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Abstract
This work involves the strategic design and fabrication of novel hybrid beads, consisting of an organic
and an inorganic layer for co-adsorption of Congo Red (CR) and Crystal Violet (CV) dyes from a binary
mixture. A series of hybrid biopolymer-based adsorbents having variable compositions was synthesised
by crosslinking Chitosan (CS) with Glutaraldehyde (GL) and embedding Kaolin (kao), followed by surface
grafting with 2-Hydroxyethyl Methacrylate (HEMA) monomers. Among the multiple adsorbents tested,
one of the optimised hybrid formulations (AC-20) with 79.3% crystallinity was found to effectively co-
adsorb 99.7% of CR and 95.4% of CV simultaneously from a binary mixture of 10 ppm strength at pH 1 in
4 hours at a temperature of 313 K using an adsorbent dosage of 0.05 g/10 mL. Effective dye removal
was retained even at pH=3 leading to 84.9% CR and 91.9% CV removal from binary dye mixture. Several
characterisation techniques, including FTIR analysis, swelling studies, zeta potential analysis, UV-visible
spectroscopy, SEM-EDX and XRD analysis, were performed. Kinetic modelling described that CR
(R2=0.997) and CV (R2=0.996) adsorption followed the pseudo-second-order model. This study
successfully addresses both environmental hazards and practical wastewater treatment needs by using
the eco-friendly adsorbent beads as a promising solution for real-world remediation of toxic dye
mixtures.

Introduction
Water is universally recognised as a vital resource underpinning all forms of terrestrial life. Availability of
sufficient amounts of freshwater to support all life on earth has been a major concern, especially for a
densely populated country like India. Urbanisation, rapid industrial growth and climate change have
increased the need of preserving and treating water in order to reduce the water crisis. The textile, dye,
paint, varnish, paper, tannery, and pharmaceutical manufacturing industries are the major contributors of
water pollutants. A recent estimate revealed that annually, around 70 lakh tons of dye are produced
worldwide.[1] The production of paper, printing and textile dyes releases approximately 10–15% of the
organic dyes in the environment. Since these dyes are usually carcinogenic throughout the food chain
and can seriously endanger human health and aquatic life even in trace amounts, it is imperative that
they are disposed of properly.[2] In the last 25–30 years, dye production as well as export in Asian
countries like India and China has increased significantly, thus a wide growth of these industries is
observed in recent times.[3] Although it is a boon for the economy of developing countries like India, it
also has many adverse environmental impacts, as the discharge of industrial wastewater containing
harmful dyes into the water bodies leads to their accumulation without degradation and remains intact
for a long period in the environment, which contaminates the groundwater sources. It is a serious threat
to the environment and includes severe harm to aquatic plants and organisms because of their strong
colour and bio-recalcitrant components.[12] Dyes also have several harmful impacts on human beings
and affect vital organs like the brain, kidney, heart and liver.[4] The most important dye pollutants are
Congo Red, Crystal Violet, Methyl Orange, Methylene Blue, etc.CR is an anionic dye with the SO3

− group in
its primary structure and has a pKa value of 4.5. It also belongs to the category of azo-based dyes; the
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azo linkage gives them extra stability against light, heat and aerobic degradation. [2, 5] Even a minute
quantity of CR dye can cause considerable damage to aquatic environments by reducing the oxygen
level of water.[2] CR causes gastrointestinal irritation, mutation, lung and bladder cancer, gene mutation
in human beings, and thus it is considered the most harmful and most widely used dye. It is extensively
used for dyeing paper and textiles, including silk, cotton, hemp, rubber, and cosmetics.[6] CV is a cationic
triphenylmethane dye and is responsible for causing irritation to the eyes, skin and digestive tract. It acts
as a mitotic poisoning agent and is thus regarded as a potential biohazard because of its non-
biodegradability. [7,8 ]

Wastewater has been treated by a variety of approaches and strategies, including coagulation,
flocculation, sedimentation, filtering, and adsorption for more than a century at different stages of the
water treatment process. Although traditional wastewater treatment methods like flocculation and
coagulation were found to be successful in removing pollutants from wastewater, they pose a serious
risk of contaminating the environment and have high operational cost.[10, 16] Adsorption is the most
versatile water treatment technology because it is straightforward, simple to design, eco-friendly and
sustainable way of removing numerous pollutants including industrial dyes, heavy metals and
pharmaceutical wastes from wastewater at low operational cost.[15]Accordingly, the focus is to develop
green, environment friendly adsorbents with high aptitude for adsorption. Natural polymers like chitosan,
guar gum, pectin, alginates, etc. are effective candidates for developing adsorbents in a sustainable
manner as they are environment friendly, easily available, low-cost, and environmentally benign.[13]CS,
which is N-deacetylated chitin, is the second most abundant biopolymer after Cellulose.[9] It is
considered the main component of the shells of crabs, shrimp, prawns, and krill [14] and is a naturally
abundant polysaccharide with the presence of a significant number of reactive amino and hydroxyl
functionalities in its structure, which enables CS to act as an efficient adsorbent. India is one of the
major commercial producers of CS, and thus it is easily available as well as a cost-effective biopolymer.
[11] Pure CS has a low surface area and limited mechanical stability, and poor adsorption kinetics.[15]
Crosslinking of CS was needed for enhancing the mechanical strength, chemical stability and improving
the adsorption ability of CS based adsorbents.[17, 18] Grafting of monomers onto the polymer matrix
improves its properties as it incorporates additional functional groups into the base polymer matrix.[19]
Inorganic Clays, hydrated aluminosilicates are widely available, abundant, cost-effective, environment
friendly material which plays an effective role as adsorbents because it provides high stability, large
surface area, owing to its layered structure and good bonding ability due to the presence of a large
number of hydroxyl groups on the surface.[20, 21] Thus, we aimed to incorporate the properties of both
inorganic clay and organic polysaccharide in the form of a hyphenated bead-like adsorbent. Mohamed
M. Abou Alsoaud developed kaolin-impregnated aminated chitosan composite beads for the adsorption
of anionic CR dye.[15] Vanderlane Cavalcanti Silva explored the ability of heat treated Brazilian
palygorskite to remove CV and CR dyes and found 98% removal of both the dyes at basic pH in 360
minutes.[22] Salma Ssouni observed that chitin could successfully remove 99.47% CV dye and 82.15%
for the CR dye at a pH of 12 for CV and 2 for CR in 90 minutes.[61] Developing adsorbents in the form of
beads was done by Meriem Fizir using alginate and kaolin, and the beads were found to be effective in
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recovering phosphate from domestic and hydroponic wastewater.[23] CS-clay based adsorbent in the
form of beads was developed by Shanta Biswas, which had a promising adsorption performance
towards Cr (VI) and Pb (II) ions and methylene blue dye.[24]Beads possess enhanced robustness and
resist fragmentation even post adsorption, which enables their regeneration by suitable desorption
techniques. Developing adsorbents in the form of beads not only enhances their adsorption efficiency
but also provides a prospect towards devising a fixed bed column which has the potential to offer
continuous contaminant removal from wastewater and efficient process automation, establishing them
as an ideal solution for real-world wastewater treatment, which is advantageous from an industrial point
of view as well.[25]

Most of the previous studies focused on physical blending between polysaccharides and clay particles,
leading to a random dispersion of the particles. The majority of documented systems depend on
uniformly mixing inorganic fillers into an organic polymer matrix, which frequently results in low
interfacial compatibility and restricted adsorption selectivity. To get over these restrictions, the current
study offers a structurally layered hybrid bead architecture, which is a significant shift from conventional
composite fabrication. Here, we have aimed to incorporate the essential features of both organic and
inorganic counterparts in a spherical bead-like form with improved surface area, which enhanced the
adsorption efficiency. The development of adsorbents in the form of a bead was purposefully made as it
facilitates easier separation of adsorbents from treated solution post adsorption processes, thus
overcoming the challenges associated with retrieving fine, dispersed adsorbent particles. The
development of CS-clay beads with grafted monomers for co-adsorption of cationic and anionic dyes
from their binary mixture was scarcely explored. Unlike traditional blend-type composites, the novelty of
our work lies in the layered structure of the hyphenated beads with a distinct separation between the
inorganic clay and organic polysaccharide layers. The hyphenated beads could be tailored by varying the
kao content. A well-defined contrast in structure and surface morphology was observed with
proportional variation of organic and inorganic counterparts, leading to a precise localisation of
inorganic and organic domains within a single bead. Our work aimed to synthesise beads where a unique
flip-flop between the organic and inorganic layers over the surface could be achieved by composition
variation, which was essential for controlling the surface chemistry of the beads. The developed CS-kao
beads were used for co-adsorptive removal of a binary mixture of noxious cationic and anionic dyes.CR
and CV were chosen as anionic and cationic dyes because of their widespread usage, distinct structure,
environmentally persistent and toxic characteristics, which cause substantial damage to aquatic life as
well as human health. Together, CR and CV could represent the typical anionic and cationic
contaminants which are very often present in the industrial effluents and thus their binary mixture is an
ideal model system for performing dye removal studies under realistic, complex multi-dye containing
wastewater, where co-adsorption of anionic and cationic colours by using a single adsorbent is
essential. However, most of the pre-existing studies focus on single dye or selective dye adsorption. Co-
adsorption of cationic and anionic dyes from their binary mixture is not yet widely explored. Our work
was directed to target real-world wastewater problems where a mixture of dyes with variable nature
could be removed at the same operational pH by co-adsorption using a single adsorbent. The resultant
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beads demonstrate their suitability for the co-removal of oppositely charged dyes in complicated
industrial effluents due to their exceptional adsorption effectiveness, stability, and reusability under a
range of pH levels. The present study also provides novel insights into sequential dye adsorption
mechanisms for a mixed dye system and demonstrates strong potential for usage in fixed-bed
continuous flow columns.

Experimental

2.1 Materials:
CS from Shrimp Shells 75% (deacetylated) was purchased from Loba Chemie Pvt. Ltd., kao was obtained
from B.D. Pharmaceuticals Works Pvt. Ltd. Howrah, West Bengal, India, GL 25% solution in water was
purchased from Merck Life Science Private limited, HEMA 96.5% Extra Pure was purchased from Loba
Chemie, Potassium peroxodisulphate (KPS) extra pure from Merck Life Science Private Limited, Acetic
acid glacial 99–100% and sodium hydroxide pellets from Merck Life Science Private Limited, Milli Q
water were used for the synthesis of hyphenated crosslinked beads grafted by HEMA. CR and CV dye
powders from Nice Chemicals were used for the preparation of model wastewater.

2.2 Synthesis of crosslinked CS-kao beads:
250 mg of CS flakes was dissolved in 2% acetic acid solution. It was followed by the addition of kao in
various proportions to prepare 1:0.5, 1:1 and 1:2 Cs-kao homogeneous solutions, along with the addition
of GL (used as crosslinker) into the homogeneous solution, followed by mechanical stirring for 1.5 hours
at room temperature. The slurry was added dropwise to a 1 (M) NaOH solution for bead formation using
a plastic syringe.[26] The excess NaOH was removed by washing the beads with deionised water. A total
of six variants of crosslinked beads (CSK) were synthesised by stoichiometric variation as detailed in
Table 1 and were air dried.

Table 1
Sample composition of crosslinked CSK beads by varying the amount of Kao and

GL:
CS: Kao 1:0.5 1:0.5 1:1 1:1 1:2 1:2 1:0

GL (mmol) 0.847 15 0.847 15 0.847 15 15

Designation CSK1 CSK 2 CSK 3 CSK 4 CSK 5 CSK 6 CSK 7

2.3. Synthesis of HEMA grafted beads:
The previously synthesised CSK beads (150 mg) were taken, followed by the addition of 3% KPS solution
under a nitrogen atmosphere at 70℃ to initiate free radical formation. After 20 minutes, HEMA was
added slowly, and the reaction was allowed to continue for 4 hours under a nitrogen atmosphere.[27] The
grafted beads were washed with distilled water to remove unreacted monomers. They were air-dried
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before characterisation. A total of eighteen variants of grafted beads were synthesised as detailed in
Table 2.

Table 2
Sample composition of grafted beads by varying the

amount of HEMA:
Designation CSK variants HEMA (mmol)    

AC-25 CSK 1 0.57    

AC-28 CSK 1 1.14    

AC–24 CSK 1 1.71    

AC-30 CSK 2 0.57    

AC-29 CSK 2 1.14    

AC-26 CSK 2 1.71    

AC-3 CSK 3 0.57    

AC-2 CSK 3 1.14    

AC-14 CSK 3 1.71    

AC–20 CSK 4 0.57    

AC-12 CSK 4 1.14    

AC-13 CSK 4 1.71    

AC-4 CSK 5 0.57    

AC-27 CSK 5 1.14    

AC–16 CSK 5 1.71    

AC-22 CSK 6 0.57    

AC-23 CSK 6 1.14    

AC-21 CSK 6 1.71    

AC-1 CSK 7 0.57    

2.4 Preparation of model wastewater:
Textile industry wastewater contains a complex mixture of hazardous dyes that pose significant
environmental and health risks. Among these, CR, an anionic diazo dye, and CV, a cationic triarylmethane
dye, are major pollutants and are chosen as model dyes. To prepare model wastewater for controlled
adsorption experiments, a 500 mL stock solution containing 10 ppm each of CR and CV was prepared
using a volumetric flask to ensure accuracy. The pH of the dye mixture solutions was systematically
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varied using 0.1 N HCl and 0.1 N NaOH to investigate the influence of solution pH on adsorption
behaviour.

2.5 Batch adsorption:
The synthesised beads (0.05 g) were added to 10 mL of CR and CV dyes individually, as well as in their
binary mixture solutions (10 ppm each), taken in a 100 mL conical flask, while the pH was adjusted in the
range of 1–11 using 0.1 M HCl and 0.1 M NaOH solutions. Batch adsorption studies were performed by
continuously stirring in a shaker for 4 hours. After filtration, the resulting solutions were collected, and
the concentration of residual CR and CV dyes were measured using UV-Visible spectrophotometry. For
individual dyes, maximum absorbance was obtained at 497 nm for CR [28] and 589 nm for CV [29]. But
for binary dye mixtures, individual λmax values of both the dyes could not be obtained separately due to

the overlapping of the two peaks. Thus, deconvolution of the UV-Vis spectra was performed using Origin
Pro 9 software in order to find out two separate peaks for the respective dyes and their absorbance
values were recorded. A shift in λmax values was observed, which indicated strong interactions between
the cationic and anionic dyes in the binary mixture. The adsorption capacity was measured in terms of
percentage removal (R %) using the Eq. 1:[30]

R % = ×100 -----------(1)

Where C0 is the initial concentration of the binary mixture solution (10 mg/L), and Cf is the residual dye

concentration after adsorption in mg/L. The concentration of the dye solution was obtained by
calibration of the UV plot.

2.6 Characterisation:

2.6.1 Characterisation of adsorbents:

2.6.1.1 Fourier transform infrared (FTIR) spectroscopy:
FTIR spectroscopy of neat CS, non-grafted and grafted adsorbent beads (before and after dye
adsorption) was carried out using a Perkin Elmer FTIR Spectrum Two spectrophotometer, covering the
spectral range of 400 − 4000 cm− 1 with a peak resolution of 4 cm− 1. The measurements were conducted
in attenuated total reflectance mode using a diamond crystal to find out the chemical structure of the
adsorbent beads.

2.6.1.2 Measurement of Zeta Potential:
A zeta potential analyser (model: ZEN3600, Serial No: MAL 1032012) purchased from Malvern
Instruments Limited, U.K., Malvern Instruments Limited used for surface charge determination of the
adsorbents before and after adsorption. The samples were prepared as 0.5% aqueous solutions and
tested at room temperature.

2.6.1.3 Swelling Capacity determination:

C�−Cf

C�
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The swelling behaviour of the prepared adsorbent beads was analysed by immersing the beads in 10 mL
of distilled water. At certain specific time intervals, the samples were removed from water and gently
dabbed on a tissue paper to remove excess water and weighed using an electronic balance (Model: MK
20E, Adair Dutt, India; readability: 0.1 mg). The water uptake was calculated from the difference between
the weights of the final swollen and initial dry beads. The swelling percentage was measured in terms of
the Eq. 2:[31]

Swelling % = × 100 -----------(2)

where w2 is the mass of the swollen bead, and w1 is the mass of the dried bead before immersing it in

water.

2.6.1.4 Scanning Electron Microscopy–Energy Dispersive
X-ray spectrometry (SEM-EDX):
In order to investigate the surface morphology of beads containing variable amounts of kaolin and
elemental analysis of the adsorbent beads before and after adsorption, SEM-EDX analysis was
performed using FESEM – Make: Thermoscientific, Model: Apreo-S instrument.

2.6.1.5 X-Ray Diffraction Analysis:
The crystallinity of the samples was analyzed using a PANalytical X'pert PRO MRD x-ray diffractometer
(40kV, 40mA) with Cu Kα radiation (wavelength = 1.5406Å) and at a scan rate of 2°per minute. The
samples were scanned over a range of 2θ: 10°- 70°.

2.6.2 Characterisation of model wastewater containing a
binary mixture of CR and CV dyes:
The UV-Visible spectrophotometer model LI-296 (Microprocessor UV-VIS Single Beam) from Lasany was
used to measure the absorbance of the binary mixture of the dyes after adsorption at room temperature
using a quartz cuvette with quartz slits and a 10 mm path length. The cuvette was rinsed with deionised
water, followed by rinsing it with 0.1 N HCl or 0.1 N NaOH solutions as the dye samples were prepared at
acidic and basic conditions, respectively. This was repeated after each cycle. It was filled with deionised
water as a reference and baseline correction was done in the absence of any sample. Approximately 2
mL of solution was introduced into the cuvette, and absorbance was measured. The scan range was set
between 800 nm and 200 nm.

2.7 Adsorption Kinetics Studies:
At certain specific time intervals, a 2 mL aliquot was withdrawn from the aqueous solutions of the binary
dye mixture and the concentration of both CR and CV was found out by deconvolution of the obtained
UV spectra, followed by calibration. Kinetics of the dye adsorption were investigated by fitting the data to
various kinetic models (pseudo-first order, pseudo-second order, second order and intraparticle diffusion

w₂−w₁
w₁
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models. The most appropriate model was analysed by comparing the R2 values of the various curves.
The adsorption capacity qt (mg/g) was measured according to the Eq. 3: [15]

q�  × V -------------(3)

qt (mg/g) is the amount of dye adsorbed in time t (mins), c0 is the initial concentration of dye mixture

solution in mg/L, and ct is the final concentration of dye solutions after adsorption in mg/L, V is the
volume of solution in L, and w is the dosage of adsorbent in g.

Results and Discussions

3.1 Synthesis of Kaolin-CS grafted beads:
In order to improve the solubility of CS, it was made to dissolve in acetic acid solution where the amino
groups of CS underwent protonation, thereby facilitating its dissolution.[32] Kaolin, a layered
aluminosilicate clay, features abundant surface hydroxyl groups that not only participate in hydrogen
bonding and other non-covalent type interactions with dye molecules but also form strong interactions
with the CS matrix.[33] Since beads without kao were found to be comparatively more fragile, the
addition of kao gave the CS beads structural support and preserved their spherical shape, significantly
increasing their mechanical strength. The AC-1 beads were unable to demonstrate enough dye removal
from their binary mixture, which further highlighted the significance of inorganic clay along with
polysaccharide in bead production (Figure S1 and S2). Functionally, kao significantly augmented the
adsorption capacity of the beads, contributing both surface-active sites for direct dye binding and
elevating the total surface area for dye penetration and diffusion. The adsorption process was governed
by a variety of non-covalent interactions, such as hydrogen bonding, van der Waals forces, hydrophobic
interactions, stacking interactions and electrostatic interactions depending on the pH conditions, where
the surface charges of both kao and CS facilitated multi-modal dye capture from the binary mixture of
cationic and anionic dyes that suitably mimics real world wastewaters containing variety of industrial
effluents.[44] To further improve the mechanical strength of the beads and enhance their stability
against harsh acidic conditions, the free amino groups of CS were made to react with the carbonyl group
of GL, resulting in a stable imine linkage formation leading to the formation of a crosslinked network.[34]
While crosslinking enhanced the durability of the beads, it reduced the swelling capacity of the beads,
resulting in a more compact matrix with controlled pore sizes, which is optimal for the adsorption of
dyes.[35]Beads with elevated GL concentration exhibited better adsorption capacity, which may be
attributed to the greater crosslink density imparted by the increased glutaraldehyde concentration, which
resulted in better dye uptake as the more densely crosslinked CS network maintained a robust and
stable architecture, effectively controlling excessive swelling upon contact with aqueous solutions. This
stabilises internal pore structure and preserves the porous network, enabling extensive access of the dye
molecules to the available binding sites on the beads. However, GL concentration beyond 15mmol was
avoided as the slurry became too viscous and bead formation became unfeasible. To further enhance

=
(c�−cₜ)

w
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adsorption capacity and surface functionality, grafting of HEMA onto the beads via KPS-initiated free-
radical polymerisation was made, which introduced additional hydroxyl groups, improving hydrophilicity
and facilitating hydrogen bonding interaction with the dye molecules. Adsorption experiments with CSK
7 beads were performed, but did not show any significant dye removal. Thus, the incorporation of HEMA
as grafting monomer was essential. Optimal grafting was attained at 0.57mmol HEMA, balancing
swelling capacity and crosslink density without inducing homopolymerisation or polymer matrix
densification. Grafting was not carried out on the bead surface over 1.71mmol HEMA because
homopolymer formed instead of grafting on CS-kaolin beads as a whitish, rubbery, or gel-like substance.
The polymer matrix became extremely dense, and there were more opportunities for
homopolymerisation rather than grafting in the case of beads containing 1.14mmol or 1.71mmol HEMA.
Better yield was observed with CSK 4 than CSK 6, as the latter had higher kaolin content, which led to
leaching of kaolin from the surface of the beads due to poor CS-kao binding during mechanical stirring.
Due to the higher quantity of kaolin in CSK 6 beads, an unequal balance between the kaolin particles and
chitosan matrix took place and caused poor binding between kaolin and chitosan, which led to fragile
bead formation and leaching of the surplus kaolin particles. Thus, CS:Kao beyond 1:2 was not made, and
CSK 4 variant was found to be most effective with an optimal balance between organic and inorganic
counterparts along with crosslinker density. There is a possibility of n-π interaction between the lone pair
of electrons on the oxygen atom of the hydroxyl group and the aromatic ring present in the molecular
structure of CV dye[37] and π- π stacking interaction between the aromatic rings of CR and CV dyes in
the binary mixture (Fig. 2). The presence of hydroxyl groups of Kao, along with HEMA, also offers
hydrogen bonding interaction with the electronegative O and N atoms present in the dyes.[36]Another
type of hydrogen bonding interaction known as Yoshida H-bonding between -OH groups on the surface
of the beads and the CV ring could play a crucial role in the adsorption of cationic CV dye under acidic
pH conditions. [37, 38]

3.2 FTIR Spectroscopy:
The infrared spectra of neat CSK 4 beads and AC-20 beads before and after dye adsorption are shown in
Fig. 1. The main characteristic peaks in neat CS: the broad peak at 3430 cm− 1 was attributed to the
overlapping between O-H and N-H bond stretching frequencies[39] which were hydrogen bonded leading
to their broadening and the band at 2914 cm− 1 indicated aliphatic C-H stretching vibrations[39] present
in the polysaccharide chains of CS, peak at 1456 cm− 1 was assigned as C-H bending vibrations[40] and
it was retained in all the IR spectrums with slight shifting, the strong band at 1029 cm− 1 was due to C-O-
C stretching vibrations[41] which highlighted the glycosidic linkage present in CS biopolymer. The CSK 4
peaks showed a band at 3448 cm− 1, which was attributed to the overlapping O-H and N-H bond
stretching frequencies as present in CS as well as Kaolin. The new peak at 1662 cm− 1 was of C = N
stretching frequency[42] that indicated successful cross-linking by GL, which resulted in imine linkage
formation, and it reduced after grafting of HEMA monomer, probably due to overlapping with the C = O
peak of HEMA. The peak at 2914–2943 cm− 1 region, which corresponds to aliphatic C-H stretching as
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present in neat CS, AC-20 beads, both before and after dye adsorption, was found to be diminished or
absent in the IR spectrum of CSK-4, which may be due to some sort of masking effect or peak
broadening leading to overlapping with the O-H and N-H peaks. The appearance of a peak at 1705cm− 1

in the IR spectrum of AC-20 was attributed to the C = O group[43], which proved successful grafting of
HEMA monomer. HEMA grafting likely increased the overall aliphatic content, which enhanced the
intensity of C-H stretching and led to reappearance of the peak near 2938 cm− 1. The peak around 1556

cm− 1 corresponded to N-H bending vibration.[45] The band near 1062-1068cm− 1 in the FTIR spectra of
CSK-4 and AC-20 after incorporation of kaolin could be related to the stretching vibration of Si–O–Si and
O–Si–O present in kaolin.[46] The peak at 1062 cm− 1 is also attributed to the S = O peak of CR after dye
adsorption, but as it overlapped with the Si-O-Si band of kaolin, it could not be distinctly identified.[47]
The N = N peak of CR appears near 1446 cm− 1, which was not prominently visible due to peak
overlapping with the C-H bending vibrations.[47] In the IR spectrum of neat CS, a single peak at 1029
cm− 1 corresponding to C-N bending was present, but it resembled a doublet type of appearance after
incorporation of kaolin. The extra peak that appeared near 1004–1019 cm− 1 could be assigned to the
stretching vibration of the Si–O groups present in Kaolin. The distinct peaks around 515–786 cm− 1 are
attributed to Al–O–Si and Si–O–Si bending vibration.[15] After adsorption of dyes from the binary
mixture, the intensity of O-H stretching frequency shows a sharp decrease which indicated the
involvement of the hydroxyl groups of kaolin that were accumulated on the surface of the beads as
evident from the SEM images (Fig. 4), as well as HEMA, in hydrogen bonding type interaction with the
dye molecules The intensity of peaks near 1062-1068cm− 1 decreased sharply after dye adsorption
indicating the involvement of siloxane groups in hydrophobic interaction with the aromatic ring of CV
molecules.[46]

3.3 Changes in Zeta Potential of the beads before and after
adsorption:
The surface charge of the adsorbent beads before and post dye adsorption is listed in Table 3. Prior to
adsorption, under neutral conditions, the surface charge of AC-20 beads was − 24.8 mV. However, after
the adsorption of CR and CV dyes from their binary mixture at pH = 1, the surface charge increased to
36.4 mV. In contrast, after the adsorption of anionic CR dye alone at pH = 1, resulted in a surface charge
of 1.47 mV only. This demonstrated that the adsorbent's surface was highly protonated, and a high
positive charge was generated on the surface under acidic conditions. The relatively low positive surface
charge after adsorption of CR alone can be attributed to the ability of the anionic dye to partially
neutralise the protonated surface upon adsorption. However, in the binary dye mixture, the surface
charge substantially increased to 36.4mV, reflecting the successful adsorption of both cationic CV and
anionic CR dyes. Such a strong positive shift of the surface charge was caused by both the protonated
surface of the beads and the cationic CV dye. Despite the presence of anionic CR, this large positive shift
showed that the cationic CV dye had strong affinity towards adsorption on the surface of the dye and
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had accumulated on the surface due to strong non covalent interactions between the aromatic rings of
the CV dye molecules and the hydroxyl groups present in the polymeric bead matrix where kao was
accumulated on the outer surface as observed from the SEM images.[4]

Table 3
Zeta potential of adsorbent beads before and after adsorption for both stepwise and simultaneous

adsorption:
Sample AC-20

(before
adsorption)

AC-20

(after CR
adsorption
at pH = 1)

AC-20

(after CR
and CV
adsorption
from their
binary
mixture at
pH = 1)

AC-20

(CR
followed by
CV
adsorption
at pH = 1)

AC-20

(CV
followed by
CR
adsorption
at pH = 1)

AC-13

(after CR
and CV
adsorption
from their
binary
mixture at
pH = 11)

Zeta
Potential

(mV)

-24.8 1.47 36.4 17.6 37.8 -15.2

3.4 Adsorption Mechanism:
It was observed that CR was successfully adsorbed by practically all the adsorbents under acidic pH,
which was consistent with its anionic nature. At acidic pH, the surface of the adsorbent became
protonated and thus the positively charged adsorbent surface provided a strong electrostatic interaction
with the negatively charged CR molecules and facilitated with their rapid uptake which was
demonstrated with the low positive shift of surface charge (Table 3) after adsorption of CR alone.[49]
Thus, surface charge played a central role in controlling the uptake of anionic CR dye. In the absence of
anionic CR dye, the removal efficiency of CV dye alone was sufficiently low, as visible from the UV plots.
The strong electrostatic repulsion between the positively charged adsorbent surface and cationic dye
moieties outweighed the non-covalent interactions, and thus, CV dye could not be adsorbed alone.
Whereas, in the binary mixture of CR and CV, sufficient adsorption of CV was observed along with CR.
This proved that the adsorption of CR assisted in the adsorption of CV, as in the absence of the former,
the latter was not adsorbed by the adsorbent surface at all. Thus, upon adsorption of anionic dye, the
surface of the adsorbent underwent modification, and the net positive charge of the surface diminished,
which was also in agreement with zeta potential values. This exposed additional hydroxyl groups along
with siloxane linkages on the bead’s surface, which facilitated subsequent adsorption of cationic CV dye
from their binary mixture. There was considerable interaction between the cationic and anionic dyes in
their binary mixture, as observed from the shift in λmax values from the original values of the individual

dyes, and thus adsorption of one dye facilitated the entry of the other dye as well. This bathochromic
shift of wavelength in the UV plot post adsorption was may be due to π-π stacking type interaction
between the two dyes.[59] Thus, a cooperative type of binding took place where the presence of one dye
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enhanced the adsorption of the other dye and increased the adsorption capacity. The siloxane sheets in
kao provided a planar electron-rich surface, which likely facilitated hydrogen bonding, and the electron-
rich layered arrangement behaved similar to π electron density of an aromatic ring and may have
resulted in stacking-type interaction with the aromatic rings of CV dye. The aluminosilicate layers of kao
had a planar sheet-like structure, which enhanced the effective surface area for adsorption and also
provided numerous accessible adsorption sites. The layered structure of kao further aided in aligning the
aromatic dye molecules for efficient packing that maximised the stacking type of interaction.[44] Kao
along with HEMA, also provided a hydrophilic character that facilitated better dye diffusion. The
adsorption mechanism of the binary dye systems was conclusively determined to be sequential and not
concurrent as evidenced by zeta potential measurement. Adsorbent beads were made to adsorb CV
followed by CR adsorption under an acidic environment and zeta potential value was found to be 37.8mV
(Table 3) whereas adsorbent beads which adsorbed CR followed by CV adsorption showed a relatively
lower surface charge of 17.6 mV (Table 3), suggesting that all the available adsorbent sites were already
saturated by CR under acidic pH so very few adsorbent sites were available for adsorption of CV. The
zeta potential of the beads after exposure to a binary mixture of CV and CR dyes was found to be 36.4
mV, which closely aligned with the surface charge of CV pre-adsorbed beads following CR uptake. This
proved that sequential adsorption of one dye altered the physicochemical properties of the adsorbent
beads and influenced the dye adsorption dynamics. CV being smaller in size and more compact as
compared to CR, where the two naphthalene rings created substantial bulkiness and thus, in a binary
mixture, it probably led to faster adsorption of smaller CV molecules due to steric reasons. The
adsorption of CV on the adsorbent surface was done by hydrogen bonding[15] and stacking interaction,
so it was accumulated on the surface as observed in the SEM images and played a dominating role in
surface charge determination. In the binary dye mixture, the attraction between anionic CR and cationic
CV due to opposite charges, along with π-π stacking type of interaction between the aromatic rings of
the dye molecules, could also favour synergistic adsorption of CV, which could not be adsorbed in the
absence of CR.[50] The adsorption mechanisms are shown in Fig. 2.

3.5 Variation of Swelling:
The swelling behaviour of the beads with reference to a specific time frame reflects a plot which is
influenced by both inorganic kao acting as filler and HEMA acting as grafting agent. Upon immersion in
water, the polymer beads exhibited an initial increase in swelling capacity followed by a distinct decline
in swelling due to the rearrangement of polymer chains before reaching equilibrium. With an increase in
the amount of crosslinker (GL), swelling capacity was found to decrease as the polymer network became
denser and thus a lower number of available sites were available for water absorption, leading to lower
swelling.[35]

Beads without kao (AC-1) exhibit a substantially high swelling capacity as the inorganic kao particles
acted as fillers and offered resistance to penetration of water into the beads and enhanced the rigidity of
the beads. The absence of fillers facilitated water diffusion to a large extent. The mechanical stiffness
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introduced by kao to the beads limited the chain mobility and thus suppressed the swelling capacity and
thus with an increase in the inorganic clay content, the beads exhibited a relatively lower swelling. With
the introduction of HEMA, the hydrophilicity of the network was enhanced, which led to an increase in
swelling capacity. Thus, with an increase in the concentration of grafting monomer, water absorption
capacity increased and showed higher swelling.[51] The variation of maximum swelling capacity by
various variants, which included different kao content, GL and HEMA concentration, is represented in the
form of a bar graph (Fig. 3).

3.6 Morphological and elemental analysis of the beads
before and post dye adsorption:
Macroscopic investigation was done after bead formation, and pictures were captured after drying the
beads using a portable camera. (Fig. 2a) Beads were observed to be yellowish-white in colour, mostly
uniform in shape and spherical. Upon drying, the beads underwent shrinkage due to loss of water by air-
drying, and the surface became rough and leading to the formation of irregular cracks. Surface
morphology and characteristics of the adsorbents were investigated by Scanning Electron Microscopy.
The surface had a structure with irregular cavities. It had numerous cracks or crinkles along with a rough,
heterogeneous surface. Thus, the SEM images of the beads before adsorption demonstrated that they
were a potential adsorbent, as they had numerous sites for dye diffusion. The SEM images of beads
(Fig. 4) having higher kao content (CSK 6) had aggregation of clay particles on the surface and led to a
relatively more granular and crustier surface with increased roughness.[15]The difference in surface
morphology of the beads with variation in kao content indicated the aggregation of inorganic clay
particles on the surface of the beads which could thus influence the adsorption of cationic CV dye from
the binary dye mixture under acidic pH greatly, where electrostatic interactions could not be the sole
reason of adsorption and thus increasing the role of strong non-covalent interactions between the dye
and bead’s surface, which could be possible only if kao was accumulated on the surface. The surface
morphology of the beads after dye adsorption underwent a change. After exposure to the binary dye
mixture, the surface became relatively smoother due to the filling up of the pores by the CR and CV dye
molecules.[52] The surface of the beads was relatively less textured and more homogenous as the dye
molecule coated and adhered to the bead surface and leading to decreased roughness. The presence of
silicon and aluminium (Si = 0.69%, Al = 0.54%) (Figure S6) was revealed by the elemental analysis of the
AC-20 beads, which in turn demonstrated the existence of aluminosilicate sheets in kao. But, kao
contained other impurities like potassium and sodium due to the presence of K2O and Na2O which was
observed from EDX data (Na = 0.5, K = 0.14).[53]Elemental analysis of the beads after dye adsorption
(Figure S6) revealed the presence of chlorine (Cl) and sulfur (S), which indicated that the CV and CR dyes
had been successfully adsorbed from their binary mixture.

3.7 XRD Analysis:
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The XRD patterns of CSK4, CSK7 and AC-20 beads are illustrated in Fig. 5. The preservation of the kaolin
clay structure in the polymer matrix was confirmed by prominent diffraction peaks near 2θ = 26.9°, 34.1°
and 37.2° in CSK-4 and AC-20.[15] The sharp peak indicated that the ordered silicate layers were retained
even after polymer incorporation. The semi-crystalline structure of chitosan is apparent by a broad,
intense diffraction peak in AC-20 between 2θ = 19.4° and 21.6°.[62] The incorporation of hydrophilic
HEMA promotes extensive hydrogen-bonded segments, which facilitates structural ordering and crystal
alignment, which provided highest crystallinity percentage of 79.3% to AC-20. Strong direct hydrogen
bonding between the hydroxyl and amino groups of chitosan and the hydroxyl groups of kaolin occurred
in CSK-4, resulting in a more rigid and compact structure, but the hindered chain rearrangement
decreased the crystallinity to 71.1%. Despite the lack of inorganic clay, CSK-7 showed 49.5% crystallinity,
which was direct evidence of structural reorganisation brought by covalent crosslinking. The main
crystal size was 22.2 nm at the maximum intensity peak around 29.3° for AC-20 which was calculated
according to the reported Debye Scherer’s equation.[15]

3.8 Effect of pH on dye removal from binary mixture:
The UV-Vis spectra of the binary dye mixtures did not display any distinct absorption peaks for individual
dyes present in the binary mixture, likely due to significant spectral overlap, which led to peak
broadening. For identification and quantification of the individual dye peaks, deconvolution[54]was done
using Origin Pro software and the absorbance values of both the peaks were recorded, which were
subsequently used to determine the concentration of each dye remaining in the solution after adsorption
from the calibration curves. The adsorption behaviour of the composite beads was highly pH dependent,
governed by its surface charge, ionisation of the functional groups present in the adsorbent beads and
the interplay between dye-adsorbent and dye-dye interactions. The effect of pH on dye removal was
experimentally evaluated under a pH range from 1 to 11 (Fig. 6), initial concentration of dyes was 10
mg/L and an adsorbent dosage of 0.05 g was uniformly maintained, and all experiments were performed
at room temperature.

Under an acidic environment, AC-20 beads demonstrated a maximum removal efficiency achieving up to
99.7% for CR and 95.4% for CV at pH = 1 (Figure S3, showing the deconvoluted UV plot). Under high
acidic environment, the amino groups underwent protonation, resulting in high density of positively
charged adsorption sites which was evidenced by a significant positive shift in zeta potential value as
well, thereby fostering strong electrostatic attraction towards anionic CR dye.[52] Such pH dependent
behaviour, using such low pH for extensive dye binding was observed in [48] where positively charged
adsorbent surface was used for removal of anionic dye from the system. Adsorption of cationic CV dye
was also enhanced under a strongly acidic environment, but this was solely dependent on the presence
of CR in the binary mixture. The cooperative effect caused by CR dye molecules was significant, as in the
absence of CR, CV remained completely unabsorbed as observed from the UV plots, which was obvious
due to electrostatic repulsion and competitive adsorption of the H+ ions, which were present in high
concentration under the acidic pH of 1 instead of cationic CV moieties. In a binary mixture, the presence
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of CR enhanced the adsorption of CV by altering the local microenvironment of the adsorbent and the
attractive interaction between the cationic and anionic dyes present in the binary mixture also led to
better dye binding. Although the maximum adsorption was achieved at pH 1, the beads retained high
removal efficiencies of 84.9% for Congo Red and 91.9% for Crystal Violet at pH 3. This indicates that
efficient co-adsorption is maintained throughout the acidic pH range, although the extent of protonation
decreases with increasing pH. The acidic pH also enabled secondary interactions like strong hydrogen
bonding type interactions and hydrophobic interactions between the Si-O-Si linkage of siloxane groups
present in the kao groups and the aromatic CV molecules, as observed in the lowering of peak intensity
of Si-O stretching in the FTIR spectrum post dye adsorption, which further promoted the adsorption of
cationic CV dye. Thus, both cationic and anionic dyes were adsorbed from their binary mixture and this
synergistic effect observed in dye removal demonstrated the effectiveness of our developed adsorbent
for the treatment of real-world wastewater containing multiple dye pollutants obtained from textile
industries. As pH increases from 1 to 7, the removal of dyes dropped significantly, being lowest at pH = 7.
The removal efficiency towards cationic CV was a bit higher than that of anionic CR at pH = 7, as
expected from the zeta potential value of AC-20 surface, which was negatively charged and thus had
better affinity towards cationic CV dye molecules. With an increase in pH, the availability of protonated
surface diminished, and thus, electrostatic attraction towards anionic CR was less prominent. As the
adsorption of CR decreased, the surface charge could not be neutralised well, and it led to a cooperative
decrease in the adsorption of CV. With an increase in pH, the possibility of hydrogen bonding also
reduced as it gradually led to deprotonation of the hydroxyl units. These observations suggest that
hydrogen bonding may contribute to the adsorption process together along with electrostatic
interactions. As pH increased from pH = 7 to 11, removal efficiency further increased, but at pH = 11, only
57.5% CR removal and 21.8% CV removal from their binary mixture was observed by the AC-20 sample.
At basic or neutral pH, protonation of the adsorbent surface was not possible, so adsorption of anionic
CR by electrostatic attraction was not facilitated. The coexistence of CR in the binary mixture altered the
surface environment, and it may also cause dye-dye interaction, leading to aggregation of both dyes in
solution, which affected the adsorption of individual CV dye despite it being cationic under basic pH. The
size of CV molecules was much larger than compared to linear CR molecules due to the presence of
bulky aromatic rings, so the adsorption of CV molecules was sterically inhibited. Deprotonation of the
hydroxyl groups at basic pH also diminishes the hydrogen bonding possibility which may be another
reason for adsorption not being that effective at basic pH. Whereas, AC-13 variant demonstrated 91.5%
CR removal and 80.2% CV removal. This was also supported by the zeta potential value of AC-13 beads
post-dye adsorption, which indicated a surface charge of -15.2 mV (Table 3).The positive shift of surface
charge from − 24.8mV to -15.2mV was not that high, since the medium being highly basic, the surface of
the adsorbents would be negatively charged due to the presence of multiple deprotonated hydroxyl units
and thus prone to adsorption of cationic dye, so a much higher positive shift of surface charge was
expected but this minimal increase in zeta value clearly indicated both cationic and anionic dyes had
been successfully adsorbed. This may be due to a more hydrophilic network in AC-13 (higher HEMA
content) which allowed improved swelling and thus facilitated better penetration and diffusion of dye.
Thus, with variation of HEMA content, the adsorption behaviour was significantly modified, which further
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supports the reason behind using HEMA as the grafting monomer. Thus, the developed beads explored a
unique blend where each component plays a special role in multi-dye adsorption models, and their
variation leads to a completely new dye adsorption dynamic. The interplay between layered hydrophobic
siloxane units of the surface embedded kao, along with the presence of hydrophilic hydroxyl groups of
kao and HEMA, with variation of pH, was able to demonstrate efficient co-removal of noxious cationic
and anionic dyes present together in their binary mixture.

3.9 Effect of adsorbent dosage on dye removal from binary
mixture:
Different amounts of adsorbent beads (0.0125 g to 0.1 g) were used for the adsorption of 10 ppm
solution of a binary mixture of CR and CV dyes at 40°C for 240 min at pH 1 (Fig. 6). With an increase in
adsorbent dosage, till 0.025g dye removal percentage increased significantly, which may be attributed to
the increase in the number of available adsorption sites for the removal of CR and CV dyes from their
binary mixture. Almost complete removal of CR (99.7% removal) and CV (95.4%) was observed with
0.025 g AC-20 adsorbent beads, therefore, further increase in adsorbent dosage did not increase dye
removal efficiency, rather it decreased considerably for CR and remained almost constant for CV, which
may be due to saturation of all the available adsorption sites owing to efficient dye binding. Although
there was a problem of leaching of kao particles from the surface while grafting of monomer in AC-22,
but it showed excellent dye removal, leading to 99.7% removal of CR and 99.8% removal of CV when 0.1g
of adsorbent beads were used. The increase in removal efficiency was due to the higher kao content of
AC-22 beads which provided better non-covalent bindings with CV molecules.[55]

3.10. Adsorption Kinetics Studies:
In order to investigate the kinetics and adsorption mechanisms of the CR and CV dyes on the hybrid
beads, a detailed kinetics study was conducted and the amount of adsorbent at equilibrium, qe(mg/g)

was estimated from the curve of qt vs. t and compared with the value of qe calculated from the best-
fitted curves. The equilibrium time between adsorbate and adsorbent was investigated at an initial dye
concentration of 10 mg/L in the range of (1-240) min. The best performing sample AC-20, which
demonstrated the highest adsorption ability for both dyes, was selected for kinetics studies. It was
observed that dye removal enhanced with time and reached equilibrium after 240 minutes, which
indicated that a large number of active sites were available on the surface of the adsorbent in earlier
stages for dye adsorption. Over time, the active sites became saturated and thus the rate of adsorption
gradually slowed down and reached equilibrium after 240 minutes. Several kinetic models were
employed, including pseudo-first order, pseudo-second order, second order and intraparticle diffusion
models to assess time-based adsorption dynamics and equilibrium behaviour of both CR and CV dyes.
The linear forms of these kinetic models are represented in equations (4) to (7):[56]

Page 18/32



Pseudo First order: A plot of log(qe-qt) vs. t was made, where k1 is the rate constant of the pseudo first
order kinetics model.

 -------(4)

Second order: A plot of 1/(qe–qt) vs. t was made, and ks is the rate constant of the second-order kinetics

model.

 kst -------(5)

Pseudo Second order: A plot of t/qt vs. t was made and k2 is the rate constant of the pseudo-second

order kinetics model.

 -------(6)

Intraparticle diffusion: A plot of qt vs. t1/2 was made and ki denotes the rate constant.

qt= ki t1/2 +1 -------(7)

The kinetics model fitting plots for pseudo-first order, second order, pseudo-second order and
intraparticle diffusion for CR and CV dyes are shown in Figures S4 and S5. From various Kinetics Model
fitting, it was observed that both CR and CV adsorption followed the pseudo-second order model (R2

value was closest to 1) (Table ST1) and closer agreement between calculated and observed adsorption
capacities. Thus, chemisorption may govern the adsorption process.[57] The value of qe (calculated)
was obtained from the slope of the curve (Eq. 3) and qe (experimental) were represented in Table ST1.

3.11. Desorption:
A series of solvents was used, including HCl, NaOH, hot water and 70% ethanol for performing
desorption experiments in order to evaluate and prove the nature of dye interactions with the surface of
the beads. Among these, the most effective reagent for desorption of both dyes was found to be 70%
ethanol. [58] The superior desorption efficiency of a polar protic solvent, ethanol, further suggested that
non-covalent interactions played a significant role in the adsorption process, and they could be disrupted
by ethanol, leading to their effective release effectively. Reagents like HCl, NaOH primarily modulate the
electrostatic attractions between the adsorbate surface and dye molecules and their ineffectiveness
towards desorption clearly depicted that the adsorption process was not merely influenced by ionic
interactions. Thus, the developed adsorbent beads showed a unique behaviour of removing both cationic
and anionic dyes via co-adsorption at the same pH.

Conclusion

log(qₑ − qₜ) = log qₑ −
k₁t

2.303

= +1

qₑ−qₜ
1

qₑ

= +t

qₜ
1

kₜqₑ²
t

qₑ
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Most of the studies found in the literature (reported in Table 4) were targeted to remove a single dye
alone at a certain specific pH condition. From the present study, it can be concluded that, among the
various variants of organic-inorganic hyphenated beads that were synthesised, the most promising
candidates for dual dye removal having diverse character were AC-20 beads, where an optimum balance
between the organic and inorganic counterparts was present with an efficient crosslinked network and
hydrophilicity.AC-22 beads also showed significant dye removal capacities, leading to 99.7% CR removal
and 99.8% CV removal, but the adsorbent dosage was higher as compared to AC-20 and there was also
a problem of leaching of inorganic clay particles. FTIR spectra XRD and SEM images were direct
evidence of successful incorporation of inorganic clay on the outer surface of polysaccharide backbone,
crosslinking resulting in imine linkage formation, grafting on the surface of beads and morphological
changes on the surface of the beads post dye binding. Anionic CR showed 99.7% removal and cationic
CV exhibited 95.4% removal by AC-20 sample. Most of the previous studies were concerned with single
dye removal at a time. The novelty of our work lies in the co-adsorption of anionic and cationic dyes from
their binary mixture at same pH by using hyphenated beads as adsorbents. The synthesised beads have
the potential to be used universally for various other cationic and anionic dyes present in significant
amounts and is a threat towards the environment. This is mainly attributed to their unique structural
feature, which enabled various types of interactions, including electrostatic and non-covalent type
interactions, facilitating broad-spectrum dye removal in the field of wastewater treatment. Thus, AC-20
beads and related formulations could be used as a promising candidate for designing a fixed-bed
column that would enable continuous removal of wastewater containing binary dye mixtures, which
would also be highly beneficial from an industrial point of view.
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Table 4
Comparison of the removal capacity of CV and CR dyes with related data available in the literature

Adsorbent Dye
removed

Removal
%

Reference Operational
pH

Time
taken for
removal

Single/Binary

AC-20 CR 99.7 Present
work

1 240 mins Binary

AC-20 CV 95.4 Present
work

1 240 mins Binary

AC-22 CR 99.7 Present
work

1 240 mins Binary

AC-22 CV 99.8 Present
work

1 240 mins Binary

Raw Chitin CR 82.15 61 2 45 mins Single

Raw Chitin CV 99.47 61 12 45 mins Single

Brazilian
palygorskite

CR* 98 22 Basic pH 240 mins Single (at a
time)

Brazilian
palygorskite

CV* 98 22 Basic pH 240 mins Single (at a
time)

Kaolin
impregnated
aminated
chitosan beads

CR 90.7 25 6 45 mins Single

Chitosan beads CV 90 60 10 90 mins Single

*not clearly mentioned whether both cationic and anionic dyes were taken together or separately treated.
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FTIR spectrum of (a) neat CS; (b) CSK-4, AC-20 (before and after dye adsorption)

Figure 2

Photograph of AC-20 beads (a) before adsorption (b) after adsorption of CR and CV dyes (c)
Adsorption mechanism between grafted beads with CR and CV dyes present in a binary mixture at
pH=1
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Figure 3

Bar Graph representing maximum swelling capacity by samples having variable kao, GL and HEMA
content
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Figure 4

SEM images of (a): AC-20 beads with CS: Kao =1:1, (b): AC-22 beads with CS:Kao =1:2 and (c): AC-20
beads after adsorption of CR and CV dyes from their binary mixture.
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Figure 5

XRD patterns of (a)CSK-4 (b) AC-20 and (c) CSK-7

Figure 6

Effect of (a) pH, (b) adsorbent dosage of AC-20 and (c) adsorbent dosage of AC-22 on co-adsorption of
Congo Red and Crystal Violet dyes from their binary mixture
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