3   Adsorption 
capacities of the different 
biosorbents for the 
methylene blue model 
molecule

Adsorbent material pH T (K) qmax (mg g−1) References

Seed pods from Capparis flexuosa 10.0 298 280.78 Yamil et al. (2020)
Araticum seed powder 7.5 328 300.90 Franco et al. (2020)
Pará chestnut husks 6.5 298 83.8 Georgin et al. (2018)
Dragon fruit peels 5.6 303 192.31 Jawad et al. (2018)
Sugarcane bagasse 10.0 298 17.43 Meili et al. (2019)
Soursop residue 10.0 298 55.30 Meili et al. (2019)
Functionalized peanut husks 8.0 313 43.5 Aryee et al. (2020)
Brazilian berry seeds 8.0 328 189.60 Georgin et al. (2020)
Untreated atemoya peels 7.0 318 190.18 This work
Treated atemoya peels 7.0 318 264.50 This work

Fig. 7   Isothermal equi-
libria of the removal of 
methylene blue at different 
temperatures for the (a) 
untreated and (b) alkaline-
treated atemoya biosorbent. 
The mixtures were stirred 
for 12 h at 150 rpm, with an 
initial pH of 7.00 and dif-
ferent initial concentrations 
(10, 25, 50, 75, 100, 150, 
and 200 mg L−1)

Fig. 8   Efficiency of 
biosorption/desorption for 
the (a) untreated and (b) 
treated atemoya biosor-
bents. Methylene blue 
concentration = 50 mg L−1, 
initial pH = 7.00, stirred for 
1 h at 150 rpm
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and untreated biosorbents. These results provide evi-
dence that the adsorption of methylene blue occurred 
in materials with and without alkaline treatment. Xia 
et  al. (2015), working with magnetically modified 
yeasts and methylene blue adsorption, obtained a sim-
ilar profile.

4 � Conclusions

The biosorbents prepared from the atemoya peel 
agricultural waste were characterized using infrared 
spectra, thermogravimetry, and scanning electronic 
microscopy, demonstrating that the alkaline-treated 

biosorbent was more efficient in removing the meth-
ylene blue model molecule. Positive changes in the 
morphology, porosity, thermal stability, and adsorp-
tion efficiency of the material were observed. Experi-
mental adsorption data were adjusted using the D-R 
model and pseudo-second-order kinetics over a wide 
pH range, indicating that the adsorption mechanism 
is chemisorption. Moreover, the alkaline-treated 
biosorbent proved to be reusable for at least 5 cycles, 
with a removal efficiency in the range of 80%, indi-
cating that it is a good low-cost alternative for remov-
ing cationic effluents and that it could potentially 
substitute other more expensive adsorbents. Thus, it 
could be able to minimize the environmental impacts 
caused by the indiscriminate discharge of effluents 
into aquatic systems, while reducing the costs of 
treatment of wastes destined to be either discharged 
or reused in production processes.
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Fig. 9   Infrared spectra of the (a) untreated and (b) alkaline-
treated atemoya biosorbents after adsorption of methylene 
blue (50  mg L−1, initial pH = 7.00, 12  h constant stirring at 

150  rpm, and room temperature (25 ± 2 °C), then filtered and 
dried in oven at 40 ± 2 °C for 24 h)

Table 4   Main band shifts observed in the infrared spectra 
after methylene blue adsorption

Untreated Alkaline-treated

Wavelength (cm−1) Wavelength 
(cm−1)

Before After Before After
1605 1593 1598 1588
1423/1364 Separation and 

decrease
1419 1330
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