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ARTICLE INFO ABSTRACT

Keywords: In this research, a straightforward method was used to prepare a multifunctional adsorbent for selective removal
Magnetic lignin of cationic dyes. To synthesize this adsorbent, beta-cyclodextrin (beta-CD), due to the outstanding and unique
Cyclodextrin

structure of their caves, which have the appropriate size for trapping and adsorption of cationic dyes, was grafted
onto magnetic lignin (ML) via citric acid cross-linker for the first time. Various techniques were applied to
characterize magnetic adsorbent (beta-CD@ML), including Fourier transform infrared spectroscopy (FTIR), X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and nitrogen adsorption-desorption analysis. To
check the performance of the beta-CD@ML, the adsorption process was investigated to remove methylene blue
from aqueous solutions. The best result for methylene blue removal was approximately 97 % under conditions of
pH 7, beta-CD@ML dosage of 0.6 g L%, pollutant concentration of 20 mg L™}, and time of 45 min, while the
removal of methylene blue for magnetic lignin under the same conditions was 55 %. The appropriate model used
in adsorption was the Langmuir isotherm, which showed a maximum adsorption capacity of 80 mg g~ 'at 25 °C.
The stability and reusability of beta-CD@ML adsorbent were also investigated, and the results showed a slight

Water treatment
Methylene blue
Citric acid

decrease in adsorption efficiency.

1. Introduction

Industrialization, uncontrolled urbanization, overuse of natural
water resources, and population growth have significantly affected
water quality (Rout et al., 2023). Wastewater treatment can recover
water from industrial wastes (Saravanan et al., 2021). Dyes are neces-
sary for manufacturing leather, paper, and mostly textiles because of
their coloring properties. Unfortunately, they are discharged into
aquatic environments without treatment and cause deterioration of
water quality (Rius-Ayra et al., 2023). The presence of dyes, a large
group of organic compounds, causes increasing environmental concerns
(Sharma & Bhattacharya, 2017). Carcinogenesis, mutagenesis, and ab-
normalities or malfunctions of the brain, kidney, liver, and nervous
system can occur in humans due to dye consumption (Saravanan et al.,
2021). Methylene blue (MB) is now widely used as a dye for many
purposes. The presence of MB dye in wastewater is a significant issue for
humans and the environment (Mosoarca et al., 2022).

Urgent action is required to develop affordable, accessible, and eco-
friendly technologies and materials for water pollutant removal and
wastewater treatment (Waheed et al., 2021). Adsorption has become a

* Corresponding author.
E-mail address: ahmadpour@um.ac.ir (A. Ahmadpour).

https://doi.org/10.1016/j.carpta.2024.100654

Available online 24 December 2024

common technique for purifying wastewater due to the simplicity of the
process (Amiri-Khamakani et al., 2024), cost-effectiveness (Heravi et al.,
2024), and the ability to recover the adsorbent (Zhou et al., 2018).
Economical and environmentally friendly biosorbents can be easily
modified to enhance their adsorption capacity (Osman et al., 2023). The
use of cellulose, lignin, chitosan, and agricultural waste materials in the
synthesis of green and biodegradable adsorbents has been considered for
the removal of contaminants due to their natural abundance, economic,
biocompatibility, and minimal environmental effects. Lignin is a natural
and complex aromatic renewable biopolymer (Li et al., 2015). The
presence of active sites in lignin molecules and its unique features,
biocompatibility, renewability, affordability, and abundance allow it to
efficiently adsorb various organic and inorganic pollutants from water
(Ge & Li, 2018). Phenolic hydroxyl, carbonyl, and methoxy groups are
functional groups in lignin. The reactivity of lignin in different chemical
processes is directly influenced by the quantity of these functional
groups (Katahira et al., 2018). The practical applicability of these ad-
sorbents is significantly reduced due to their slow adsorption rate and
limited adsorption capacity. Therefore, lignin can be modified to
improve its performance as an adsorbent (Li et al., 2015).
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Cyclodextrins are easily available, environmentally friendly, and
renewable materials (Przybyla et al., 2020). The enzymatic decompo-
sition of starch and sugar leads to the formation of supramolecular
structures known as cyclodextrins (Farooq et al., 2023). They are
generally composed of glucopyranoses linked by a—1,4 glycosidic
linkages and constitute a unique class of cyclic oligosaccharides (Varan
et al., 2017). Beta-cyclodextrin (beta-CD) has an outer surface that is
hydrophilic and an inner cavity that 1is hydrophobic
(Ghahramaninezhad & Ahmadpour, 2022). Numerous organic guest
molecules can create guest-host complexes in a hydrophobic cavity if
they are suitable in size and polarity. Hydrophilic groups of beta-CD lead
to the dissolution of cyclodextrins in water and prevent their direct use
to remove pollutants (Amran & Zaini, 2022). There are two ways to
solve this problem: 1- creating grafting through different cross-linkers
and 2- cross-linking through beta-CD cross-linkers (Verma et al.,
2022). Various materials have been synthesized by mixing beta-CD with
nanomaterials, including graphene oxide, carbon nanotubes, and
metal-organic frameworks. However, preparing these nanomaterials is
complex, expensive, and requires significant amounts of organic sol-
vents. The selection of environmentally friendly materials is essential for
the green preparation of beta-CD composites (Wei et al., 2023).

Li et al. (2023) synthesized a composite microsphere of lignin,
cyclodextrin, and polyethyleneimine. Lignin stabilizes beta-CD in pro-
ducing these microspheres, and epichlorohydrin acts as a cross-linker.
The adsorption capacity of composite microspheres for 2,4-dichlorophe-
noxyacetic acid and bisphenol A were studied. The composite micro-
spheres exhibited an excellent adsorption capacity compared to
activated carbon, graphene oxide, MIL-53, and MIL-101-(OH)3 (Wei
et al., 2023). Petitjean et al. (2022) linked xanthan, locust bean gum,
and chitosan with citric acid in an environmentally friendly process. The
simultaneous incorporation of beta-CD and lignin enhances the
adsorption capacity for hydrophobic pollutants. Based on the results, the
xanthan/f-CD/lignin matrix is the most effective in adsorbing phenolic
pollutants (Petitjean et al., 2022). The use of citric acid as a cross-linker
has increased in recent years. Also, using citric acid to synthesize
beta-CD polymer enables simultaneous adsorption (Liu et al., 2020).
Green chemicals, such as citric acid, are essential to solve the issue of
toxicity or minimize the use of toxic organic substances (Kose et al.,
2022).

The first hypothesis of this study is that a straightforward method for
modifying magnetic lignin (ML) with beta-CD via citric acid cross-linker
can be developed to enhance the removal efficiency of MB from aqueous
environments. Therefore, the present study aims to fabricate and ponder
the properties of a magnetic biosorbent containing cyclodextrin as an
eco-friendly and cheap modifying agent. Inexpensive, green, and readily
available citric acid was used for grafting beta-CD onto ML to prepare a
multifunctional biosorbent (beta-CD@ML). There is no precedent in the
available literature on using citric acid to cross-link beta-CD onto
magnetic lignin, and most of the cross-linkers used are toxic (Lu et al.,
2019; Yang et al., 2016). Additionally, the synthesis method for this
adsorbent is simple and short, utilizing only water as a solvent. The use
of water as the solvent is an important feature because it reduces pro-
duction costs compared to adsorbents that rely on toxic and expensive
solvents. Also, the magnetic properties of this adsorbent facilitate easy
separation in an aqueous environment, making it highly applicable for
water treatment processes. The second hypothesis is that the removal of
MB from the solution is driven by electrostatic interactions, complexa-
tion, hydrogen bonding, and zn-n stacking between beta-CD@ML and
MB.

The synthesis of beta-CD@ML was investigated to prove the hy-
potheses. The effect of contact time, beta-CD@ML dosage, pH and
concentration of dye, and temperature on pollutant removal was fully
investigated in this study. Additionally, experiments on adsorption ki-
netics, equilibrium isotherm, and thermodynamics were carried out to
reveal the adsorption mechanism of MB on beta-CD@ML.
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2. Materials and methods
2.1. Materials

All the substances were analytical grade and weren’t treated further.
Methylene blue, with an empirical formula of C;4H;3CIN3S-3H20 and a
molecular mass of 373.8 g mol™!, iron (II) chloride hexahydrate
(FeCl3-6H50), iron (II) sulfate heptahydrate (FeSO4-7H20), potassium
dihydrogen phosphate (KHyPO4), ammonia solution (NH3.H0, 28 wt
%), hydrochloric acid (HCl, 37 wt%), sodium hydroxide (NaOH), and
absolute ethanol (CH3CH,OH), and citric acid (CA, CsHsO7) were all
purchased from Merck. Kraft lignin (M,, ~ 10,000 g mol’l), and
beta-cyclodextrin (beta-CD > 97 %) were obtained from Sigma-Aldrich.
Deionized (DI) water with an electric resistance of 18.2 MQ cm ™! from a
Millipore Milli-Q water purification system was used to make working
solutions.

2.2. Methods and instrumentations

X-ray diffraction (XRD) was used by (the Bruker D8 Advance) pow-
der diffractometer using CuKo radiation (A = 0.15406 nm) in the range
of 20 from 5 to 70° to evaluate the crystallinity of the structure. Thermo
Nicolet Avatar 370 was used to conduct Fourier transform infrared
spectroscopy (FTIR) and functional group analysis in the range of
400-4000 cm ™! using the KBr pellet technique. A field emission scan-
ning electron microscope (FESEM, Tescan Mira3 FEG) with an EDS in-
strument was used to determine the surface morphology characteristics.

Specific surface area, according to the Brunauer-Emmett-Teller
(BET) method, was gained using Ny adsorption-desorption isotherms
at 77 K on a BELSORP MINI II. The surface charge of the beta-CD@ML
was measured using a Zeta potential analyzer (Wallis, France). X-ray
photoelectron spectroscopy (XPS) measurements were conducted with
BESTEC (Germany) with magnesium Ka X-ray radiation (1253.6 eV) to
determine the percentage of chemical composition and elements on the
surface of the samples. The adsorption effect of MB was analyzed using
UV-visible spectroscopy (AnalyticJena-Spekol 1300.1) at a wavelength
of Amax = 664 nm. The magnetic properties of the adsorbent were
recorded using a vibrating sample magnetometer (VSM, Magnetic
Danesh Pajoh Inst., Iran). The contact angles of beta-CD@ML were
measured using a manual setup to determine the surface wettability
before and after MB adsorption.

2.3. Preparation of adsorbent

The proposed protocol for developing beta-CD@ML as a multifunc-
tional adsorbent consists of two main steps. Each step is depicted in
detail in Fig. 1.

2.3.1. Synthesis of magnetic lignin

Magnetic lignin, as a magnetic core of the adsorbent, was prepared
using the modified method presented by Han et al. (Han et al., 2022). 2.1
g (7.5 mmol) of iron (II) sulfate heptahydrate and 3.0 g (11.1 mmol) of
iron (IIT) chloride hexahydrate were dissolved in 50 mL of DI water and
stirred for 40 min at 90 °C. Then, 1.0 g (0.1 mmol) of lignin was added to
the mixture and stirred for 40 min. In the last step, 5 mL of ammonia (28
%) was added dropwise to this mixture under stirring at 80 °C for 1 h The
terminating dark brown dispersion of the magnetic lignin was collected
using an external magnet, washed with DI water, and dried overnight at
60 °C.

2.3.2. Synthesis of beta-CD@ML

beta-CD@ML  was  synthesized by the esterification-
polycondensation process via CA and beta-CD on the surface of mag-
netic lignin. To do this, 0.1 g of ML with a certain amount of beta-CD, 0.4
g (2 mmol) of CA, and 0.24 g (1.7 mmol) of KHyPO4 as a catalyst were
added in 15 mL of water simultaneously. After obtaining a uniform
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Fig. 1. Schematic of preparation of beta-CD@ML.

mixture, the mixture was transferred to a Petri dish to be heated at 140
°C for 2 h Then, the product obtained from this step was purified by
soaking and washing several times with DI water after cooling. Ulti-
mately, the desired magnetic adsorbent was dried at 60 °C overnight.

2.4. General method for the adsorption process

Practical experiments in the presence of beta-CD@ML for the
removal of MB were set up and performed to thoroughly investigate how
well the synthesized adsorbent performs during the adsorption process.
In all experiments, beta-CD@ML was added to the MB dye solution in a
volume of 25 mL. The effect of initial pH (3-11), temperature (25-45
°C), initial concentration of pollutant (5-150 mg L’l), beta-CD@ML
dosage (0.3-1.2 g L™1), and contact time on the adsorption process
were investigated separately. Moreover, 0.1 M NaOH or HCI was used to
adjust the basic and acidic media, respectively. After a certain period of
time, the adsorbent was collected using an external magnet. Then, the
residual concentration of pollutant was monitored using a UV spectro-
photometer. The R.E. and q. were computed using Egs. (1) and (2).

RE = (Co-C) x 100 (¢))
Co
qe — (CO - Ce)V (2)
m

where R.E. represents the efficiency of pollutant removal (%), Co and C;
(mg L™1) denote the pollutant concentrations at the beginning and t
times, respectively. The adsorption capacity of the beta-CD@ML (mg
g™ 1) and the residual concentration of the pollutant (mg L™1) at equi-
librium time are represented by q. and Ce, respectively, m denotes the
amount of beta-CD@ML (g), and V is the pollutant volume (L)
(Yatimzade et al., 2024) .

2.5. Adsorption kinetics

Both pseudo-first-order (PFO) and pseudo-second-order (PSO) ki-
netic models were used to study the adsorption kinetics of MB on beta-
CD@ML. These models are indicated by Eqgs. (3) and (4), respectively.
The parameters t (min) and q; (mg g~ ') represent the contact time and
the adsorption capacity at t time, respectively. The rate constants
employed in PFO and PSO models are parameters k; (min™) and ky (g
mg*1 minfl), respectively (Yatimzade et al., 2024).

Pseudo — first — order : In(q. — q;) = Inq, — kit 3)
t 1 t

Pseudo — second — order : — = 3 — 4)
q k@2 g

The model of Weber and Morris was used to study the diffusion
mechanism between adsorbate molecules and adsorbents (Eq. (5)).

@ =kt +C ®)

where intercept is denoted by C, and the intraparticle diffusion rate
constant is represented by k; (mg (g~mino'5)’1) (Tanhaei et al., 2015).

2.6. Adsorption isotherms

Three widely known isotherms, Langmuir, Freundlich, and Temkin,
were used to investigate the interaction between MB molecules and the
beta-CD@ML surface. The linear forms of these isotherm models are
provided by Egs. (6) to (8):

1 1 1 1
Langmuir: —= —+ — 6
& qe dm (KLqm) (Ce) ( )

Freundlich : Ing, = InKy + (%) InC, 7)
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T T
Temkin : ¢, = RT Inar +R— InC, 8)

bT bT
where g, (mg g’l), Ky (L mg’l), and K¢ ((mg g’l)(L mg’l)l/n) are the
maximum monolayer adsorption capacity, the Langmuir constant and
the Freundlich constant, respectively. In the Freundlich model, n shows
a dimensionless constant (Yatimzade et al., 2024).
The dimensionless parameter R; of the Langmuir equation was
determined by Egs. (9):

1

1+K.Co ©

RL =

In the Temkin model, R (J mol ™! K~!) represents the universal gas
constant. Parameters T (K), at (L g’l), and by (J mol™1) demonstrate the
absolute temperature, equilibrium binding constant corresponding to
the maximum binding energy, and the constant associated with the heat
of adsorption, respectively (Ahmadpour et al., 2023).

2.7. Adsorption thermodynamics

By applying Eqgs. (10), (11), and (12), the main thermodynamic pa-
rameters (AG®, AH’, and AS’) of MB adsorption on beta-CD@ML were
calculated (Rahman & Raheem, 2023).

K:qe * 1000

C. (10

20
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AG’ = —RTInK an
AH AS
K= -7+ & a2

where AG®, AH', and AS® are the Gibbs free energy (J mol 1), enthalpy (J
mol ™), and entropy (J mol 1K H changes, respectively. Parameter K is
the equilibrium constant (Tanhaei et al., 2015).

3. Results and discussion
3.1. Synthesis of beta-CD@ML

Here, the amount of beta-cyclodextrin as a magnetic lignin surface
modifier on adsorption capacity was investigated. According to Fig. 2
(A), the amount of MB adsorbed by the adsorbent enhances with the
increase of beta-CD dosage compared to the unmodified magnetic lignin.
This improvement can be attributed to the increase of adsorption sites
and hybrid affinity between beta-CD@ML and MB, caused by hydrogen
bonding and hydrophobic interaction between beta-cyclodextrin cav-
ities and MB as dye contamination.

3.2. Characterization of synthesized beta-CD@ML

3.2.1. XRD analysis
As shown in Fig. 2(B), the X-ray diffraction pattern of beta-CD@ML
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Fig. 2. (A) Effect of beta-CD on adsorption performance (Co: 20 mg L pH: 7, beta-CD@ML dosage: 1 g L7}, and time: 15 min). (B) XRD patterns and (C) Fourier
transform infrared spectrum of (a) beta-CD, (b) lignin, (¢) ML, and (d) beta-CD@ML.
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was compared and analyzed with ML, beta-CD, and lignin. The presence
of several distinct diffraction peaks in the spectrum of beta-CD at
diffraction angles (20) of 9.25°, 12.76°, 22.98° and 27.41° indicates its
high crystallinity (Qu et al., 2020). The presence of a peak around 35° in
the pattern of (c) and (d) indicates lignin as the adsorbent base because
such a peak is also present in pure lignin (M.J. Hasan et al., 2023).
Diffraction peaks at 20 of 30.12°, 35.90°, 43.31°, 53.90°, 57.44°, and
62.93° demonstrate the presence of Fe3O4 (Soares et al., 2019) in the
structure of ¢ and d. The XRD patterns of ML and beta-CD@ML show
great similarities to Fe304, demonstrating that the crystalline structure
of Fes04 remains intact. The intensity of lignin and the diffraction peak
of beta-CD in ML and beta-CD@ML decrease, respectively. The XRD
spectrum of beta-CD@ML shows additive noises due to the decrease in
crystal size (Peng et al., 2021).

3.2.2. FTIR analysis

The FTIR spectrum (Fig. 2(C)) of ML shows peaks similar to the lignin
structure. The distinct peak at 586 cm™! in ML is related to the oscil-
lation of the Fe-O bond in Fe3Oy4, indicating the successful loading of
Fe30y4 into its structure (Han et al., 2022).

The presence of beta-CD is identified through a prominent peak at
1635 cm ™. This peak is ascribed to the stretching vibrations of C—C
bonds (Wei et al., 2023). Furthermore, the presence of ML is indicated
by a distinct peak at 1594 cm ™, corresponding to the vibrations of the
benzene ring (M.J. Hasan et al., 2023). According to spectra (b) and (d),
it can be stated that this peak overlaps with the significant peak at 1635
em™! observed in beta-CD@ML, which is most likely because of a
cross-linking interaction between beta-CD and ML. In addition, the
peaks at 1157 cm~! and 1028 cm™!, which are attributed to C—O-C and
C—OH vibrations, respectively (Wei et al., 2023) in both spectra (a) and
(c), are also present in spectra (d).

The appearance of a new peak at 1740 cm ™! in the FTIR spectrum of
beta-CD@ML can be assigned to the stretching vibration of carboxyl/
ester groups (C = O) (Zhou et al., 2018). This observation provides ev-
idence of a successful esterification reaction, indicating chemical
bonding between the components (Zhou et al., 2018). Furthermore, the
broad bands at 3455 cm ™! are related to the stretching vibration of 0—H
bonds, while the bands at 2939 cm™! correspond to the antisymmetric
stretching vibration of -CHy groups (Wei et al., 2023). The presence of
these distinct peaks confirms the effective grafting of beta-CD on ML and
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confirms the synthesis of beta-CD@ML.

3.2.3. FESEM analysis

FESEM images of ML and beta-CD@ML are shown in Fig. 3(a) and
(b), respectively. The nanoparticles formed in Fig. 3(a) exhibit a
spherical shape. The presence of aggregate structures suggests that the
nanoparticles have a high surface energy, consistent with the findings of
Soares et al. They reported that the nanostructure of Fe304@C (C: car-
bon base) tends to form agglomerate structures because the surface
energy of nanoparticles is strong (Soares et al., 2019). Grafting of
beta-CD (Fig. 3(b)) changed the size of the adsorbent particles. The
average particle diameters for the ML and beta-CD@ML samples are
37.53 nm and 22.68 nm, respectively. However, the morphology of each
particle remains visually unchanged and resembles the spherical ge-
ometry of ML particles.

EDS and the elemental maps (Fig. 4 and S1) show the presence of
iron, carbon, and oxygen elements. The elemental maps demonstrate a
uniform distribution of Fe on the surface of beta-CD@ML. In addition,
elemental analysis was performed to confirm the change in the
elemental composition of ML (carbon (20.19 %), oxygen (20.89 %), and
iron (57.77 %)) after beta-CD grafting to form beta-CD@ML (carbon
(40.30 %), oxygen (41.39 %), and Fe (14.10 %)). According to the EDS
analysis results regarding the decrease of iron content in beta-CD@ML,
the magnetic property is also greatly reduced, as shown in Fig. S4. These
two results from elemental analysis and magnetic properties are
consistent.

3.2.4. XPS

The XPS spectra of ML and beta-CD@ML are illustrated in Fig. 5(a).
Peaks of 286.13 and 531.86 eV for C 1 s, and O 1 s, respectively (Wei
et al., 2023), and 724.48 eV for Fe 2p (K. Hasan et al., 2023) are seen in
ML and beta-CD@ML. Incorporation of beta-CD into ML increases the
intensity of C 1 s and O 1 s peaks, resulting in higher carbon and oxygen
content compared to ML (Table S1). However, the peak related to iron is
significantly reduced, which is in agreement with the results of EDS and
VSM. Fig. 5(b) shows the split peaks of C 1 s for beta-CD@ML. The peaks
at 284.6, 286.2, and 288.06 eV are associated with the C—C/C =
C/C—H bonds of cyclodextrin skeleton and lignin carbon ring structure,
carbonyl bond of C = O and the O—C = O bond (Liu et al., 2022) of the
ether bonds between lignin and beta-cyclodextrin, respectively. Two
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Fig. 3. FESEM images of (a) ML and (b) beta-CD@ML.
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Fig. 4. EDS spectra and mapping analysis of beta-CD@ML.

peaks at 531.83 and 533.05 eV in the XPS curve of O 1 s (Fig. 5(c))
represent the C—0-C/O—H and C = O bonds, respectively (Zhang et al.,
2023). Two peaks at 711.15 and 725.01 eV are observed in the Fe 2p
scan of beta-CD@ML, as depicted in Fig. 5(d). The presence of Fe3O4 in
beta-CD@ML is confirmed by the appearance of these two binding en-
ergy peaks, indicating Fe 2p3,5 and Fe 2p; /5 (Kohzadi & Soleiman-Beigi,
2021), respectively. The XPS spectra and split peaks of ML are shown in
Fig. S2.

3.2.5. Nitrogen adsorption-desorption analysis

Nitrogen adsorption-desorption isotherm of ML (Fig. S3(a)) exhibits
a type IV isotherm with H3 hysteresis, indicating a mesoporous struc-
ture. The desorption cycle of the isotherm, ranging from 0.3 to 0.97, is
associated with capillary condensation in mesopores (Tanhaei et al.,
2015). Gaps between nanoparticle agglomerates contribute to the
porosity of the ML surface. These results are also observed in studies of
Soares et al. with Fe304@C core-shell (Soares et al., 2019). The nitrogen

adsorption-desorption isotherm of beta-CD@ML (Fig. S3(b)) also dis-
plays a type IV isotherm with H3 hysteresis. As noted in Table S2, after
beta-CD grafting, there was a significant reduction in the pore volume
and surface area of ML, which confirms the successful synthesis of
beta-CD@ML. The SEM image (Fig. 3(b)) also confirms the low porosity
in beta-CD@ML. The surface chemical property of the synthesized
adsorbent, rather than its porous structure, plays a crucial role in MB
adsorption.

3.2.6. Magnetic properties

The magnetic response of ML and beta-CD@ML was investigated
using VSM measurements in a magnetic field of —15,000 to 15,000 Oe
(Fig. S4). The saturation magnetization values obtained at room tem-
perature were approximately 46.07 emu g~! and 2.52 emu g~ for ML
and beta-CD@ML, respectively. The saturation magnetization value of
beta-CD@ML was drastically lower than that of the ML. EDS mapping
results also indicated an average iron content of 14.10 % for beta-



A.M. Sabzevar et al.

(2)

Carbohydrate Polymer Technologies and Applications 9 (2025) 100654

(b)

beta-CD@ML a Cls
~ay ’ cis 286.60 eV
“WMﬂL I =0
ML —
284.78 eV
atitatite 288.122 €V
=, 0-C=0
1200 1000 800 600 400 200 0 S P
o 270 275 280 285 290 295 300
Binding Energy (eV) Binding Energy (eV)
(©) (d)
O1s Fe 2p 71115 725.01
/l-‘e?_p” Fe 2p,,
531.83 eV.
533.05 eV
515 520 525 530 535 540 545 700 705 710 715 720 725 730 735

Binding Energy (eV)

Binding Energy (eV)

Fig. 5. (a) XPS spectra of ML and beta-CD@ML, (b, ¢, d) C1s, O 1 s, and Fe 2p XPS spectra of beta-CD@ML.

CD@ML. The significant reduction in magnetic properties can be
attributed to the addition of non-magnetic beta-CD. This addition leads
to a loss of magnetization and crystallinity in the ML, subsequently
decreasing the magnetic permeability of the particles and quenching the
magnetic moment. Similar findings have also been mentioned by Salazar
et al. (Salazar et al., 2020). Despite the low amounts of VSM, recovery of
adsorbent from the aqueous environment was easily achieved.

3.2.7. Contact angle

The contact angles of beta-CD@ML before and after MB adsorption
were 68.1° and 57.3°, respectively, as shown in Fig. S5. The contact
angle below 90° indicates the hydrophilic property of the adsorbent,
which is explained by the existence of carboxyl (COOH) groups. The
COOH groups, through hydrogen bonding, strongly attract water mol-
ecules (Lagiewka et al., 2023). The difference in interaction observed
before and after adsorption is due to residual MB on the adsorbent
surface. The presence of MB molecules helps to form adsorbent
hydrogen bonds with water droplets and increases the hydrophilicity of
the surfaces.

3.3. Adsorption properties of beta-CD@ML

3.3.1. Effect of initial pH

The zeta potential of beat-CD@ML at initial solution pH in the range
of 3.0 to 11.0 is shown in Fig. 6(a). As illustrated, the zeta potential of
beta-CD@ML varied from —15 to —28 mV at all measured pH condi-
tions. This indicates that the surface of the beta-CD@ML adsorbent has a
negative charge due to the deprotonation of carboxyl groups (Zhou
et al, 2018). As observed in Fig. 6(b), the MB adsorption on
beta-CD@ML was investigated under an MB solution of 20 mg L7},
beta-CD@ML dosage of 0.6 g L%, and a contact time of 45 min at

different pH.

Cationic dye molecules and H" ions compete for adsorption on the
adsorbent’s active sites at low pH levels. Therefore, the lowest amount of
MB adsorption is expected under acidic conditions. Moreover, electro-
static repulsion between the adsorbent surface and the cationic dye
molecules can also result from the adsorption of H ions on the adsor-
bent surface (Khoshkho et al., 2021). As the pH increases, the H"ion
concentration in the solution decreases, causing MB to become proton-
ated. This protonation increases the amount of dye adsorbed due to the
electrostatic attractions (Lee et al., 2019) between beta-CD@ML and
MB. The removal efficiency of MB in an acidic solution is almost 70 % at
pH 3, while it increases to 97 % and 99 % at pH 7 and 11, respectively.
Changes in the removal efficiency of MB at pH 7-11 are negligible.

3.3.2. Effect of adsorbent dosage

Efficient and cost-effective wastewater treatment relies on selecting
the appropriate dosage of adsorbent (Khoshkho et al., 2021). The effect
of beta-CD@ML dosage on MB removal was investigated by adding
different amounts of adsorbent (0.3-1.2 g L™1) to MB solution (20 mg
L 1) and shaking the mixture for 60 min. The results are presented in
Fig. 6(c). The removal efficiency of MB shows an upward trend with an
increase of beta-CD@ML dosage from 0.3 to 0.6 g L™! due to the rise of
empty and available adsorption sites (Khoshkho et al., 2021). The
beta-CD@ML adsorbent exhibits a significant removal percentage (86
%) even at a low dosage (0.3 g L™1). Beyond a dosage of 0.6 g L™}, there
is little change in the removal efficiency, indicating that equilibrium has
been reached. Therefore, a dosage of 0.6 g L™! is determined as the
optimal value for the adsorbent.

3.3.3. Effect of contact time and adsorption kinetics
The adsorption kinetics of MB on beta-CD@ML at 20 and 40 mg L~}
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Fig. 6. (a) Zeta potential of beta-CD@ML, (b) the effect of pH of the solution, and (c) the effect of dosage of beta-CD@ML on the MB adsorption.

are depicted in Fig. 7(a). Fast adsorption and removal of 72 % MB occurs
in the first 15 min for Co = 20 mg L ™! and within 45 min for Cy = 40 mg
L. Then, a slower phase starts after 30 min for Co = 20 mg L™! and 60
min for Gy = 40 mg L™! until equilibrium is reached, where more than 90
% of the dye is removed. The fast adsorption can be associated with the
many vacant surface sites in the beta-CD@ML adsorbent. As the
adsorption process progresses, the adsorption rate decreases steadily
until it reaches equilibrium, likely due to the slow diffusion of MB
molecules into the bulk (Khoshkho et al., 2021) of beta-CD@ML. Higher
initial pollutant concentrations (40 mg L™1) also increase adsorption,
indicating a stronger driving force for mass diffusion (Wei et al., 2023).

To understand the adsorption mechanism, experimental data were
evaluated using PFO and PSO (Fig. 7(b), and Table S3), as well as
intraparticle diffusion models (Fig. 7(c) and Table S4). In the PSO
model, q. shows a significant difference between experimental (qe, exp)
and theoretical (qe, ca1) data. Furthermore, the correlation coefficient
(R?) is low. The PFO model fits a high R? value well and perfectly aligns
the theoretical g values with the experimental values. These findings
emphasize the significance of physical interaction in the adsorption of
methylene blue on beta-CD@ML.

Analysis of the fitting results (Fig. 7(c)) indicates that two processes
control the adsorption of methylene blue on beta-CD@ML. The first step
in external diffusion is the transfer of methylene blue molecules from the
bulk solution to the beta-CD@ML surface. Then, MB molecules migrate
from the surface into the adsorbent through an internal diffusion process
until adsorption equilibrium is reached. The active sites on the surface of
the beta-CD@ML, combined with many MB molecules in the bulk so-
lution, lead to higher external diffusion coefficients (kj; > ki2). This
indicates a faster external diffusion process in the initial stage. However,
the increased boundary thickness in the second stage (cjo > cj1) signifies
greater resistance to intraparticle diffusion, leading to a slower intra-
particle diffusion rate compared to external diffusion (Wei et al., 2023).

Furthermore, Ny adsorption-desorption isotherms indicate that
beta-CD@ML has limited pores and channels that make it difficult for
pollutants to penetrate into the adsorbent. The adsorption of MB on
beta-CD@ML appears to involve a complex process, including intra-
particle diffusion and physical mechanisms.

3.3.4. Effect of concentration and adsorption isotherms

The effects of initial MB concentration on adsorption phenomena
were investigated using 0.6 g L™! of beta-CD@ML at various adsorbate
concentrations (5-150 mg L’l) and temperatures (298, 308, and 318 K).
As shown in Fig. 7(d), the change in adsorption capacity (qe) is a func-
tion of equilibrium concentration (C.). As the concentration of the MB
solution increases, the adsorption capacity of beta-CD@ML gradually
increases until it reaches maximum adsorption capacity at equilibrium.
The abundance of adsorption sites in beta-CD@ML leads to a consider-
able rise in adsorption at lower concentrations and enhances the
adsorption capacity for MB molecules (Wei et al., 2023). Moreover, the
increase in temperature led to more adsorption of MB on beta-CD@ML,
as shown in Fig. 7(d), because the increased mobility of MB molecules in
solution at higher temperatures leads to an increase of mass transfer and
MB adsorption on beta-CD@ML (Wu et al., 2021).

Typical isotherms for adsorption in an aqueous phase, such as
Langmuir, Freundlich, and Temkin, were employed to fit the adsorption
data, and the fitting parameters are presented in Table S5. There is
excellent agreement between the experimental data and the Langmuir
isotherm model, which is indicated by the high values of R? (> 0.999).
This model demonstrates that monolayer adsorption is the primary
mechanism of adsorption. Furthermore, all Freundlich constant n values
were greater than 2, revealing that the adsorption process is favorable
(Ahmadpour et al., 2023). The results show that the adsorbent surface is
homogenous, and monolayer adsorption occurs. Based on the Langmuir
isotherm, beta-CD@ML showed the theoretical saturation adsorption
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fitting results.

capacity of 80-147.06 mg g~ for MB at 298-318 K, respectively. The
values of by obtained from the Temkin model are in the range of
0.1981-0.1061 kJ mol ™}, corresponding to the heat of adsorption. The
values of the separation factor constant R;, were used to evaluate the
suitability of the beta-CD@ML for MB adsorption. The Rj values
observed in this study were 0.3 to 0.96, which, according to Table S5,
displayed the favorable adsorption of MB on beta-CD@ML.

3.3.5. Adsorption thermodynamics

The adsorption capacity of MB on beta-CD@ML increases from 28.09
to 28.46 and 28.54 mg g~ ! as the temperature rises from 298 to 308 and
318 K, respectively (Fig. S6(a)). With rising temperatures, the solution’s
viscosity reduces, causing more collisions between beta-CD@ML and
MB molecules, enhancing adsorption.

The results of fitting the adsorption data with the R? value of 0.98 to
the Van’t Hoff equation (Eq. (12)) are shown in Fig. S6(b). The slope and
intercept of Fig. S6(b) were used to calculate the values of AH° and AS°.
AH’ determines endothermic or exothermic nature, and AS° describes
the molecular movement (Khoshkho et al., 2021).

Table S6 displays the thermodynamic parameters of adsorption.
Negative AG® values were observed for the MB adsorption on the beta-
CD@ML at 298, 308, and 318 K, in the range of 26.366 to 27.374 and
28.639 kJ mol .

Positive AH® values (36,079.43 J mol™1) demonstrate that MB
adsorption on beta-CD@ML is endothermic. The adsorption process of
MB using beta-CD@ML leads to an increase in the degree of freedom at
the solid-solution interface, as indicated by the positive values of AS°
(209.38 J mol 1 K’l) (Tang et al., 2019). The reason for the rise in
entropy is the decrease in the number of water molecules surrounding
the pollutants due to MB adsorption on the surface of beta-CD@ML.
When MB molecules are adsorbed on the surface, the reorientation of

water molecules around the adsorbent gain more entropy than the en-
tropy lost because of pollutant adsorption. Consequently, the degree of
freedom of the system increases (Wei et al., 2023).

3.4. Selectivity studies

Fig. S7(a) presents the removal efficiency of MB and Methyl Orange
(MO) in separate solutions with a concentration of 20 mg L~ and an
equivalent mixture. The removal efficiency of MB and MO in a single-
component solution was 97 % and 5 %, respectively, and in the two-
component mixture, MB decreased from 97 % to 95 %. In contrast,
there was no significant change in MO compared to the previous one-
component mixture. The presence of carboxyl groups leads to electro-
static repulsion and makes acidic dyes such as MO less desirable.
Cationic dyes such as MB, which contain a positive ionizable group of
nitrogen or sulfur, can be efficiently removed by beta-CD@ML in binary
mixtures. The 2 % decrease in removal efficiency was observed in the
two-component combination of MB and MO. The electron density in the
cationic groups can be altered when the two dyes interact to form the
MB-MO complex. The interaction between the dyes, leading to the for-
mation of the MB-MO complex, has implications for adsorption
behavior. The potential alteration in the structure of MB may affect the
efficiency of its removal process.

Similar results in previous studies involving CD-based polymeric
adsorbents, particularly those containing a carboxylic group, are
consistent with the idea that the interaction between different dyes and
the influence of complex formation play a crucial role in the adsorption
behavior (Zhou et al, 2018). Selectivity studies showed that
beta-CD@ML is highly selective, making it a promising approach to
removing other positively charged groups. The removal efficiency of
methylene blue, crystal violet (CV), and malachite green (MG) on
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beta-CD@ML is demonstrated in Fig. S7(b). The removal efficiencies for
CV and MG are 73 % and 65 %, respectively, indicating that their similar
molecular structures contribute to these comparable values. An image of
the removal of MB cationic dye in a two-component solution consisting
of MB and MO is presented in Fig. S7(c).

3.5. Effect of ionic strength

Adsorption processes can also be influenced by salinity. An aqueous
solution with varying ionic strength directly impacts the adsorption in
the aqueous phase. In the present study, NaCl was added to MB solutions
to investigate the effects of salinity or ionic strength. Concentrations in
the range of 0.001 to 0.5 M were used to prepare NaCl solution. As
shown in Fig. 8(a), the removal efficiency of methylene blue decreased
by 71 % at the 0.5 M NaCl concentration. Due to the electrostatic
interaction, the positively charged cations MB and Na™ form a strong
bond with the carboxylate anion present in the adsorbent. The presence
of Na' at higher concentrations blocks the adsorbent binding sites and
leads to competition with MB. Jacob et al. also reported similar findings
(Lagiewka et al., 2023).

3.6. Reusability

The adsorption process faces two major challenges: the capacity of
the adsorbent for regeneration and its cost. An essential component for
determining the adsorbent’s performance is its regenerative ability. A
selective combination of ethanol/0.1 M hydrochloric acid in a ratio of
3:1 proved to be the best solution for regeneration (Lagiewka et al.,
2023). 0.6 g L™ of beta-CD@ML was mixed with 20 mg L™! MB
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solutions for 45 min at pH 7. Subsequently, the adsorbent was separated
using an external magnet and mixed with 25 mL of regenerating mixture
of ethanol/0.1 M hydrochloric acid for 45 min. After the desorption
process, the adsorbent is recovered. Then, it was washed and dried to
regenerate beta-CD@ML (dried at 50 °C for 12 h). These adsorption and
desorption cycles were carried out five times.

The excellent reusability of beta-CD@ML in MB adsorption is evident
in Fig. 8(b), where the removal efficiency of MB changes slightly during
five adsorption-desorption cycles. A phase transition is catalyzed by HCI,
which is essential to the ion exchange of methylene blue cations with
H'ions. According to findings from pH studies, the beta-CD@ML shows
a decrease in MB adsorption under strongly acidic conditions. The
carboxylate group was subsequently converted into a carboxylic acid
(-COOH) through regeneration (Lagiewka et al., 2023). Various adsor-
bent characteristics were examined at the end of the fifth cycle to check
the structural stability of beta-CD@ML in recovery cycles. Fig. 8(c)
shows the FTIR spectrum of recovered beta-CD@ML with fresh samples.
The peaks associated with different functional groups were visible in the
recovered sample but with a lower intensity than in the fresh adsorbent
sample, illustrating little changes in the chemical structure during the
adsorption-desorption processes.

The saturation magnetization value of beta-CD@ML was initially
measured 2.6 emu g™, but it decreased to 2.4 emu g~! after five re-
covery cycles (Fig. 8(d)). A slight change in magnetic property was
observed after five recovery steps, and the recovered beta-CD@ML
demonstrated good separation by a magnetic field. In summary, FT-IR
and VSM analyses confirmed the stability of beta-CD@ML throughout
the adsorption-desorption processes and proved its reliability for prac-
tical applications.
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Fig. 8. (a) Correlation between ionic strength and MB removal efficiency, (b) adsorption-desorption cycle of MB on beta-CD@ML, (c) FT-IR spectra of the fresh and
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3.7. Proposed adsorption mechanism

The proposed mechanism of MB adsorption on beta-CD@ML is pre-
sented in Fig. 9(a). The hydrophobic cavity of the beta-CD unit contains
bridging oxygen and hydrogen atoms. The inclusion complexation effect
allows an MB molecule to be trapped in the interior space of this cavity
(Jiang et al., 2019). The carboxylate anion (-COO-) of citric acid (Huang
et al., 2018) effectively adsorb the cationic MB dye through electrostatic
attraction, highlighting the importance of electrostatic interactions in
adsorption. Furthermore, electrostatic interaction occurs between the
positively charged nitrogen atoms of a dye molecule and the hydroxyl
groups of lignin (Budnyak et al, 2018). Hydrogen bonds with
oxygen-containing functional groups of beta-CD (Lagiewka et al., 2023)
and lignin, and n—= interactions between MB and lignin also contribute
to adsorption (Budnyak et al., 2018).

The FTIR spectra (Fig. 9(b)) provided insights into the adsorption
mechanism by investigating the involvement of functional groups.
Distinct deviations and intensity reduction in the characteristic peaks of
beta-CD@ML-MB functional groups, compared to beta-CD@ML, indi-
cate changes during adsorption. The decrease in intensity of the peak at
3455 cm™! after MB adsorption suggests that adsorption has implica-
tions for the O—H stretching of the hydroxyl groups and may also affect
hydrogen bonding within the complex. The peak at 2939 cm™! does not
show significant change. Therefore, C—H bonds of alkyl groups of
glucose units do not participate in adsorption (Lagiewka et al., 2023).
The intensity of the peak at 1743 cm ™! decreases significantly after
adsorption because the carboxylate group (C = O) of citric acid interacts

T —interactions
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with the cationic dye (Huang et al., 2018). Before adsorption, the peak at
1594 cm™! of lignin overlaps with the strong bond at 1635 cm™! of
beta-CD. After adsorption, the intensity of the 1635 cm ™! peak decreases
slightly, indicating a weak interaction between C-C and MB. The lignin
peak also appears at 1594 cm ™, indicating the n-n stacking effect be-
tween the diphenyl lignin and MB aromatic rings. However, the
contribution of  electrons to MB binding is minimal because of their
weaker strength compared to electrostatic interactions or hydrogen
bonding.

After adsorption, the peaks at 1157 cm ™! and 1028 cm™! are less
intense and broad, indicating the interaction between the lignin C—OH
group and beta-CD glucose rings with MB. The change in the intensity of
the 1028 cm ! peak after adsorption indicates that MB molecules can be
inserted because of cyclodextrin cavities (Lagiewka et al., 2023).

3.8. Comparison with other adsorbents

The beta-CD@ML adsorbent demonstrates a qmax of 80 mg g_1 for
MB adsorption. This quax value indicates significant adsorption of MB
dye. By comparing this adsorbent with other adsorbents listed in
Table S7, cyclodextrin-containing adsorbents, including beta-CD@ML,
tend to show high qmax values because different functional groups
contribute to effective adsorption.

4. Conclusions

In summary, the present work suggests an eco-friendly method for
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Fig. 9. (a) Adsorption mechanism of MB on beta-CD@ML, and (b) FT-IR spectra of fresh adsorbent and after MB adsorption.
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preparing a multifunctional adsorbent (beta-CD@ML) using three safe
and non-toxic materials, lignin, beta-cyclodextrin (beta-CD), and citric
acid, then examining how well it works as an adsorbent for selective
removal of cationic dyes. Various spectral methods were employed to
characterize beta-CD@ML adsorbent. The adsorbent with a surface area
of 5.37 m? g~ ! showed a maximum adsorption capacity of 80 mg g~ " at
25 °C and achieved a high removal percentage of 97 % for methylene
blue compared to magnetic lignin (55 %) under the same conditions.
Therefore, with the structural analysis, the correctness of the adsorbent
synthesis was confirmed, and the first hypothesis was confirmed by
enhancing the removal of methylene blue for magnetic lignin after
modifying it with beta-cyclodextrin. The PSO model and Langmuir
isotherm provided the best fit among all models for the removal of
methylene blue. Consequently, the adsorption process can be assigned to
physical adsorption on a homogeneous surface. Thermodynamic anal-
ysis indicated that the adsorption is exothermic (AH® > 0) and is asso-
ciated with a stochastic increase (AS° > 0). Electrostatic interaction,
complexation, hydrogen bonding, and n-n stacking are the proposed
mechanisms of interaction between beta-CD@ML and methylene blue
during adsorption. The second hypothesis was confirmed due to the
proof of different mechanisms in creating the interaction between
adsorbent and methylene blue. The beta-CD@ML biosorbent exhibits
promising potential for practical water treatment applications due to its
facile synthesis, the use of a green and available cross-linker, magnetic
properties for convenient recovery, good adsorption performance, and
excellent regeneration capability.
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