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Abstract

The increase in the world population and the decrease in clean water resources
increase people’s interest in water purification technologies. Many industries, such
as the textile industry, leather industry, cosmetics and food industry, color their
products with substances such as dyes and pigments. In this study, a cheap, useful,
innovative, environmentally friendly, and sustainable adsorbent was developed for
the removal of Methylene Blue (MB), one of the dyes that is harmful to the environ-
ment. In fruit tree cultivation, in addition to the product, very high amounts of by-
products/waste (branches, bark, leaves, fruit seeds, fruit shells, etc.) are produced.
In this direction, walnut tree and olive tree wastes were immobilized with chitosan,
made magnetic (m-WCH and m-OCH), and the adsorption of MB on the developed
adsorbents was examined in a batch system. Characterization of the synthesized bio-
composite adsorbents was performed by FT-IR, SEM, EDX and XRD analyzes. It
has been thoroughly described how the pH solution of the MB dye compares to the
pHp,c of the adsorbent surface. The pHp, values for m-WCH and m-OCH were
5.2 and 5.5 respectively. MB adsorption of biocomposites depends on the pH of the
environment (3-8), amount of adsorbent (2-10 gL_l), contact time (5-360 min),
temperature (25-55 °C) and initial dye concentration (10-250 ppm) was examined
as a function. The obtained data were evaluated with kinetic and isotherm mod-
els. Using adsorption equilibrium data obtained from MB adsorption studies using
m-WCH and m-OCH biocomposite adsorbents, their suitability to Langmuir, Fre-
undlich, Stachard, Dubinin—Radushkevich and Temkin models was examined.
The empirical data of MB adsorption by m-WCH and m-OCH showed agreement
with the Langmuir isotherm model. The maximum adsorption capacity for MB by
m-WCH and m-OCH was estimated to be 85.47 mg g~! and 53.48 mg g™, respec-
tively. The result showed that a higher adsorption selectivity on m-WCH compares
to m-OCH. Among the kinetic models applied, the pseudo-second-order kinetic
model was identified with the highest regression coefficients. In the light of these
results, it was determined that there are new promising adsorbents of natural origin,
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with higher adsorption capacity, lower cost, and alternatives to commercially used
adsorbents in the removal of MB from aqueous media.
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Introduction

The rapid growth of the industry produces positive results by quickly meeting
people’s needs and supporting economic development. However, it also brings
environmental pollution. It is estimated that approximately 10-15% of textiles are
discharged into wastewater after dyeing [1]. Nearly 10,000 textile colors are sold
annually [2]. It is known that textile industry wastewater has a high volume and a
complex structure depending on the chemicals and dyestuffs used [3]. In addition,
considering that even small amounts of dyestuffs create pollution in a large water
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environment, it can be understood that these wastewaters, which have a high color
load and are difficult to biodegrade, will be very difficult to purify through natu-
ral processes or will take a long time. Besides visible pollution, it can negatively
affect biological cycles, especially photosynthesis processes, by blocking the pen-
etration of light through deep water bodies. This toxic property and possible car-
cinogenic effects of dyes pose a great threat to the environment by negatively
affecting biological cycles and ecosystems. Purification of these carcinogenic
dyes from wastewater is an important environmental problem [4].

One of the most consumed materials in the dye industry is MB, which is widely
used for coloring in the silk, wool, cotton, paper, leather and plastic industries
[5]. However, with the release of partially or untreated MB dye laden wastewater
from any of the above-mentioned industries, aquatic fauna, beneficial microbes
and human life are threatened. One of the reasons for this is the significant tox-
icity of dyes such as MB at high concentrations [6]. The chemical formula of
MB (basic blue 9), a cationic dye, is C,;H;3CIN;S-3H,0 and its molecular weight
is 373.90 gmol~!. MB dye is harmful to human health above a certain concen-
tration due to its significant toxicity [7]. Exposure to MB may cause eye burns,
and if swallowed, may cause diarrhea and nausea. Continuous contact with MB
concentrated solutions has been reported to have a negative effect on the abil-
ity of sperm to move more efficiently in human reproduction [8]. Skin contact
may cause skin redness, itching, or skin necrosis. Additionally, when inhaled for
a long time, it causes diseases such as methemoglobinemia, cyanosis (bruising
disease), convulsion (convulsion disease), and dyspnea (shortness of breath) [9].
Due to the characteristic stability of the aromatic ring in the molecular structure
of MB, it is toxic, carcinogenic, non-biodegradable and can pose a serious threat
to human health and cause devastating effects on the environment [6, 10]. This
chemical compound has been reported to be teratogenic and embryotoxic. Toxic
effects were confirmed in a study in which MB was exposed to angelfish and rats,
respectively [11]. At the same time, MB generally has a high molar absorption
coefficient (664 nm’'de, ~ 8,4 X 10* L mol™! cm_l), which can cause the weaken-
ing of sunlight transmittance and therefore reduce oxygen solubility, affecting the
biological community [12, 13].

Along with water pollution, water scarcity, climate change and decrease in bio-
diversity show the necessity of industrial purification. Various specific technologies
are focused on for effective removal of dyes. In recent years, coagulation, chemi-
cal oxidation, photocatalytic degradation, membrane, and adsorption methods have
been used extensively in dyes removal. Since many of these methods have disad-
vantages such as high investment, operating costs, excessive energy consumption,
complex process stages and not being useful, more economical methods need to be
designed to remove pollutants from water (Table 1). Among the methods used for
purification processes, adsorption has been widely preferred recently because it is
one of the most effective and applicable methods due to its high efficiency, easy
operation and insensitivity to toxic substances compared to other methods [14-16].
In addition, the adsorption method is a process that provides effective results, espe-
cially in the removal of different types of dyestuff groups from wastewater. Correctly
designed adsorption systems can provide high quality effluent. However, one of the
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biggest disadvantages of this method is the process cost. This cost is largely caused
by the supply of adsorbent material.

It is of great importance to investigate cheap and easily available alternative
adsorbents to reduce the purification cost of the adsorption method. Recycling has
benefits such as protecting our natural resources, saving energy, contributing to the
economy, and reducing the amount of waste. Recycling or recycling is the process
of recycling waste that can be reused by turning it into a secondary raw material
through various physical and/or chemical processes. Today, to prevent the harm to
the environment and human health, solid waste types are collected and transported,
as well as evaluation methods such as reuse, recovery and recycling.

Non-commercial low-cost adsorbents are generally used in leaves, fiber, fruit
and vegetable peels, seeds, etc. Agricultural solid wastes and industrial by-prod-
ucts such as sawdust and tree barks are used as adsorbents due to some of their
physicochemical properties [9, 14, 17, 18]. For example, sawdust, a by-product of
the wood industry, is used as solid fuel or packaging material, and its cost is neg-
ligible [19]. Cellulose (40-50%), hemicellulose (20-40%) and lignin (20-30%)
represent the major plant components [2]. Since sawdust contains organic com-
pounds such as lignin, hemicellulose, and cellulose in its structure, it has been
used in the adsorption of dyes, metals and other pollutants [20]. Khera et al.
investigated the adsorption behavior of Cu, Ni, and Zn ions in single-metal sys-
tem (SMS), bi-metal system (BMS), and tri-metal system (TMS) using Archon-
tophoenix alexandrae as adsorbent. Generally, large amounts of waste emerge
from the leaves and leaf sheaths of the Archontophoenix alexandrae plant. The
plant contains a significant amount of fiber with a low ash content. In this study,
the evaluation of plant wastes was investigated. The adsorption order in TMS was
determined as Cu(II) > Zn(II) > Ni(II). It is concluded that it is the specific prop-
erties of the binding site and solution chemistry that define the priority for adsor-
bents [21]. Kuncoro et al. presented an easy method of obtaining adsorbents from
bagasse-bentonite mixture using bagasse waste and evaluated it from an environ-
mental and solid waste management perspective. The prepared adsorbent was
applied to remove Pb(II) from aqueous solution. The data obtained showed that
it is a promising technique for the treatment of Pb-containing wastewater [22].
Kuncoro et al. in another study, they prepared an adsorbent from algal waste-
bentonite mixture using algae waste and applied it to remove Pb(II) from aqueous
solution. FTIR test results showed that there was a shift in the wave numbers on
the Pb-loaded adsorbent; thus, they proved that there was an interaction between
the adsorbent and Pb. From their results, they reported that the adsorption of
Pb(II) with adsorbent prepared from algal waste-bentonite mixture is a promising
technique for the treatment of Pb-containing wastewater [23]. Akkaya and Giizel
found in their study that parsley stalks, cucumber peels, and watermelon seed
hulls which are domestic wastes, can be used as biosorbents in their natural state
as low-cost adsorbents in the removal of cationic dyes such as MB from aqueous
solution [24]. Belala et al. in the removal of MB from aqueous solution of date
stones and palm-trees waste [25], Mekuria et al. investigated the performances of
barley bran and midrib leaf of Ensete ventricosum plant for the removal of MB
from synthetic solutions by adsorption [26]. Grape leaves waste [27], sugarcane
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bagasse and straw [28], turmeric leaves [29], areca leaves [29], banana stalk
waste [30], pumpkin seed shells [31], banana stalks [32], ginkgo biloba [33] etc.
vegetable wastes such as have been used in adsorption studies because they are
low-cost or even cost-free and are abundant in nature.

Olive oil obtained from olives and olive have been important nutrients for humans
for centuries. Olive leaf is a by-product of the olive tree that naturally contains many
bioactive components with functional value. It is mostly released during pruning,
harvesting and production activities of the olive tree and is very rich in polyphe-
nolic compounds. When the olive is harvested from the tree, the leaves and branches
mixed into the product are only 5% of the total product. In addition, because of
pruning olive trees, approximately 25 kg of leaves and branches come out of one
tree. During the processing of 1 ton of olives, 50-100 kg of olive leaf waste is gener-
ated. Since it has high cellulose, its value is low. Olive leaf is used in many areas as
cosmetics, pharmaceutical industry, alternative medicine, and health support prod-
ucts with its versatile biological activities such as antioxidant, antithrombotic, anti-
inflammatory, hypocholesterolemic, antimicrobial and antiviral due to the rich poly-
phenolic compounds it contains, especially oleuropein [34].

On the other hand, walnut has been included in the group of priority plants and
classified as a strategic species for human nutrition by the United Nations Food and
Agriculture Organization (FAO) due to its high nutritional value and rich in bioac-
tive compounds. Walnut tree (J. regia L.) belongs to the Juglandaceae family and is
widely grown worldwide (especially in Southeastern Europe, East Asia and North
America) [35, 36]. It is stated that parts of the walnut tree such as green bark, leaf,
brown bark, bark, root, branch, and shoot are also potential bioactive compounds
[36]. As with olive leaves, 375 kg of leaf waste from walnut trees in one hectare area
[37], it can be estimated that there are approximately 500 thousand tons of walnut
leaves in 1.3 million hA. Since the walnut tree is a deciduous plant, it is understood
that over 500 thousand tons of waste can be produced every year. As can be seen
from these estimated data, olive leaves and walnut leaves create serious waste. These
valuable agricultural wastes: considering their bioactive, chemical, and pharmaco-
logical properties, it is a sad situation to see that tons of food ingredients/raw mate-
rial resources are thrown away without being evaluated or end up in nature every
year. However, these resources, which are very valuable in terms of their chemical
components and bioactive properties, are potentially raw materials.

Biopolymers are produced in nature by living organisms and plants, participate in
the natural biological cycle, and eventually degrade in nature and rejoin the system.
Chitin is the second most abundant biopolymer in the world after cellulose and has
high potential for use in various fields. It is the main component of shellfish (such
as crab, shrimp, oyster etc.). It is also found in insect shells and in the structure
of the cell walls of fungi. Although there are many derivatives of chitin, the most
important among them is chitosan, which is produced because of deacetylation of
chitin [38]. Among the wastes of aquaculture enterprises, there are millions of tons
of unused shellfish waste. The evaluation of these wastes is a very important issue
both for the seafood industry and for public health. For these reasons, studies on chi-
tosan gain value in preventing environmental pollution and waste utilization. Among
the materials used to produce composites for separation processes, chitosan is one of
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the most studied materials due to its hydrophilicity, very good forming ability, easy
modification, and chemical stability [39—41].

Chitosan has a total of three reactive groups: primary (C-6) and secondary (C-3)
hydroxyl groups and amine (C-2) group in each repeating unit. These reactive
groups can easily undergo chemical modification and change the solubility as well
as the mechanical and physical properties of chitosan. Chitosan must have a degree
of deacetylation of 80-85% for good solubility [42]. In an acidic environment, the
NH, group exists as -NH;" and interacts electrostatically with the anionic groups
in the environment. It exhibits cationic polyelectrolyte behavior in the protonated
state, forming viscous solutions and interacting with oppositely charged molecules
and surfaces. At low pH, amine groups are protonated and show polycationic prop-
erties, so chitosan in solution carries a positive charge in its structure. In this case, it
can be easily dissolved in some solutions (formic, acetic, propionic, oxalic, malonic,
succinic, adipic, lactic, pyruvic, malic, tartaric, and citric acid) in an environment
defined as low pH, that is, pH <6.5. Chitosan dissolves in acetic acid solution as
chitosonium acetate because of the transformation of the free -NH, groups in its
structure into the -NH;* ~OOCCH, structure. During the dissolution of chitosan in
acetic acid, acetic acid does not affect N-acetyl (-(NH-CO-CH;) groups, but only
reacts with -NH, groups.

In the cross-linking reaction of chitosan, the cross-linker is important for adsorp-
tion performance. Because this determines which functional groups of chitosan
are consumed, formed, and incorporated. With this technique, the functional struc-
tures of chitosan are bonded to other functional groups with cross-linking agents
to increase its adsorption capacity and resistance to environmental effects. Amino
groups of chitosan are more active than hydroxyl groups not only in the adsorption
process but also in cross-linking reactions. Supplementary Fig. 1. shows an example
of chitosan cross-linked with glutaraldehyde. For example, Demarchi et al. synthe-
sized a cross-linked-Fe(IlI) composite with glutaraldehyde and its performance in
dye removal from aqueous media was examined [43]. As a result of the literature
research, the suitable crosslinker for chitosan was chosen as glutaraldehyde.

Undoubtedly, the most important feature of magnetic nanoparticles in terms of
water treatment is that they can be easily separated from aqueous streams using an
external magnetic field. This easy separation of the adsorbent from the aqueous
stream without requiring centrifugation or filtering processes makes the process
more economical as it reduces the expenses required for separation processes. The
biocomposites synthesized in the study were given magnetic properties, allowing
them to be easily separated from aqueous environments.

It is important that some plant wastes that are out of use are transformed into
new raw materials for reuse by going through various processes. Considering the
properties of chitosan, walnut leaf/olive leaf and magnetic nanoparticles, and since
there is no report on the synthesis of this composite in the literature, this research
aimed to design a beaded polymeric composite derived from chitosan, walnut leaf/
olive leaf and magnetic nanoparticles. In this direction, walnut, and olive tree leaves,
which are waste materials, were immobilized with chitosan and made magnetic with
nFe;0,, and the adsorption of MB dye onto biocomposite adsorbents was exam-
ined in a batch system. Thus, high-capacity adsorbents have been prepared by both
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utilizing unused and abundant biowastes in nature and creating composites con-
taining a wide spectrum of surface functional groups. On the other hand, instead
of costly/intrusive processes such as filtering and centrifugation to remove adsor-
bents from the aqueous medium, the removal step has been facilitated by bringing
the adsorbent into magnetic form. The novelty of this strategy is based on the com-
bination of vegetable wastes, which are quite abundant as waste in the environment,
with magnetic particles and chitosan for the production of bioadsorbents to improve
its adsorptive property for the removal of a cationic dye such as methylene blue. Its
main advantages can be seen as follows: (i) the easy separation offered by magnetic
particles and (ii) the use of properties of chitosan already known in the scientific
community. Therefore, this article presents a new interdisciplinary horizon at the
frontier of biopolymers, plant biochemistry, water purification industry and environ-
mental protection. The synthesis of new magnetic biocomposite adsorbents cross-
linked with glutaraldehyde, prepared with superior chitosan and wood waste, and
their use in the removal of MB dye was carried out for the first time in this study.
For this purpose, the effects of ambient pH, adsorbent dose, temperature, contact
time and initial MB concentration parameters on MB adsorption in the batch sys-
tem were examined. Moreover, this article also presented different thermodynamic
parameters such as Gibbs free energy change (AG°), enthalpy change (AH®) and
entropy change (AS°®). For this purpose, it is aimed that adsorbents for MB removal
from aqueous solutions can be produced with biocomposites prepared from chitosan
and plant wastes.

Materials and methods
Materials

Cht flakes (degree of deacetylation, DD =75-85%), iron(Il, III) oxide (Fe;0,) nan-
opowder and glutaraldehyde (25% in H,O) (CAS No.: 111-30-8) were purchased
from Sigma-Aldrich. NaOH, HCI, and acetic acid were purchased from Merck Com-
pany. MB was purchased from Acros Organics (molecular weight: 319.85 gmol~!,
molecular formula: C;¢H;4CIN;S-xH,0) (Table 2). All related chemicals used in the
experiments were of analytical grade. In preparing the composite adsorbent, ther-
mostated shaker of the GFL 3033 model, IKAMAG-RO15 model mechanical stir-
rer, and a pH meter (Orion 900S2) with glass electrode were used. Biowastes were
ground into powder form using a blender (Isolab Laborgerate GmbH). In the charac-
terization of the synthesized m-WCH and m-OCH, the size and morphology of the
structure were determined by SEM (Nova NanoSEM 200, FEI Company) and the
possible functional groups in the structures were determined by the FTIR analysis
method (Bruker VERTEX 70 FTIR spectrometer). X-ray diffractometry (XRD) was
used to determine the crystalline structures of m-WCH and m-OCH. XRD analy-
sis was performed at Konya Technical University, Central Research Laboratories,
in GNR EUROPE 600 XRD model device, CuKa radiation, running conditions of
40 mA, 40 kV with 20 ranging from 10 to 90° at scan speed 0.005°, and time/scan
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Table 2 Physicochemical properties of MB

M (g mol ™)
Molecular formula
Structural formula

lmax(nm)
Physical form
Color

Solubility

319.85
C,6H,5CIN,S -xH,0

Gty cl CHy

N.
e \@ )
P
N

664

Crystalline powder with metal luster

.
P
/
o
&

Green powder

Solubility in water: soluble. Other solubilities:

soluble in alcohol and chloroform, insoluble
in ether

Storage temperature Room temperature

0.1 s. UV-visible spectrophotometer (Shimadzu UV-1700) was used to determine
MB (Amax: 664 nm).

Biowaste powder preparation

In this study, walnut tree (WL) and olive tree leaves (OL) were used as wood waste.
WL and OL were first washed to remove dust and dirt and rinsed with distilled
water. Then it was dried in the oven at 60 °C. WL and OL were pulverized with
the help of a blender and washed first with 0.1 M HCI, then with pure water and
dried. The dried leaves were sieved by sieve analysis to a particle size below 125 pm
(Fig. 1). The prepared leaf powders were used in the composite synthesis in their
natural form without any modification process.

Preparation of m-WCH and m-OCH Beads

In the first step of the synthesis of composite beads, chitosan (2% w/v) was added
to acetic acid solution (150 mL, 2% v/v) and mixed for 24 h until gelation. After
the chitosan was completely dissolved, WL/OL (1.5 g) and nano Fe;O, (1 g) were
added and the final mixture was left to mix in a mechanical mixer for 3 h to obtain
the nano Fe;O0,-WL/OL-CHT biocomposite. Composite beads were obtained
by dropping the prepared mixture into sodium hydroxide solution (600 mL

Fig.1 WL powder (a) OL (a) (b)
powder (b)
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Biowaste

Iﬁ powder \nano Fe304
Chitosan gel ‘s; " ‘g ‘

o= &

m-WCH m- OCH

Wet
Beads

Dry
Beads

Fig.3 Photographic images of wet and dried m-WCH and m-OCH hydrogel beads

methanol, 400 mL water and NaOH (120 g)) dropwise using a burette and kept
in a this solution bath overnight. The beads were then filtered and washed until
the medium was neutral to remove excess acetic acid. For the ionic cross-link-
ing reaction of the beads with glutaraldehyde, they were mixed at 60-70 °C for
30 min. At the end of the reaction, the composite beads were filtered and washed
several times with deionized water, dried at 60 °C and stored until use. Figure 2.
shows the process of immobilization of WL/OL with chitosan. The photographs
of wet, and dried beads are shown in Fig. 3.
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Moisture content

The moisture content was determined WL, OL and immediately after m-WCH
and m-OCH composite beads making. Material was dried at 103 °C, cooled in
a desiccator, and weighed. The process was repeated until fixed weighing. The
amount of moisture was found by weight loss, calculated as the weight percentage
(ASTM D 2016-74) [44].The moisture content (MC, %) was calculated according
to the Eq. (1):

m, —my

MC(% ) =

x 100 1)

0

where m, and m, are the mass of the adsorbent before and after drying, respectively.
In order to obtain an average value, the experiment was repeated three times for each
sample.

Adsorption experiments

MB removal was carried out in a batch system with m-WCH and m-OCH com-
posites. Stock solution was prepared with MB and the concentrations to be
used in the experiments were prepared by diluting from the stock solution. In
the experimental system, solution pH, initial MB concentration, contact time,
amount of adsorbent and temperature parameters were examined, and the best
removal conditions were determined. Solution pH adjustments were made with
0.1 M NaOH and 0.1 M HCI. The concentration of MB remaining unadsorbed
in the samples taken from the system was determined spectrophotometrically by
reading the absorbance on a spectrophotometer (UV-1700, Shimadzu) at 664 nm.
In the adsorption of MB molecules with m-WCH and m-OCH composites, the
% adsorption and g, (mg g~!) were calculated with the equations given below
(Egs. 2, 3);

de = (Co - Ce)V/m (2)

% Adsorpsiyon = C, - C,/C, % 100 3)

Here, C, is the initial concentration (mg L_l), C. is the concentration of the sub-
stance remaining unadsorbed at equilibrium (mg LY, Vis the solution volume (L)
and m is the adsorbent mass (g).

Selectivity study

The selective adsorption of the m-WCH and m-OCH was studied for different mix-
tures of methyl orange and MB. Competitive adsorption studies was conducted by
adding the interfering dye (MO) with different concentration between 2 and 16 mg/L
in to the 25 mL of MB ion sample solution 14 mg/L [45]. The mixing solution was
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stirred on a shaker for 120 min at pH 6. Distribution, selectivity coefficient and rela-
tive selectivity coefficient were calculated using Eqs. 4, 5 and 6 below [45, 46]:

e

K
d Cf m

4
where K, C;, Cy, V and m are distribution coefficient, initial concertation (mg/g),
final concentration (mg/g), volume of solution (L), and mass of adsorbent (g),
respectively. Selectivity coefficient for binding of molecules target in present of a
competitor ion can be used the Eq. (5) [47]:

_ K, (target)
K, (interferent)

)

where k is coefficient of selectivity. In order to evaluate an imprinting effect, a rela-
tive selectivity coefficient (k') was defined as follows Eq. (6) [46]:

k(imprinted

~ k(non imprinted)

Determination of pHp,

The PZC determination was performed according to the pro- cedure reported in
Budiana et., al (2021) and Neolaka et., al (2020) [45, 46]. 9 (nine) vessels where
contain with 0.01 mol/L NaCl 10 mL were added with 0.1 mol/L NaOH or
0.1 mol/L HCI to conditioning the initial of pH from 1 to 9. Then, 30 mg of m-WCH
or m-OCH were added and shaken for 48 h at room temperature (28 °C) on shaker
at 200 rpm. After this period, final pH was measure with pH meter. The pH data
obtained are then curved toward the initial pH. The point of intersection between the
final pH and the initial pH is the pHp, value [45].

Mathematical description of adsorption system
Isotherm modeling

The adsorption isotherm is a graphical representation that expresses the relationship
between the amount sorbed by a unit weight of a sorbent and the amount of con-
taminant remaining in a solution medium at equilibrium. Therefore, the equilibrium
process of the solute between the liquid and solid phases can be explained by iso-
therm curves [48]. In this study, to define the adsorption system, the experimentally
obtained data were applied to the Langmuir, Freundlich, Scatchard, Dubinin—Radu-
shkevich and Temkin isotherm models and the parameters of each isotherm were
determined.

In the Langmuir isotherm model, it is assumed that adsorption occurs on a sin-
gle layer and the surface is homogeneous. The linear formula is defined as follows
(Eq. 7) [49]:
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Ce/qe = 1/ Kigm + Co/qn %)

Constants given in the Langmuir isotherm; g, is defined as the amount of pol-
lutant adsorbed on the unit adsorbent (mg g™'), C, is the concentration of pollut-
ant without being adsorbed in the liquid (mg L"), ¢,, is the Langmuir maximum
adsorption capacity (mg g1, K] is the constant depending on the adsorption energy
(L mg™"). The separation factor, R, , can be calculated using Eq. 8.

Ry =1/(1+K.C,) (®)

The Freundlich adsorption isotherm model is applied in adsorption processes on
heterogeneous surfaces. The Freundlich adsorption isotherm model is defined by
Eq. 9 [50];

log g. = log K + 1/n log C, )

K is defined as the adsorption constant, n as the degree of adsorption, ¢, as the
amount of substance adsorbed on the unit adsorbent (mg g™"), C, as the concentra-
tion of pollutants remaining unadsorbed in the liquid (mg L™).

Scatchard analysis is a method that can give more specific results than Langmuir
and Freundlich isotherms in terms of examining the characteristics and various
parameters of the adsorbed substance. When a significant deviation from linearity
is observed in the Scatchard plot, it is expected that it approaches the Freundlich
isotherm and moves away from the Langmuir isotherm, considering that physical
adsorption occurs instead of chemical adsorption. For adsorption from solution, the
Scatchard model expressed as Eq. (10) [15].

qe/ Ce = QsKs - qus (10)

Here g, gives the maximum capacity, K, gives the dissociation constant, and C,
gives the concentration of pollutants remaining unadsorbed in the liquid.

The Temkin isotherm model assumes that the adsorption heat of all molecules in
the layer decreases linearly as a result of the surface being covered with the pollutant
and is defined by Eq. 11 below [50];

g.=BInK +BInC, (11)

B is a constant related to the heat of sorption (J mol~!) and K, is defined as the
equilibration isotherm equilibrium binding constant (L mg™").

The D-R isotherm model provides information about the physical or chemical
nature of the interaction between the pollutant and the sorbent material on a hetero-
geneous sorbent surface. The equation of this model, which is also used to deter-
mine the average sorption energy (E), is given below (Eq. 12).

Ing. = In g, — pe’ (12)

Here; f: D-R constant related to the average free energy (mol®> J71), q.:
Adsorption capacity at equilibrium (mol g7'), g,,: Theoretical saturation capac-
ity of the sorbent (mol g~!), e: It is obtained by the equation Polanyi potential

@ Springer



6616 Polymer Bulletin (2024) 81:6603-6640

(mol kJ™1). The fact that the E value is between 8 and 16 kJ mol™! indicates that
chemical ion exchange is involved in the process, and that this value is less than
8 kJ mol~lindicates that the process occurs by physical sorption [51].

Kinetic models

While adsorption kinetic studies provide information about the possible sorption
mechanism and different transition states leading to the formation of the pollut-
ant-adsorbent complex, they also help to develop appropriate mathematical mod-
els to describe possible interactions. In general, adsorption onto porous solids is
assumed to occur in several steps. The first step is external diffusion, the second
step is due to the transport of the solute across the boundary layer, the third step
is the uptake of the pollutant into the pores and active sites of the adsorbent, and
the fourth step involves adsorption and desorption. Pseudo-first-order, pseudo-
second-order kinetic models, elovich kinetics model, and intraparticle diffusion
model are frequently used in the kinetic evaluation of adsorption based on the
adsorption rate of adsorbents.

The equation of the pseudo-first-order kinetic model (Eq. 13) is a model that is
based on the concentration of the solution, the adsorption capacity of the adsor-
bent and defines the adsorption rate. This equation has become one of the most
used equations for kinetic modeling in adsorption:

Irl(qe — qt) =Ingqg, — kit (13)

Here; t: time (min), k;: Lagergren pseudo-first-order rate constant (min~h),
g.: Adsorption capacity at equilibrium (mg g7'), ¢; The amount of substance
biosorbed at any time (mg g~ ') [52].

The pseudo-second-order kinetic model describes chemical adsorption involving
the sharing of electrons or valence forces through chemical exchange between the
adsorbent and the adsorbent. This model can be expressed by the following Eq. (14).

1_ 1,1
4  ka gt 1
Here; k,: Pseudo-second-order rate constant (g mg~' min~'), g, Adsorption
capacity at time t (mg g~') ¢.: Maximum Adsorption capacity (mg g~ ') [53].
Elovich model was expressed using the following Eq. (15):

_lnaﬂ+m

q: = B B

Here; #: Adsorption time (min), g: Adsorption capacity at certain time
(mg g1, a: Initial adsorption rate constant of Elovich model (mg g~! min~!) and
p: the desorption constant associated with the surface area coverage, and chem-
isorption activation energy (g mg~') [54]. The data collected from g, and In ¢
were plotted to obtain the value of g, a, and R2.

5)
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Weber and Morris formulate the intra-particle diffusion model to locate the
migration of adsorbates from the surface of adsorbent into its internal pores because
of stirring process as follows (Eq. 16):

q, =kgt"> + C (16)

Here: kid: the constant of intra-particle diffusion(mg g~! min™03), C: the inter-
cept (mg g~'). The value of k, is obtained by plotting g, versus %3, To attest that
the adsorption mechanism obeys this model, a linear relationship is obtained when
g, versus 12 is plotted and the values K4 and C can be found through linear fitting
analysis [55]. The C has a characteristic relationship with the boundary layer thus
the higher the value of C, the larger the effect of the boundary layer ensues [46].

Results and discussion
Characterization of composites

In the characterization of the synthesized m-WCH and m-OCH, the size and mor-
phology of the structure were determined by SEM, EDX, mapping and possible
functional groups in the structure were determined by FTIR analysis. The crystal
structure of the synthesized composite was determined by XRD analysis.

SEM/EDX and specific surface area analysis

During the adsorption process, the change in the surface of m-WCH and m-OCH
was examined by scanning electron microscopy (SEM). Scanning electron micro-
scope is a type of electron microscope that obtains images by scanning the sample
surface with a focused beam of electrons. Electrons interact with the atoms in the
sample and produce different signals containing information about the sample sur-
face. These signals are collected by the relevant detectors and images are obtained
[56]. Surface images of m-WCH and m-OCH recorded at different magnifications
before the adsorption process are given in Supplementary Fig. 2a, c. As seen in the
figure, there are rough structures, cavities, and pores on the surfaces of m-WCH
and m-OCH. Such surfaces represent structural suitability that can be considered
important for the binding of MB molecules to different parts of the material. As seen
in SEM images the surfaces of m-WCH and m-OCH are different from each other
before and after adsorption. It is clearly seen that after adsorption, the gaps, cavi-
ties and pores on the surfaces of the composite adsorbents decrease and turn into a
structure with a less porous surface (Supplementary Fig. 2b, d). This confirms that
these differences in the structure of the adsorbents adhere to the MB molecules on
the composite surface.

Elemental mapping and multipoint analysis via EDX were performed to con-
firm the compositions of the surfaces and observed structures. MB particles
were found on the surfaces of the adsorbents after MB adsorption. EDX analysis
results revealing the elemental composition of m-WCH and m-OCH adsorbents
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before and after MB adsorption are given in Supplementary Fig. 3—6. Accord-
ing to the data obtained from EDX spectra; Elemental composition of m-WCH
composite (by weight); 63.14% O, 25.40% C, 2.15% Fe, 3.03% S and 6.26% N,
and its elemental composition (by weight) after MB adsorption; 59.13% of it was
determined as O, 25.97% as C, 2.31% as Fe, 3.23% as S and 9.36% as N. On the
other hand, according to the data obtained from EDX spectra; Elemental compo-
sition of m-OCH composite (by weight); 54.75% O, 28.32% C, 2.45% Fe, 2.99%
S and 11.49% N, and its elemental composition (by weight) after MB adsorption;
59.25% of it was determined as O, 26.16% as C, 1.15% as Fe, 3.50% as S and
9.94% as N. Fe amounts confirm that it contains Fe304 nanoparticles in m-WCH
and m-OCH structures. A greater amount of sulfur was present on the surface
after MB adsorption compared to before adsorption, indicating MB adsorption.
This indicates the preferential adsorption of MB to the surface of the composite,
possibly due to a greater number of active sites than m-WCH and m-OCH or lim-
ited diffusion of adsorbates through the pores [57].
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Fig.4 FTIR diagram of a Chitosan, b m-WCH before and after MB adsorption, ¢ m-WCH before and
after MB adsorption
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FT-IR analysis

The FTIR spectra of Chitosan, m-WCH before and after MB adsorption, m-OCH
before and after MB adsorption are given in Fig. 4a, b, and c, respectively. When
the spectrum of chitosan is examined, a strong band is seen in the 3240-3450 cm™!
region. This peak arises from the coincidence of O-H stresses and N-H stresses
in the structure of chitosan [49]. The absorption bands around 2961 cm™! and
2865 ¢cm™' are C—H symmetric and asymmetric stretching vibrations, respec-
tively, belonging to aliphatic CH, groups [58]. The tensions of the C=0 bonds in
the acetyl units of chitosan are observed around 1650 cm™!, and the peak result-
ing from N-H tensions is observed at 1569 cm~!. The CH-OH bending vibration
and CH,-OH symmetric deformation vibrations in the structure were confirmed by
the presence of bands around 1421 cm™' and 1373 cm™!, respectively [59]. Another
important characteristic peak of chitosan is the peak observed at 1025 cm™!, which
is known to belong to C—O—C stretches.

To determine the functional groups, present on the surface of m-WCH and
m-OCH adsorbents and the functional groups involved in MB adsorption, FTIR
spectra of the adsorbents before and after adsorption were taken (Fig. 4b, c). In the
FTIR spectra of m-WCH and m-OCH taken before adsorption; the peaks observed
at 3300, 3315 cm™! indicate the presence of —OH and N-H groups on the sur-
face. Beads cross-linked with glutaraldehyde show an increase in the intensity of
the peaks at 2882 and 2871 cm™! [58]. This represents the existence of symmetric
stretching of C—H, and C—H. The explanation for this is that the glutaraldehyde mol-
ecule can cause an increase in the cross-linked chain by contributing to the reac-
tion. The peaks at 1630 and 1648 cm™! in m-WCH and m-OCH composite adsor-
bents, respectively, belong to amide I and I groups and are characteristic peaks of
biowaste structures and chitosan. This peak value in the compound indicates that
plant wastes and chitosan were successfully combined. In the structure of compos-
ite adsorbents, the peak corresponding to the NH-bonding vibrations in the amine
group of chitosan is observed at 1575 cm™'. The bands occurring in the region
between 1500-1200 cm™! may be related to NH, O-C-H, C-C-H and C-O-H
bendings [49, 60, 61]. The peaks occurring around 1020 cm™~! and 1025 cm™! may
result from C-O stretching of lactone or carboxyl groups. The sharp peaks at 565
and 545 cm™! represent the Fe—O absorption bands of Fe;0, [44].

When the spectra of m-WCH and m-OCH composites before and after MB
adsorption are compared, since the changes in peak frequencies correspond to
changes in the energy of the functional group, changes such as shifting or disap-
pearing after adsorption are an indication that those peaks play a role in adsorption.
These results prove the adsorption of MB to the functional groups of the above-
mentioned m-WCH and m-OCH composites. For example, after MB adsorption
of the m-WCH composite, the peak detected at 3300 cm™! in the FTIR spectrum
shifted to 3274 cm™', the peak at 2882 cm™! shifted to 2871 cm™!, and the peak
at 1591 cm™' shifted to 1557 cm™!. It was observed that the peak at 1386 cm™!
shifted to 1374 cm™, the peak at 1011 cm™! shifted to 1031 cm™, and the peak at
565 cm™! shifted to 550 cm™!. After MB adsorption of the m-OCH composite, the
peak detected at 3315 cm™! in the FTIR spectrum shifted to 3289 cm™!, the peak at
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2871 cm™! shifted to 2862 cm™!, and the peak at 1648 cm™' shifted to 1656 cm™"'.
It was observed that the peak at 1405 cm™! shifted to 1375 cm™!, the peak at
1024 cm™! shifted to 1015 cm™!, and the peak at 545 cm™! shifted to 562 cm™. In
addition, after MB adsorption, it is seen that the band around 3300 and 3315 cm™!
for m-WCH and m-OCH, respectively, narrows in the spectrum. The reason for this
sharp decrease is thought to be due to ionic interactions between the —OH groups in
the structure and the dyestuffs. The shift of the bands may indicate that these func-
tional groups interact with MB molecules.

XRD analysis

XRD patterns of chitosan (Supplementary Fig. 7a), nano Fe;0, (Supplementary
Fig. 7b), m-WCH composite (Supplementary Fig. 7c) and m-OCH composite (Sup-
plementary Fig. 7d) are shown. Broad peaks indicate very fine and small crystallite
sizes, while sharp peaks indicate a polycrystalline structure [62, 63]. Supplemen-
tary Fig. 7c,d shows the XRD patterns of m-WCH and m-OCH composites. WL and
OL consist mainly of crystalline cellulose, non-crystalline hemicellulose and lignin
[64]. The diffraction peaks for the crystalline form of cellulose I, which is attributed
to most natural cellulose, are at 260=16.11 and 22.41 [65]. On the other hand, char-
acteristic Fe;O, peaks were clearly observed. These peaks were 20=20.02°, 36.59°,
44.31°, 58.29° and 63.92° [66]. In this study, the chitosan XRD pattern shows
260=20.80°. Karimi [67] reported that chitosan has the typical peak at 26=19-20°.
It confirms that nano-Fe;0, and tree leaf combine with chitosan. The peak intensity
decreases and the full width of the peak increases; This indicates the low crystallin-
ity and small crystal size of Fe;0, particles.

pHpzc determination

The Point of Zero Charge (pHpy) is the condition that on the surface of adsorbent
has a neutral charge. pHp, is an important parameter to assess the ease of analyte

® m-WCH
® m-OCH

Final pH

Initial pH Initial pH

Fig.5 pHpzc for m-WCH and m-OCH
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adsorption on the surface of the adsorbent [68]. The determination result of pH p,
is shown in Fig. 5. Figure 5 shows that the PZC value for m-WCH and m-OCH are
5.20 and 5.50, respectively. At pH values lower than pHpzc, the adsorbent has a pos-
itive surface charge that promotes the adsorption of negatively charged compounds.
On the other hand, when the pH is greater than pHpzc, the adsorbent has a negative
surface charge, which promotes positively charged compound adsorption. Therefore,
knowing this value helps in deciding which pH to work at in adsorption studies. It
can therefore be concluded that the adsorption of MB dye by m-WCH and m-OCH
should be favored in media with a pH greater than 5.5.

Moisture content

Samples were analyzed for moisture content and listed in Table 3. The moisture con-
tents of WL powder and OL powder were found to be 5.5 and 6.9, respectively. It
was observed that the moisture content of OL powder was slightly higher than that
of WL powder. On the other hand, for m-WCH and m-OCH prepared using WL and
OL, most of the water was removed from the beads and the moisture content was
low compared to fresh and after drying at room temperature (Table 3). Water in a
sample or product is either free or bound to the matrix by different forces. In air-
drying process, the application of air removed water from beads by the process of
evaporation, but some water was still bound to the matrix by various forces.

Adsorption properties of m-WCH and m-OCH beads
Initial MB concentration effect

The initial dye concentration provides a significant driving force for the dye mol-
ecules to overcome any mass transfer resistance between the aqueous and bulk
phases. Therefore, the change of initial MB concentration is an important factor that
should be investigated in all adsorption studies. In order to examine the effect of the
initial MB concentration on the adsorption system, the MB concentration range was
chosen as 10250 ppm. Experiments were carried out at 6 gL.=! adsorbent dosage
and pH 6. MB solutions of m-WCH and m-OCH adsorbents were shaken separately
at 298 K for 120 min with the help of a shaker. After shaking, the concentration

Table 3 Moisture content of
WL, OL, m-WCH fresh/dried
beads and m-OCH fresh/dried
beads

Material Moisture
content (%)

WL powder 5.5
OL powder 6.9
m-WCH fresh beads 92.2
m-WCH dried beads 32
m-OCH fresh beads 90.6
m-OCH dried beads 5.1
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Fig. 6 Effect of initial concentration on the removal of MB onto m-WCH (a) and m-OCH (b)

of MB remaining unadsorbed was determined by UV-Vis. In Fig. 6, the effect of
the MB concentration removed from the aqueous solution on the initial concentra-
tion can be seen. As the MB concentration increases, the driving force increases and
the adsorbed MB concentration increases. For both composites, as the concentra-
tion of the MB solution increases, MB adsorption initially increases rapidly, then
slows down and remains constant after a certain period of time (Fig. 6). This is a
possible result of the saturation of the active sites of MB and m-WCH and m-OCH.
It is thought to be due to the fact that the adsorbent has a limited number of active
sites that become saturated at a certain dye concentration [61]. Although the driving
force required above the mass transfer resistance of the dye molecules to hold on to
the solid surface increases with increasing concentration, considering that the adsor-
bent surface has a limited number of active centers for the adsorption of dye mol-
ecules, with increasing concentration, the dye molecules in the aqueous solution will
increase this limited active center on the adsorbent surface. It should be taken into
account that the possibility of contact with centers will decrease [69, 70]. Therefore,
in more dilute dye solutions, the ratio of active centers to MB dye molecules in the
solution will be higher, resulting in a higher dye removal percentage compared to
concentrated dye solutions [71].

Adsorption isotherm

In order to investigate the equilibrium behavior of m-WCH and m-OCH; Freundlich,
Langmuir, Dubinin—Radushkevich, Scatchard and Temkin isotherm models were
used. Isotherm models explain the relationship between the surface properties of
the substance used as an adsorbent, the amount of adsorbate remaining unadsorbed
in the solution, and the amount of adsorbate adsorbed by the adsorbent. While the
Langmuir isotherm model accepts that single-layer adsorption of MB molecules
occurs on equally energetic adsorption sites on m-WCH and m-OCH, the Freundlich
isotherm model accepts that adsorption occurs on multi-layered and non-equivalent
adsorption sites. However, the Dubinin—Radushkevich isotherm model assumes that
adsorption can occur on homogeneous and heterogeneous surfaces. The Temkin
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Table 4 Adsorption isotherm constants of MB onto m-WCH and m-OCH

Model Adsorbent Parameters for dye

A, K, R? Ry
Langmuir m-WCH 85.47 0.0327 0.996 0.234
m-OCH 53.48 0.0273 0.993 0.268

K; n R?
Freundlich m-WCH 2.788 1.164 0.993
m-OCH 1.66 1.271 0.984

X, x1072 K E R?
D-R m-WCH 0.260 0.0062 8.98 0.999
m-OCH 0.127 0.0061 9.05 0.995

0, K, LS
Scathard m-WCH 86.35 0.0323 0.991
m-OCH 54.43 0.0267 0.970

B K, R?
Temkin m-WCH 9.63 1.098 0.891
m-OCH 791 0.645 0.922

isotherm model accepts that the adsorption heats of all molecules decrease linearly
with increasing surface coverage.

Adsorption equilibrium data of Langmuir, Freundlich, Scatchard, Temkin and
Dubinin—Radushkevich models are given in Supplementary Fig. 8. The parameters
calculated using the data obtained from these models are also given in Table 4.
Adsorption constants obtained from the Freundlich model are also shown in Table 4.
K and n values were calculated as 2.788 and 1.164, respectively, for m-WCH. Ky
and n values were calculated as 1.66 and 1.271 for m-OCH, respectively. n values
between 1 and 10 indicate that adsorption is good. A value of n greater than one
indicates favorable adsorption conditions. Temkin isotherm was applied to deter-
mine the binding energies of adsorption processes. In adsorption processes, it refers
to chemical adsorption as an electrostatic interaction [72]. Considering the correla-
tion constants (R>=891(m-WCH) R?>=922(m-OCH)), the experimental data showed
a good adaptation to the Temkin isotherm. This high correlation coefficient has been
shown that an important mechanism affecting the interaction between m-WCH and
m-OCH with MB is the electrostatic interaction [73]. It was found that the Temkin
constants were K,=1.096 (m-WCH) and 0.645 (m-OCH) and B;=9.63 (m-WCH)
and 7.91 (m-OCH). The E value calculated from the D-R isotherm model was
obtained as 8.98 and 9.05 for m-WCH and m-OCH, respectively. E values show that
MB adsorption with m-WCH and m-OCH occurs chemically. When the Table 4. is
examined, it is seen that the equilibrium data obtained from adsorption on m-WCH
and m-OCH for MB adsorption is best compatible with the Langmuir isotherm
model. The correlation values for the Langmuir isotherm model for the adsorption
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of MB onto the synthesized m-WCH and m-OCH were found to be 0.996 and 0.993,
respectively. Considering the best correlation value, it can be said that the adsorp-
tion process is more compatible with the Langmuir isotherm. It was observed that
MB was directed to specific homogeneous regions on the adsorbent and adsorption
took place in these regions. It can also be said that the adsorption process occurs in
a single layer. This shows that each dye molecule has equal adsorption activation
energy in adsorption to the adsorbent surface [61]. The Lagmuir isotherm alone is
not sufficient to explain the equilibrium state for homogeneous adsorption systems.
The dimensionless separation factor R values for the adsorption of MB onto the
adsorbent are given in Table 4. as can be seen, (R;) values for all concentrations
are between 0 and 1. R; values between 0 and 1 indicate that the adsorption process
is monolayer and more favorable [61]. The maximum monolayer adsorption capac-
ity obtained from the Langmuir isotherm for m-WCH and m-OCH was found to be
85.47 mg g~! and 53.48 mg g™, respectively. The fit of this model also confirms the
possible irreversibility and chemisorption of the process. O, and K constant values
were calculated to determine the suitability of the Scatchard isotherm. In this iso-
therm, the maximum capacity for m-WCH and m-OCH was found to be 86.35 and
54.43 mg g~!, respectively, and R* values were 0.991 and 0.970, respectively. These

Table 5 Comparison of adsorption capacities of different adsorbents for MB removal

Adsorbent q. (mg g™ References
Fe;0,/graphene/chitosan nanocomposite 94.16 [74]
Magnetite nanoparticles loaded fig leaves 61.72 [50]
Magnetite nanoparticles loaded Azolla 25 [50]
Potato leaves 52.6 [75]
Lemongrass leaves 43.16 [76]
Ficcus Palmata leaves 6.8 [77]
Ginkgo biloba leaves 48.1 [33]
Azadirachta indica leaves 19.6 [78]
Rice husk 40.5 [79]
‘Walnut shell 36.631 [80]
Banana stalks 20.8 [32]
Orange peel 18.6 [81]
Ginger StrawWaste-derived porous carbons 62.54 [82]
Magnetized chitosan nanocomposite 76.34 [83]
Chitosan/organic rectorite-Fe;0, intercalated composite 24.69 [84]
Magnetic nanocomposites of cellulose 40.5 [85]
Magnetic activated carbon/chitosan 24.5 [86]
Apricot stones activated carbon 36.68 [87]
Chitosan/citric acid modified pistachio shell/halloysite nanotubes 111.14 [58]
Iron impregnated AC 30.61 [88]
m-WCH 85.47 This study
m-OCH 53.48 This study
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values support the suitability of the Langmuir isotherm. In Scatchard analyzes,
when the graph approaches linearity, it indicates that it is approaching the Langmuir
isotherm. This indicates that the adsorption is closer to monolayer adsorption.

There are previous similar studies in the literature for the adsorption of MB mol-
ecules (Table 5). When compared to similar studies in the literature, the adsorption
capacity found as a result of this study is seen to be better than some, but also lower
than some. It was observed that the synthesized m-WCH and m-OCH composite had
a usable potential in MB removal.

Effect of adsorbent dosage

Another parameter that plays an important role in adsorption processes is deter-
mining the most appropriate amount of adsorbent to be used. Because this deter-
mines the capacity of an adsorbent for a given initial MB concentration. To deter-
mine the effect of the amount of adsorbent on MB adsorption, studies were carried
out using different amounts of adsorbent (2-10 gL.™!). The effect of m-WCH and
m-OCH amount on MB removal efficiency and adsorption capacity is shown in
Fig. 7. The adsorption efficiencies of both adsorbents increased with the increasing
amount of biomass, and there was no significant change in MB removal efficien-
cies after a certain amount. When the amount of m-WCH was increased from 2 to
6 gL !, the MB removal efficiency increased from 11 to 93%, and the adsorption
capacity (g.) increased from 5.54 to 15.41 mg ¢!, When the amount of m-WCH
was increased from 6 to 10 g/L~!, the MB removal efficiency increased from 93 to
94%, and the adsorption capacity (g,) decreased from 15.41 to 8.81 mg g~!. When
the amount of m-OCH was increased from 2 to 6 gL.~!, the MB removal efficiency
increased from 19 to 86%, and the adsorption capacity (g.) increased from 9.09 to
14.21 mg g~!. When the amount of m-OCH was increased from 6 to 10 gL ™!, the
MB removal efficiency increased from 86 to 89%, and the adsorption capacity (g.)
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Fig. 7 Influence of m-WCH and m-OCH dosage on MB removal efficiency and uptake
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decreased from 14.21 to 8.39 mg g~!. The reason for the increase in MB removal
efficiency and decrease in g, value is the decrease in the amount of MB retained by
the unit adsorbent due to the increase in the available binding areas of the adsorbent,
in other words, the free adsorption areas [89]. According to the results obtained, MB
for m-WCH and m-OCH. For removal, adsorption amounts were chosen as 6 gL~

Effect of contact time

The contact time effect on the removal of MB molecules with m-WCH and m-OCH
composites was examined in the range of 5-360 min. In order to examine at what
rate the adsorption performance changes over time, a t—gt graph was first drawn,
as seen in Fig. 8. It is seen that the adsorption capacity increases with increas-
ing contact time for both adsorbents. Thanks to the large usable surface area dur-
ing MB removal, the removal rate increased rapidly in the first stage. The removal
rate slowed down in the time period from the beginning of saturation of the adsor-
bent surface area until equilibrium was reached [89]. The possible reason for this
increase is the formation of a high repulsive force between the adsorbents at high
initial concentration and the adsorbents in the water environment, thus increasing
the diffusion rate [90]. Due to the gradual filling of the pores by the adsorbents, the
rapidly increasing adsorption capacity slowed down and almost reached equilibrium
[91]. In the use of m-WCH composite, 1.60 mg g~! removal was achieved in the first
5 min, while by increasing the contact time, 11.91 mg g~! removal was achieved
at 120 min. In the use of m-OCH composite, 1.57 mg g~! removal was achieved
in the first 5 min, while by increasing the contact time, 13.21 mg g~! removal was
achieved at 120 min. As can be seen here, the adsorption process reaches equilib-
rium after almost 120 min for all adsorbents. There was no significant change in
removal efficiency after 120 min. Equilibrium time was determined as 120 min.
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Fig. 8 Effect of contact time on MB adsorption onto m-WCH and m-OCH
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Similar results have been previously reported in the literature with different
adsorbents used in MB removal. For example, the contact time in MB removal was
determined by Mashkoor et al. magnetized chitosan nanocomposite for 180 min[83],
Singh et al. determined the contact time for ginkgo biloba as 100 min [33], Krishni
et al. determined the contact time for banana leaves as 120 min [92], Han et al.
determined the contact time for fallen phoenix tree’s leaves as 150 min [93], Sha-
koor et al. determined the contact time for citrus limetta peel waste as 180 min [94],
Han et al. determined the contact time for lotus leaf as 240 min [95].

Kinetic studies

Adsorption kinetics is a theoretical basis that determines the time required for
adsorption equilibrium to be established. Many kinetic models have been devel-
oped to detect the mechanisms of an adsorption, such as mass transfer and chemical
reaction. Therefore, in order to evaluate the adsorption of m-WCH and m-OCH, the
experimental data were verified using pseudo-first-order, pseudo-second-order, an
elovich kinetic, and an intraparticle diffusion model (Supplementary Fig. 9). Kinetic
variables in the adsorption of MB onto m-WCH and m-OCH are given in Table 6.
The theoretical adsorption capacity close to the value determined by experiments
and high R? values indicate that the pseudo-second-order kinetic model fits better
with the adsorption kinetics of m-WCH and m-OCH. According to the pseudo-
second-order kinetic model, the adsorption process involves various mechanisms
in which chemical and electrostatic interactions occur between functional groups
on the adsorbent surface and adsorbate molecules [96]. In this study, the pseudo-
second-order kinetic model can say that there are electrostatic interactions between
the adsorbent (m-WCH and m-OCH) surface and MB molecules. In addition, it was
determined that chemical adsorption was the primary regulating mechanism for
adsorption [54]. It was observed that Elovich kinetic model can adequately repre-
sent the adsorption of MB onto both the adsorbents based on the regression analysis
(Table 6, Supplementary Fig. 9). On the basis of the excellent fitting of both the
pseudo-second-order and Elovich model, it can be proposed that the predominant
sorption mechanism may be chemisorption. Based on the results of the analysis
of the possibility of intraparticle diffusion resistance to influence and control the
adsorption process as a rate control stage, to probability looks relatively high, as
evidenced by the R? value. In addition, the absence of a multi-linear shape in the
plot curve ¢ 0.5 versus gt, implying that the adsorption process controlled by two or
more mechanisms has a low probability [97]. Similar results in the study of kinetics
with the intraparticle diffusion model have also been stated in previous reports [46].

Effect of temperature

Another important parameter in adsorption studies is the temperature of the
adsorption medium. The effect of temperature on the removal of MB molecules
with m-WCH and m-OCH adsorbents was investigated by adsorption studies per-
formed at different temperatures (25 °C, 35 °C, 45 °C and 55 °C) and relevant
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Table 6 Kinetic model

parameter for the adsorption of Kinetics modeling Parameters C,(ppm) Adsorbent
MB onto m-WCH and m-OCH m-WCH m-OCH
Pseudo first-order Geexp 50 8.02 7.89
100 15.57 14.73
150 23.22 21
k; 50 0.0099  0.009
100 0.0098  0.0096
150 0.0147  0.0129
q. 50 7.26 6.27
100 11.96 9.63
150 22.13 16.22
R 50 0.981  0.923
100 0914  0.869
150 0.966  0.923
Pseudo second-order &, 50 0.0012  0.0014
100 0.001  0.0013
150 0.0007  0.0006
qe 50 9.86 9.43
100 17.57 16.31
150 26.88 25.64
R 50 0.991  0.99
100 0.994  0.992
150 0985 0971
Elovich a 50 0.329  0.337
100 0.865  0.904
150 1.377  1.069
B 50 0522 0534
100 0.289  0.303
150 0.19 0.193
R’ 50 0.965  0.96
100 0977  0.961
150 0944  0.955
Intraparticle diffusion k4 50 0456  0.444
100 0.812  0.758
150 1.244  1.191
C 50 0.142  0.244
100 1.683  2.083
150 2736 178
R’ 50 0.929 0918
100 0913  0.859
150 0.889  0.858
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Table7 Thermodynamic parameters for the adsorption of MB molecules on m-WCH and m-OCH

Adsorbent  AS° AH° AG® (J mol™h) R?
(K ' 'mol™  Jmol™! T=298.15K T=308.15K T=318.15K T=328.15K
m-WCH —-90.59 —33212.19  —6202.31 —5296.39 —4390.48 —3484.56 0.977
m-OCH —120.01 —40277.85  —4496.78 —3296.68 —2096.58 —896.47 0.991
3.0
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Fig.9 Thermodynamics plot for the adsorption of MB

results were obtained (Supplementary Fig. 10). With increasing temperature, the
diffusion rate of MB molecules toward the adsorbent pores increases depending
on the density of the solution. In addition, temperature change also affects the
equilibrium capacity of the adsorption process. The adsorption process is gen-
erally exothermic, and the adsorption capacity increases with decreasing tem-
perature. As a result of these studies, no significant change was observed in the
adsorption capacities of m-WCH and m-OCH adsorbents caused by the tem-
perature difference. However, in the results obtained, it was observed that as the
temperature increased, the adsorption capacity was higher at low temperatures.
Therefore, experimental studies were carried out at 25 °C.

Thermodynamics study
The effect of temperature on the adsorption of MB molecules was investigated
using m-WCH and m-OCH, and the thermodynamic constants calculated with the

obtained data are given in Table 7. Free energy change values (AG°) were calcu-
lated from the relationship in Eqgs. 17, 18.
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AG®° = —-RT InK, (17)
AS°  AH°

InkK, = -

nk,=— BT (18)

In this study, the thermodynamic parameters (AG®, AH®, AS®) of the experimen-
tal studies were determined (Fig. 9). The fact that AH®, one of the thermodynamic
parameters calculated for the removal of m-WCH and m-OCH and MB molecules,
is negative shows that the processes are exothermic [61]. Melo et al. [98] explained
the reason for the decrease in adsorption capacity at high temperatures and sug-
gested that this could be explained by three main reasons: (i) high temperature of
the environment increases the solubility of MB molecules, which prevents adsorp-
tion from the solvent-adsorbate interaction. (ii) the adsorbent-adsorbate interaction
weakens due to the high kinetic energy coming from the environment; and (iii) the
mobility of MB in solution increases, thus affecting the adsorption kinetics. The
negative value of AS° indicates that the disorder at the interface between adsorb-
ance (m-WCH and m-OCH) and MB decreases during the adsorption process [99].
Negative AG® values indicate that MB adsorption occurs thermodynamically spon-
taneously and naturally on m-WCH and m-OCH. Additionally, the decrease of AG°
with increasing temperature indicates that the MB adsorption process occurs more
at higher temperatures.

Results supporting our results have been seen in the literature. For example, Zein
et al., it was reported that the MB adsorption process of biowaste lemongrass leaves
was spontaneous and exothermic [76]. They suggested that the adsorption of MB by
lemongrass leaves proceeds through electrostatic attraction, cationic exchange, 7—x
bonding, and hydrogen bonding. Liu et al. prepared new bio-adsorbent via one-step
cross-linking using agricultural waste, CoFe,0,, and chitosan as raw materials for
the adsorption of MB and suggested that the adsorption was a spontaneous, exother-
mic, and randomness reduction process [100].

Effect of pH

One of the most important parameters in the adsorption of organic dyes is the pH
of the environment. Because the pH of the solution determines the active binding
sites, surface charge and ionization degree on the adsorbent surface. The pH type
of the solution causes competition between H and OH™ ions and the composite
adsorbent for the binding sites of the composite adsorbent and affects the adsorption
capacity and removal rate [89, 90, 101]. On the m-WCH and m-OCH adsorbents of
MB solutions to investigate the adsorption behavior, adsorption experiments were
carried out at different pH values and the results are shown in Fig. 10. According to
Fig. 10, it is possible to confirm that MB adsorption largely depends on pH. When
Fig. 10 is examined, the highest adsorption efficiency was achieved for MB with
m-WCH adsorbent at pH 6. At higher pH values, no significant change was observed
in the MB removal efficiency of the adsorbent. On the other hand, when Fig. 10 is
examined, the highest adsorption efficiency was achieved for MB at pH 6 with the
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Fig. 10 The effect of pH on adsorption MB with m-WCH and m-OCH

m-OCH adsorbent. At higher pH values, no significant change was observed in the
MB removal efficiency of the adsorbent. For this reason, subsequent studies were
carried out at pH 6. The observed increase in adsorption capacity with increasing
pH is explained by the deprotonation of the binding sites on the adsorbent surface
and thus the increase in the negative charge density on the surface. Thus, there is
an electrostatic interaction between the negatively charged adsorbent and MB mol-
ecules [89]. Functional groups such as OH and —~NH- are protonated to form OH,*
and -NH,*— at low pH, resulting in decreased binding ability of MB. The strong
electrical repulsion between the positively charged surface and the MB prevents the
MB from coming into contact with the adsorbent. With increase in pH, functional
groups gradually deprotonate. In this case, the adsorbent gains rebinding ability and
its removal capacity increases with increasing solution pH. Similar results have also
been found in the literature. Sakkayawong et al. [102], the removal of some reac-
tive dyes from aqueous solution with chitosan was examined under acidic and basic
conditions. It was observed that in an acidic environment, electrostatic interaction
occurred between the dyestuff and functional groups (amino groups) on the chi-
tosan surface, and in a basic environment, covalent bonding occurred between the
hydroxyl groups on the chitosan surface and the dyestuff. It has also been stated that
only chemical adsorption occurs in acidic conditions, and both physical and chemi-
cal adsorption occur in basic conditions. Kumar et al. [103], with the new adsorbent
they prepared from chitosan-coated neem flower powder, found that the adsorption
of MB from aqueous media increased with increasing dye concentration between pH
6 and 9, and the rate of removal of the dye from the solution increased. In another
study, Mustafa used H,SO, cross-linked magnetic chitosan nanocomposite beads to
remove MB from aqueous solution [104]. At low pH, the adsorption capacity was
increased due to the large amount of H* in the solution leading to protonation of the
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Table 8 The distribution

Adsorbent D K k K
coefficient (K ), selectivity sorben ye d
coefficient (k) and relative m-WCH MB/MO  MB 2228 14151  3.115
selectivity coefficient (k') for
m-WCH and m-OCH MO 0.157
m-OCH MBMO MB 0319 4543
MO  0.070

active sites of chitosan and the repulsion force arising between the adsorbent and
MB. They determined that it was low. It was concluded that by increasing the pH,
the H* content in the solution decreased and the adsorption capacity increased.

Selectivity study

Adsorption capacities of m-WCH and m-OCH in the presence of competitive
ions such as MB/MO was studied in a batch system and the result was presented
in Table 8. To investigate and compare the selective adsorption performances for
m-WCH and m-OCH composites, the mixture of MO and MB dyes were prepared
at pH 6 since the MB adsorption capacity of the composites at high pH is higher
than MO adsorption capacity at acidic pH. Table 8. shows that adsorption of MB
molecules in the m-WCH was more selective comparing with adsorption MB mol-
ecules onto m-OCH even MB exist together with MO as a competitor molecules
respectively [47]. Kd value of MB adsorption in the competitive adsorption between
MB/MO onto m-WCH was higher than on the m-OCH. The k value of competi-
tive adsorption between MB/MO for m-WCH as adsorbent was greater than m-OCH
as adsorbent. The k' value for MB/MO onto m-WCH was much higher than on the
m-OCH. Value of k' showed that adsorption of MB dye molecules onto m-WCH in
the competitive adsorption between MB/MO system is 3.115 times larger than onto
m-OCH. The result proves that the m-WCH has a very high selectivity degree to
adsorption the MB ion even MO exist together in sample solution.

Adsorption mechanism of methylene blue dye

The mechanism of MB removal from water using composite adsorbents involves
many complex interactions between MB and adsorbent. Existing literature leads us
to the conclusion that adsorption involves multiple mechanisms working together,
some dominant and others dependent on the prevailing conditions of the system.
According to the literature, the adsorption of MB by hydrogels relies on four mecha-
nisms: electrostatic interactions, hydrogen-bond interactions, z—z interactions and
hydrophobic interactions [105-107]. The active groups of the m-WCH and m-OCH
composite are capable of adsorbing cationic contaminants since the adsorbent is
comprised of chitosan and WL or OL, both of which naturally contain abundant
active groups. To elucidate the interactions between m-WCH or m-OCH and MB
and evaluate their adsorption mechanisms, we performed FTIR tests to reveal the
changes of different functional groups and peak positions. A comparison of the
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survey FTIR spectra (Fig. 4) revealed that after the adsorption, new peaks were pre-
sent; the appearance of peaks characteristic of MB and the displacement of peaks
also changed [108]. The active groups of m-WCH or m-OCH having negative sur-
face charges in basic media interact electrostatically with the positive group of the
MB dye. The H-atom sites located on the surface of m-WCH or m-OCH, which
interact with the nitrogen in the structure of the MB dye, probably serve as a vital
element for the adsorption of MB. In addition, specifically, hydrogen bond interac-
tions occur between N/S in MB molecules and —OH groups in m-WCH or m-OCH
[109]. The hydrophobic regions of the MB molecules can interact with the hydro-
phobic regions of the chitosan chains (e.g.,, -CH; groups) through hydrophobic
interactions [110]. In addition, the role of pores and the z—x interaction between
the benzene ring in the MB molecule and the hexagonal skeleton of the adsorbent
might also make important contributions to the adsorption [111]. Chitosan contains
acetyl groups (~COCH3) attached to amino groups, further increasing its adsorption
properties against MB dye [112]. These combined interaction mechanisms, includ-
ing hydrogen bonding, electrostatic interactions, and z—x interactions, acted together

in the adsorption process between m-WCH or m-OCH and MB, leading to excellent
performance in dye removal (Fig. 11).

Recycling efficiency
Reusability of adsorbents is an important factor in determining economic and envi-

ronmental efficiency. Reusability makes the adsorption process more economical by
both eliminating the dependence of the process on the supply of the adsorbent used
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Fig. 11 Mechanism of adsorption of MB onto m-WCH and m-OCH showing different interactions
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and reducing process costs [60]. A series of desorption experiments were performed
with 1% HCI to determine the reusability and efficiency of m-WCH and m-OCH
in MB adsorption (Supplementary Fig. 11). First, composite adsorbents saturated
with 1 g/l MB were placed in 50 mL of desorption medium (1% HCI) and con-
tinuously shaken in the shaker at 150 rpm for one hour. Then the composite adsor-
bent was filtered and washed with distilled water. In order to investigate the reuse
of m-WCH and m-OCH, 5-cycle adsorption—desorption processes were applied and
it was determined that the adsorption capacity decreased only by 8% and 12% for
MB. It can be emphasized that there was a slight decrease in the adsorption capacity
of the composite beads prepared in this study after 5 adsorption—desorption cycles,
therefore they have a stable use potential.

Conclusions

The amount and variety of industrial waste in the world is increasing day by day.
Food industry waste is an important group that contains valuable substances in its
structure and has the potential to turn into valuable substances. Olive waste/by-prod-
ucts, which are frequently used in olive oil production around the world, and walnut
production waste/by-products, which are frequently used in different sectors such as
food, have the potential to both prevent environmental pollution and contribute to
the economy of countries when used correctly. On the other hand, the main reason
for the use of biobased polymers in any application is their environmentally friendly
advantages along with easy accessibility, biodegradability, and low cost. For these
reasons, composite adsorbents were synthesized together with plant wastes using
chitosan as a biopolymer in composite synthesis to be used in MB removal. FTIR,
SEM, EDX and XRD analyzes were carried out within the scope of characterization
of adsorbents. pH and zero charge point values play an important role in adsorption
results. The pHp,- values for m-WCH and m-OCH were 5.2 and 5.5 respectively.
The most suitable pH for MB adsorption efficiency in the batch system was found to
be 6. On the other hand, the optimum adsorbent dosage for the removal of m-WCH,
m-OCH and MB molecules from the aqueous medium was found to be 6 gL.™!. From
the R* values obtained for the kinetic models for both adsorbents, it was found that
the most appropriate model was the pseudo-second-order kinetic model. The effect
of the initial MB concentration was also examined and the results obtained were
evaluated with different isotherm models. When the R? values of the isotherm mod-
els for m-WCH and m-OCH were compared, it was found that MB adsorption was
compatible with the Langmuir isotherm model. Adsorption capacities were found
to be 85.47 mg g~! for m-WCH and 53.48 mg g~! for m-OCH. Additionally, the
results showed that walnut leaves and olive leaves can be used as an easily accessi-
ble natural adsorbent source. Comparison of the results obtained from MB removal
studies with m-WCH and m-OCH composites with the literature is given in Table 5.
The adsorption selectivity test using MO as interfering ions shows that the m-WCH
material has a very high selectivity to MB compared to m-OCH. It has been
observed that the synthesized composites have a usable potential in MB removal.
These plant-based adsorbents have shown significant promise in treating wastewater
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from different types of industries. We believe that this article will be important in
completing the shortcomings of the textile industry in terms of wastewater treat-
ment, as the physical and chemical changes in water harm aquatic creatures and par-
tially negatively affect the ecological order and threaten human and living health,
and we hope that it will shed light on future studies.
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