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Abstract

Water pollution caused by industrial dyes has become a severe problem in the modern world. Biosorbents can be used in an eco-friendly
manner to remove industrial dyes. In this study, five biosorbents were selected: palmyrah sprout casing (PSC), manioc peel, lime peel, king
coconut husk, and coconut kernel. Batch adsorption experiments were conducted to identify the best biosorbent with the highest ability to adsorb
methylene blue (MB) from wastewater. The detailed mechanisms of PSC used in the adsorptive removal of MB in aqueous phase were
investigated. Of the five biosorbents, PSC exhibited the best removal performance with an adsorption capacity at equilibrium (g.) of 27.67 mg/g.
The g. values of lime peel, king coconut husk, manioc peel, and coconut kernel were 24.25 mg/g, 15.29 mg/g, 10.84 mg/g, and 7.06 mg/g,
respectively. To explain the mechanisms of MB adsorption with the selected biosorbents, the Fourier transform infrared (FTIR) spectrometry and
X-ray diffraction (XRD) analyses were performed to characterize functional properties, and isotherm, kinetic, rate-limiting, and thermodynamic
analyses were conducted. The FTIR analysis revealed that different biosorbents had different functional properties on their adsorptive surfaces.
The FTIR and XRD results obtained before and after MB adsorption with PSC indicated that the surface functional groups of carbonyl and
hydroxyl actively participated in the removal process. According to the isotherm analysis, monolayer adsorption was observed with the
Langmuir model with a determination coefficient of 0.998. The duration to reach the maximum adsorption capacity for MB adsorption with PSC
was 120 min, and the adsorption process was exothermic due to the negative enthalpy change (—9.950 kJ/mol). Moreover, the boundary layer
thickness and intraparticle diffusion were the rate-limiting factors in the adsorption process. As a new biosorbent for MB adsorption, PSC could
be used in activated carbon production to enhance the performance of dye removal.
© 2023 Hohai University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Biosorbents; Isotherm; Kinetics; Methylene blue; Rate-limiting factor; Thermodynamics

1. Introduction

Industrial dyes significantly pollute freshwater sources.
Different types of dyes are used in large quantities for various
industrial applications, such as cosmetics, textiles, food in-
dustry, and paper printing. Around 100 000 dyes are
commercially available, and more than 7 107 t of dyes are
annually generated worldwide (Benkhaya et al., 2018). These
dyes are extremely toxic and negatively influence natural
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environmental processes. Approximately 11 000 harmful dyes
are discarded into freshwater sources, causing deterioration of
water quality (Rehman et al., 2019). Various chemical and
physical techniques have been used for wastewater treatments,
such as electrochemical treatment, biodegradation, photo-
chemical degradation, bacterial decolorization, coagulation,
flocculation, and membrane separation (Rani et al., 2017).
However, compared to other methods, adsorption is a
reasonable strategy due to its versatility, high efficiency, and
ease of use. Moreover, activated carbon has been widely used
for the adsorptive removal of various dyes, but the commer-
cially available activated carbon is highly expensive, and it has
problems with regeneration. Therefore, many industries look
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for cost-effective adsorbents to efficiently remove various dyes
(Stjepanovic et al., 2021). Considering the efficiency and cost,
biomass-based adsorbents (biosorbents) are a reasonable
alternative to activated carbon (Park et al., 2010). They are
widely available and relatively cheap and require little or no
processing (Stjepanovic et al., 2021).

Methylene blue (MB) is an organic cationic dye that has
been widely used in many industrial operations, such as wool,
cotton, silk, and acrylic production. Even though it is not much
hazardous, it generates some harmful impacts to human, such as
vomiting, cyanosis, shock, increase of heart rate, necrosis of
tissues, and jaundice (Bhatti et al., 2012). Therefore, it must be
removed from the industrial effluent with cost-effective strate-
gies. A number of biosorbents have been tested to achieve this
target, such as banana peel (Amela et al., 2012), banana stem
powder (Ahmad et al., 2016), the peel of yellow passion fruit,
mandarin peel (Pavan et al., 2007), garlic straw (Kallel et al.,
2016), the peel of citrus fruit (Dutta et al., 2011), and water-
melon rind (Lakshmipathy and Sarada, 2015). Moreover, the
removal of crystal violet dye with eucalyptus leaves has been
successfully studied. The removal capacity of the acid modifi-
cation of eucalyptus leaves with phosphoric acid improved the
adsorptive capacity to 141 mg/g (Ghosh et al., 2021c). In
addition, coconut coir has been used to remove Safranin-O dye
with some modifications using acids (phosphoric acid and
sulfuric acid), which showed greater than 98% removal of
Safranin-O dye at concentrations less than 200 mg/L
(Ghosh et al., 2021a). It has also been reported that eucalyptus
leaves were successfully used with phosphoric acid modifica-
tion for the removal of MB dye from water, and the acid-treated
eucalyptus leaves achieved a removal capacity of 194.34 mg/g
(Ghosh et al., 2019). Furthermore, phosphoric acid modification
of bamboo leaves achieved an adsorption performance of
168.339 mg/g at 318 K for toxic malachite green (Ghosh et al.,
2022).

Additionally, a comparative batch adsorption experiment
was performed to remove toxic MB dye with untreated
Lathyrus sativus husk, the husk treated with 0.500 mol/L of
H,SO,4, and the husk treated with 0.333 mol/L of H3PO,,
which achieved adsorption performances of 98.33 mg/g,
104.28 mg/g, and 113.25 mg/g at 303 K, respectively. Due to
the development of surface functional groups, the phosphoric
acid treatment yielded the highest adsorption performance
(113.25 mg/g) (Ghosh et al., 2021b). These results clearly
showed that the adsorption performances of different bio-
sorbents can be improved by some chemical treatments that
are responsible for the modification of functional groups.
Therefore, appropriate modification methods are required to
improve the adsorption performance of the biosorbents used to
remove dyes from water.

The adsorption process has two materials: adsorbent and
adsorbate. Adsorbents are the materials with the ability to
attract other possible substances, which are called adsorbates
(Zhao et al., 2021). The rate of removal of adsorbates with
adsorbents is controlled by many factors, such as the surface
functional properties of adsorbents and the nature of the media
in which the adsorption process takes place. The adsorbent

dosage, pH, temperature, and initial concentration are major
considerations as far as the adsorption environment is con-
cerned (Zhao et al., 2021). The surface functional properties,
such as the nature and distribution of functional groups and the
hydrophilic or hydrophobic nature of adsorbent sites, are also
critical to the removal of different pollutants. The pollutants
with negatively-charged surfaces can be effectively removed
by the absorbents with positively-charged surfaces, and vice
versa (Nadarajah et al., 2021). Therefore, it is important to
evaluate the adsorption system and the interaction between
adsorbates and adsorbents to achieve reasonable adsorptive
removal performance of the adsorbents concerned for a
particular case.

There are many locally available biosorbents that have not
yet been scientifically tested for their adsorption abilities of
MB dye from industrial wastewater. Therefore, this study
investigated the adsorption performances of five novel bio-
sorbents: palmyrah sprout casing (PSC), manioc peel, lime
peel, king coconut husk, and coconut kernel. Afterwards, the
impacts of adsorbent dosage, MB concentration, temperature,
and solution pH on the adsorptive removal process were
analyzed. Moreover, isotherm, kinetics, thermodynamics, and
rate-limiting factors were analyzed to properly interpret the
mechanisms of MB adsorption with the biosorbents.

2. Materials and methodology
2.1. Materials

The chemicals, such as MB, hydrochloric acid (HCI),
sodium hydroxide (NaOH), and sodium chloride (NaCl),
were obtained with high-purity percentages, and they were
used as purchased without further purification. MB was
purchased from the Winlab Ltd. Company. Five locally
available biosorbents were selected: the sprout casing of
palmyrah (Borassus flabellifer), the husk of king coconut
(Cocos nucifera var. aurantiaca), the peel of cassava (Man-
ihot esculenta), the peel of lime (Citrus aurantiifolia), and
the remaining kernel after milk extraction from coconut flesh
(Cocos nucifera). They have not been previously tested for
their adsorption abilities of MB. These materials were
collected from a vegetable market in Kilinochchi, Northern
Province, Sri Lanka and supplied by local farmers. The
collection process was carefully performed to maintain the
purity of the samples.

2.2. Preparation of biosorbents

Collected biosorbents were cut into smaller pieces and
washed with distilled water to remove impurities and water-
soluble compounds. Washed materials were dried using an
oven at 105°C until a constant weight was obtained (Amela
et al., 2012). Dried materials were ground and sieved with
sieves in mesh sizes of 2 mm and 1 mm to obtain particle sizes
between 1 mm and 2 mm (Low and Tan, 2018). Sieved par-
ticles were stored in glass bottles and used for experiments.
Fig. 1 shows the prepared biosorbents.
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Fig. 1. Biosorbent particles used in experiments.

2.3. Adsorption experiments

Adsorption experiments were conducted to identify the best
biosorbent among the selected biosorbents with the highest
adsorption ability to remove MB dye. Appendix A shows the
detailed experimental procedures.

2.4. Characterization of biosorbents

2.4.1. Surface charge analysis

Experiments were conducted to estimate the point of zero
charge (pHp,.) in order to find the pH value at which surface
charges of the selected biosorbents are equal to zero. The
pH,,. values of the biosorbents were estimated using the pH
drift method (Vijayakumar et al., 2009). NaCl solution was
prepared with a concentration of 0.01 mol/L, and its pH was
altered between 3 and 9 by adding either NaOH or HCI. After
initial pH was stabilized, accurately weighed 0.2 g of each
biosorbent was added to 20 mL of the solution. Two replicates
were used. The samples were kept in a shaking incubator
operated at 30°C and 150 r/min. After 24 h, final pH was
recorded. A graph was then developed by considering initial
and final pH values, and pHp,. was obtained for each bio-
sorbent. Fig. A.1 in Appendix A shows the pHy,. graph.

2.4.2. Analyses of surface functional groups and
crystallographic features

An alpha Fourier transform infrared (FTIR) spectrometer
(BRUKER, ALPHA 1I) was used to analyze surface functional
groups. FTIR readings were collected within a spectral range of
4 000—600 cm™ ! at a resolution of 4 cm™' with 32 average
scans. The crystallographic features of the selected biosorbents
were analyzed with an X-ray diffractometer (XRD; PAN-
alytical, AERIS). Manioc peel, coconut kernel, lime peel, PSC,
and king coconut husk were analyzed to identify the differences
among them. PSC was especially analyzed before and after MB
adsorption to examine the changes in surface functional groups
and crystallographic features resulting from adsorption.

2.5. Effects of experimental conditions
The effects of the experimental conditions, such as pH,

biosorbent dosage, initial dye concentration, and temperature,
were investigated with several experiments. The tested pH

ranged from 3 to 11. The influence of the initial MB
concentration was tested within a range from 50 mg/L to
500 mg/L. The selected range of the biosorbent dosage was
from 1 g/L to 20 g/L. The influence of temperature was
investigated between 30°C and 50°C. When an experiment
was conducted for a particular experimental condition, other
experimental conditions were maintained at the same values (a
biosorbent dosage of 3 g/L, an initial dye concentration of
100 mg/L, a pH value of 6, and a temperature of 303 K), and
only the examined factor was changed within the selected
range. Required conditions were achieved with a shaking
incubator operated at 150 r/min. Each experiment was per-
formed for 24 h to achieve equilibrium conditions. After 24 h,
centrifugation was conducted for 5 min at 10 000 r/min to
separate the supernatant.

2.6. Isotherm, kinetic, rate-limiting factor, and
thermodynamic analyses

The Freundlich, Langmuir, and Temkin models were used
for isotherm analysis. For adsorption kinetic analysis, the
pseudo-first-order, pseudo-second-order, and Elovich kinetic
models were used. The MB concentrations of 100 mg/L,
300 mg/L, and 500 mg/L were used for kinetic investigation.
The Van't Hoff equation was used for thermodynamic analysis.
The experimental data for investigation of the effect of
different temperatures on adsorption was used for thermody-
namic analysis. Kinetic experimental data were used to
analyze the rate-limiting factors with the Weber—Morris
model. The relevant equations of the aforementioned models
are shown in Appendix A.

3. Results and discussion
3.1. Adsorptive experiments

Comparison of the selected biosorbents was conducted ac-
cording to their MB adsorption performances. As shown in
Fig. 2, PSC exhibited the highest MB adsorption performance.
Therefore, PSC was selected as the best biosorbent among the
five biosorbents for MB removal, and it was used for further
adsorption experiments. PSC obtained an adsorption capacity at
equilibrium (g.) of (27.67 + 0.05) mg/g and a removal efficiency
of 83.02% + 0.15%. The lowest g, ((7.05 = 0.25) mg/g) and
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Fig. 2. Removal efficiency and g, values of selected biosorbents for
MB adsorption.

removal efficiency (21.16% =+ 0.76%) were reported for coconut
kernel. The g, values of lime peel, king coconut husk, and manioc
peel were (24.25 + 0.33) mg/g, (15.29 + 0.33) mg/g, and
(10.84 + 0.80) mg/g, respectively. The removal efficiencies of
lime peel, king coconut, and manioc peel were 72.77% + 1.01%,
45.89% + 1.01%, and 32.54% + 2.40%, respectively. The vari-
ations in the adsorption performances of the selected biosorbents
were due to the differences in the identified characteristics. As
revealed by the XRD and FTIR analyses in Sections 3.2.2 and
3.2.3, their surface functional properties were different from each
other. According to the results obtained from the point of zero
charge experiment (Section 3.2.1), their net surface charges were
also different. Adsorption is a process that is mainly influenced
by the surface characteristics of adsorbents. Therefore, such
differences could be the key reasons for the variations in the
adsorption performances of the selected five biosorbents.

3.2. Characterization of biosorbents

3.2.1. Point of zero charge

pHj,. is related to the surface charge analysis of adsorbents.
It is developed based on the isoelectric point of the surface of
the adsorbent (Kallel et al., 2016). According to the concept of
pHp,., the net surface charge of adsorbents can be positive,
negative, or neutral according to the pH of the adsorption
system. At the point where the pH of the solution is equal to

pH,., the net charge on the surface of the adsorbent is zero
(neutral). The surface charge of the adsorbent becomes posi-
tive at a pH value less than pHy,,.. When the pH of the medium
is higher than pH,,., the net charge of the adsorbent surface
becomes negative (Shakoor and Nasar, 2016). Fig. A.l in
Appendix A shows ApH (initial pH minus final pH) versus
initial pH, where pH,,. is taken as the point that intercepts the
horizontal axis (Dahri et al., 2015). The pH,,. values of PSC,
coconut kernel, king coconut husk, manioc peel, and lime peel
were 6.15, 5.38, 4.64, 6.47, and 5.38, respectively.

The pH,,. values of the selected biosorbents showed their
differences in surface charge distributions. This also explained
their different adsorption capacities during the adsorption
experiments for the selection of the best biosorbent. Changes
in surface charge with varying pH values play an important
role in the electrostatic interactions involved in the adsorption
process. Positively charged ions or molecules are attracted to
negatively charged surfaces, while ions or molecules with
negative charges are attracted to positively charged surfaces
due to the electrostatic interactions (Dahri et al., 2015). MB is
classified under cationic dyes. Therefore, an effective perfor-
mance of adsorptive removal of MB could be expected at pH
values higher than pH,,. of the adsorbent. At pH values less
than pHp,., the surface of the adsorbent could be protonated.
As a result, repulsive forces could be active between the
positively charged adsorbent surface (H) and dye cations
(Kallel et al., 2016). Thus, poor removal capacities could be
achieved at pH values lower than pH,,..

3.2.2. Surface functional groups

MB adsorption onto the selected biosorbent was influ-
enced by the interactions among functional groups present on
the surfaces of the adsorbent and MB dye. As shown in
Fig. 3(a), a small peak was identified at 726.96 cm ™' on the
spectrum of coconut kernel, representing C=C bending
related to alkene. Other tested biosorbents did not signifi-
cantly show this peak. Another peak was observed on the
spectra of PSC, manioc peel, lime peel, and king coconut
husk at 1 048.22 cm ™', indicating CO—O—CO stretching in
anhydride. Coconut kernel did not significantly show this
peak. A large peak was observed for coconut kernel within a
range from 1 720 cm~ ! to 1 740 cm_l, indicating the asso-
ciaion with C=0 stretching related to aldehydes. Compar-
atively smaller peaks were observed for king coconut husk
and lime peel in the same region. For PSC and manioc peel,
even much smaller peaks than other biosorbents were
observed within that region. A peak related to carbon dioxide
(2 349 cm_l) was observed for king coconut husk and PSC,
and it was light for lime peel. Coconut kernel and manioc
peel did not show significant peaks at that wave length. Two
considerable peaks were identified on the coconut kernel
spectrum in the range from 2 840 cm™' to 3 000 cm ™.
This region was related to C—H stretching in alkane, and
this significant peak was not identified for other
biosorbents within this region. Functional groups that contain
oxygen, such as alcoholic —OH streching and carbonyl
groups, were found within a range of 1 240—1 670 cm™'
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Fig. 3. FTIR spectra of selected biosorbents and FTIR spectra of PSC
before and after MB adsorption.

(Nadarajah et al., 2021). The changes in the spectra of the
studied biosorbents in this region indicated the differences in
their oxygen containing functional groups. Adsorption is a
surface-related process that is influenced by various func-
tional groups on the surfaces of biosorbents. Therefore, the
identified differences in the functional groups of these five
selected biosorbents were responsible for their different MB
adsorption capacities.

FTIR investigation was also performed for PSC to study the
contribution of surface functional groups to adsorption
removal of MB from the dye solution. As shown in Fig. 3(b),
some changes occurred on the functional groups of PSC due to
MB adsorption. A slight peak occurred at 829.93 cm™ ' after
MB adsorption, indicating the change in C—H bending due to
MB adsorption. The comparison of the scenarios before and
after MB adsorption showed that visible changes appeared
within a region from 1 300 cm™!' to 1 600 cm™!, which
included N—O stretching in nitro compounds and C—H
bending in aldehyde and alkanes. The observed changes
after the adsorption within a range from 1 240 cm™' to
1 670 cm™" were due to the changes in the functional groups
containing oxygen. Thus, the functional groups containing

oxygen (hydroxyl, carbonyl, C—H bending, and N—O
stretching) actively participated in the adsorption mecha-
nisms. Hence, the aforementioned functional groups should be
enriched to enhance the adsorption capacity of PSC with some
modification techniques.

3.2.3. Carbon structure

XRD analysis reveals the information relevant to the
chemical composition of biomass and how it interacts with dye
molecules. Fig. 4(a) shows the XRD spectra of the selected
biosorbents. The visible differences in the XRD spectra of the
biosorbents indicated that their crystallographic features were
not similar. A slight peak observed at 26 = 15.1° (with 0
denoting the diffraction angle) on the spectrum of manioc peel
and at 26 = 22.4° on king coconut husk, representing the
cellulose structure (Nadarajah et al., 2021). No significant
peak was identified on the spectra of PSC, coconut kernel, and
lime peel due to their cellulose structures. These differences
could be related to the variations in the microcrystalline
structures of cellulose in the selected biosorbents and cellu-
losic compounds with active —OH (Nadarajah et al., 2021).
Such differences in the crystalline features of these bio-
sorbents explained their different adsorption capacities during
the adsorption experiments.

To study the involvement of crystallographic features in the
MB adsorption process with PSC, XRD analysis was per-
fomed before and after the adsorption. As shown in Fig. 4(b),
the crystal structure of PSC exhibited significant differences
after MB adsorption. These changes were due to the binding of
MB onto the adsorbent or the formation of new compounds
resulting from MB adsorption (Khan et al., 2019).

3.3. Effects of experimental conditions

3.3.1. Influence of initial pH

Fig. 5 shows the change in g, within a pH range from 3 to
11. As pH was increased from 3.19 to 4.00, g, increased from
(19.50 + 0.30) mg/g to (25.90 + 0.43) mg/g. However, g, did
not change significantly after pH exceeded 4.08. Dye
adsorption was almost retained at a constant level at high pH
values. A similar pattern was reported for MB adsorption with
garlic peel (Hameed and Ahmad, 2009), Casuarina equi-
setifolia needle (Dahri et al., 2015), and the peel of Citrus
limetta fruit (Shakoor and Nasar, 2016).

The change in solution pH affects the surface charges of
adsorbents through the protonation and deprotonation pro-
cesses (Kallel et al., 2016). The surface of adsorbents could be
attacked by H ions at low pH values, causing some repulsive
forces with the cationic dye MB. Therefore, the interactions
between the adsorption sites of PSC and MB ions decreased at
low pH values due to the high mobility and concentration of
H™ ions. On the other hand, H" concentration could be low at
high pH values. Therefore, the competition for dye cations is
low (Amela et al., 2012).

The pHy,. concept can also explain the influence of pH on
the adsorption behavior. The pHp,. value of PSC was 6.15.
Therefore, the net surface charges on the adsorbent became
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negative at pH values higher than 6.15 (Vijayakumar et al.,
2009). Thus, pH values above pHp,. are favorable for
cationic dye adsorption due to the electrostatic attractions
developed between the adsorbate and adsorbent (Dahri et al.,
2015).

3.3.2. Effect of initial MB concentration

The initial dye concentration played a major role in the dye
adsorption performance. To overcome the resistance for mass
transfer of molecules from aqueous phase to solid phase,
necessary driving forces are provided by the initial concen-
tration of the adsorbate (Hameed and Ahmad, 2009). Fig. 6
shows the influence of initial MB concentration on the dye
removal process. As the initial dye concentration was

351
30
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10 | 1 | | |

Fig. 5. Effect of initial pH on MB adsorption to PSC.

increased, the amount of dye removed at equilibrium (gq.)
increased, but the removal efficiency decreased. These find-
ings agreed with previous studies on MB removal with the
skin of bamboo shoot (Zhu et al., 2019) and rice husk
(Labaran et al., 2019).

The increase in g, with the initial MB concentration was due
to the high contact probability between the adsorbent and
adsorbate at high initial concentrations (Nadarajah et al., 2021).
As the initial MB concentration was increased from 50 mg/L to
200 mg/L, q. significantly increased from (15.81 + 0.20) mg/g
to (48.27 + 0.17) mg/g. After the initial MB concentration
exceeded 200 mg/L, further increment in the MB concentration
did not cause a significant increase in ¢., and ¢g. gradually
reached equilibrium. The highest adsorption capacity
(54.13 mg/g) was obtained with an initial MB concentration of
500 mg/L. This variation pattern of g, was due to the presence
of many unoccupied active sites on the adsorbent surface at low
dye concentrations. When the dye concentration was increased,
the availability of free active sites decreased (Etim et al., 2016).
However, the removal efficiency showed an opposite behavior
to g.. As the initial MB concentration was increased from
50 mg/L to 500 mg/L, the removal efficiency gradually
decreased from 94.88% + 1.22% to 32.48% =+ 0.71%. This
resulted from the saturation of active functional groups avail-
able on the adsorbent at high adsorbate concentrations
(Nadarajah et al., 2021). Moreover, high removal efficiencies
observed at low dye concentrations could be described ac-
cording to the ratio of MB molecules to the availability of
adsorption sites (Labaran et al., 2019).

3.3.3. Influence of adsorbent dosage

The adsorbent dosage played an important role in the
adsorption process. As shown in Fig. 7, as the PSC dosage was
increased, g, decreased, and the removal efficiency increased.
Similar trends were reported by previous experiments using
coconut coir dust (Etim et al., 2016) and the peel of Citrus
limetta fruit (Shakoor and Nasar, 2016) as adsorbents for
adsorptive removal of MB. As the adsorbent dosage was
increased from 1 g/L to 5 g/L, the removal efficiency showed a
rapid increment. However, a further increase in the adsorbent
dosage only caused a slight increase in the removal efficiency,
and the removal efficiency was stabilized at 98%. The
increasing trend of the removal efficiency could be explained
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Fig. 6. Effect of initial MB concentration on adsorption with PSC.
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by the expansion of surface area with an increase in the
adsorbent dosage, causing more available binding sites for the
adsorption (Shakoor and Nasar, 2016). Due to the increment in
the adsorbent dosage, g. decreased gradually. This is under-
standable according to the definition of ¢g. (the adsorbate
amount removed per unit weight of adsorbent) (Nadarajah
et al., 2021). Moreover, as the adsorbent dosage is increased,
there is a chance for the occurrence of the interactions (ag-
gregation or agglomeration) among adsorbent particles, which
could lead to the decreased total surface area (Shakoor and
Nasar, 2016).

3.3.4. Influence of temperature

The adsorption behavior was studied within a temperature
range from 30°C to 50°C. Fig. 8 shows the effect of temper-
ature on the MB adsorption performance with PSC. Both g, and
the removal efficiency were observed to decrease as the tem-
perature was increased from 30°C to 50°C. The maximum g,
and removal efficiency were found at 30°C, with values of
(31.47 + 0.01) mg/g and 94.40% =+ 0.04%, respectively. The
minimum ¢, and removal efficiency appeared at 0°C, with
values of (30.99 + 0.11) mg/g and 92.97% =+ 0.04%, respec-
tively. The high adsorption ability observed at low temperatures
was due to the endothermic nature of the adsorption mecha-
nisms that could be explained by thermodynamic analyses (see
Section 3.6). A similar trend was previously reported for bio-
sorption of MB using other biosorbents, such as the skin of
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Fig. 8. Effect of temperature on MB adsorption.

bamboo shoot (Zhu et al., 2019) and Citrus sinensis bagasse
(Bhatti et al., 2012). When the temperature is increased, the
thermal motion of molecules becomes more active (Zhu et al.,
2019). Thus, there was a low chance for MB adsorption with
PSC at high temperatures. Moreover, intermolecular hydrogen
bonds between the dye and adsorbent might become weak at
high temperatures (Theng et al., 2020). Therefore, the attractive
forces between the surface of the biosorbent and dye molecules
are weak at high temperatures. Therefore, MB adsorption using
PSC should be carried out at low temperatures to achieve an
efficient dye removal performance.

3.4. Adsorption isotherm

Adsorption isotherm explains the distribution of dye mol-
ecules on the surface of the adsorbent at the equilibrium state
of the adsorption. Three widely known isotherm models
(Langmuir, Temkin, and Freundlich) were used to study the
deposition nature of dye molecules on the surfaces of the
biosorbents. Fig. A.2 in Appendix A shows the adsorption
isotherms of PSC. The Langmuir model fitted the experi-
mental data better (with a determination coefficient (R?) of
0.998) than the Freundlich (R2 = 0.930) and Temkin models
(R2 = 0.920). Thus, the adsorption mechanisms could be
explained by the Langmuir model for an ideal homogeneous
sorption scenario. Similar findings were obtained in previous
studies on MB adsorption using the peel of Citrus limetta fruit
(Shakoor and Nasar, 2016), Casuarina equisetifolia needle
(Dahri et al., 2015), garlic straw (Kallel et al., 2016), and
banana peel (Amela et al., 2012).

The Langmuir isotherm model explains that adsorption
sites present on a specific adsorbent are equivalent and iden-
tical. Therefore, each adsorption site shows an equal affinity to
the adsorbate. Moreover, a rigid layer with a thickness of only
one molecule forms during the adsorption, and there is no
more interaction or mitigation between the adsorbed mole-
cules and ions after the adsorption. Therefore, no further
sorption or desorption occurs once all adsorption sites are
occupied (Ziyath, 2012). Accordingly, the adsorption of MB
onto PSC was monolayer in nature. Due to the development of
strong attractions between the adsorbent and adsorbate, this
monolayer adsorption is important to better adsorptive per-
formance (Nadarajah et al., 2021). The separation factor (Ry)
is a parameter of the Langmuir model. This parameter in-
dicates the characteristics of the adsorption process to be
favorable (0 < Ry < 1), unfavorable (Ry > 1), linear (R = 1),
or irreversible (R;, = 0) (Low and Tan, 2018). The Ry value
obtained in this study for MB adsorption with PSC was 0.023,
indicating the favorability of the adsorption process.

3.5. Adsorption kinetics

The Elovich, pseudo-first-order, and pseudo-second-order
models were used to study the kinetic mechanisms. Fig. A.3
in Appendix A shows the adsorption kinetics fitted with these
three kinetic models. Table 1 shows the obtained R® and
parameter values of the three models. The pseudo-second-order
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Table 1

Parameters and R? of pseudo-first-order, pseudo-second-order, and Elovich kinetic models.

C. Experimental g, Pseudo-first-order model Pseudo-second-order model Elovich model

(mg/L) (mg/g) Calculated g, ky R* Calculated g, ko R? o I R?
(mg/g) (L/min) (mg/g) (g/(mg:min)) (g/(mgmin))  (g/mg)

100 30.09 5.676 0.002 0.405 30.39 0.002 0.999 15.056 0.25 0.84

300 67.99 41.190 0.005 0.623 68.02 0.000 0.998 14.487 0.11 0.96

200 59.03 988.090 0.003 0.401 57.14 0.000 0.994 4 063.100 0.27 0.14

Note: C, is the equilibrium concentration; k; and k, are the rate constants of the pseudo-first-order and pseudo-second-order models, respectively; « is the rate of

initial adsorption; and @ is the desorption constant.

Table 2
Thermodynamic parameters for MB adsorption by PSC.

AGy (kKJ/mol) AH, (kJ/mol)

Temperature (K) ASy (J/mol)

303 —4.344 -9.950 —18.55
313 —4.159 —9.950 —18.55
323 —3.974 -9.950 —18.55

kinetic model fitted the adsorption data well with R? > (0.994 at
all different MB concentrations. Moreover, compared to other
two models, the g, values calculated with the pseudo-second-
order model were more similar to the g. values that were
directly calculated with the experimental data. This indicated
that the pseudo-second-order kinetic model was more suitable
to explain the MB adsorption onto PSC.

The pseudo-second-order kinetic model was also reported
as a suitable kinetic model for MB adsorption using other
biosorbents, such as durian skin (Anisuzzaman et al., 2015),
sugarcane bagasse (Siqueira et al., 2020), the peel of citrus
fruit (Dutta et al., 2011), and the needles of C. equisetifolia
(Dabhri et al., 2015). Thus, the adsorption mechanisms could be
explained with the pseudo-second-order kinetic model. Ac-
cording to the pseudo-second-order model, the chemisorption
process actively involves in the adsorption mechanisms (Dahri
et al., 2015). It further explains that adsorption is determined
by the concentration of ions on the surface of the adsorbent
during adsorption (Amela et al., 2012). Moreover, chemi-
sorption can be concluded as the rate controlling factor of the
adsorption process. It also involves in the formation of valence
forces by exchanging or sharing electrons between PSC and
MB in the adsorptive removal process (Siqueira et al., 2020).

3.6. Adsorption thermodynamics

Adsorption thermodynamic studies are related to the en-
ergy change in the adsorbent due to the adsorption of MB.
The experimental data collected at different temperatures
(303 K, 313 K, and 323 K) were used to calculate the ther-
modynamic parameters: the Gibbs free energy of adsorption
(AG), entropy change (ASyp), and enthalpy (AH,) (Table 2).
These parameters were calculated by plotting In Kp versus
1/T (with Kp denoting the equilibrium constant and T repre-
senting the temperature) (Fig. 9), and all these parameters
were negative in this study. Similar results were reported for
the adsorptive removal of MB using pomegranate peel (Jawad

et al., 2018) and Cucumis sativus peel (Shakoor and Nasar,
2017). At temperatures of 303 K, 313 K, and 323 K, the
AG, values were —4.344 kJ/mol, —4.159 kJ/mol, and
—3.974 kJ/mol, respectively. This explained the spontaneous
nature of the adsorption process and confirmed the feasibility
of the adsorption mechanisms (Siqueira et al., 2020). The
negative AG, values also indicated that low temperatures
were suitable for adsorption (Jawad et al., 2018). As the
temperature was increased, the absolute value of AG,
decreased. This revealed that the adsorption mechanisms
were more spontaneous at lower temperatures (Dahri et al.,
2015). The negative value of AH, (—9.950 kJ/mol) was due
to the exothermic nature of the adsorption process (Nadarajah
et al., 2021). The negative AS, value indicated that the
randomness at the solid—solution interface decreased during
adsorption (Jawad et al., 2018).

3.7. Understanding of adsorption-limiting factors

The rate-limiting effect influences MB movement onto the
surface of the adsorbent and into its pore space. The intra-
particle diffusion process is most probably responsible for the
transport of adsorbate ions or molecules from the solution to
the solid phase of the adsorbent, and it is often the rate-
limiting factor (Kini et al., 2014). The involvement of intra-
particle diffusion can be tested with the Weber—Morris model.
The amount of MB adsorbed per unit mass of PSC at time
t (q,) was plotted against the square root of time (t”z)
(Fig. 10(a)). At all three tested MB concentrations, two
distinguished linear sections with different slopes were iden-
tified. This indicated that the adsorption process included two
steps (Kini et al., 2014). This multi-linear phenomenon was
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Fig. 9. Thermodynamic analysis of MB adsorption with PSC.
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Fig. 10. Rate-limiting factor analysis of MB adsorption with PSC.

also observed during MB adsorption onto palm tree flower
powder (Kini et al., 2014) and tea stem (Lee et al., 2019).

If the rate-limiting process is only dependent on intra-
particle diffusion, the regression of ¢, versus '/? should be a
linear curve, and the curve should go through the point of
origin (Hameed and Ahmad, 2009). Although two linear
phases were identified at each MB concentration, they did not
go through the origin. This indicated that intraparticle diffu-
sion was not the sole step that limited the adsorption rate
(Hameed and Ahmad, 2009), and complex reaction mecha-
nisms should be involved in MB removal with PSC (Singh
et al.,, 2018). According to the Weber—Morris model, the
initial part of the plot of g, versus r'? represents surface
adsorption, and the latter part indicates intraparticle diffusion
(Singh et al., 2018). The presence of the two distinct parts
confirmed that intraparticle diffusion and surface adsorption
jointly controlled MB adsorption with PSC. The high slopes of
the first linear part were caused by the rapid movement of the
adsorbate from the aqueous phase to the adsorbent surface due
to the attractive forces that created by the surface functional
properties of PSC. The low slopes of the second linear part
resulted from the influence of the rate of intraparticle diffusion
after a long duration of reaction (Nadarajah et al., 2021).

Fig. 10(b) and (c) show the intercepts (/) and slopes (Kym,)
of the curves of Fig. 10(a) in different linear phases, respec-
tively. At a particular MB concentration, the K, values of
the second linear portion were always lower than those of the
first linear portion. This indicated that the boundary layer
impact was more significant in the second phase of the
adsorption process than in the first phase (Nadarajah et al.,
2021). The intercept value (/) can be used to understand the
boundary layer thickness. At all tested MB concentrations, the
obtained [ values were greater in the second linear phase than
in the first linear phase. This revealed that the rate-limiting
factors were the intraparticle diffusion rate and boundary
layer thickness (Nadarajah et al., 2021). Therefore, the rate-
limiting effect of overall adsorption performance was
dependent on intraparticle diffusion and boundary layer
thickness on the adsorbent surface.

4. Conclusions

Biosorbents are cost effective adsorbents that can be suc-
cessfully utilized for the adsorptive removal of industrial dyes

from contaminated wastewater. Therefore, this study
comprehensively investigated five biosorbents with limited
scientific understanding for MB dye removal. The selected five
biosorbents had different MB adsorption performances due to
their different surface functional properties. Moreover, the
XRD and pHj,. analyses showed that the five biosorbents were
different in crystallographic features and surface charge dis-
tribution. Of the selected biosorbents, PSC exhibited the
highest adsorption performance (27.673 mg/g). Thus, PSC was
selected for detailed analyses to understand the adsorption
mechanisms. The FTIR and XRD analyses conducted before
and after the adsorption of the dye indicated the impacts of
functional groups, such as C—H bending, N—O stretching, and
some carbonyl and hydroxyl, and some changes occurred in
crystal structures. Therefore, to improve the MB removal
performance of PSC, the identified important functional
groups should be systematically enriched.

According to the adsorption isotherm studies, the Langmuir
model well fitted the experimental data, indicating the
monolayer adsorptive removal of MB with PSC. The pseudo-
second-order kinetic model demonstrated that chemisorption
was actively involved in the adsorptive removal process. The
thermodynamic analysis revealed that the adsorption mecha-
nisms were exothermic and spontaneous. The Weber—Morris
model explained that the thickness of the boundary layer
and the rate of intraparticle diffusion were significant rate-
limiting factors. The biosorbent used in this study deepens
our knowledge to expand the use of biosorbents for dye
removal from water in the future. However, it is highly needed
to increase the adsorption ability of biosorbents via suitable
modifications to meet the industrial demand.
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