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Abstract: In this laboratory batch adsorption study, the raw pine tree leaf biomass solid waste
adsorbent material was used for the removal of methylene blue (MB) dye from water at different
physicochemical process conditions. The characteristics of adsorbents were determined for parti-
cle size, surface area, the existence of functional group identification, and the morphology of the
adsorbent surface. The adsorption was performed at different process conditions, which include
solution pH, dye concentrations, adsorbent doses, and temperature, respectively. In this study, it
was found that MB dye adsorption increased with increases in solution pH and adsorbate MB dye
concentration but decreased with adsorbent doses and temperature at fixed process conditions. The
Langmuir isotherm model was best fitted with the experimental equilibrium data, with a higher
linear regression coefficient (R?) value of 99.9% among the two widely used Langmuir and Freundlich
adsorption isotherm model equations. The maximum Langmuir monolayer adsorption capacity of
raw pine leaf was found to be 36.88 mg/g, which was comparable with other reported adsorbent
capacities towards methylene blue (MB) dye adsorption. The value of the separation factor, Ry, from
the Langmuir isotherm model equation gives an indication of favorable adsorption. Thermodynamic
parameters such as standard Gibbs free energy change (AG’), standard enthalpy change (AH?), and
standard entropy change (AS") indicated that the methylene blue (MB) dye adsorption by pine tree
leaf biomass was spontaneous and exothermic in nature and that the mechanism of adsorption was
mainly physical adsorption. Finally, limitations and future studies are also discussed here. The
outcome of this batch adsorption study may result in the valorization of locally available large pine
tree leaf residue waste, which could be used in water purification.

Keywords: methylene blue dye adsorption; pine tree leaf biomass adsorbent; thermodynamics;
equilibrium isotherm model

1. Introduction

Synthetic dyes are commonly used as coloring agents in different industries, such
as the textile, food, paper, and cosmetic industries, for their products colours [1-3]. In-
terestingly, the textile industry is the largest consumer of synthetic dyes, utilizing about
56% of the total world dye production per year [4]. The discharge of untreated colour
dye-bearing effluents from these industries into natural streams caused increased toxicity
levels and chemical oxygen demand (COD), which had a significant derogatory effect
on photosynthetic phenomena [4-6]. The dye-bearing effluents are toxic, and synthetic
dyes are carcinogenic and take a long time to degrade [6]. The presence of the azo group
(-N=N-) in synthetic dyes makes them non-biodegradable, toxic to life, and potential
pollutants [6]. The cationic MB dye is most commonly used in various industries, such
as textile and leather dyeing, medical applications, printing, and tannery industries [7].
Whereas anionic dyes are comparatively less toxic than cationic methylene blue (MB) dye.
It was reported that approximately 15% of synthetic dye production per year has been
lost during various industrial processes that commonly produce and handle organics that
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are toxic and harmful to life [8]. Wastewaters from dye production and application in-
dustries present an environmental problem because the color is visible even at low dye
concentrations. Although methylene blue (MB) is less toxic to human health, it can cause
eye irritation, skin irritation, vomiting, nausea, diarrhea, mental disorderness, etc. [7,9].
The selection of a suitable treatment method for dye removal becomes complicated due to
their non-biodegradable stability toward light and oxidizing agents [10]. Over the years,
several methods, such as membrane separation, including reverse osmosis, flocculation and
coagulation, electrochemical processes, advance oxidation, adsorption and ion-exchange,
precipitation, photocatalytic reduction, biological treatments etc., have been used for dye
removal from wastewater. Among these separation techniques, adsorption, where the
accumulation of adsorbate pollutants takes place on an adsorbent solid surface mainly by
physical adsorption, is the most advantageous one. This is mainly because of its simple
design, easy operation, cost effectiveness with alternative solid waste-based adsorbents,
high efficiency of separation, biodegradability, and ability to treat dyes in a more con-
centrated form [3,6,7,9,11]. Currently, commercial activated carbon (CAC) adsorbents are
commonly used in the adsorptive removal of organic/inorganic contaminants from water
and treatment systems due to their high adsorptive separation efficiencies and highly stable
porous structure. However, the high cost and regeneration issues of commercial activated
carbon (CAC) remain challenging problems for engineers and scientists. Therefore, recently,
numerous cost-effective and renewable but sustainable adsorbents, mainly agricultural
biomass-based adsorbents, clay minerals, and other solid waste adsorbents, have been
developed for the removal of dyes from wastewater. In this research direction, there are a
number of recently reported batch experimental laboratory results in the successful removal
of aqueous phase MB dye by various cost-effective and efficient biomass or other solid
waste-based adsorbents. These include but are not limited to pine leaves [3], pine needle
biomass [12], white pine sawdust [13], leaf residues of Thymus numidicus, Origanum glandu-
losum, and Spindus mukorossi [14], pine cones and pine leaves [15], pea waste [16], banana
peel and avocado seed [17], sugarcane-saw dust composite [18], sugarcane bagasse, peanut
hull, and orange peel [19], cashew nut shell [4], raw and modified plumeria alba (White
frangiparm) [1], raw kaolin [20], kaolin [21], natural clay [22], and kaolinite [23]. Readers
are encouraged to go through the review articles by Adegoke and Bello [2], Boakye et al.,
2022 [6], and Afroza and Sen [24], where a large number of agricultural solid waste-based
adsorbents, clay minerals, and industrial solid waste-based adsorbents are tabulated for
the removal of aqueous phase dyes and other pollutants. From the compilation list of a
large number of reported batch adsorption results at the solid/liquid interface by various
reported review articles, the adsorption kinetics and equilibrium adsorption depend on
many physicochemical process parameters, which include initial adsorbate concentration,
adsorbent doses, solution pH, interaction between adsorbent and adsorbate, adsorbent
characteristics, and temperature [2,6,24]. For example, Hock et al. [25] reported the results
of batch adsorption kinetics and equilibrium studies for aqueous phase malachite green
(MG) by banana peel adsorbents at different physico-chemical process parameters. The
biosorption mechanism of MB from water onto white pine sawdust was identified, and
the effectiveness of pine sawdust adsorbent in the removal of MB at different solution
pH, adsorbent doses, initial dye concentrations, and solution temperatures was tested by
Salazar-Rabago et al. [13]. Moreover, pine cones, pine leaves, and pine sawdust were suc-
cessfully used as an effective biomass-based adsorbent in the removal of inorganics such as
Cu (II) and Cr (IV), and various operating conditions were identified and optimized [15,26].
The batch dye adsorption results of methyl orange (MO) and methylene blue (MB) by
treated pine leaf biomass were reported by Huynh et al. [3], and they obtained maximum
adsorption capacities of the adsorbent of 140.85 mg/g and 136.99 mg/g for MB and MO,
respectively. Boakye et al. [6] reviewed and critically discussed some of the commonly
used bio-based materials, including agricultural biomass, as adsorbents in the removal
of inorganics and organics in wastewater treatment. They have also highlighted some
of the potential drawbacks of using these bio-based adsorbent materials for large-scale,
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real-world wastewater treatment applications. Therefore, it is very critical to identify the
various influential process parameters at solid /liquid adsorption and their optimum values
through laboratory batch adsorption studies before selecting an adsorbent material for
continuous column experiments with a real wastewater treatment system.

A literature review [3,24] showed that pine leaves have not been used much as an
adsorbent to remove dyes from colored wastewater despite their abundance, availability,
and pricelessness, hence this research work. Pine leaves are abundant in Australian forests
and residential areas. Therefore, the aims of these laboratory synthetic wastewater-based
batch adsorption studies are mainly threefold: (a) to select and test the effectiveness of pine
leaf biomass as adsorbents for the removal of aqueous phase MB dye; (b) to identify the
basic influential process parameters and their optimum values on dye adsorption kinetics
and equilibrium adsorption characteristics; and (c) to determine the selected adsorbent’s
capacity, its re-generation ability, and its adsorption mechanism. Finally, limitations and
future studies have also been discussed here.

2. Materials and Methods
2.1. Adsorbent and Characterization

The biomass of pine tree leaves (Pinus radiata) was collected from the main campus of
Curtin University, Bentley, and Perth, Australia. Initially, the collected pine leaf biomass
was thoroughly washed with deionized water to remove sand, dirt, and other particles,
and then oven dried at 70 °C for 24 h. The scales on the dried leaves were then removed
and ground in a turbo blender and mixer. Pine leaf powder was analyzed by Malvern
Hydro 2000S master Sizer, Malvern Instruments Ltd., Malvern, UK. The Spectrum 100 FT-IR
Spectrometer was used to determine functional groups, and BET (Brunauer, Emmett, and
Teller) surface area was also used to measure the surface area of the pine leaf powder.
The surface morphology of adsorbent pine tree leaves was analyzed by scanning electron
microscopy (SEM) EVO-40).

The point of zero charge (pHp;c) of the pine tree leaf biomass adsorbent was deter-
mined by the salt addition method as per Touihri et al. [15].

2.2. Chemicals

All chemicals used were of analytical grade. The ethylene blue (MB) was procured
from Sigma-Aldrich Pty. Ltd., Castle Hill, NSW, Australia, and was of 99.99% purity. It
was used to produce synthetic color waste dye solutions. A stock solution of 1000 mg/L
of MB was prepared by dissolving the appropriate amount of dye powder in 1 L of
deionized water. The working solutions of various concentrations were prepared by
dilution method. The acidic or basic solution pH was adjusted either by addition of 0.1 M
HCl or 0.1 M NaOH solutions, respectively, and it was measured by Orien pH meter. All
sample bottles and glassware were cleaned, rinsed with deionized water, and oven-dried
before use in experimental run. Methylene blue (MB) dye concentration was measured by
SP-8001 UV /VI spectrophotometer in Japan. The dye concentration was measured using
UV /visible spectrometer at a Amax = 664 nm. A previously known calibration curve was
plotted between absorbance and concentration of the dye solution to obtain absorbance—
concentration profile that was used to determine the unknown dye concentration.

2.3. Adsorption
2.3.1. Adsorption Kinetic Experiment

Batch adsorption experiments were carried out with a 40 mL volume of MB dye
solution mixture of known concentration and fixed amount of adsorbent doses in a series
of 250 mL conical flasks that were shaken in a constant-temperature orbital shaker at
150 rpm speed at a temperature of 30 °C for a period of 3 h. At predetermined time interval,
the bottles were withdrawn from the shaker and then centrifuged, and finally, residual
methylene blue (MB) dye solution concentration at a particular time was determined from
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supernatant by a UV spectrophotometer. The same experimental procedure was followed
by varying dye concentration, solution pH, adsorbent doses, and temperature.

The amount of dye adsorbed per unit gram of adsorbent, g; (mg/g), at time t was
calculated by the following Equation (1):

g = G S )

m

and the dye removal efficiency, i.e., % of adsorption, was calculated as

Cc,—-C
% Adsorption = (0C7t) x 100, )
0
where C; is the dye concentration measured at time (t), C, is the initial dye concentration
in ppm (mg/L), m is adsorbent mass in grams (g), and V is the reaction mixture volume
(L). Experimental runs were conducted in replicates, hence the inclusion of error bars in all
figures. Error bar based on standard deviations with custom-specified trial runs.

2.3.2. Equilibrium Adsorption Isotherm Experiments

Adsorption isotherm experiments were performed with 40 mL of reaction mixture of
dye concentration ranges of 20, 30, 40, 50, 60, and 70 mg/L and 20 mg of adsorbent pine tree
leaf biomass powder in a series of 250 mL conical flasks shaken in a constant temperature
shaker for a period of 3 h (more than the equilibrium time). All other experimental
conditions remained constant. After equilibrium, the reaction mixture was centrifuged, and
the residual methylene blue (MB) dye concentrations were measured from the supernatant
solution. The dye amount adsorbed at equilibrium, g. (mg/g), and % of adsorption were
measured using Equations (1) and (2).

3. Adsorption Theory
3.1. Adsorption Isotherm

The two traditional isotherm models, Freundlich (1906) [27] and Langmuir (1918) [28],
were selected to determine the adsorbent’s effectiveness and to find possible adsorptive
reaction mechanisms at the solid /liquid interface.

The most common but old practice is to apply the following linearized Freundlich
model equation to the experimental isotherm adsorption data [29,30] and to determine
the Freundlich adsorption isotherm model parameters based on the multilayer adsorption
mechanism [29,30]: )

Inge = Inky + E(lan) (3)
where C, is the residual equilibrium methylene blue (MB) dye concentration in ppm (mg/L)
and g, (mg/g) is the amount of dye adsorbed per unit mass of adsorbent at equilibrium time
(mg/g). The slope and intercept of a linear plot between In g, and In C, will give the value of
the Freundlich constant, #, rate of adsorption, and intercept Kf, is capacity, respectively [29],
whereas Langmuir model describes the monolayer adsorption on the active sites of the
adsorbent [6,24]. As per old practice, the following linearized Langmuir-1 model equation
can be applied to the experimental isotherm data, which is as follows [7,29,30]:

Ce 1 +Ce

e - Kaﬂm qirn,

(4)

where g,; (maximum monolayer adsorption capacity of selected adsorbent in mg/g and
Langmuir constant K, (L/mg)) are determined from the slope and intercept of the linear
plot between C./g. and C..
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A further analysis of the Langmuir equation can be made based on the dimensionless
equilibrium parameter R;, also known as the separation factor, given by Equation (5) [31]:

1

Rp=— "
L= 1T¥K.Cy’

®)
where Kj is the Langmuir model constant obtained from linear fitting of the Langmuir plot
and Cy is the initial adsorbate dye concentration (mg/L). When R}, values at different initial
dye concentrations lie in the range of 0 < R}, <1, this indicates favorable adsorption [32].

3.2. Thermodynamic Study

Thermodynamic parameters such as Gibb’s free energy (AG®), enthalpy change (AH?),
and change in entropy (AS) for the adsorption of dye on pine leaves have been determined
by using the following equations [30]:

AGY = AH® — TAS? (6)
and 0 0
Ge AS —AH

log( 10002 | = 7

°g< 000 ce> 2303R | 2303RT" @

where g, is the amount of dye adsorbed per unit mass of pine leaves (mg/g), C. is the
equilibrium concentration (mg/L), T is the temperature in K, and R is the gas constant
(8.314 J /mol K).

4. Results and Discussion
4.1. Characterization of Adsorbent Pine Leaf Biomass Powder

Pine leaves are mostly composed of cellulose and lignin, whose components serve
as active sites for dye adsorption. The FTIR spectrum of pine leaves before and after
adsorption is shown in Figure 1. Many peaks were found in the spectra that account for the
binding of the cationic dye methylene blue (MB). The peaks at 3331.5 cm ™! represent O-H
extending vibrations, and the spectra bands observed at 2917.7 cm ™! signpost vibrations of
CH,, mostly due to C-CH, and C-CH bonds. The peak at 1733.3 cm~ 1 describes C=0 and
the vibration of C=C. The peaks of 1030.4 cm~! are likely assigned to the -C-C~ stretching.
In Figure 1, after MB sorption, the majority of peaks disappeared or shifted. After the
adsorption, the shifting of specific peaks from their original positions (before adsorption)
and also changes in intensity indicated the surface functional group’s participation in the
adsorption of the MB dye molecule by electrostatic forces of attraction and/or by weak Van
der Waals interactions [3].

Figure 2a,b show the SEM of raw pine leaf powder to analyze the surface morphology
of the adsorbent before and after dye adsorption. From Figure 2a, it is indicated that the
surface of adsorbent pine leaves had a rough and course morphology with a less porous
structure. However, from Figure 2b, the surface morphology of the adsorbent indicates the
surface accumulation of the adsorbate MB dye molecule with some changes in morphology
and porosity after adsorption.

The particle size is also a very important characteristic because it can affect the surface
area, which has an effect on the adsorption process. The particle size distribution was
determined by using the Malvern Master Sizer 2000S with the Hydro 2000S (A) Sampler
along with the Master Sizer 2000 software to interpret the findings, which are presented in
Figure 3. The volume-weighted mean particle size of 167.46 um and the surface-weighted
mean particle size of 52.09 um were found for a specific surface area of 0.115 m? /g (Figure 3).
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Figure 2. (a) SEM of raw pine leaves before adsorption, magnification x 300 and (b) SEM of pine

leaves after adsorption, magnification x 1000.
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Figure 3. Particle size distribution plot for pine tree leaf powder.

4.2. Studies on Adsorptive Methylene Blue (MB) Removal by Pine Tree Leaf Biomass at Different
Physicochemical Process Conditions

4.2.1. Effect of Solution pH

The amount of contaminant adsorption by the selected adsorbent strongly depends
on solution pH [3,7,24]. The variation of solution pH facilitates the degree of ionization of
the adsorbate molecule and the adsorbent surface functional groups, and hence changes
in adsorption capacity [31]. Basically, adsorbent surface charges vary with the solution
pH, which affects the rate of adsorption [31]. The pH at the point of zero surface charge
(pHpzc) of the adsorbent is very important in adsorption. For pH < pHp,c, the adsorbent
surface becomes positive in charge due to protonation and hence favors anionic adsorption.
Where pH > pHyy,, the surface charge of the adsorbent is predominately negative, and
hence strong cationic adsorption takes place. The pHp,c of the pine tree leaf adsorbent
was determined to be 4.9. A similar pHy,. value of 4.4 for pine leaves and 6.6 for pine
cones was reported by Touihri et al. [15]. Figure 4 shows the effect of initial solution pH
(ranges from 3-9) on MB dye adsorption amount qt (mg/g) at equilibrium for a 10 mg/L
adsorbate dye concentration. All other experimental conditions remained constant. From
Figure 4, it was found that pine leaf absorbent significantly increased the dye adsorption
amount, qt (mg/g), from 10.85 mg/g at a solution pH of 3 to 18.47 mg/g at a solution
pH of 6, and thereafter very slowly increased the amount of adsorption from pH 6 to 9
(18.86 mg/g). The corresponding methylene blue (MB) dye percentage removal efficiencies
increased from 54.25% to 94.33% in the same solution pH range of 3 to 9, for which a
plot is not presented here. The pH-dependent adsorption performance of methylene blue
dye should be explained based on the pKa value of the adsorbate and the pHp,¢ of the
adsorbent. The pKa of methylene blue is 3.8, and therefore, at pH values higher than 3.8,
the predominant methylene blue species in solutions are cationic [12]. Basically, at higher
solution pH, particularly when pH > pHyy,., the pine leaf biomass exhibits a negative
surface charge owing to the deprotonation of phenolic and carboxylic surface groups,
which favors the adsorption of cationic methylene blue (MB) due to strong electrostatic
attraction forces [12,33]. In water, methylene blue, a base dye, decomposes into MB* ions,
and the lower the medium pH value (greater concentration of H* ions in the solution), the
lower dye adsorption takes place due to the presence of competitive adsorption between
MB* and H" ions in solution [3,34]. Further pHy,. values of pine leaves also support these
results. Similar trends in pH effects on methylene blue (MB) dye batch adsorption results
are also being reported by other researchers for other systems under similar experimental
conditions [8,12,30,35,36].
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Figure 4. The changes in methylene blue (MB) dye adsorption amount at equilibrium by pine tree leaf
biomass powder with the variation of solution pH. Experimental conditions: adsorbent dose = 20 mg;
volume of reaction mixture solution = 40 mL; initial dye concentration= 10 mg/L; temperature = 30 °C;
shaker speed = 120 rpm; time =3 h.

4.2.2. Effect of Initial Adsorbate MB Dye Concentration

The amount of dye adsorption, q; (mg/g), by pine leaf biomass increases with the
variations of the initial dye concentration, which are shown in Figure 5. All experimental
runs were conducted with methylene blue dye concentrations of 5, 10, 20, 30, and 40 mg/L,
respectively, whereas a reverse trend on percentage dye adsorption was observed with the
dye concentration for which Figure 6 is presented here. The other experimental conditions
remained constant. One of the objectives was to test the adsorptive removal effectiveness
of raw pine leaf biomass adsorbent within the low adsorbate methylene blue (MB) dye
concentration ranges, and hence an experimental design has been set up accordingly. From
Figure 5, it was found that with the increase in initial dye concentration from 5 to 40 mg/L,
the amount of dye adsorption at equilibrium increased from 9.43 mg/g to 38.98 mg/g,
but the percentage dye removal decreased from 94.34% to 48.72% with the same initial
methylene blue (MB) dye concentration ranges and with the same experimental conditions
(Figure 6). This is because the increase in initial dye concentration provides the driving
force to overcome the resistance to the mass transfer of dye between the aqueous and
solid phases. The initial fast adsorption rate was due to the large initial availability of the
adsorbent’s active sites and simultaneously to the large initial mass transfer concentration
driving force between bulk phase adsorbate solute and the adsorbent surface. For a fixed
adsorbent dose in a fixed volume of reaction mixture, the limited available adsorption
sites may play a major role in the lower percentage of dye adsorption rate at higher initial
dye concentration ranges [3,30]. The increase in initial concentration also enhances the
interaction between the adsorbent and dye molecules. Therefore, an increase in initial
dye concentration leads to an increase in the amount of dye adsorption due to a higher
mass transfer driving force. This similar trend in the amount of dye adsorption and the
percentage removal of dye was previously reported by many other researchers [1-3,19,37].
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Figure 5. The influences of initial methylene blue (MB) dye concentration load on the amount of
dye adsorption at equilibrium with mass of adsorbent pine tree leaves biomass = 20 mg; volume of
reaction mixture = 40 mL; temperature = 30 °C; pH = 5.18; shaker speed = 150 rpm; time = 3 h.
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Figure 6. Effect of methylene blue (MB) concentration on the percentage removal of methylene blue
(MB) dye by pine leaf powder at equilibrium with adsorbent dose = 20 mg; volume of reaction mixture
solution = 40 mL; temperature = 30 °C; pH = 5.18; shaker speed = 150 rpm; reaction time = 3 h.

4.2.3. Effect of Pine Leaf Biomass Adsorbent Doses

Here, methylene blue (MB) dye adsorption kinetics were carried out by changing
adsorbent amounts of 0.01, 0.02, 0.03, and 0.04 g for a reaction volume of 0.04 L, and the
results are presented in Figure 7. Other experimental conditions remained constant, with
initial dye concentration (Cyp,) = 10 mg/L, solution pH = 5.18, and temperature (T) = 30 °C,
respectively. The selection of these ranges of adsorbent doses was based on activated
carbon doses applied in spent textile dyeing wastewater treatment operations [38]. There
was a decrease in dye adsorption amount from 25.93 to 9.37 mg/g with the increase of
adsorbent dosages from 0.01 to 0.04 g at the end of the 3 h reaction time (Figure 7), whereas
an increasing trend (from 64.86% to 93.66%) of percentage removal of methylene blue
(MB) dye variation was found with the increase of the same adsorbent doses from 0.01 to
0.04 g, for which the results are presented in Figure 8. The division of mass transfer
flux or concentration driving force between bulk solute concentration and adsorbent
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surface [33,39] may be the main reason for the reduction of dye amount per unit gram of
adsorbent weight, qt (mg/g), with the increase in adsorbent dose [33,39]. Further, with the
increase in adsorbent doses, there may be an increase in adsorbent particle size due to more
agglomerations and hence fewer active sites for adsorption, and therefore the adsorption
of methylene blue (MB) decreased (Figure 7). A similar trend of results was reported by
many researchers for different systems [1,2,12].
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Figure 7. Variation of adsorbent pine tree leaf biomass dosages on methylene blue (MB) dye adsorp-
tion at equilibrium with volume of reaction mixture dye solution = 40 mL; initial dye concentra-
tion = 10 mg/L; pH = 5.18; temperature = 30 °C; shaker speed = 150 rpm; reaction time = 3 h.
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Figure 8. Variation of adsorbent pine tree leaf biomass dosages on percentage removal of methylene
blue (MB) dye at equilibrium with volume of reaction mixture dye solution = 40 mL; initial dye
concentration = 10 mg/L; pH = 5.18; temperature = 30 °C; shaker speed = 150 rpm; time =3 h.

4.2.4. Temperature Effect and Thermodynamic Behavior of MB Dye Adsorption

The exothermic or endothermic nature of the adsorption reaction depends on the tem-
perature effect in batch adsorption studies, and hence different thermodynamic parameters
are estimated here at various temperatures. Therefore, batch adsorption studies on MB
dye removal by pine leaf biomass were conducted at three different temperatures of 30, 40,
and 60 °C using 0.02 g of pine leaf adsorbents and 40 mL of the 10 mg/L methylene blue
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(MB) dye solution at a pH of 5.18. Figure 9 shows the solution temperature effect on MB
dye adsorption by pine tree leaf biomass. From Figure 9, it was found that there is a very
slight decrease in dye adsorption amount from 16.95 mg/g to 16.15 mg/g with the increase
in temperature, which indicates the adsorption is mildly exothermic in nature but more
or less independent of temperature. This small decrease in adsorption may be due to the
slight desorption of adsorbed MB molecules from the adsorbent surface with the increase
in temperature-induced kinetic energy of MB dye molecules [1,2,7].

17 -
16.9 4 ——t
16.8 -
16.7 A
16.6 -
16.5 A
16.4 -
16.3 A

16.2 A

Amount of Adsorption, q (mg/g)

16.1 L] T T 1
0 20 40 60 80

Temperature, T (°C)

Figure 9. Variation of solution temperature on methylene blue (MB) dye adsorption on pine tree
leaf biomass at equilibrium with adsorbent dose = 20 mg; volume of dye solution = 40 mL; solution
pH = 5.18; dye concentration = 10 mg/L; shaker speed = 150 rpm; time =3 h.

The values of Gibb’s free energy changes (AG°) have been calculated by knowing the
values of the enthalpy of adsorption (AH®) changes and the entropy of adsorption (AS°)
changes, which are obtained from the slope and intercept of the Van't Hoff plot of log
(ge/Ce) versus 1/T as per Equation (7). All these thermodynamic parameters are tabulated
in Table 1. The negative values of AH® and AG® indicate (Table 1) at all temperatures that
the adsorption processes are spontaneous and exothermic in nature [2,3,12,30]. Further, the
negative value of AG® indicates the adsorption of methylene blue dye at the solid /liquid
interface is highly favorable [2]. When 20 kJ/mol < AH" < 80 kJ/mol, the nature of
adsorption is predominately physical adsorption [2]. The positive values of AS® indicate
disorder and randomness of dye adsorption at the solid /liquid interface.

Table 1. Analysis of various thermodynamic characteristics parameters at three different solution
temperatures during methylene blue (MB) dye adsorption by pine tree leaf biomass.

Temperature (°C) AG°® (k] mol—1) AH° (k] mol—1) AS° J K- 1mol-1)
30 —13.9794 —13.4869 0.001626
40 —13.4386 —12.9298 0.001626
60 —13.5687 —13.0274 0.001626

4.3. Mechanism of Adsorption and Isotherm Studies

To optimize the design of an adsorption system for the adsorption of adsorbates,
it is important to establish the most appropriate correlation for the equilibrium curves.
Two commonly used isotherm equations, such as the Langmuir and Freundlich adsorption
isotherms, were studied here. Equilibrium MB dye adsorption experiments were conducted
with different dye concentrations of 10, 20, 30, 40, 50, 60, and 70 mg/L for a period of
more than 3 h. The other experimental parameters were adsorbent dose = 20 mg, solution
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pH = 5.94, temperature = 30 °C, rpm = 150, and time = 3 h. Equilibrium/isotherm studies
are always required to determine the effectiveness of a selected adsorbent in terms of
its maximum adsorption capacity and the mechanism of the adsorption reaction. The
most common and traditional approach is the linear fitting of Freundlich isotherm and
Langmuir isotherm models. Equations (3) and (4) with the experimental isotherm results to
determine the model parameters. Therefore, the linear fittings of the Freundlich adsorption
isotherm model with the experimental isotherm data for pine tree leaves as an adsorbent
are presented in Figure 10 with a linear correlation coefficient (R?) of 0.8438. From Figure 10,
Freundlich constants K¢ (adsorption capacity) and rate of adsorption, n, were found to be
20.73 mg/g and 3.48, respectively. As ‘n’ > 1, it indicates a favorable physical adsorption
process [3,30,40].

4 -
3.5 -
*
3 -
)5 ¢ y = 0.2279x + 2.7398
) R2=0.8438
(]
g 27
1.5 A 4 Experimental data fitting
1 A . .
——Linear (Experimental
0.5 A data fitting)
O 1 1 1 T 1
0 1 2 3 4 5
InCe

Figure 10. Linear fittings of Freundlich adsorption isotherm model with the experimental isotherm
data under specified process conditions.

Similarly, a linear plot of the Langmuir isotherm model equation as per Equation (4)
was plotted between Ce/qe vs. Ce, which is presented in Figure 11. The very high fitted
linear regression coefficients (R?) values of 0.9989 strongly indicate that the Langmuir
model fits better than the Freundlich model within the current experimental conditions.
The maximum monolayer adsorption capacity of the selected adsorbent for this study,
dm (mg/g), was obtained as 36.88 mg/g, and the Langmuir constant, Ka, was found to
be 0.57 L/mg for the methylene blue (MB)—pine tree leaf biomass system. The obtained
dimensionless separation factor (Ry) using Equation (5) at different initial dye concentra-
tions was 0.128, 0.0685, 0.0467, 0.0355, 0.0286, and 0.0239, which confirmed the favorable
adsorption of MB dye onto pine leaf biomass adsorbents as all lie in the range of 0 to
1. Similar results were also reported by many researchers on methylene blue (MB) dye
removal by various adsorbents [2,3,12,24,30,37,41]. The fitted Langmuir isotherm model
with a high value of the linear regression coefficient (R?> = 0.9989) indicated monolayer
coverage of methylene blue onto the pine tree leaf biomass adsorbent surface, which is pre-
dominately physical adsorption in nature. The obtained pine tree leaf biomass adsorbent’s
capacity towards methylene blue (MB) dye adsorption was very much comparable with
other reported adsorbents under more or less similar experimental conditions, which are
presented in Table 2.
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Figure 11. Langmuir plot: amount of adsorbent (pine leaves) added = 20 mg; initial dye (MB) concen-
tration = 10, 20, 30, 40, 50, and 60 mg/L; pH = 5.94; temperature = 30 °C; shaker speed = 150 rpm.

Table 2. Comparison of maximum adsorption capacities of other reported agricultural biomass-based
adsorbents with the current selected pine tree leaf biomass adsorbent for the removal of MB dye

from water.
Adsorbent Mca:li:;lil:; gis((:;l;;;n Reference
Various agricultural crop 21.1-46.1 Solih et al., 2023 [17]
residues
Various leaf residues 24.2-41 Youcefi et al., 2021 [14]
Plumeria biomass 45.45 Deka et al., 2023 [1]
Sugar scum-sawdust 66.72 Chikri et al., 2021 [18]
Szil)r.agas.sum latitoliu 8.54 Fawzy and Gomma, 2021 [42]
iorefinery waste
Magnetic chitosan 60.4 Auta et al., 2014 [43]
Activated charcoal 25.25 Bulut et al., 2015 [5]
Rice husk 40.588 Vadivezlgg;[ng‘;]kumar'
Coconut husk 99 Oladoja et al., 2008 [44]
Caster seed shell 158.73 Oladoja et al., 2008 [44]
Yellow passion fruit 447 Pavan et al., 2008 [45]
Hazelnut shell 41.3 Ferrero, 2007 [46]
Orange peel 20.5 Annadurai et al., 2002 [47]
Raw pine leaf biomass 36.88 Current study

5. Limitations and Future Work

To reduce secondary pollution and waste production, to know the mechanism of
adsorption, and to make the process more cost-effective, separation, regeneration, and
reuse of loaded adsorbents are essential steps in developing an effective adsorbent ma-
terial for water treatment. For the regeneration of adsorbent, either heat treatment or
chemical solvent treatments such as inorganic/organic acid treatment, base, ethanol, ace-
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tone, etc. are normally carried out in adsorbent regeneration operations for further use in
industrial situations.

In this present study, quick desorption of a methylene blue (MB)-loaded adsorbent,
pine leaf biomass, was conducted using desorbing solvents such as water and strong inor-
ganic nitric acid (HNO3). Therefore, after reaching adsorption equilibrium, the methylene
blue (MB)-loaded pine leaf biomass adsorbents were separated from solution by centrifu-
gation and then oven dried at 50 °C overnight. The dried dye-loaded adsorbent was
then added to 50 mL of selected desorbing solvents in an Erlenmeyer flask. The whole
sample mixture was agitated for 3.5 h and then filtered. The desorbed methylene blue
(MB) concentration was measured. Here, two different eluting solvents were chosen, i.e.,
water and 0.1M HNO3. From these desorption experiments with strong nitric acid (HNO3)
having a pH value of 1.0, the maximum desorption efficiency of MB dye was found to
be 47.21%, whereas for water desorbing solvent it was only 8.35% recovery. However,
the detailed desorption process has to be optimized with the various desorbing solvent
selection and heating options for future study before applying to a real-field wastewater
treatment system. So far, we have not conducted any kind of reusability test or performance
evaluation with this partially regenerated adsorbent. As desorption efficiency is not good,
it seems that further detailed desorption studies with various options need to be tested in
future studies. One advantage here is that pine leaf biomass is an agricultural solid waste,
is locally available with a solid waste management problem, and is available at almost
wholesale prices; therefore, regeneration of adsorbent may not be an important operation
here. Further, the main objectives of this batch adsorption study with synthetic dye-bearing
effluent are to determine the effectiveness of this pine tree leaf biomass as an adsorbent to
give a partial solution to the agricultural solid waste management problem and to identify
the basic influential process parameters and their optimum values on dye adsorption kinet-
ics and equilibrium adsorption characteristics for future continuous column experimental
designs with real dye-bearing wastewater effluents.

6. Conclusions

In this work, raw pine tree leaf biomass was successfully used in the removal of the
color pollutant methylene blue (MB) dye from synthetic wastewater. Here the adsorbent,
pine tree leaves, was characterized by the Malvern particle size analyzer, FTIR, and SEM.
From these laboratory batch adsorption results, the various influential process parameters
on adsorption characteristics have been identified, and their optimum values have also
been determined.

The Langmuir isotherm model fitted better than the Freundlich isotherm model with
the experimental data, and the obtained Langmuir maximum monolayer adsorbent capacity
was 36.88 mg/g, which was comparable with many other adsorbent capacities towards
methylene blue dye adsorption. The value of the separation factor, Ry, from the Langmuir
equation gave an indication of a favorable adsorption reaction. From thermodynamic
analysis, the negative values of AH® and AG® indicated that the adsorption processes were
spontaneous and exothermic in nature, but dominant physical adsorption was mainly
governed by weak van der Waals and electrostatic forces of attraction. Regeneration by
desorption study, reusability, and limitations of this present study have been discussed here.
Finally, by utilizing these large, locally available, priceless agricultural solid waste pine
tree leaf residues as an alternative adsorbent in the removal of organics/inorganics from
wastewater, we may find a solution to water pollution and a partial solution to agricultural
solid waste management problems for which further large-scale continuous adsorption
operations are required.

Funding: This work was funded by the Deputyship of Scientific Research, Vice Presidency for
Graduate Studies and Scientific Research, King Faisal University, Saudi Arabia (GRANT 3706).

Data Availability Statement: All experimental data and model fitting data are presented, analyzed,
discussed, and properly cited in this publication.



Processes 2023, 11, 1877 15 of 16

Acknowledgments: This work was supported by the Deanship of Scientific Research, Vice Presidency
for Graduate Studies and Scientific Research, King Faisal University, Saudi Arabia [GRANT3706].
The author also acknowledges his past undergraduate student, namely Mohamed EI-Zaemey at
Curtin University, Australia, for his minor assistance in collecting pine leaf biomass and in minor
sample data collection. The author would like to give thanks to his past post-graduate course work
student Bashir Aldabusi at Curtin University, Australia, for his assistance in collecting SEM images
and FTIR plots of pine leaf biomass. Lastly, the author acknowledges his past affiliation with Curtin
University, Perth, Australia, for providing research infrastructure and resources, including library
resources, to partially carry out this work.

Conflicts of Interest: The author declares no conflict of interest.

References

1.  Deka, J.; Das, H.; Singh, A. Methylene blue removal using raw and modified biomass Plumeria alba (white frangipani) in batch
mode: Isotherm, kinetics, and thermodynamic studies. Environ. Monit. Assess. 2023, 195, 26. [CrossRef] [PubMed]

2. Adegoke, K.A; Bello, O.S. Dye sequestration using agricultural wastes as adsorbents. Water Resour. Ind. 2015, 12, 8-24. [CrossRef]

3. Huynh, PT; Nguyen, D.-K,; Duong, B.-N.; Nguyen, P-H.; Dinh, V.-P. Methylene Orange and Methyl Blue Adsorption Behaviour
on Pine Leaves Biomass (Pinus kesiya). Res. Sq. 2023. [CrossRef]

4. Subramanian, R.; Ponnusamy, S.K. Novel adsorbent from agricultural waste (cashew NUT shell) for methylene blue dye removal:
Optimization by response surface methodology. Water Resour. Ind. 2015, 11, 64-70. [CrossRef]

5. Bulut, Y.; Karaer, H. Adsorption of methylene blue from aqueous solution by cross-linked chitosan/bentonite composite. |.
Dispers. Sci. Technol. 2015, 36, 61e67. [CrossRef]

6. Boakye, P; Boahen, G.O.; Darkwah, L.; Sokama-Neuyam, Y.A; Effah, E.A.; Oduro-Kwarteng, S.; Ose, B.A.; Asilevi, PJ.; Woo, S.H.
Waste Biomass and Biomaterials Adsorbents for Wastewater Treatment. Green Energy Environ. Technol. 2022, 1-25. [CrossRef]

7. Yagub, M.T,; Sen, TK.; Afroze, A.; Ang, HM. Dye and its removal from aqueous solution by adsorption: A review. Adv. Colloid
Interface Sci. 2014, 209, 172-184. [CrossRef]

8. Mahmoodi, N.M.; Hayati, B.; Arami, M.; Lan, C. Adsorption of textile dyes on Pine Cone from coloured wastewater: Kinetic,
equilibrium and thermodynamic studies. Desalination. 2011, 268, 117-125. [CrossRef]

9. Afroze, S.; Sen, TK.; Ang, HM. Adsorption removal of zinc (II) from aqueous phase by raw and base modified Eucalyptus
sheathiana bark: Kinetics, mechanism and equilibrium study. Process. Saf. Environ. Prot. 2016, 102, 336-352. [CrossRef]

10. Mahmoodi, N.M.; Arami, M. Numerical finite volume modeling of dye decolorization using immobilized titania nanophotocatal-
ysis. Chem. Eng. J. 2009, 146, 189-193. [CrossRef]

11.  Sen, TK. Application of Synthesized Biomass Bamboo Charcoal-Iron Oxide “BC/Fe” Nanocomposite Adsorbents in the Removal
of Cationic Methylene Blue Dye Contaminants from Wastewater by Adsorption. Sustainability 2023, 15, 8841. [CrossRef]

12.  Pandey, D.; Darerey, A.; Dutta, K; Yata, V.K. Valorization of waste pine needle biomass into biosorbents for the removal of
methylene blue dye from water: Kinetics, equilibrium, and thermodynamics study. Environ. Technol. Innov. 2022, 25, 102200.
[CrossRef]

13. Salazar-Rabago, J.J.; Ramos, R.L.; Rivera-Ultrilla, J.; Ocampo-Perez, R.; Cerino-Cordova, EJ. Biosorption mechanism of Methylene
Blue from aqueous solution onto White Pine (Pinus durangensis) sawdust: Effect of operating conditions. Sustain. Environ. Res.
2017, 27, 32-40. [CrossRef]

14.  Youcefi, D.; Fernane, F.; Hady-Ziane, A.; Messara, Y. The kinetics and equilibrium sorption of methylene blue on plant residues in
aqueous solution. Euro-Mediter. Environ. Integr. 2021, 6, 59. [CrossRef]

15. Touihria, M.; Gouveiab, S.; Guesmia, F; Hannachia, C.; Hamrounia, B.; Cameselle, C. Low-cost biosorbents from pines wastes for
heavy metals removal from wastewater: Adsorption/desorption studies. Desalination Water Treat. 2021, 225, 430-442. [CrossRef]

16. Holliday, M.C.; Parsons, D.R.; Zein, S.H. Agricultural Pea Waste as a Low-Cost Pollutant Biosorbent for Methylene Blue Removal:
AdsorptionKinetics, Isotherm and Thermodynamic Studies. Biomass Convers. Biorefinery 2022. [CrossRef]

17.  Solih, EH.; Buthiyappan, A.; Raman, A.A.; Tan, Y.Y. Carbonaceous material from agricultural waste for treating colored
wastewater: Characterization and adsorption performance evaluations. Chem. Pap. 2023, 77, 2985-3001. [CrossRef]

18.  Chikri, R.; Elhadiri, N.; Benchanaa, M.; EI Maguana, Y. Applications of sugar scum-sawdust composite for dye removal from
aqueous solutions: Kinetic and isotherm studies. Biomass Conv. Biorefinery 2021. [CrossRef]

19. Jain, H.; Yadav, V.; Rajput, V.D.; Minkina, T.; Agarwal, S.; Garg, M.C. An Eco-sustainable Green Approach for Biosorption of
Methylene Blue Dye from Textile Industry Wastewater by Sugarcane Bagasse, Peanut Hull, and Orange Peel: A Comparative
Study Through Response Surface Methodology, Isotherms, Kinetic, and Thermodynamics. Water Air Soil Pollut. 2022, 233, 187.
[CrossRef]

20. Harrou, A ; Gharibi, E.; Nasri, H.; Quahabi, M.E. Thermodynamics and kinetics of the removal of methylene blue from aqueous
solution by raw kaolin. SN Appl. Sci. 2020, 2, 277. [CrossRef]

21. Tehrani-Begha, A.R.; Nikkar, H.; Mahmoodi, N.M.; Markaze, M.; Menger, EM. The sorption of cationic dyes onto kaolin: Kinetic,

isotherm and thermodynamic studie. Desalination 2011, 266, 274-280. [CrossRef]


https://doi.org/10.1007/s10661-022-10597-5
https://www.ncbi.nlm.nih.gov/pubmed/36278964
https://doi.org/10.1016/j.wri.2015.09.002
https://doi.org/10.21203/rs.3.rs-2642269/v1
https://doi.org/10.1016/j.wri.2015.07.002
https://doi.org/10.1080/01932691.2014.888004
https://doi.org/10.5772/geet.05
https://doi.org/10.1016/j.cis.2014.04.002
https://doi.org/10.1016/j.desal.2010.10.007
https://doi.org/10.1016/j.psep.2016.04.009
https://doi.org/10.1016/j.cej.2008.05.036
https://doi.org/10.3390/su15118841
https://doi.org/10.1016/j.eti.2021.102200
https://doi.org/10.1016/j.serj.2016.11.009
https://doi.org/10.1007/s41207-021-00269-0
https://doi.org/10.5004/dwt.2021.27145
https://doi.org/10.1007/s13399-022-02865-8
https://doi.org/10.1007/s11696-023-02682-x
https://doi.org/10.1007/s13399-021-02110-8
https://doi.org/10.1007/s11270-022-05655-0
https://doi.org/10.1007/s42452-020-2067-y
https://doi.org/10.1016/j.desal.2010.08.036

Processes 2023, 11, 1877 16 of 16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Fatiha, M.; Belkacem, B. Adsorption of methylene blue from aqueous solutions using natural clay. J. Mater. Environ. Sci. 2016, 7,
285-292.

Mukherjee, K.; Kedia, A.; Rao, K.J.; Dhir, S.; Paria, S. Adsorption enhancement of methylene blue dye at kaolinite clay—water
interface influenced by electrolyte solutions. RSC Adv. 2015, 5, 30654. [CrossRef]

Afroze, S.; Sen, TK. A Review on Heavy Metal Ions and Dye Adsorption from Water by Agricultural Solid Waste Adsorbents.
Water Air Soil Pollut. 2018, 229, 225. [CrossRef]

Hock, PE.; Zaini, M.A.A. Zinc chloride-activated glycerine pitch distillate for methylene blue removal- isotherm, kinetics and
thermodynamics. Biomass Convers. Biorefinery 2022, 12, 2715-2726. [CrossRef]

Orozco, C.I; Freire, M.S.; Gomez-Diaz, D.; Alvarez, ].G. Removal of copper from aqueous solutions by biosorption onto pine
sawdust. Sustain. Chem. Pharm. 2023, 32, 101016. [CrossRef]

Freundlich, H. Over the adsorption in solution. J. Phys. Chem. 1906, 57, 385-470.

Langmuir, I. The adsorption of gases on plane surfaces of glass, mica, platinum. J. Am. Chem. Soc. 1918, 40, 1361-1403. [CrossRef]
Sen, T.K.; Sarzali, M.V. Removal of Cadmium Metal ion (Cd?*) from Its Aqueous Solution by Aluminium Oxide (Al;O3): A
Kinetic and Equilibrium Study. Chem. Eng. . 2008, 142, 256-262. [CrossRef]

Dawood, S.; Sen, T.K. Removal of anionic dye Congo red from aqueous solution by raw pine and acid-treated pine cone powder
as adsorbent: Equilibrium, thermodynamic, kinetics, mechanism and process design. Water Res. 2012, 46, 1933-1946. [CrossRef]
Sen, TK.; Afroze, S.; Ang, HM. Equilibrium, Kinetics and Mechanism of Removal of Methylene Blue from Aqueous Solution by
Adsorption onto Pinecone Biomass of Pinus radiata. Water Air Soil Pollut. 2011, 218, 499-515. [CrossRef]

Soosai, M.R.; Moorthy, LM.G.; Varalakshmi, P.; Syed, A.; Elgorban, A.M.; Rigby, S.P.; Natesan, S.; Gunaseelan, S.; Joshya, Y.C.;
Baskar, R.; et al. Use of activated Chromolaena odorata biomass for the removal of crystal violet from aqueous solution: Kinetic,
equilibrium, and thermodynamic study. Environ. Sci. Pollut. Res. 2023, 30, 14265-14283. [CrossRef] [PubMed]

Jjagwe, J.; Olupot, PW.; Menya, E.; Kalibbala, H.M. Synthesis and application of granular activated carbon from biomass waste
materials for water treatment: A review. J. Bioresour. Bioprod. 2021, 6, 292-322. [CrossRef]

Khnifira, M.; Hamidi, S.E.; Sadiq, M.; Simsek, S.; Kaya, S.; Barka, N.; Abdennouri, M. Adsorption mechanism investigation of
methylene blue on the (001) zeolite 4A surface in aqueous medium by computational approach and molecular dynamics. Appl.
Sci. Sur. 2022, 572,151381. [CrossRef]

Guzel, F; Sayglt, H.; Saygilt, G.A.; Koyuncu, E; Yelmoz, C. Optimal oxidation with nitric acid of biochar derived from pyrolysis
of weeds and its application in the removal of hazardous dye methylene blue from aqueous solution. J. Clean Prod. 2017, 144,
260-265. [CrossRef]

Banerjee, S.; Chattopadhyay, M.C. Adsorption characteristics for the removal of toxic dye, tartrazine from aqueous solution by a
low-cost agricultural by-products. Arab. J. Chem. 2017, 10, 51629-51638. [CrossRef]

Yagub, M.T.; Sen, TK.; Ang, H.M. Equilibrium, kinetics, and thermodynamics of methylene blue adsorption by pine tree leaves.
Water Air Soil Pollut. 2012, 223, 5267-5282. [CrossRef]

Malik, PK. Dye removal from wastewater using activated carbon developed from sawdust: Adsorption equilibrium and kinetics.
J. Hazard. Mater. 2004, 113, 81-88. [CrossRef]

Vadivelan, V.; Kumar, K.V. Equilibrium, kinetics, mechanism, and process design for the sorption of methylene blue onto rice
husk. J. Colloid Interface Sci. 2005, 286, 90-100. [CrossRef]

Tan Tina, C.N.; Sen, T.K. Aqueous-phase methylene blue (MB) dye removal by mixture of eucalyptus bark (EB) biomass and
kaolin clay (KC) adsorbents: Kinetics, thermodynamics, and isotherm modelling. Sep. Sci. Technol. 2020, 55, 1036-1050. [CrossRef]
Karaer, H.; Kaya, L. Synthesis, characterization of magnetic chitosan/active charcoal composite and using at the adsorption of
methylene blue and reactive blue4. Microporous Mesoporous Mater. 2016, 232, 26-38. [CrossRef]

Fawzy, M.A.; Gomaa, M. Low-cost biosorption of Methylene Blue and Congo Red from single and binary systems using
Sargassum latifolium biorefinery waste/wastepaper xerogel: An optimization and modeling study. J. Appl. Phycol. 2021, 33,
675-691. [CrossRef]

Auta, M.; Hameed, B.H. Chitosan clay composite as highly effective and low-cost adsorbent for batch and fixed-bed adsorption
of methylene blue. Chem. Eng. . 2014, 237, 352-361. [CrossRef]

Oliveira, W.E.; Franca, A.S.; Oliveira, L.S.; Rocha, S.D. Untreated coffee husks as biosorbents for the removal of heavy metals
from aqueous solutions. |. Hazard. Mater. 2008, 152, 1073-1081. [CrossRef] [PubMed]

Pavan, FA.; Lima, E.C.; Dias, S.L.P.; Mazzocato, A.C. Methylene blue biosorption from aqueous solutions by yellow passion fruit
waste. J. Hazard. Mater. 2008, 150, 703-712. [CrossRef] [PubMed]

Ferrero, F. Dye removal by low-cost adsorbents: Hazelnut shells in comparison with wood sawdust. ]. Hazard. Mater. 2007, 142,
144-152. [CrossRef]

Annadurai, G.; Juang, R.-S.; Lee, D.-]. Use of cellulose-based wastes for adsorption of dyes from aqueous solutions. J. Hazard.
Mater. 2002, 92, 263-274. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/C5RA03534A
https://doi.org/10.1007/s11270-018-3869-z
https://doi.org/10.1007/s13399-020-00828-5
https://doi.org/10.1016/j.scp.2023.101016
https://doi.org/10.1021/ja02242a004
https://doi.org/10.1016/j.cej.2007.12.001
https://doi.org/10.1016/j.watres.2012.01.009
https://doi.org/10.1007/s11270-010-0663-y
https://doi.org/10.1007/s11356-022-22822-2
https://www.ncbi.nlm.nih.gov/pubmed/36149551
https://doi.org/10.1016/j.jobab.2021.03.003
https://doi.org/10.1016/j.apsusc.2021.151381
https://doi.org/10.1016/j.jclepro.2017.01.029
https://doi.org/10.1016/j.arabjc.2013.06.005
https://doi.org/10.1007/s11270-012-1277-3
https://doi.org/10.1016/j.jhazmat.2004.05.022
https://doi.org/10.1016/j.jcis.2005.01.007
https://doi.org/10.1080/01496395.2019.1580734
https://doi.org/10.1016/j.micromeso.2016.06.006
https://doi.org/10.1007/s10811-020-02290-2
https://doi.org/10.1016/j.cej.2013.09.066
https://doi.org/10.1016/j.jhazmat.2007.07.085
https://www.ncbi.nlm.nih.gov/pubmed/17804159
https://doi.org/10.1016/j.jhazmat.2007.05.023
https://www.ncbi.nlm.nih.gov/pubmed/17597293
https://doi.org/10.1016/j.jhazmat.2006.07.072
https://doi.org/10.1016/S0304-3894(02)00017-1

	Introduction 
	Materials and Methods 
	Adsorbent and Characterization 
	Chemicals 
	Adsorption 
	Adsorption Kinetic Experiment 
	Equilibrium Adsorption Isotherm Experiments 


	Adsorption Theory 
	Adsorption Isotherm 
	Thermodynamic Study 

	Results and Discussion 
	Characterization of Adsorbent Pine Leaf Biomass Powder 
	Studies on Adsorptive Methylene Blue (MB) Removal by Pine Tree Leaf Biomass at Different Physicochemical Process Conditions 
	Effect of Solution pH 
	Effect of Initial Adsorbate MB Dye Concentration 
	Effect of Pine Leaf Biomass Adsorbent Doses 
	Temperature Effect and Thermodynamic Behavior of MB Dye Adsorption 

	Mechanism of Adsorption and Isotherm Studies 

	Limitations and Future Work 
	Conclusions 
	References

