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ARTICLE INFO ABSTRACT

Keywords: This study investigates the use of three specific carboxylic acids, citric acid (CA), malic acid (MA),
Carboxylic acids and tartaric acid (TA), as cross-linkers to develop adsorbents for water treatment that integrate
Cyclodextrin

the distinctive characteristics of magnetic kraft lignin (MKL) and beta-cyclodextrin (B-CD),
thereby achieving improved efficiency and stability. The adsorbents were synthesized via the
esterification method and characterized using various analytical techniques, including X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), field-emission scanning elec-
tron microscopy (FESEM), and a vibrating sample magnetometer (VSM). Response surface
methodology (RSM) was used to design experiments and optimize conditions to achieve the
optimal parameters of pH, contact time, and solid-to-solution ratio (dose) in the removal of
methylene blue. The results indicated that methylene blue removal could reach approximately
97% under optimal conditions: pH 11, a contact time of 30 min, and a dose of 0.2 g.L. L. The
Langmuir model provided the best fit for the equilibrium data, with a maximum adsorption ca-
pacity of 454.54 mg.g~ . Kinetic analysis revealed that the sorption process adhered to a pseudo-
second-order model. The obtained results highlight the excellent potential of $-CD-TA-MKL as an
efficient and sustainable adsorbent for the removal of methylene blue. Notable advantages of
B-CD-TA-MKL compared to other reported adsorbents include its higher adsorption capacity,
remarkable stability over five regeneration cycles with minimal loss in performance, rapid
adsorption kinetics, and the utilization of environmentally friendly, cost-effective materials.

Methylene blue
Design Expert software
Water treatment

1. Introduction

Water pollution is a global issue due to elevated levels of aromatic pollutants, which are complex and poorly biodegradable
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compounds released from industries such as dyeing (Zuhara et al., 2023), textiles, paper, cosmetics, and leather (Shindhal et al., 2021).
Among these, methylene blue (MB), a phenothiazine salt, remains relatively stable in alkaline aqueous solutions and significantly
reduces water clarity (Sun et al., 2021). The adsorption technique is widely used for efficient water purification because of its
affordability (Yatimzade et al., 2024), simplicity of operation, and enhanced efficiency (Chahal et al., 2024). Numerous adsorbents,
including activated carbon, nanofibers, and graphene oxide, are utilized in adsorption processes. However, many of these materials
face challenges, including non-biodegradability, high costs (Zong et al., 2018), complex synthesis, and challenging separation (Zhong
et al., 2022). These limitations underscore the growing need for cost-effective adsorbents with high adsorption capacity and rapid
adsorption equilibrium times (Zong et al., 2018).

Growing environmental concerns and the depletion of fossil resources have increased interest in natural biomass-derived materials,
including cellulose, chitosan, and lignin (Wu et al., 2021). Lignin, an aromatic macromolecule and byproduct of papermaking and
polysaccharide-based biorefineries (Li et al., 2021), is particularly promising. Its abundance of hydroxyl groups enables chemical
modification (Zhang et al., 2023), but its complex, amorphous structure and strong inter- and intramolecular hydrogen bonding often
lead to aggregation, reducing adsorption efficiency. Fortunately, structural modifications such as grafting, cross-linking, polymeri-
zation, or substitution with active groups can enhance its properties for specific applications (Wu et al., 2021).

Beta-cyclodextrin ($-CD), a macrocyclic oligosaccharide characterized by a hydrophobic inner cavity and a hydrophilic outer
surface (Ghahramaninezhad and Ahmadpour, 2022), has attracted significant attention for pollutant treatment (Zhong et al., 2022)
due to its low cost, biodegradability, and environmental compatibility. However, its water solubility poses challenges for separation
and collection in practical applications. This limitation is often addressed through cross-linking or immobilization (Liu et al., 2022).
Rohith and Girija designed a multifunctional polymeric adsorbent using p-CD and Nelumbo nucifera agricultural waste, demonstrating
its high removal efficiency for toxic dyes with excellent stability (Rohith and Girija, 2024). Similarly, Qu et al. reported graphene
oxide/B-CD composites with high MB adsorption and excellent reusability (Qu et al., 2025).

Magnetic adsorbents based on lignin and p-CD have gained attention because external magnetic fields enable efficient separation
from aqueous systems. Magnetite (Fe304), widely used for its biocompatibility, environmental stability, and strong magnetic prop-
erties, enhances the practicality of such composites. For example, lignin@Fe304 nanocomposites achieved 55.6% MB removal at a
lignin-to-Fe3O4 mass ratio of 1:1, which increased to 74.1% at a 20:1 ratio (Petrie et al., 2021). Similarly, Liu et al. synthesized porous
magnetic p-CD polymer nanospheres with a maximum MB adsorption capacity of 305.8 mg.g ™}, outperforming p-CD-modified Fe3O4
nanoparticles (Liu et al., 2019). More recently, Liu et al. developed composites incorporating aminated Fe3O4, graphene oxide, and
carboxylated cross-linked p-CD polymer, achieving an adsorption capacity of 201.7 mg.g™! (Liu et al., 2024).

The complementary properties of lignin and p-CD, functional groups for diverse interactions and host-guest complexation,
respectively, make their combination in magnetic composites particularly promising. Yet, the development of environmentally
friendly magnetic lignin—f-CD adsorbents using bio-based cross-linkers remains underexplored. Carboxylic acids, including di- and
polycarboxylic acids, are attractive cross-linkers due to their multiple reactive sites, enabling strong, stable cross-linking networks
through esterification and intermolecular bonding (Castro and Santana, 2024). In our earlier work, we used citric acid (CA) as a green
cross-linker to attach B-CD to magnetic kraft lignin (MKL), offering a safer alternative to epichlorohydrin (Sabzevar et al., 2024).
Although the resulting adsorbent showed good reusability and efficient MB removal, its adsorption capacity was limited, likely due to
steric hindrance from CA reducing access to active sites (Altayan et al., 2023).

To address this limitation, the present study investigates malic acid (MA) and tartaric acid (TA) as alternative bio-based cross-
linkers with improved molecular symmetry and reduced steric hindrance compared to CA. These characteristics are expected to
enhance cross-linking, improve the polymer network between -CD and MKL, and boost adsorption capacity. Accordingly, f-CD-MA-
MKL and B-CD-TA-MKL adsorbents were synthesized and tested for MB removal. In these composites, p-CD facilitates host-guest in-
clusion complexation, the cross-linkers enhance electrostatic interactions, and MKL provides a functional structural backbone. The
magnetic properties allow for rapid, easy recovery without filtration or centrifugation.

Using Design-Expert software, batch adsorption experiments were performed to study the effects of pH, adsorbent dose, and contact
time. To the best of our knowledge, this is the first study to modify magnetic lignin with $-CD using MA and TA as cross-linkers. The
results demonstrate significantly improved adsorption capacity, highlighting the potential of bio-based, renewable cross-linkers to
enhance green adsorbent design while reducing reliance on toxic or costly materials.

2. Experimental section

2.1. Materials and reagents

Kraft lignin (molecular weight ~ 10,000 g mol’l) and beta-cyclodextrin (> 97%) were sourced from Sigma-Aldrich. Iron (Fe3+)
chloride hexahydrate, iron (Fe?™) sulfate heptahydrate, ammonia solution (28 wt%), potassium dihydrogen phosphate (KHoPO4), CA,
MA, TA, hydrochloric acid (HCl, 37 wt%), sodium hydroxide (NaOH), sodium chloride (NaCl), MB, methyl orange (MO), rhodamine B
(RB), crystal violet (CV) and absolute ethanol (CH3CH;OH) were sourced from Merck. Table S1 displays the properties of the cross-
linkers examined in this work.

2.2. Synthesis of cross-linked -CD on MKL using carboxylic acids

The preparation procedure of the adsorbents is illustrated in Scheme 1. The synthesis method was performed based on our pre-
viously published work (Sabzevar et al., 2024). Further details on the MKL synthesis method are provided in Section S-1 of the
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Supporting Information (SI). The esterification protocol used in this study was developed based on methods reported in previous
articles (Jemli et al., 2024; Jiang et al., 2021; Silva et al., 2024), with the difference that the amounts of starting materials were
adjusted to optimize for our experimental conditions, and changes were made to the reaction time and type of cross-linkers used.

For the preparation of each of the adsorbents, MKL (0.1 g), 8-CD (0.4 g, 0.35 mmol), 0.4 g of the respective cross-linker (CA or MA
or TA), and KH3PO4 (0.24 g, 1.7 mmol) with 15 mL of Deionized (DI) water were mixed in a beaker and stirred for 2 h. Then, the
mixture was added to a Petri dish and heated at 140°C for 2 h in an oven. After cooling, the resulting crude product was repeatedly
soaked in water and rinsed three to four times with deionized water, then filtered with a magnet and dried under vacuum at 60°C
overnight. The synthesized adsorbents were named according to the type of carboxylic acid used as the cross-linker for magnetic kraft
lignin (MKL) and beta-cyclodextrin (B-CD). Specifically, the adsorbents synthesized with citric acid (CA), malic acid (MA), and tartaric
acid (TA) were labeled as f-CD-CA-MKL, -CD-MA-MKL, and -CD-TA-MKL, respectively. They should be stored in a closed container at
room temperature until use and subsequent characterization.

2.3. Characterization of the adsorbents

Several analytical techniques were used to characterize the synthesized adsorbents. The crystal structures of adsorbents were
studied by X-ray diffraction analysis (XRD, GNR Explorer X-ray diffractometer, Italy) in the range of 20 from 5 to 70°. The functional
groups were identified via Fourier transform infrared spectroscopy (FTIR, Thermo Nicolet Avatar 370 spectrometer, USA) in the range
of 400-4000 cm™ . The morphologies of the adsorbents were observed using a field-emission scanning electron microscope (FESEM,
Tescan Mira III LMU, Czech Republic) coupled with energy-dispersive X-ray spectroscopy (EDS) to identify elements. Before imaging,
each adsorbent was coated with a thin layer of gold to enhance resolution.

Using a Zeta analyzer (CAD Zeta Compact, France), the surface charge of adsorbents was determined at different pH values. The
adsorption behavior of the pollutant was evaluated using UV-visible spectroscopy (Analytic Jena-Spekol 1300, Germany) at a
wavelength of Ap,x = 664 nm. The magnetic properties of the adsorbents were measured using a vibrating sample magnetometer
(VSM, Magnetic Danesh Pajoh Inst., Iran). The chemical composition and elemental distribution on the surface of the adsorbents were
determined using X-ray photoelectron spectroscopy (XPS) measurements (Bes Tec, Germany) with Al K-a radiation (1486.6 eV).

2.4. Batch adsorption study

The batch adsorption experiments were performed using the response surface methodology (RSM) in Design-Expert software
(Version 13.0.15) to investigate the adsorbent’s ability to remove MB. A more complete description of the adsorption experiments, the
applied equations (Egs. (S1) and (S2)), and the empirical second-order polynomial model (Eq. (S3)) in Section S-2, as well as the
techniques used to identify p-CD (Section S-3) and its equation (Eq. (S4)), are provided in the SI.

The RSM, based on the central composite design (CCD), was utilized to investigate the effect of three independent variables of pH
(3—11), adsorbent dose (0.2-0.6 g.L’l), and contact time (10-30 min) on the removal of MB. This approach, one of the common
mathematical and statistical design methods, is used to evaluate the effects of the variables under study on the response surface by
carefully assessing deviations in the experiment and reducing the systematic errors in the process (Kumari et al., 2023b). Also, it
requires fewer experiments compared to the traditional one-factor-at-a-time (OFAT) approach, revealing complex interactions more
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Scheme 1. Preparation procedure of adsorbents and schematic of the potential reaction mechanism.
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effectively (Reza et al., 2024). While the Taguchi method can optimize parameters, it mainly focuses on linear interactions. It provides
only one optimal value, making it slightly less accurate than RSM, which examines all parameter combinations and uses a utility
function to guide experiments (Tan et al., 2017). Other methods like Genetic Algorithms, Artificial Neural Networks (ANNs), and
Particle Swarm Optimization have their advantages and limitations, such as computational cost, difficulty in interpretation, and
sensitivity to initial conditions, respectively (Kumari et al., 2023b).

RSM, combined with CCD, is widely used in water treatment applications, but it has limitations when describing behaviors beyond
linear or quadratic relationships. Machine learning approaches such as ANNs perform better in nonlinear systems, but they require
large datasets, high computational power, and can obscure process understanding. RSM is computationally efficient and interpretable,
although sensitive to noise (Kumari et al., 2025). Kumari et al. showed that both ANN and RSM models predicted high adsorption
efficiencies of MB, reaching up to 94.6 % and 93.2 %, respectively, indicating the effectiveness of Juglans regia as an adsorbent
(Kumari et al., 2025). Studies show RSM effectively predicts high MB adsorption efficiency (Obayomi et al., 2024). Given that the
developed model in this study is quadratic, RSM was selected for its accuracy, ability to optimize multiple variables simultaneously,
and proven applicability in similar research (Obayomi et al., 2024).

As shown in Table S2, operational parameters were examined at five levels (—a, —1, 0, +1, + ). A design with three factors and five
levels comprising 34 experiments was created to optimize the adsorption of MB dye.

2.5. Statistical evaluation

Quantitative data are presented as mean + standard deviation or standard error of the mean. A one-way analysis of variance
(ANOVA) was conducted for each time point in the data shown in Fig. 1 to determine if the four adsorbents (MKL, p-CD-CA-MKL, p-CD-
MA-MKL, and B-CD-TA-MKL) had statistically significant variations in MB removal efficiency. For each adsorbent and at each time
point, experiments were performed in triplicate (n = 3). The experimental design was developed using Design-Expert software based
on the generated matrix. Each run was conducted in duplicate, except for the center point, which was repeated six times to estimate the
experimental error. For the statistical evaluation, Egs. (S5-S8) in Section S-4 were used to determine the model’s goodness of fit to the
experimental data.

3. Results and discussion
3.1. Optimization of key parameters in adsorbent synthesis

Although CA was used as a cross-linker in our previous study (Sabzevar et al., 2024), detailed optimization of synthesis parameters,
including temperature, reaction time, and amounts of CA and KHPOy, is reported here for the first time. Other adsorbents were
synthesized using the optimized conditions established for f-CD-CA-MKL. The condensation reaction between the carboxyl groups of
CA and the hydroxyl groups of MKL and B-CD is widely known to be significantly affected by the reaction temperature. Fig. S1(a)
illustrates the role of reaction temperature on the MB adsorption capacity. Increasing the reaction temperature (80-140°C) under
specific conditions (0.4 g of -CD, 0.4 g of CA, 0.1 g of MKL, 0.24 g of KHoPOy4, and a reaction time of 2 h) directly correlates with an
increase in MB adsorption capacity. This enhancement can be associated with (1) the increased emission rate of CA molecules in the
vicinity of f-CD and MKL molecules, (2) the higher condensation efficiency (El-Tahlawy et al., 2006), and greater 3-CD grafting onto
MKL. Our results indicate the optimal reaction temperature is 140°C, as the adsorbent prepared at this temperature exhibits the highest
adsorption capacity. Further increases in temperature up to 160°C result in a reduction in adsorption capacity due to the degradation of
CA into unsaturated acids and anhydrides (Ghorpade et al., 2016). Consequently, p-CD cannot attach to the MKL and is removed as an
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Fig. 1. Comparison of removal efficiency using (a) MKL, (b) f-CD-CA-MKL, (c) f-CD-MA-MKL, and (d) p-CD-TA-MKL (MB concentration: 20 mg.L’1
and adsorbent dose: 0.2 g.L’l).
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ester during the washing process (Ghorpade et al., 2016). These findings align with those reported by Silva et al., who also identified
140°C as the optimal esterification temperature (Silva et al., 2024). The relationship between the duration of the esterification reaction
and the adsorption capacity of the adsorbent is illustrated in Fig. S1(b). Esterification was conducted with 0.4 g of $-CD, 0.4 g of CA,
0.1 g of MKL, and 0.24 g of KH;PO4 at 140°C. The results demonstrate that increasing reaction time enhances the esterification
process. A reaction time of 2 h is optimal, as extending the duration to 3 h does not lead to significant changes in adsorption capacity.

Fig. S1(c) shows the effect of KHPO4 amount (0-0.48 g) as a catalyst in the esterification process (under the conditions of 0.4 g of
B-CD, 0.4 g of CA, 0.1 g of MKL, reaction time: 2 h at 140°C). Increasing the KH,PO4 amount from 0 to 0.24 g enhances the carboxyl
content and facilitates p-CD grafting onto MKL via CA, thereby improving the adsorption capacity. However, further increases in
KH2PO. amount (0.24-0.48 g) lead to a dilution effect, where the catalyst acts as a barrier between $-CD and CA, hindering their
interaction. This trend is similar to the effect reported for sodium hypophosphite catalyst (Ghorpade et al., 2016). Thus, a KH2POa
amount of 0.24 g is optimal for MB removal. The influence of CA amount (0-0.8 g) on the extent of esterification and adsorption
capacity is depicted in Fig. S1(d). The reaction, conducted with 0.4 g of p-CD, 0.1 g of MKL, and 0.24 g of KH2POu at 140°C for 2 h,
shows that increasing the CA amount enhances the carboxyl content and adsorption capacity. This is due to the greater availability of
CA molecules (El-Tahlawy et al., 2006) near the $-CD and MKL molecules at higher amounts, which enhances the extent of esterifi-
cation, consistent with the trend reported (El-Tahlawy et al., 2006). Therefore, the optimal condition for preparing -CD-CA-MKL is
0.4 g of CA.

After optimizing the preparation conditions for 3-CD-CA-MKL, the same synthesis protocol was applied to produce -CD-MA-MKL
and B-CD-TA-MKL. The impact of cross-linker types on the removal efficiency of MB was then investigated. As shown in Fig. 1, the
adsorption of MB by the adsorbents gradually increases from 10 to 90 min. Among the adsorbents, f-CD-TA-MKL exhibits the highest
increase in removal efficiency. This improvement can be attributed to the symmetrical arrangement of OH groups and the reduced
steric hindrance in the TA cross-linker’s structure, compared to those of MA and CA cross-linkers, which facilitates more effective
access of dye molecules to the active sites of the adsorbent by reducing steric barriers. According to Table S3, the levels of active p-CD
follow the trend: p-CD-TA-MKL> fB-CD-MA-MKL> p-CD-CA-MKL.

Due to the greater tendency of p-CD-TA-MKL adsorbent to remove MB, subsequent adsorption tests were conducted using this
adsorbent. The p-values for the percentage of MB removal at time intervals of 10, 20, 30, 60, and 90 min were 2.34 x 1076,
5.93 x 1075, 0.0012, 4.38 x 107>, and 3.88 x 107>, respectively. All values are less than 0.05, indicating statistically significant
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Fig. 2. FESEM images of (a) MKL, (b) p-CD-CA-MKL, (c) p-CD-MA-MKL, and (d) p-CD-TA-MKL; (e) magnetic hysteresis loop of the synthe-
sized adsorbents.
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differences (Kwak, 2023).

3.2. Characterization of the adsorbents

It is worth noting that the characterization data of the MKL and p-CD-CA-MKL adsorbents presented in this study were adopted from
our previous work (Sabzevar et al., 2024), as the structures and composition remained unchanged. These data were included alongside
the newly synthesized adsorbents ($-CD-MA-MKL and -CD-TA-MKL) for comparative purposes only.

XRD analysis was performed to compare the structural information of p-CD-CA-MKL (Sabzevar et al., 2024), p-CD-MA-MKL, and
B-CD-TA-MKL, as shown in Fig. S2. The peaks at 30.25°, 35.66°, 43.78°, 57.31°, and 63.07° confirm the presence of the FesO4 phase
(Petrie et al., 2021) in p-CD-MA-MKL and B-CD-TA-MKL adsorbents, which show a face-centered cubic (FCC) structure. These peaks
were also present in the synthesized MKL in our previous work (Sabzevar et al., 2024) before modification, indicating that the
crystalline structure of iron remained unchanged after cross-linking in adsorbents, and only the intensity and width of the peaks
changed. A comparison of the diffraction patterns of the p-CD-CA-MKL (Sabzevar et al., 2024), f-CD-MA-MKL, and B-CD-TA-MKL
shows that the peaks of the $-CD-CA-MKL adsorbent (Sabzevar et al., 2024) are weaker and broader than the other two. Thus, it in-
dicates smaller crystals (Wang et al., 2014). In contrast, the f-CD-MA-MKL adsorbent shows larger crystals with sharp peaks and higher
intensities. These changes claim that the type of cross-linker is important in the crystal growth process. The Scherrer equation (Eq. (S9)
in Section S-5) (Petrie et al., 2021) was used to determine the crystallite sizes of p-CD-CA-MKL (Sabzevar et al., 2024), p-CD-MA-MKL,
and p-CD-TA-MKL based on their XRD patterns. The estimated crystallite sizes were 4.11, 10.72, and 8.60 nm, respectively.

The FTIR is commonly employed to identify ester groups in biomaterials cross-linked with carboxylic acids (Altayan et al., 2023).
The FTIR spectra of §-CD-CA-MKL (Sabzevar et al., 2024), f-CD-MA-MKL, and $-CD-TA-MKL, as presented in Fig. S3 and Table 5S4,
exhibit similar peak positions, suggesting that the functional groups introduced by the different cross-linkers are largely the same. In
contrast, the spectra of the adsorbents differ significantly from that of MKL (Sabzevar et al., 2024), indicating that surface modification
with B-CD via the cross-linkers was successful. As shown in Fig. S3, new absorption bands at 1742 cm™! and 1747 cm™? in
B-CD-MA-MKL and p-CD-TA-MKL, respectively, are related to the C=O0 stretching vibration of the ester group. This indicates that the
esterification reaction has been completed (Zhou et al., 2018), and the carboxylic acid groups of the cross-linking agent have formed
ester bonds with the ~OH groups of -CD and MKL. The similarity among p-CD-CA-MKL (Sabzevar et al., 2024), p-CD-MA-MKL, and
B-CD-TA-MKL further suggests that the choice of cross-linker does not introduce unique or additional functional groups.

Based on FESEM images, the MKL particles (Sabzevar et al., 2024) in Fig. 2(a) display a spherical shape, which is in agreement with
similar findings (Cao et al., 2023). Grafting of 8-CD (Fig. 2(b), (c), (d)) alters the size of particles, but the morphology remains visually
unchanged. We suggest that this difference in particle size is likely attributed to variations in the structure of the cross-linkers used in
adsorbent synthesis. CA, with its three carboxylic groups and ability to form denser cross-links, likely promotes the formation of a more
compact and denser network structure (Pooja et al., 2025). This may lead to smaller particle sizes. Zhou et al. reported that the size of
starch nanocrystals decreased after cross-linking modification with CA (Zhou et al., 2016). In contrast, MA and TA with fewer
functional groups may form less dense networks or localized clusters, leading to larger particle sizes. The EDS spectrum for
f-CD-TA-MKL and p-CD-MA-MKL (Table S5) reveals the presence of iron, carbon, oxygen, and sulfur in the adsorbents. For
B-CD-CA-MKL (Sabzevar et al., 2024), similar elements were detected.

As presented in Fig. 2(e), the saturation magnetizations for f-CD-TA-MKL and p-CD-MA-MKL are 3.78 and 8.43 emu.g™?,
respectively, while p-CD-CA-MKL exhibits a saturation magnetization of 2.52 emu.g™ (Sabzevar et al., 2024). Therefore,
B-CD-MA-MKL exhibits better magnetic properties. According to the EDS results (Table S5), the non-magnetic organic content (carbon
and oxygen) is the lowest in p-CD-MA-MKL and the highest in p-CD-CA-MKL (Sabzevar et al., 2024). The non-magnetic nature of the
coating reduces the saturation magnetization of FesO nanoparticles; thicker coatings increase their dipole moment while decreasing
effective magnetic content, thereby diminishing overall magnetic performance (Cao et al., 2023). This trend is consistent with previous
reports (Petrie et al., 2021; Zhou et al., 2021). Therefore, there is a clear correlation between the amount of inorganic fraction and
magnetic properties; Increasing organic content causes a decrease in saturation magnetization. Additionally, based on the results of
this study, the extent of the decrease in saturation magnetization may depend on the spatial arrangement of the cross-linkers and the
placement of the organic part relative to the magnetic lignin nanoparticles within the adsorbent structure. Despite the relatively low
magnetization values, these adsorbents demonstrate efficient separation from aqueous media, consistent with findings by Liu et al.
(2024).

The charge properties of the adsorbents were analyzed to assess the impact of different cross-linkers on their surface characteristics.
This evaluation involved measuring the zeta potential (Fig. S4) of the adsorbents as a key indicator influencing electrostatic in-
teractions (Song et al., 2024). The adsorbents exhibited similar zeta potential profiles, showing a negative charge across a pH range of
3-11, indicating a reduced protonation of the functional groups on their surfaces (Jiang et al., 2021). However, p-CD-TA-MKL dis-
played the most negative zeta potential, which may be attributed to its higher content of oxygen-containing functional groups on the
surface (Ahmad et al., 2019). In contrast, f-CD-CA-MKL (Sabzevar et al., 2024) and B-CD-MA-MKL exhibited less negative zeta
potentials.

Based on the superior performance of 3-CD-TA-MKL in the removal of MB, XPS analysis was conducted for this adsorbent. The XPS
spectra of f-CD-TA-MKL are shown in Fig. S5(a). The spectra reveal peaks at 710.86, 531.42, and 284.69 eV for Fe 2p, O 1s, and C1 s,
respectively. Compared to MKL (Sabzevar et al., 2024), incorporating p-CD onto MKL enhances the intensity of the C1 s and O1 s peaks
in f-CD-TA-MKL. The results of the atomic composition of the p-CD-TA-MKL are given in Table S6. Additional XPS details are provided
in the SI (Section S-6, Fig. S5(b-d)).
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3.3. Adsorption performance

The experimental design and the associated response values are presented in Table S7. The experimental data were analyzed using
linear, quadratic, and cubic models, showing that the quadratic model was highly significant and suitable for representing the response
in MB dye removal. A quadratic polynomial model provides the best fit to the experimental data, as shown in Eq. (1).

Sqrt (Adsorption capacity) = 6.74 + 0.1334 x A -0.8448 x B + 0.0333 x C -0.0440 x AB -0.0344 x A% 4+0.1647 x B? (1
The significance and adequacy of the models were evaluated using ANOVA (Kumari et al., 2022), with the results summarized in
Table S8. Previous studies have emphasized that a high F-value and a low p-value (<0.05) indicate a more significant impact of the
variable (Kumari et al., 2024a; Moatamed Sabzevar and Ghahramaninezhad, 2024). The F-value for the quadratic model regression is
2240.99, with a very low p-value (<0.0001), indicating the statistical significance of the quadratic model. The lack of fit was also
assessed relative to pure error. A significant lack of fit (p-value < 0.05) suggests that the model does not align well with the experi-
mental data, potentially leading to unreliable predictions.

In contrast, a non-significant lack of fit (p-value > 0.05) indicates that the model fits well with the experimental data and that the
variables have a meaningful impact on the model (Adamu et al., 2022). In this study, the lack-of-fit value of 0.9327 is not significant
compared to pure error, indicating the adequacy of the model. Other parameters, such as the coefficient of determination (R?), adjusted
R? (R?34)), predicted R? (R%req), and the coefficient of variation (CV%), were employed to evaluate the effectiveness of the developed
model. A high R? value, close to 1.0, suggests strong predictive efficiency in a model (Kumari and Gupta, 2019). The proposed model
has an exceptionally high R? value of 0.9980, indicating that the regression model explains almost all the variation in the data, leaving
only 0.6286 % unexplained. Furthermore, the close alignment between the R?,qj (0.9976) and R*jreq (0.9967) values further supports
the model’s reliability and significance. The discrepancy between R?;qj and R*yreq should ideally be less than 0.20; if the difference
exceeds 0.20, the model is considered unsuitable for the data (Adamu et al., 2022). The standard deviation derived from the software
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Fig. 3. Surface plots of (a) pH and contact time, (b) adsorbent dose and contact time, and (c) pH and adsorbent dose.
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output was 0.0432. Small standard deviation values in relation to the model means provided additional evidence of the models’ ac-
curacy and predictive adequacy (Adamu et al., 2022).

Adequate Precision (Adeq Precision) determines the signal-to-noise ratio; a desirable ratio should be greater than 4 (Sabzevar et al.,
2025). In this study, the Adeq Precision of the model was 172.55, indicating a strong signal for exploring the design space (Kumari and
Gupta, 2019). Additionally, the p-values for pH (A), adsorbent dose (B), and contact time values (C) were all below 0.05, highlighting
their statistical significance. These findings confirm that the three factors significantly influenced MB removal. As shown in Table S8,
higher F-values indicate a greater impact and statistical significance in the removal process.

The residuals in the normal probability plot (Fig. S6(a)) form a fairly straight line and indicate that the errors follow a normal
distribution (Alam et al., 2022). Residuals represent the differences between experimental and predicted data (Deymeh et al., 2024).
Low residual values suggest that the model predictions are highly accurate. The plot of predicted versus actual values in Fig. S6(b)
reveals a strong correlation between the adsorption values, emphasizing the high accuracy of the model (Hamouda et al., 2020). These
findings confirm that the model effectively represents the experimental data and can be considered a reliable correlation model.
Three-dimensional (3D) response surface plots were utilized to examine the interactions between pH, adsorbent dose, and contact time
values. Fig. 3(a) illustrates the interaction between contact times (10-30 min) and pH (3—11). pH is one of the key factors affecting the
adsorption process. At constant contact time, as pH increases from 3-11, the adsorption capacity of MB improves. The interaction
between the dye molecules and the adsorbent is primarily driven by electrostatic forces, with the negatively charged hydroxyl and
carboxyl groups on the adsorbent attracting the positively charged MB dye in water (Omwoyo and Otieno, 2024). Additionally, under
acidic conditions, the concentration of hydrogen ions in the solution rises, competing with MB for adsorption sites and further
decreasing MB removal efficiency (Buenano et al., 2024).

This finding is consistent with the results reported by Alam et al., where increased solution pH positively influences MB removal
(Alam et al., 2022) and adsorption capacity. The time required for contact between the adsorbent and adsorbate is essential in
adsorption studies. The findings of this study (Fig. 3(a)) show that as contact time increases, the adsorption capacity of MB also rises.
Extended contact allows more interactions between the dye molecules and the adsorbent surface. Initially, the adsorption capacity
increases with time, but eventually, it reaches a relatively stable level, indicating equilibrium. The early increase in adsorption rate is
attributed to the higher availability of active sites during the initial stages (Buenano et al., 2024). The maximum adsorption capacity
was achieved at a pH of 11 and a contact time of 30 min.

The effect of the adsorbent dose (0.2-0.6 g.L’l) and contact time (10-30 min) on MB removal was investigated, with the inter-
action plot shown in Fig. 3(b). At a specific time, the inverse relationship between adsorption capacity and adsorbent dose can be
attributed to the high affinity between adsorbate molecules and adsorbent sites at an initially low dose (0.2 g.L"1). From 0.2-0.6 g.L "},
the sorption capacity drops as the adsorbent dose rises. Although the number of available sorption sites has increased, this decrease is
probably the result of adsorbent particle aggregation, active site blockage, and decreased accessibility to active sites. Similar findings
from earlier research have indicated that adsorption capacity decreases as the adsorbent dose increases (Aniagor et al., 2021). As
shown in Fig. 3(c) and supported by the statistical results in Table S8, the interaction between adsorbent dose and pH was statistically
significant. A visual representation indicates that adsorption capacity increases with rising pH and decreasing adsorbent dose. Under
an initial dye concentration of 20 mg.L ™}, a solution pH of 11, 0.2 g.L ! of adsorbent, and a contact time of 30 min, the highest MB
adsorption capacity was achieved.

The desirability function, which ranges from 0 (undesirable) to 1 (desirable), directed the optimization process to maximize
desirability (Hamouda et al., 2020). Through numerical optimization, the conditions that maximize the desirability function were
identified. The highest desirability ratio of 0.974 corresponded to optimal conditions: an adsorbent dose of approximately 0.2 g.L ™},
pH 11, and a contact time of 30 min. Under these settings, the maximum removal efficiency and adsorption capacity achieved were
97.32% and 83.76 mg.g !, respectively, demonstrating the high efficacy of the optimized parameters for MB removal. Two additional
tests were performed under the same conditions to validate the accuracy of the model. The results showed MB removal efficiencies of
96.24% and 95.10% and adsorption capacities of 83.26 mg g™! and 82.27 mg.g ™}, respectively (Table S9). These experimental values
closely matched the predicted values, indicating the model’s high accuracy and reliability. This agreement between the observed and
predicted values shows the accuracy and reliability of the model. Consequently, the model can be considered a reliable tool for
predicting and enhancing the effectiveness of MB removal and adsorption capacity in practical scenarios.

To evaluate the adsorbent’s performance under more practical conditions, re-optimization was carried out at a neutral pH (pH 7).
Under these conditions, a removal efficiency of 91.5 % and an adsorption capacity of 81.27 mg.g™! were achieved using the same
adsorbent dose (0.005 g in 25 mL) and contact time (30 min). These findings suggest that the adsorbent can be utilized in industrial
applications, as it remains effective at neutral pH levels.

3.4. Evaluation of kinetic models in the adsorption process

To evaluate the adsorption rate, kinetic experiments were carried out by observing changes in the adsorption capacity of 3-CD-TA-
MKL over time. Specifically, 0.005 g of f-CD-TA-MKL was added to 25 mL of MB solutions with initial concentrations of 20 and 40 mg.
L~ !at pH 11.

The adsorption capacity of p-CD-TA-MKL was evaluated as a function of contact time (10-30 min). Equilibrium for MB adsorption
was reached at approximately 30 min, with high removal efficiencies of 96.85 % and 81.37 % and corresponding adsorption capacities
of 84.14 and 158.84 mg.g ™ for initial MB concentrations of 20 and 40 mg.L™?, respectively. To investigate the adsorption kinetics and
underlying mechanism, two linear kinetic models, the pseudo-first-order (PFO) and pseudo-second-order (PSO) models (Sabzevar
et al., 2024), were applied. The resulting fitting parameters are presented in Fig. S7(a) and Table S10. Based on the R? values close to
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unity, the PSO model provided a better fit than the PFO model. Furthermore, the experimentally observed adsorption capacity (qe,exp)
closely matched the value calculated (ge ca) from the PSO model, indicating that the PSO model is more applicable for describing dye
removal from aqueous solutions. A more detailed analysis based on statistical indices (Table S10) showed that the PSO model, with its
lower error values, provides a superior description of the kinetic results. These observations are consistent with those reported by Hu
etal. (Huet al., 2023) and El Haddad (El Haddad, 2016). Fig. S7(b) shows the results of fitting the experimental data to the PSO model
for initial concentrations of 20 and 40 mg.L .

3.5. Evaluation of isotherm models in the adsorption process

Adsorption isotherms represent the interaction between the adsorbent and adsorbate during the adsorption process (Takabi et al.,
2021). Therefore, it is important to study the isotherm data to develop an equation that can describe the results and be utilized for
design (Kumari et al., 2023a). The adsorption values were analyzed using two fundamental isotherm models, Langmuir and
Freundlich, as described by Eqs. (S10) and (S11) (Section S-7). In the Langmuir model, the dimensionless parameter R}, was used to
check the suitability of the adsorbent for MB dye, which was calculated using Eq. (S12) (Section S-7).

Fig. S7(c) shows the linear fitting plots for the Langmuir and Freundlich models, with the corresponding isotherm parameters
detailed in Table S11. The results indicate that the Langmuir model with a relatively higher R* value provides a better fit to the
equilibrium data, suggesting a monolayer adsorption process (Khoshkho et al., 2021) of MB onto $-CD-TA-MKL. In addition, the
Langmuir model, which had the lowest statistical indices, was more satisfactory in explaining the adsorption behavior compared to the
Freundlich model (El Haddad, 2016; Hu et al., 2023).

The Ry, values in Table S11 (0 < Ry, < 1) suggest that the adsorption of MB on the adsorbent surface is favorable, indicating a
relatively strong interaction between the dye molecules and the adsorbent. Additionally, the Freundlich isotherm parameter, n,
ranging from 2 to 10, supports the conclusion that the adsorption process is favorable. The rise in the K value with increasing
temperature indicates improved adsorption efficiency at higher temperatures (Ahmadpour et al., 2023). Moreover, the adsorption
capacity of -CD-TA-MKL was observed to increase with temperature. As the temperature rose from 298 to 318 K, the adsorption
capacity increased from 384.61 to 454.54 mg.g™' , indicating an endothermic adsorption process (Jemli et al., 2024).

A comparative analysis with other adsorbents reported in the literature is provided in Table S12, highlighting the potential of p-CD-
TA-MKL for MB adsorption. Among the adsorbents reviewed, p-CD-TA-MKL exhibits a notably high adsorption capacity. The developed
adsorbent makes it a promising candidate for MB adsorption from contaminated water in industrial applications.

3.6. Adsorption thermodynamics

Thermodynamic studies of MB adsorption on -CD-TA-MKL at various temperatures (298-318 K) were conducted. The thermo-
dynamic parameters of the adsorption process were determined using Egs. (S13) to (S15) in Section S-8. The standard Gibbs free
energy change values (AG°) were obtained —28.29, —30.19, and —32.28 kJ.mol ! for 298, 308, and 318 K temperatures, respectively.
Moreover, the positive enthalpy value (AH°, 31.13 kJ.mol ™) suggests that the adsorption is endothermic, consistent with experi-
mental observations that show MB adsorption capacity increases with rising temperature. AH® values below 80 kJ.mol ™! imply
physical adsorption (Tran, 2022). Nonetheless, chemical adsorption appears to be the predominant process based on the high
agreement between the experimental data and the PSO kinetic model (Wei et al., 2023). Consequently, it appears that both chemical
and physical interactions have an impact on the adsorption. Previous research has documented similar differences between ther-
modynamic and kinetic interpretations (Tran, 2022), underscoring the need to consider both thermodynamic and kinetic factors for a
complete understanding of the adsorption process.

The positive entropy (AS°, 199.30 J.mol 1K) indicates a strong affinity of the adsorbent for MB molecules, likely due to bond
disruption between the dye and water molecules as well as increased molecular randomness at the solid-solution interface during
adsorption (Ahmadpour et al., 2023).

3.7. Regeneration and reusability of adsorbent

Adsorbents used for industrial water remediation must be stable, making the regeneration ability of adsorbents crucial for their
practical applications (Jia et al., 2024). The regeneration process depends on adsorbate concentration and the forces between the
adsorbate and adsorbent material (Kumari et al., 2024b). The reusability of the §-CD-TA-MKL bio-adsorbent was examined to evaluate
its potential for practical dye removal from wastewater. In each cycle, 0.005 g of adsorbent was mixed with an MB solution (20 mg.
L) for 30 min to achieve complete adsorption. Desorption was performed using a 3:1 mixture of ethanol and 0.1 M HCI for 30 min.
Dye removal efficiency for p-CD-TA-MKL declined from 96.24+0.67% to 91.10+1.13% after five cycles (Fig. S8(a)), and statistical
details regarding the standard deviation for each cycle are shown in Table S13. This decrease in adsorption efficiency is likely due to
the saturation of the adsorbent sites with MB molecules after each cycle, resulting in fewer available sites for subsequent adsorption.
After the fifth recovery, the recycled adsorbent was analyzed using characterization techniques, FT-IR, and VSM. The FT-IR spectrum
of the recovered p-CD-TA-MKL shows the same characteristic peaks as the fresh adsorbent (Fig. S8(b)). However, a slight reduction in
the intensity of p-CD peaks at 3408, 1747, 1633, and 1035 cm™ was observed. This reduction may result from factors such as the
recycling process and drying conditions, which could introduce structural defects in the surface layer, thereby diminishing the in-
tensity of these peaks (Liu, Z. et al., 2024). Since no notable variation was detected in the percentage of removal, and peaks related to
the functional groups did not change after the fifth recovery, we believe that this decrease in the intensity of the peaks is due to the
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places that are still involved in pollutant molecules, and they have not been completely removed. Furthermore, the saturation mag-
netic strength of B-CD-TA-MKL remained relatively stable, decreasing slightly from 3.78 to 3.38 emu.g ™! post-recycling (Fig. S8(c)).

According to the recovery results and analyses performed on the adsorbent after the fifth cycle, it shows favorable stability and
recyclability for practical applications. Similar results have been reported for p-CD-containing adsorbents, where the removal effi-
ciency decreased only slightly after several recovery cycles (Li et al., 2022; Singh et al., 2024; Verma et al., 2022; Yang et al., 2021).

3.8. Effect of competitive ion (NaCl) on MB removal

To better replicate real environmental co-adsorption scenarios, the impact of NaCl concentration on the removal of MB was
investigated. Fig. S8(d) and Table S14 show that the amount of dye adsorbed on p-CD-TA-MKL decreased with increasing NaCl
concentration. This reduction is likely because of competition between Na*/Cl™ ions and MB molecules for the available active sites
(Imessaoudene et al., 2022). Similar results were also reported by Yagub et al. (Yagub et al., 2014) and Imessaoudene et al.
(Imessaoudene et al., 2022). Details on adsorbent selectivity (Section S-9) and statistical details regarding the standard deviation are
provided in the SI, while the corresponding error bars are shown in Fig. S9.

3.9. Mechanism of adsorption

The exceptional efficiency of p-CD-TA-MKL in the removal of MB is attributed to its unique structure and diverse functional groups.
A systematic approach was employed to elucidate the key mechanisms underlying the adsorption process, as outlined in Fig. 4. The
well-organized structure of 8-CD-TA-MKL and its high adsorption performance are attributed to the synergistic effects between MKL,
TA, and B-CD. To further validate the adsorption mechanism, FTIR analysis of p-CD-TA-MKL was performed before and after MB
adsorption, revealing important insights into changes in functional groups and shedding light on the adsorption mechanism.

In Fig. S10, the peak of the adsorbent at 3408 cm ™! changed to 3427 cm ™! and became less intense after adsorption. This suggests
that the adsorption process affects the hydroxyl groups in the adsorbent (Lagiewka et al., 2023). The decrease in peak intensity and
shift of the C-H stretching vibration from 2928 cm ! to 2927 cm ™! indicate a hydrophobic interaction between the adsorbent and the
adsorbate (Wei et al., 2023). The peak intensity at 1747 cm™! in spectra (A) notably decreases, and a peak moves a little after
adsorption, indicating an interaction between the C—=O group of the cross-linker and cationic molecules of dye (Sharma and Das,
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2013). The peak located at 1633 cm™!, belonging to C-C in the spectrum (A), is shifted to 1599 cm™! in spectra (B), suggesting a 7-1
interaction between the adsorbent and pollutant (Wei et al., 2023). After adsorption, the reduced intensity of the peak at 1035 cm™
and its shift to 1027 cm™ suggest interactions between p-CD glucose rings and MB, indicating that dye molecules may be inserted into
the cyclodextrin cavities (Qin et al., 2019).

The MB sorption mechanism on p-CD-TA-MKL involves four types of interactions: hydrogen bonding, electrostatic interactions,
host-guest interactions, and n-n interaction. Compared to MKL, p-CD-TA-MKL contains more oxygen-containing groups, contributing to
its superior adsorption performance. These additional oxygen groups provide more active sites, enhancing interactions with MB and
increasing its adsorption capacity. The -OH groups in p-CD-TA-MKL serve as hydrogen bond donors, facilitating interactions with dye
molecules. The electrostatic interactions play a key role in cationic dye sorption. The -OH and -COOH groups on the sorbent can ionize
in aqueous environments, creating negatively charged sites on the sorbent’s surface (Rohith and Girija, 2024). The n-r interaction also
arises from the aromatic structures in the dye molecules and $-CD-TA-MKL. Specifically, the aromatic rings in p-CD-TA-MKL interact
with the n-electrons of the dye molecules’ aromatic rings. Additionally, the f-CD component of the sorbent contains macromolecular
cavities that facilitate the formation of inclusion complexes with guest molecules, further enhancing the sorption process (Rohith and
Girija, 2024).

3.10. Limitations and future work

Although the synthesis conditions have been optimized to enhance the adsorbent’s performance for MB removal, several limita-
tions remain, including the need for further optimization of the adsorbent to evaluate its performance in complex wastewater matrices
with multiple competing pollutants. Future research can overcome these limitations by investigating the adsorbent’s performance in a
broader range of contaminants and real wastewater matrices, enhancing its scalability, and evaluating its stability and selectivity for
other pollutants.

Details on economic and environmental aspects are given in Section S-10.

4. Conclusions

This work evaluates the effect of environmentally friendly cross-linkers (citric acid, malic acid, and tartaric acid) on the perfor-
mance of adsorbents for cationic dye removal. Analytical techniques were employed to verify the successful synthesis of adsorbents.
The performance evaluation of the synthesized adsorbents revealed that the presence of tartaric acid as a cross-linker in the adsorbent,
consisting of magnetic lignin and beta-cyclodextrin, exhibited superior performance compared to those containing malic acid and
citric acid, confirming our hypothesis. The optimal conditions for methylene blue removal (~97%) were determined using Design
Expert software. These conditions included a contact time of 30 min, a pH of 11, and a dose of 0.2 g.L™1. The adsorption process
followed pseudo-second-order kinetics and conformed to the Langmuir isotherm model. Thermodynamic analysis showed that the
adsorption process was endothermic. The -CD-TA-MKL adsorbent showed excellent stability and reusability. These findings highlight
the potential of p-CD-TA-MKL as an efficient adsorbent for industrial applications.
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