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Graphical Abstract

Abstract

This study focused on removing methylene blue (MB) from
aqueous solutions using microalga Scenedesmus regularis
as a biosorbent. The biomass was characterized by Fourier
transform infrared spectroscopy (FT-IR) and field emission
scanning electron microscopy (FE-SEM). The difference in
thermal properties of the biomass was investigated by
thermogravimetric analysis (TGA). The adsorption capacity
of S. regularis was tested with different environmental key
parameters (pH, temperature, biosorbent dosage, dye
concentration, and contact time) in batch system
experiments. The maximum adsorption capacity was
341.34 mg/g at a pH of 6.8, a temperature of 25 °C, a dye
concentration of 250 mg/L, and a biosorbent concentration
of 5 mg. Approximately 92% of the dye was removed within
two minutes, and the removal efficiency reached 99%
within 15 minutes. MB adsorption equilibrium data fit well
with the Langmuir (R?=0.994) and Dubinin-Radushkevich
(R?=0.993) isotherm models. The kinetic model of
adsorption followed pseudo-second-order kinetics.
Thermodynamic parameters showed that the adsorption
process was endothermic and physical, favorable, and
spontaneous. The results showed that S. regularis is an eco-
friendly biosorbent with efficient performance that may be
used for MB removal without any modification.
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Kinetics, Thermodynamic

1. Introduction

Water, which is crucial for life and ecosystems, is
contaminated and exhausted day by day, both within the
world and in our country, due to the expanding human
population, worldwide climate change, industrial
contamination, and uncontrolled domestic and hazardous
chemical wastes. Increasing pollution levels of water
resources, which are not evenly distributed globally, make
it challenging to reach accessible, quality, and qualified
water resources for all living creatures. Among the
environmental pollutants discharged into aquatic
ecosystems, dyes and toxic heavy metals are significant
concerns (Shooto et al., 2019).

Dyes are commonly used in various industries, such as
textile, paper, pulp, painting, printing, cosmetics, plastics,
and pharmaceutics (Ahmad et al., 2009; Ravikumar et al.,
2005). Over 100,000 dyes are commercially available, and
approximately 15% of the annual production is discharged
into aquatic environments without any treatment or partial
treatment (Kumar et al., 2013; Rangabhashiyam et al.,
2018). The complex aromatic structures and colors of
synthetic dyes worsen water quality parameters such as
biological oxygen demand, chemical oxygen demand,
suspended solids, and total dissolved solids and thereby
reduce photosynthetic activity, impairing ecological
balance in the aquatic environment (Ahmad et al., 2016;
Rangabhashiyam et al., 2018). At the same time, the
carcinogenic, mutagenic, and potentially toxic effects of
dye molecules on all living organisms in the food chain
make them an important research area for the aquatic
environment (Baruah et al., 2017; Kabra et al., 2011). Even
if dyes are mixed with minimal amounts in aquatic systems,
they are also aesthetically undesirable due to their high
visibility and low degradation rates (Mohebali et al., 2018).

As a toxic water-soluble cationic dye, MB is significantly
used in coloring textile products, papers, plastics, and
impermanent hair colorants. (Baruah et al., 2017; Shooto
etal., 2020). The adverse effects of MB comprise eye injury,
inhalation problems, gastroenteritis, queasiness, vomiting,
heartbeat increase, mental confusion, and tissue necrosis
(Dahri et al., 2015; Mitrogiannis et al., 2015; Rafatullah et
al., 2010). Based on the adverse effects of MB, researchers
have focused on removal techniques. Although many
methods are used to remove pollutants (such as
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coagulation, ozonation, electrolysis, cation exchange
membranes, electrochemical degradation, sonochemical
degradation, and enhanced ultrafiltration), adsorption is
the most preferred (Gokulan et al., 2022a). Due to its
simplicity, ease of application, efficiency, flexibility, low
energy requirement, and economically profitable
(Rafatullah et al., 2010; Rahman et al., 2020; Rajasulochana
and Preethy, 2016; Wang et al., 2005).

To date, several biosorbents have been used for MB
removal from aqueous solutions, such as aquatic plants
(Kankilig et al., 2016), macroalgae (Aravindhan et al., 2007),
lichens ( Koyuncu and Kul, 2020), fungi (Naghipour et al.,
2016), ginger root (Shooto et al., 2019), banana, cucumber,
potato peels (Stavrinou et al., 2018), and microalgae
(Lebron et al., 2018).

Among several biosorbents, microalgae have a special
place because of their wide distribution in different
geographical regions and the potential for cultivation
anywhere from freshwater to saltwater. Microalgae have a
wide tolerance to varied environmental factors, such as pH,
temperature, turbidity, Oz, and CO: levels, resulting in low-
cost production (Gualtieri and Barsanti, 2006; Sari et al.,
2011). Even though the studies on the removal of MB are
prevalent, microalgae as easy access, low-cost, and eco-
friendly biomass is highly considerable in creating practical
potential with future anticipatory. Scenedesmus is a very
common, easily accessible microalgae genus in freshwater
ecosystems. They can develop in profoundly contaminated
aquatic systems and are ordinarily utilized as
contamination markers (Phinyo et al., 2017). At this point,
the Scenedesmus genus can be used as a good candidate
for removing environmental pollutants.

The present work's objective was set to investigate the
effectiveness of Scenedesmus regularis as a biosorbent for
the removal of the extensively used dye MB. Within this
scope, the adsorptive properties of S. regularis were
optimized according to the different environmental vital
factors, and maximum removal efficiency was investigated.
The adsorption process was evaluated  with
thermodynamic, kinetic, and isotherm models.

2. Materials and methods

2.1. Microalgae and culture media

Scenedesmus regularis is a green microalga species
belonging to the Chlorophyta phylum. The species was
isolated from the Kizihrmak River (Kirikkale, Turkey). As
explained in Kankili¢ et al. (2020), the collected biomass
was cultivated.  After cultivation, morphological
characterization of the biomass was estimated. Molecular
identification of Scenedesmus regularis was made by PCR
amplification of 18S rRNA and ITS gene regions to confirm
characterization. Sequence results were compared with
the GenBank database for similarity assessment.

The algal biomass was collected in the middle of the
stationary phase (= 15th day) by centrifugation at 3000 rpm
for 15 min. The collected biomass was dried in a drying
oven at 40 °C (Binder™ Classic. Line Drying Oven, Series ED).

2.2. Chemicals/reagents
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Methylene blue (C16H18CIN3S:-3H20, the synthetic dye) was
a commercially available product from Sigma Aldrich (Saint
Louis, MO, USA). MB solutions at different concentrations
were prepared in MilliQ water; the pH of the aqueous
solution was adjusted to the working pH using 0.1 M NaOH
or 0.1 M HCl.

2.3. Characterization

FTIR analyses of S. regularis before and after adsorption
were performed using a Bruker (IFS 66/S model) FTIR
spectrometer (wavenumber range: 400-4000 cm™2).

Field emission scanning electron microscopy (FE-
SEM/QUANTA 400F) was used to determine the
microstructure of raw and MB-loaded S. regularis.

Thermal properties of the raw and MB-loaded biomass
were investigated by TGA, Q500 (USA) model analyzer.
Measurements were performed at a heating rate of
10 °C/min, a temperature range of 30-600 °C under a
nitrogen atmosphere, and 10 ml/min a gas flow rate.

2.4. Adsorption studies

Methylene blue removal experiments were conducted in a
50 mL Erlenmeyer flask batch system. The effects of
selected parameters, pH (2-10), contact time (2-60 min),
ambient temperature (5-40 °C), biosorbent dosage (1-6
mg), and initial dye concentration (5-250 mg/L), on the
adsorption capacity of S. regularis, were evaluated. Each
adsorption experiment was performed under conditions
where one parameter was changed at a time while the
other parameters were kept constant. After each
adsorption process, the supernatant was removed by
filtration. Quantitation of the remaining MB concentration
was carried out with a SpectroScan 80 DV
spectrophotometer at 665 nm, the absorption maxima of
MB, using a calibration curve. Samples were diluted
appropriately to keep absorbance values in the linear
reference range of the curve.

The amount of dye adsorbed by S. regularis biomass and
the removal efficiency was calculated in Eqgs. (1) and (2),
respectively.

ge= (Co-Ce) V/m (1)

Dye removal efficiency (%) = (Co-Ce/Co) X100 (2)

where ge is the adsorption capacity in milligrams per gram;
Co and Ce are the initial and final dye concentrations after
treatment for certain periods (mg/L), respectively; V is the
volume of MB solution in ml, and m is the total amount of
biosorbent in grams.

The equilibrium conditions of the adsorption process were
assessed with Langmuir, Freundlich, and Dubinin-
Radushkevich (D-R) isotherm models. Pseudo-first-order
and pseudo-second-order kinetic models were used for the
determination of kinetic behaviors. Thermodynamic
parameters, such as Gibbs free energy (AG°), enthalpy
(AH®), and entropy (AS°), were calculated to elaborate the
adsorption process. The parameters were calculated with
following equations (Saha et al., 2011; Gokulan et al., 2020;
Kankilig et al., 2020).
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AG® = -RT Inkd (3)
AG°= AHO-TAS® (4)
InKd=-AG°/RT=AS°/R-AH/RT (5)

3. Results and discussion

3.1. Characterization of Scenedesmus regularis

The FT-IR spectra of MB, raw, and MB-loaded S. regularis
biomass are shown in Figure 1. The functional groups of
raw and MB-loaded biomass alterations were analyzed
using a Bruker IFS 66/S model. The broadband at
approximately 3300 cmis characteristic of OH groups, and
this vibration shows that the S. regularis surface has a
significant number of alcoholic and phenolic -OH groups
(Baruah et al., 2017; Kankilig¢ et al., 2016). The peak
observed at 2920 cm* was related to the aliphatic groups'
C—H stretching vibrations (Daneshvar et al., 2017). The
absorption bands at 1035 and 1058 cm™ correspond to C—
0O and C—C-0 stretching vibrations and refer to cellulose
derivatives as well as alcohols, ethers, and carboxylic acids
(Lebron et al., 2018). After MB adsorption, the new
absorption bands observed at 1598, 1386, and 1328 cm!
could be attributed to the S=0 groups of sulfonamides
originating from MB (Baruah et al, 2017). Also, the
absorption band at the 1386 cm™ could correspond to -CHs
bending vibration (Mohebali et al., 2018). These functional
groups on the S. regularis surface have a significant role in
MB adsorption (Daneshvar et al., 2017). According to
Figure 1, some of the peaks have shifted or disappeared,
while some new peaks have developed. The absorption
peaks were moved to a higher frequency region due to dye
molecules packing the surface of the biosorbent.
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Figure 1. FTIR spectra of S. regularis: (a) raw; (b) MB loaded.

FE-SEM images were taken to show differences in
microstructure between raw and MB-loaded S. regularis
(Figure 2). FE-SEM images showed that the surface
morphology of raw and MB-loaded biomass varied
significantly. After adsorption, the pores were full of MB.
Accumulation of the dye molecules has taken place at the
biomass surface, indicating the dye adsorption site.

Figure 2. FE-SEM micrographs of S. regularis: (a) raw, (b) MB
loaded.

The thermal stability of MB, S. regularis, and MB-loaded S.
regularis was evaluated at various temperatures by TGA.
The TGA curve of MB showed small weight losses below
100 9C due to evaporation of moisture (Figure 3.).
According to the thermograms, S. regularis and MB loaded
S. regularis have one degradation step at around 306 and
312 °C, respectively. After MB adsorption it has been seen
that the degradation temperature was a trace increased.
While comparing the residue values it can be seen that
adsorption has occurred on the biomass surface. The
residue of MB was highest and S. regularis was lowest. The
MB-loaded S. regularis residue was approximately 10%
higher than the raw biomass, demonstrating that the
adsorption took place physically (Figure 3).
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Figure 3. TGA curves of MB, raw biomass, and MB loaded.

3.2. Adsorption studies
3.2.1. Effect of solution pH

The influence of pH on adsorption efficiency has been
studied and reported (Ho, 2005; Metin et al., 2020;
Shahnaz et al., 2022 ). pH affects the ionization degree of
the functional groups on the biosorbent surface.
Adsorption of MB by the green microalga S. regularis was
first investigated by the initial pH level of the dye solution
(Figure 4a). The adsorption capacity increased 3.5 times
when the aqueous solution pH values increased to the 2-6
range. Nonetheless, the adsorption capacity of S. regularis
did not change significantly in the pH range of 6-10; the
adsorption capacity increased from 42.39 to 45.32 mg/g.
This wide pH range where high capacity is found provides a
significant advantage since freshwater pH values are
generally at the basic level (Alver et al., 2020). The acidic
condition at low pH results in a high number of H* ions,
decreasing dye removal by the biosorbent. However,
cationic dyes ionize, and load positively charged ions into
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aqueous solutions (Peydayesh and Rahbar-Kelishami,
2015). Thus, at lower pH levels, protonation of the
microalgae surface prevents adsorption of MB onto the
biosorbent mainly through electrostatic repulsion and
competition between H* ions and cationic dye molecules
for the adsorption sites. As the initial pH levels increase to
basic pH values, the number of H* decreases, while those
of OH increase, allowing the negatively charged surface of
microalgae to adsorb more MB. After establishing neutral
pH conditions, adsorption of cationic dyes through
attractions by electrostatic forces is driven (Kankilig et al.,
2016; Rangabhashiyam et al., 2018; Tanhaei et al., 2019).
All other experiments were carried out using distilled water
at pH =6.8.
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Figure 4. a) The pH profile of MB biosorption on S. regularis; V=
25 mL; W= 0.005 g; Cvs= 10 mg/L; T = 25 °C; b) The effect of
sorbent dosage on methylene blue adsorption onto S. regularis;
Cums= 10 mg/L; pH=6.8; V=25 mL; T= 25 °C; c) The effect of initial
MB concentration on removal capacity of S. regularis; V=25 mL;
Wpa=0.005 g; pH=6.8; T= 25 °C; d) The effect of temperature on
dye removal capacity of S. regularis; W=0.005 g; V=25 mL, pH=
6.8; Cus= 10 mg/L.

3.2.2. Effect of the biosorbent dosage
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The effect of the biosorbent concentration on MB removal
was studied at a constant dye concentration (10 mg/L),
while the biosorbent concentration was changed. The
biosorbent dosage was changed between 1 and 6 mg. The
biosorbent dosage increased the MB removal efficiency
(Figure 4b). The increase in biosorbent dosage from 1 mg
to 6 mg increased removal efficiency from 39.71 to 100%.
It is seen that increasing the biosorbent dosage reveals
more available active sites on the biosorbent surface and
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surface area for dye molecules (Nair et al., 2014;
Rangabhashiyam et al.,, 2018; Shahnaz et al., 2022).
However, the adsorption capacity of S. regularis decreased
from 97.23 to 40.50 mg/g with increasing biosorbent
dosage. The lower adsorption capacity with a higher
biosorbent dosage was because of the constant dye
concentrations and unsaturated biosorbent sites. In
addition, the increased biosorbent dosage may have
caused biomass aggregation and decreased adsorption
capacity (Alencar et al., 2012; Aravindhan et al., 2007).
Finally, a biosorbent dosage of 5 mg was designated the
optimum biosorbent dosage and employed in the
experiments.

3.2.3. Effect of initial dye concentration and isotherm
studies

The influence of the initial MB concentration on adsorption
capacity is shown in Figure 4c. As expected, adsorption
capacity increased with increasing initial MB
concentration. The amount of adsorbed MB on the
biomass increased from 20.46 to 341.34 mg/g, increasing
the MB concentration from 5 to 250 mg/L. An increase in
initial dye concentration is a substantial driving force to
come through all oppositions of the dye between the
aqueous and solid phases, thereby resulting in increased
adsorption of MB (Alver et al., 2020; Aravindhan et al.,
2007; Peydayesh and Rahbar-Kelishami, 2015). In
agreement with studies by Kankilig et al. (2016) and Shooto
et al. (2020), this situation can be explained by the
presence of a significant number of adsorption binding
sites over the initial stage of the adsorption process. The
adsorption capacity of S. regularis under laboratory
conditions is compared with different plant-based
biosorbents in Table 1. Defatted Laminaria japonica
biomass, modified with sulfuric acid, showed a higher
removal capacity than Scenedesmus regularis (Shao et al.,
2017). Considering the amount of Laminaria japonica
biomass used, it has been seen that the amount of
biosorbent used in this study (0.6 g/L) was considerably
higher than in our study (5 mg/L). As seen from the table,
Scenedesmus regularis has a high adsorption capacity. We
recommend it as a good candidate for MB
removal due to its considerably high capacity without any
modification.

Table 1. Comparison of MB biosorption capacity of S. regularis with other microalgae- and plant-based biosorbents

Sorbent am (mg/g) References
Phragmites australis (modified) 46.8 (Kankihg et al., 2016)
Spirodela polyrhiza 119 (Waranusantigul et al., 2003)
Chlorella pyrenoidosa 101.75 (Lebron et al., 2018)
Spirulina maxima 145.34 ( Lebron et al., 2018)
Raw Spirogyra sp. 50.70 (Guler and Sarioglu, 2013)
Pretreated Spirogyra sp. 64.61 (Guler and Sarioglu, 2013)
Scenedesmus sp. 87.69 (Afshariani and Roosta, 2019)
Chlorella pyrenoidosa 31.15 (Pathak et al., 2015)
Scenedesmus sp. 6.0 (Sarat Chandra et al., 2015)
Defatted Scenedesmus sp. 7.73 (Sarat Chandra et al., 2015)
Sulfuric acid pretreated Scenedesmus DAB 7.80 (Sarat Chandra et al., 2015)
Defatted Laminaria japonica (Sulfuric acid modified) 549.45 (Shao et al., 2017)
Scenedesmus regularis 341.34 Current study
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Table 2. Isotherm constants for MB biosorption by Scenedemus regularis according to various isotherm models

Model parameters

Isotherm model Expression formula

Ki *103(L/mg) dm (mg/g) R?
Langmiur 1/9e = 1/0m + 1/qmK.Ce 6.95 625 0.994
KF n R2
Freundlich Inge = INKe + (1/n)InCe 8.06 1.38 0.972
E(kj/mol) Qo-r(mg/g) R?
Inge = K2 + Ingp-r
Dubinnin-Raduskevich E=RTIn(1+1/Ce) 5.0 469.80 0.993

E = 1/(-2K)2)

gm: Maximum biosorption capacity (mg/g), Ki.: Langmuir constant (L/mg), Kr (mg/g (L/mg)¥/") and n: Freundlich constants, Qp-g:
biosorption capacity of Dubinin—Radushkevich (mg/g), : Polanyi potential (kJ2/mol?), K: Dubinin—Radushkevich, constant, E: free
energy (kJ/mol), R: universal gas constant (8.314 J/mol K), T: working temperature (K)

Adsorption isotherm models are extensively used to assess
the surface properties of biosorbents and adsorption
behavior and to design real adsorption systems (Alver et
al., 2020). To investigate the MB adsorption behavior by
the biosorbent, experimental data were evaluated with
Langmuir, Freundlich, and Dubinin Radushkevich isotherm
models. These three isotherm models are widely used, and
details are provided in the literature (Kankilig et al., 2016;
Lebron et al., 2018; Metin et al., 2020).

The adsorption isotherm formulae and calculated model
parameters are given in Table 2 (Alver et al., 2020; Koyuncu
and Kul, 2020; Shayesteh et al., 2016). In the mathematical
formulae, Ce (mg/L) is the MB concentration of the aqueous
solution at equilibrium, and gmax and QD-rare the maximum
MB uptake (mg/g). The three isotherm models are
preferred for explaining the adsorption behavior of the
dyes (Koyuncu and Kul, 2020; Lebron et al., 2018;
Rangabhashiyam et al., 2018).

According to the correlation coefficient (R?) values
obtained from the three isotherm models, the adsorption
process of MB fits both the Langmuir and Dubinin
Radushkevich models due to the high and almost identical
R? values of 0.994 and 0.993, respectively. Therefore, the
adsorption process of MB onto Scenedesmus regularis was
better explained by the Langmuir isotherm, i.e., The
adsorption mainly occurs as a monolayer on the surface
(Kankilig et al., 2016; Lebron et al., 2018). According to the
Langmuir and D-R isotherms, the maximum experimental
adsorption capacity is lower than the calculated maximum
adsorption capacity (Table 2). This circumstance may be
ascribed to incomplete MB contact with algal biomass
(Kankihg et al., 2016; Alver et al., 2020). The K. value is the
Langmuir constant and refers to the affinity between the
dye molecules and biosorbent. If the K. value is high, it
shows a high affinity of the dye molecules to the
biosorbent, similar to our results (Table 2).

At the same time, the D-R isotherm model is used to
elucidate whether the adsorption process of MB is physical
or chemical. The E value calculated from the D-R isotherm
model indicates the type of adsorption process: if the E
value is between 1-8 kJ/mol, then the adsorption process is
considered physical. On the other hand, when the E value
is between 8-16 kJ/mol, the process is chemical (Chen et
al., 2019; Lebron et al., 2018). The calculated E value was

found to be 5.0 kJ/mol (less than 8 kJ/mol), so the
adsorption of MB onto Scenedesmus regularis was
attributed to physical adsorption (Table 2).

Moreover, the adsorption process was evaluated with the
separation factor (R.) of the Langmuir isotherm to decide
whether the process was favorable or unfavorable. The
following equation calculates the RL value:

1
1+K,C,

(6)

RL
where Co is the initial concentration of MB (mg/L) and K is
the Langmuir constant (L/mg). According to the Ry values,
the adsorption process is defined as favorable (between 0-
1), irreversible (R.=0), linear (Ri=1), and undesirable (R.>1)
(Lebron et al., 2018; Mohebali et al., 2018; Shayesteh et al.,
2016). Our calculated R. values for all initial concentrations

were between 0.36-0.94, leading us to conclude that the
adsorption process was favorable for algal biomass.

3.2.4. Effect of contact time and kinetic studies

Figure 5a shows the effect of contact time on the
adsorption of MB onto S. regularis biomass. The adsorption
rate was very rapid within the first ten minutes.
Approximately 92% of the dye was removed within two
minutes, and the removal percentage reached 99% within
15 minutes, after this point, no significant difference was
found.

Adsorption kinetics must be well known to determine the
adsorption rate, the productivity of the sorbent used, and
mass transfer mechanisms. The rate and degree of a
reaction depend on the number of molecules that will react
to produce the product and the reaction kinetics.
Therefore, the determination of adsorption kinetics is
fundamental for the envisagement of adsorption systems
(Wang and Guo, 2020). Adsorption kinetics were evaluated
using pseudo-first-order and pseudo-second-order kinetic
models (Shayesteh et al., 2016; Metin et al., 2020). The
expression formulae of the kinetic models and calculated
parameters are given in Table 3. These parameters were
calculated from the slope and intercept of the pseudo-first-
order kinetic model and pseudo-second-order kinetic
model (Figure 5b and 5c).
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Table 3. Calculated kinetic parameters for pseudo-first-order and pseudo-second-order models for methylene blue biosorption using
Scenedesmus regularis (T: 298 K, Ce: 10 mg/L; sorbent dosage: 0.006 g biomass)

Kinetic model Expression Formula Parameters MB
Qe,cal (Mg/8) 3.61
. gt — (Kt Ge, exp (Mg/8) 46.64
Pseudo-first-order log(ge - qt) =logge [2.303) Ky (min) 0.196
R? 0.9417
Qe cal (M8/8) 46.73
Pseudo-second-order l = Lz + L G, exp (mg/.g) 46.64
gt k. 0q, ky (g mgt min1) 0.382
R? 0.9994
Table 4. Thermodynamic parameters for the biosorption of methylene blue on Scnedesmus regularis
Temperature (K) AG°(kj/mol) AHe (j/mol) ASe (j/molK) TAS® (kj/mol) R2
278 -5.23 5.60
288 -5.43 5.81
293 -5.53 5.91
377.88 20.16 0.994
298 -5.63 6.01
303 -5.73 6.11
313 -5.93 6.31

b Time (min.)

&

a(me MB/g Sen rez.)
[
 [—
% Removal
.l

038 ¥ = 0.0214x +0.0012
66 . R?=09994

Figure 5. a) Effect of contact time for biosorption of MB on S.
regularis; V=25 mL; pH=6.8; W=0.005 g; Cyvs= 10 mg/L; T= 25 °C;
b) Pseudo-first order; c) Pseudo-second-order kinetic plot for the

removal of MB by S. regularis; T: 298 K; C,: 10 mg/L.

According to the R? values, the pseudo-second-order
model has a higher correlation coefficient than the pseudo-
first-order model (Table 3). The calculated adsorption
capacity (gecal) calculated from the pseudo-second-order
model was in accord with the experimental adsorption
capacity (Qeexp). The parameters showed that the
adsorption process was controlled with a pseudo-second-
order kinetic model. Research has shown that the pseudo-
second-order kinetic model exhibits better agreement with
experimental data than the other model and therefore is
widely used in kinetic studies (Lebron et al., 2018). Similar
results for dye adsorption have been presented in the
literature (Khataee et al., 2013; Metin et al., 2020;
Mitrogiannis et al., 2015; Shao et al., 2017; Wang et al.,
2018).

3.2.5. Effect of temperature and thermodynamic studies

One of the essential parameters is temperature, which
affects the adsorption capacity of the biosorbent and the

transport and kinetic process of adsorbate molecules
(Kankilig et al., 2016). Therefore, the effect of temperature
was investigated between 5-40 °C. As shown in Figure 4d,
the adsorption capacity was approximately the same with
increasing temperature. The differences between
temperatures were not significant. After 25 °C, the
adsorption capacity imperceptibly decreased.

This situation shows that the temperature has too little
effect on the adsorption process. Similar results have been
given in the literature regarding the effect of temperature
on MB removal (Gemici et al., 2021; Kankilig et al., 2016).

Thermodynamic parameters such as Gibbs free energy
(AG®), enthalpy (AH®), and entropy (AS°) values were used
to elaborate the adsorption process (Gemici et al., 2021;
Lebron et al., 2018) and were calculated as in our previous
work (Kankilig et al., 2016; Kankilig et al., 2020). As seen in
Table 4, negative AG® values for all temperatures indicated
a spontaneous and suitable adsorption process (Gemici et
al., 2021; Gokulan et al., 2022b Shooto et al., 2020). The
negative AG® values of the reaction illustrate that the
adsorption process required no energy input from an
outside source(s) (Mitrogiannis et al., 2015).

The positive AH° value (377 J/mol) shows that MB
adsorption onto algal biomass is endothermic, and if this
value is less than 40 kJ/mol, the adsorption process is
physisorption (Kasperiski et al., 2018). In addition, the
positive AS° value indicates randomness in the adsorption
process and good affinity to microalgal biomass (Gemici et
al., 2021; Kankihg et al., 2016).

4. Conclusion

This study pointed out that Scenedesmus regularis can
make used as a highly effective, low-cost, eco-friendly
biosorbent and is an important alternative for methylene
blue removal from polluted aquatic systems without any
chemical modification. The results of our experiments
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showed that the adsorption process was barely affected by
temperature and that a high adsorption capacity was
achieved over a wide pH range. The maximum
experimental adsorption capacity was 341.34 mg/g of dry
biomass at an MB concentration of 250 mg/L, an algal
biomass dosage of 0.005 g, an initial pH of 6.8, and a
temperature of 25 °C. The adsorption process was rapid;
92% of MB was removed within two minutes, and
equilibrium was achieved in fifteen minutes. Isotherm
studies demonstrated that the Langmuir isotherm model
and Dubinin Raduskevich were well fitted by adsorption
equilibrium. As a result of isotherm studies, the adsorption
process was monolayer and of physical type.
Thermodynamic calculations showed that the adsorption
process was endothermic, spontaneous, and favorable.
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