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ated chitosan as efficient
adsorbent for Congo red dye elimination from
aqueous solution
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and Nadia A. Mohamed *

A two-step procedure was employed to synthesize histidine-conjugated chitosan (His–Cs). Initially L-

histidine (His) was reacted with epichlorohydrin in an alkaline medium, followed by reaction of the

resultant product with chitosan (Cs) in the same medium, producing His–Cs (yield = 96.5%). The

chemical structure of His–Cs was verified using suitable analytical methods, including FTIR, XRD, SEM,

and EDS. His–Cs was utilized as an adsorbent and demonstrated exceptional capabilities for the

adsorption of Congo Red (CR) dye. The equilibrium results aligned with the Temkin adsorption isotherm.

The greatest removal efficiency of His–Cs for CR dye was 99.17%. The Elovich model precisely described

the kinetics of adsorption. The adsorption process was endothermic at the applied temperatures. The

results indicate that His–Cs may be effectively utilized for the extraction of CR dye from aqueous solutions.
1. Introduction

Water contamination with synthetic dyes poses a signicant
hazard to humans and aquatic organisms.1–3 Water is polluted
by discharging effluents containing synthetic dyes from indus-
tries such as textile, cosmetic, leather, plastic, paper, photog-
raphy, medicinal drugs, and food.4 Very small quantities of
these dyes in water were found to cause a noticeable and non-
acceptable impact such as undesirable coloration of the water,
obstruction of light and oxygen from accessing aquatic crea-
tures, along with signicant harm to the liver, digestive, and
central neurological systems in humans.5 This is due to their
toxicity, and non-biodegradability resulted from their compli-
cated structure and high stability against heat and light.6–8

Among the synthetic dyes particularly, is the diazo anionic dye,
1-naphthalene sulfonic acid, 3,30(4,40biphenylenebis(azo))bis(4-
amino-)disodium salt, or the so-called Congo Red (CR) dye, that
has demonstrated considerable concern due to its carcinogenic
benzidine moiety, high stability, and high toxicity.9–11 In spite of
prohibition of its use in many countries, it is yet vastly utilized
in textile industry in other numerous ones nowadays. In this
regard, the removal of CR dye remainders from the effluents
before discharge into the environment is one of the major
global environment attentions. For this, numerous techniques
were employed such as ultraltration,12 reverse osmosis,13

ozone treatment,14 oxidation,15 occulation/coagulation,16 ion
exchange,17 and photo catalytic degradation.18 Although these
methods are all effective but they have disadvantages and
ce, Qassim University, Buraidah 51452,
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limitations such as high cost, high energy consumption,
undesirable/toxic by-products, and poor performance at low dye
concentrations. For the time being, the adsorption technique is
deemed to be one of the most competitive ways to the afore-
mentioned traditional methods. This is attributed to its high
efficiency, operational simplicity, rapid processing, ease of
handling, low initial cost, wide availability of adsorbent mate-
rials, lack of harmful secondary byproducts, and the straight-
forward regeneration of adsorbents for reuse.19 Thus, it became
of interest to direct the present study to synthesize a modied
non-conventional polycationic bio-adsorbent based on a natu-
ralistic matter, chitosan, and evaluate its adsorption perfor-
mance to remove the anionic CR dye from its aqueous solution.

Chitin, a natural biopolymer, ranks as the second most
abundant polysaccharide following cellulose. It is derived from
the exoskeleton of cartilages of crustaceans, cell walls of micro-
organisms, mollusks, and insects. The deacetylation of chitin
produces the biopolymer Cs which is made up of 2-amino-2-
deoxy-b-D-glucopyranose and 2-acetamido-2-deoxy-b-D-gluco-
pyranose bonded by b(1,4)-linkage.20 Cs, similar to the other
natural biopolymers, possesses some unique properties such as
non-toxicity, bulk availability, renewability, hydrophilicity,
antimicrobial activity, biodegradability, and biocompatibility. It
has polycationic chains that can effectively bind with the
negatively charged species, allowing its usage in water treat-
ment domains to get rid the anionic pollutants.21 The utilization
of Cs as an adsorbent is constrained by its high solubility and
limited structural stability in acidic media, low mechanical
strength, low surface area, low thermal resistance and low
porosity. These shortcomings represent hindrances facing a lot
of its applications especially its usages to adsorb dyes since
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structure of CR dye.

Scheme 1 Preparation of His–Cs adsorbent.
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their effluents are generally acidic. To overcome these disad-
vantages, a chemical modication of Cs should be performed by
either formation of its derivatives,22 graing copolymeriza-
tion,23,24 blending with other polymer,25,26 or crosslinking.27–29

These modications improve the Cs features via incorporating
a wide variety of additional functional groups, decreasing its
solubility and enhancing its resistance to degradation in acidic
media, and reinforcing its articles life span in various solutions.

His is an essential amino acid characterized by the presence
of an a-amino group, a carboxylic group, and an imidazole
functional group as a side chain. Under acidic conditions, it is
classied as a positively charged amino acid due to the
protonation of both its amino group and imidazole ring.
Functionalization of Cs with His for improvement of its metal
binding efficiency was extensively studied.30–33 Also, His was
incorporated into Cs to enhance the gene transfection effi-
ciency,34 to improve the oral delivery system for insulin,35 to
sustain drug delivery,36 and to efficiently carry doxorubicin.37

Despite of the large number of reported scientic publica-
tions concerning modication of Cs to fabricate a vast number
of adsorbents,22–29 there is no works published the application
of His–Cs as an adsorbent to remove dyes from aqueous solu-
tion for industrial wastewater remediation. Thus, the current
study addresses the limitations of Cs and improves its adsorp-
tion capabilities for CR dye from aqueous solutions to reme-
diate industrial wastewater by incorporating His moieties as
pendant groups on the Cs chains. This was achieved by target-
ing the lone pair of electrons on the nitrogen in the amino
group of His to cleave the epoxide moieties of epichlorohydrin.
The resultant product was further condensed with Cs by
removal of HCl, yielding His–Cs. The chemical structure of the
latter was conrmed by appropriate analytical methods,
including FTIR, XRD, SEM, and EDS investigations. The inte-
gration of nitrogen-rich His moieties as pendant groups on the
Cs backbone repeat units, together with the residual functional
groups on Cs will increase the number of available basic sites,
thereby enhancing its ability to adsorb the anionic CR dye. The
adsorption process was evaluated by investigating various
parameters such as solution pH, initial dye concentration,
temperature, ionic strength of the solution, and contact time,
with the aim of determining the optimal conditions for maxi-
mizing adsorption capacity. In addition, the kinetic, and
isotherm of the adsorption process were investigated. The
thermodynamic parameters (entropy, enthalpy, and the free
energy of adsorption) were determined. The possibility of
regeneration of the His–Cs for reuse was also studied.

2. Materials and methods
2.1. Materials

Cs (molecular weight = 1.0–3.0 × 105 g mol−1, and degree of
deacetylation = 98%) was purchased from Acros Organics
(USA). Epichlorohydrin was obtained from Panreac.
AppliChem-ITW Reagent (Germany). His was supplied by
Sigma-Aldrich (Germany). CR dye (Fig. 1) was provided by
Winlab (UK). The solvents and other chemicals were purchased
from Aldrich (Germany).
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.2. Methods

2.2.1. Synthesis of His–Cs adsorbent. His–Cs was prepared
according to the procedure described previously with a slight
modication33 as shown in Scheme 1. His (3.1 g, 0.02 mol) was
suspended in aqueous NaOH solution (100 mL, 0.1 M) and
stirred at 60 °C for 15 min. To this suspension, epichlorohydrin
(1.9 mL, 0.02 mol) was added and stirred at 60 °C for 4 h. The
resulting reaction mixture was added to Cs (3.24 g, 0.02 mol),
that was swollen in aqueous NaOH solution (100 mL, 0.1 M) at
60 °C for 15 min, and stirred at 60 °C for 8 h. The reaction
medium was cooled, neutralized to pH 7 using aqueous acetic
acid solution (10% v/v). Then, aqueous MeOH (70% v/v) was
added till complete precipitation. The resulting precipitate
(His–Cs) was separated by ltration, sequentially washed with
distilled water, methanol, and acetone, and then dried at 60 °C
until a constant weight (yield: 96.5%, appearance: coarse
powder, and color: pale yellow) was achieved.
2.3. Analysis

2.3.1. FTIR spectroscopy. A Cary 600 Series Agilent Tech-
nologies FTIR Spectrometer (USA) was employed for recording
FTIR spectra of the His–Cs and its components (Cs, and His)
from 4000 to 500 cm−1 wavenumber range.

2.3.2. X-ray diffractometry (XRD). A Rigaku Ultima-IV
Wide-angle X-ray Diffractometer (Japan) was employed to
investigate the inner structure of His–Cs and its components
(Cs, and His) at diffraction angles (2q) ranging from 5° to 90°
with a scanning speed of 5° min−1.
RSC Adv., 2026, 16, 27180–27193 | 27181
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2.3.3. Scanning electron microscopy (SEM). SEM images of
the surface topography of His–Cs and Cs, that have been coated
with a thin gold layer, were obtained using Field Emission
Scanning Electron Microscope JSM-7610F (Jeol, Freising, Ger-
many) provided with an Energy Dispersive X-ray Spectrometer
(EDS).

2.3.4. pH value of zero-point charge (pHzpc). The His–Cs
adsorbent (100 mg) was soaked in aqueous solution of sodium
chloride (10 mL, 0.1 M concentration) overnight. Thereaer,
aqueous solutions of hydrochloric acid and sodium hydroxide
(0.1 N concentration) were employed for adjusting the pH
values to be between 3 and 12, which were measured using a pH
meter (Hanna Model 211, Padova, Italy). The value of the pHzpc

was procured from the plot of the initial pH versus the DpH
(nal pH − initial pH).
2.4. Adsorption studies

The adsorption studies of CR dye using His–Cs adsorbent were
conducted via batch technique. Typically, 10 mg of His–Cs was
added to 10 mL of 100 ppm CR dye solution in an Erlenmeyer
ask and allowed to stand for 24 h. The concentration of CR dye
was assessed using Shimadzu UV-Vis 1601 spectrophotometer,
Japan, at 497 nm (maximum absorbance wavelength of CR dye,
Fig. 2). The adsorption capacity and % removal efficiency of
His–Cs were determined using eqn (1)–(3).

qe = (C0 − Ce)(V/m) (1)

qt = (C0 − Ct)(V/m) (2)

% Removal efficiency ¼ ðC0 � CeÞ
C0

� 100 (3)

where C0, Ce, and Ct (mg L−1) are the concentration of the
solution of CR dye prior and aer adsorption (at equilibrium
time, and time t), respectively, V (mL) is the volume of the
solution of CR dye, m (g) is the mass of His–Cs, qe and qt
(mg g−1) is the adsorption capacity at equilibrium time and
time t, respectively.

The optimal values were ascertained through the analysis of
pH (3–9), starting concentration of CR dye (40–200 ppm), and
temperature (25–55 °C) using a batch approach. To conduct the
adsorption kinetics, 50 mL of CR dye solution with a known
Fig. 2 UV-Vis absorbance of CR dye (pH = 5.5).

27182 | RSC Adv., 2026, 16, 27180–27193
concentration of 40 ppm was treated with 50 mg of His–Cs at
a specied pH for the dened length of contact (5–2640 min).
Adsorption isotherm tests were conducted by treating 10 mg of
His–Cs with 10 mL of CR dye solution at varying concentrations
from 40 to 200 ppm, at pH 5.5 for 24 h at 25 °C. Each experiment
was carried out in (at least) duplicate.

2.4.1. Adsorption kinetic studies. The investigation of
adsorption kinetics is fundamental to elucidating the rate-
limiting steps governing adsorbate interaction with the
particle surface, providing critical insight into the inuence of
physicochemical variables on the overall adsorption dynamics.
This approach involves the application of kinetic models that
precisely characterize the system's response, thereby enabling
a detailed interpretation of the underlying mechanism through
which dye molecules are adsorbed onto the surface of the
adsorbent material.38

The adsorption kinetics of CR dye were examined by tting
the data to three separate kinetic models; pseudo rst order,
pseudo second order, and Elovich (Table 1).

2.4.2. Investigation of adsorption isotherms. The adsorp-
tion isotherm serves as a fundamental tool for understanding
the surface properties and behavior of the adsorbent material.
Selecting the appropriate adsorption model across different
concentration ranges enables a comprehensive understanding
of the adsorbent surface characteristics. The adsorption
isotherm provides insight into several key aspects, including
the equilibrium distribution of adsorbate molecules between
the liquid and solid phases, the nature of the interactions
between the adsorbate and the adsorbent, and the classication
and characteristics of the adsorption process. The adsorption
system was characterized by tting the data to various models,
including Freundlich, Langmuir, and Temkin models
(Table 2).40
2.5. Thermodynamic study

Study of the adsorption thermodynamic contributes to deter-
mine the feasibility and direction of this process. Via this study,
some signicant parameters can be obtained, including Gibbs
free energy (DG°, kJ mol−1), enthalpy change (DH°, kJ mol−1)
and entropy change (DS°, J mol−1 K−1). These parameters were
calculated at different temperatures (298, 308, 318 and 328 K) in
accord to eqn (4) and (5).7

DG˚ = −RT lnKc (4)

ln Kc ¼ DS�

R
� DH�

RT
(5)

where R (8.314 J mol−1 K−1) is the universal gas constant, Kc(qe/
Ce) is the equilibrium constant and T (K) is the absolute
temperature. The thermodynamic parameters can be calculated
from the plot of ln Kc versus 1/T.
2.6. Reusability study

The regeneration of His–Cs was evaluated through repeated
adsorption–desorption cycles. Briey, 0.01 g of His–Cs was
immersed in 10 mL of CR dye solution (40 ppm) and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 List of the common kinetic models.39

Kinetic model Non-linear form

Pseudo rst order qt = qee−k1t k1 (min−1) is the pseudo rst order rate constant
Pseudo second order

qt ¼ k2qe
2t

1þ k2qet

k2 (g mg−1 min−1) is the pseudo second order constant

Elovich
qt ¼ 1

b
lnðabÞ þ 1

b
ln t

b (g mg−1) represents the rate constant, oen referred to as the desorption constant,
which is associated with the activation energy of chemisorption and the extent of surface
coverage, and a (mg g−1 min−1) denotes the initial adsorption rate constant, indicating
the starting rate of the adsorption process

Table 2 List of the common isotherm models41

Isotherm model Non-linear form

Langmuir
qe ¼ qmaxKLCe

1þ CeKL

qmax (mg g−1) indicates the maximum adsorption capacity corresponding to the monolayer
coverage, KL (L mg−1) is a constant associated with the adsorption energy, and RL represents the
Langmuir separation factor, a dimensionless parameter that characterize the nature of the
isotherm

RL ¼ 1

ð1þ KLC0Þ
The isotherm can be classied as linear (RL = 1), unfavorable (RL > 1), favorable (0 < RL < 1), and
irreversible (RL = 0)

Freundlich qe = KFCe
nF KF (mg g−1) (L mg−1)1/n and n are empirical parameters that correspond to the adsorption

capacity and adsorption intensity, respectively
Temkin

qe ¼ RT

BT
ln KTCe

BT (J mol−1) is the Temkin constant related to the inuence of temperature on the adsorption
process, and KT (L g−1) represents the Temkin isotherm binding constant42,43
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maintained for 24 h to allow adsorption equilibrium. Aer
recovery of the adsorbent, desorption was carried out by treat-
ing the material with 0.1 M HCl solution for 24 h to elute the
retained dye molecules. The regenerated His–Cs was then
thoroughly washed with deionized water to remove any residual
acid prior to reuse. The adsorption–desorption procedure was
repeated for three consecutive cycles under identical operating
conditions using the same adsorbent sample.44
3. Results and discussion
3.1. FTIR spectroscopy

Fig. 3 presents the FTIR spectrum of Cs prior and aer modi-
cation with His. In pristine Cs, a wide peak was noticed in the
range from 3600 to 3100 cm−1, attributed to stretching vibra-
tions of both the overlapped hydrogen bonded OH and NH2

groups. The two weak peaks at 1650 and 1562 cm−1 correspond
to amide I and amide II, respectively, emphasizing the great
extent of deacetylation of Cs. Further, the appearance of four
distinct peaks at 1157, 1072, 1026, and 891 cm−1 conrmed the
existence of the saccharide units within the Cs structure, as
previously reported.45

His exhibited characteristic FTIR absorption bands,
including a broad range at 3300–2500 cm−1 attributed to the
overlapping stretching vibrations of NH2 and OH group of the

carboxylic group
�
COOH

�
; along with CH stretching (Fig. 3). A

peak at 1735 cm−1 corresponded to the COOH stretching. The
stretching vibration peaks of C]C and C]N in the imidazole
© 2026 The Author(s). Published by the Royal Society of Chemistry
ring overlapped with each other, giving one peak that appeared
at 1631 cm−1.33

FTIR spectrum of His–Cs showed a combination between
both the characteristic absorption peaks of its components (Cs
and His). The peak of OH and NH of the His moiety overlapped
with the corresponding one of the Cs. Also, the peak of C]C and
C]N of the imidazole ring of His moiety overlapped with amide
I peak of Cs. The appearance of the peak at 1735 cm−1, that
corresponded to COOH of His, in addition to the appearance of
the peaks of the saccharide units of Cs, indicated the successful
incorporation of His moieties into the Cs chains (Fig. 3).
3.2. XRD analysis

XRD was used to investigate the structural evolution of His–Cs
relative to its individual components (His and Cs), with equal
sample masses. The corresponding diffraction patterns are
shown in Fig. 4.

3.2.1. Crystalline structure of His. His exhibited multiple
sharp diffraction peaks at 2q = 9.34°, 15.22°, 18.82°, 21.04°,
24.18°, and 30.92°, conrming its well-dened crystalline
nature. These peaks were indexed using the standard reference
data for L-histidine from the International Center for Diffraction
Data (ICDD, PDF no. 51-2290), corresponding to the ortho-
rhombic polymorph (space group P212121). The reections at
9.34°, 15.22°, 18.82°, 21.04°, 24.18°, and 30.92° were assigned to
the (001), (010), (020), (110), (111), and (021)/(121) planes,
respectively. The most intense peak at 18.82° corresponds to the
(020) plane, indicating a preferential crystallographic orienta-
tion along this direction.
RSC Adv., 2026, 16, 27180–27193 | 27183
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Fig. 3 FTIR spectra of His, Cs, and His–Cs.

Fig. 4 XRD patterns of His, Cs, and His–Cs.
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3.2.2. Semi-crystalline nature of Cs. Pristine Cs exhibited
two characteristic broad diffraction features centered at
approximately 2q = 10.16° and 19.96°, indicative of its semi-
crystalline nature.46 The broad halo near 10.16° is typically
attributed to amorphous and hydrated domains, whereas the
peak near 19.96° corresponds to interchain packing within
partially ordered regions. Unlike crystalline His, chitosan
cannot be assigned specic Miller indices (hkl) because of its
paracrystalline nature and the presence of multiple overlapping
allomorphs.
27184 | RSC Adv., 2026, 16, 27180–27193
3.2.3. Structural evolution of the His–Cs composite. The
His–Cs composite showed a noticeable change in the diffraction
prole. Specically, the broad amorphous/hydrated halo origi-
nally centered at ∼10.16° disappeared, while the main peak
shied slightly from 19.96° to 19.88° and increased in intensity.
According to Bragg's law, a shi toward a lower diffraction angle
corresponds to a slight increase in interplanar spacing (from
4.44 Å to 4.46 Å), suggesting a reorganized, more compact, and
more ordered arrangement within the polymer matrix, due to
intermolecular interactions between His and Cs. Weak
© 2026 The Author(s). Published by the Royal Society of Chemistry
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contributions from His crystalline domains may also be present
but are signicantly attenuated, likely due to their molecular-
level dispersion within the Cs network.

3.2.4. Mechanism of structural modication. These struc-
tural modications are attributed to the successful incorpora-
tion of His moieties into the Cs matrix, which introduces
additional intermolecular interactions. In particular, hydrogen
bonding between His's imidazole ring and the hydroxyl and
amino groups of Cs is proposed to reduce polymer chain
mobility and promote a more organized macromolecular
arrangement, thereby increasing apparent crystallinity and
structural order.

3.3. SEM analysis

The surface topography of the His–Cs was photographed using
the scanning electron microscope and its image was shown in
Fig. 5. The surface of the pristine Cs seemed almost smooth,
while His–Cs showed a gruff surface full of lumps due to
incorporated His moieties. There is a homogeneous distribu-
tion of these lumps over the His–Cs, indicating the complete-
ness of the modication process of Cs.

Thus, FTIR spectrum, XRD pattern, and SEM image of the
His–Cs, in comparison to those of the pristine Cs, greatly
affirmed the successful modication process of chitosan.
However, elemental composition and distribution of both His–
Cs and the pristine Cs was identied using EDS technique, to
provide further evidence for the successful preparation of His–
Cs. EDS mapping analysis creates detailing the spatial distri-
bution and concentration of elements across a sample's surface,
allowing to develop a greater understanding of a sample struc-
ture. The results of inspection of elemental composition
revealed a perceptible increment in the percentage of both C
and N elements on the expense of oxygen element of His–Cs
(54.43, 10.04, and 35.53%, respectively) as compared to those of
the pristine Cs (51.6, 7.0, and 41.4%, respectively) as shown in
Fig. 6. This conrmed the incorporation of His moiety into Cs,
supporting the results of the aforementioned techniques
utilized for proving the successful synthesis of His–Cs. Further,
the distribution maps of carbon, oxygen, and nitrogen elements
Fig. 5 SEM images of: (a) Cs, and (b) His–Cs. All the gold coated sampl

© 2026 The Author(s). Published by the Royal Society of Chemistry
in the investigated samples appeared homogenous as illus-
trated in Fig. 6. It is merit mentioning that the degree of
substitution of the synthesized His–Cs was found to be 65, that
was calculated based on its C/N value using the formula previ-
ously reported.47

3.4. Adsorption parameters

The adjustment of pH is crucial in adsorption experiments.
Therefore, the inuence of pH on the adsorption of CR dye by
His–Cs was examined across a pH range of 3 to 9, as illustrated
in Fig. 7(a).

It was found that the % removal efficiency of CR dye by His–
Cs increased with decreasing pH of the medium, i.e., it was
19.1% at pH 9, 79.1% at pH 7, 82.78% at pH 5.5, 85.76% at pH 4,
and 96.04% at pH 3. This behavior can be attributed to the pH-
dependent ionization of functional groups on the adsorbent
surface as well as the electrostatic interactions between the dye
molecules and the adsorbent.

At pH 3, most of the oxygen and nitrogen-containing groups
on both Cs and His moieties are protonated to form positively
charged groups. This results in an adsorbent with highly posi-
tive surface charge, leading to strong electrostatic attraction
between the adsorbent and the anionic CR dye.

As the pH increases, partial deprotonation of nitrogen-
containing groups occurs, reducing the surface's positive
charge and thus decreasing electrostatic attraction. In addition,
at high pH, both the –OH and –COOH groups were deproto-
nated to their corresponding anions, inducing a repulsion force
with the anionic CR dye. This reduces the accessibility of dye
molecules to active sites, resulting in a signicant decrease in
adsorption.

The pH at which the net surface charge becomes zero under
specic solution composition and temperature conditions is
referred to as the point of zero charge (pHzpc). This condition
does not imply the absence of surface charges; rather, it indi-
cates that the number of positively charged sites equals that of
negatively charged sites. The magnitude and nature of the
surface charge depend on the abundance and type of surface
functional groups, as well as the solution pH. The pHzpc plays
es were photographed at a magnification of 2500×.

RSC Adv., 2026, 16, 27180–27193 | 27185
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Fig. 6 Concentration and distribution maps of carbon, oxygen, and nitrogen elements of: (a) Cs, (b) His–Cs.
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a crucial role in surface characterization because it governs the
electrostatic interactions between the adsorbent and ionic
species in solution. When the solution pH exceeds the pHzpc,
27186 | RSC Adv., 2026, 16, 27180–27193
the adsorbent surface acquires a net negative charge, thereby
favoring the adsorption of positively charged species.
Conversely, at pH values below the pHzpc, the surface becomes
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of various adsorption conditions; (a) solution pH, (b) pHzpc, (c) initial dye concentration, (d) temperature, and (e) ionic strength on
the removal efficiency of CR dye using His–Cs.
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positively charged, promoting the uptake of negatively charged
ions. In this study, the pHzpc of His–Cs was determined to be 6.5
using the salt addition method as shown in Fig. 7(b). Accord-
ingly, the His–Cs surface becomes increasingly protonated as
the pH decreases, leading to surface cationization. This
behavior is attributed to the presence of protonated functional
groups such as –NH+, –NH2

+, C]OH+, –OH2
+, and –NH3

+.48,49

Further, the His–Cs possesses several heteroatoms, oxygen and
© 2026 The Author(s). Published by the Royal Society of Chemistry
nitrogen, thus it cannot be ruled out the binding between the
CR dye and the His–Cs via hydrogen bonding.22 The p–p

stacking attractive forces between aromatic nuclei of both the
CR dye and the His–Cs adsorbent aren't also ruled out. There-
fore, the probable mechanism comprises a conjunction of His–
Cs–CR dye electrostatic interaction, via the positively charged
protonated groups on His–Cs and the negatively charged CR dye
ions, in addition to H-bonding and p–p stacking interactions.40
RSC Adv., 2026, 16, 27180–27193 | 27187
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Scheme 2 Schematic illustration of the interaction of CR dye with His–Cs adsorbent at pH 3.
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However, the electrostatic interaction may be the prime mech-
anism for the removal behavior (Scheme 2).

The effect of varying initial concentrations (40–200 ppm) of
CR dye on adsorption was analyzed, as illustrated in Fig. 7(c).
The adsorptive removal of CR dye increased from 82.78% to
88.54% as the concentration increased from 40 ppm to
200 ppm, probably a result of the saturation of adsorption sites
when CR dye concentrations increase.

The data presented in Fig. 7(d) illustrates that the adsorptive
removal of CR dye increased from 82.78% to 99.17% as the
temperature rose from 25 to 55 °C. This trend indicates that the
higher temperatures facilitate the adsorption process, suggest-
ing an endothermic nature of the adsorption.

The ionic strength of the solution is a crucial factor inu-
encing both electrostatic and non-electrostatic interactions
between dye molecules and the adsorbent surface. To examine
its impact on CR removal, different concentrations of NaCl were
added to the dye solution. As illustrated in Fig. 7(e), the removal
efficiency of CR increased markedly with rising salt concentra-
tion, reaching 97.73% compared to the initial 82.78% when the
NaCl concentration was elevated from 0 to 1 M. This enhance-
ment in adsorption performance can be attributed to the
salting-out effect. At higher ionic strengths, Na+ and Cl− ions
strongly associate with surrounding water molecules, reducing
the availability of free water in the bulk solution. Consequently,
the solubility of CR decreases because water molecules prefer-
entially solvate the salt ions rather than the dye molecules. The
27188 | RSC Adv., 2026, 16, 27180–27193
reduced solubility promotes the transfer of CR dye from the
aqueous phase to the surface of His–Cs. As a result, dye mole-
cules are more likely to adsorb onto the His–Cs matrix instead
of remaining dispersed in solution, leading to improved
adsorption efficiency.50–52

3.5. Kinetics study

Adsorption kinetics are vital for evaluating the efficiency of the
adsorption process. In this study, several kinetic models,
including pseudo rst order, pseudo second order, and Elovich
were employed to investigate the adsorption behavior of CR dye
onto His–Cs (Fig. 8). All kinetic parameters values obtained
from the applied models are summarized in Table 3. The results
in Table 3 clearly indicated that the adsorption of CR dye onto
His–Cs followed the Elovich model, demonstrating superior
tting and exhibiting a high value of correlation coefficient (R2

$ 0.999) and low X2.

3.6. Adsorption isotherms

To understand how CR dye is adsorbed onto His–Cs adsorbent
and to establish the equilibrium data, the quantities of adsor-
bed material and the residual CR dye in the solution was
analyzed using the Langmuir, Freundlich, and Temkin
isotherm models (Fig. 9). Table 4 presents the comparative
values of several parameters derived from these isotherm
models. The correlation coefficient results indicate that the
adsorption of CR dye on His–Cs aligns more closely with the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Kinetic curves of pseudo-first-order, pseudo-second-order, and
Elovich models (initial dye concentration = 40 ppm, temp. = 25 °C,
pH = 5.5, volume of dye solution = 100 mL, His–Cs dose = 100 mg).

Table 3 Kinetic model constants and correlation coefficients for the
adsorption of CR dye using His–Cs

Kinetic model Parameter Value

Pseudo-rst-order k1 (min−1) 0.013
qe, cal. (mg g−1) 35.804
qe, exp. (mg g−1) 39.75
R2 0.995
X2 47.889

Pseudo-second-order k2 (g mg−1 min−1) 0.0006
qe, cal. (mg g−1) 37.39
R2 0.998
X2 19.322

Elovich a (mg g−1 min−1) 5.292
b (g mg−1) 0.200
R2 0.999
X2 3.993

Fig. 9 Adsorption isotherm models of Langmuir, Frendlich, and
Temkin (time = 48 h, temperature = 25 °C, pH = 5.5, volume of dye
solution = 10 mL, His–Cs dose = 10 mg).

Table 4 Isotherm model constants and correlation coefficients for
the adsorption of CR dye using His–Cs

Isotherm model Parameter Value

Langmuir KL (mg g−1) −0.434
qmax (mg g−1) 27.681
RL (−0.061) − (−0.012)
R2 1
X2 31.152

Freundlich KF (mg g−1) 72.882
1/n −3.620
R2 0.821
X2 2.925

Temkin B −12.135
KT (L g−1) 0.004
R2 1
X2 5.791

Table 5 Thermodynamic study for the sorption of CR dye onto His–
Cs

Temperature (K)
DG°
(kJ mol−1)

DS°
(J mol−1 K−1)

DH°
(kJ mol−1)

298 −3.890 0.290 82.692
308 −6.935
318 −8.683
328 −13.033
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Temkin model, suggesting that the heat of adsorption changes
linearly with the extent of surface coverage.

3.7. Thermodynamic study

Thermodynamic analysis of the solid–liquid adsorption of CR
dye onto His–Cs was performed to elucidate the adsorption
mechanism. The calculated thermodynamic parameters at 298,
308, 318, and 328 K are summarized in Table 5. The Gibbs free
energy change (DG°) was employed to evaluate the spontaneity
of the adsorption process. The negative DG° values obtained at
all investigated temperatures indicate that CR adsorption onto
His–Cs occurs spontaneously. These results conrm both the
thermodynamic feasibility and favorable nature of the adsorp-
tion process within the studied temperature range. Further-
more, Table 5 reveals that DG° becomes more negative with
increasing temperature, suggesting that adsorption is enhanced
at elevated temperatures. The increased favorability of adsorp-
tion from 298 to 328 K can be attributed to improved mobility of
CR dye molecules in solution at higher temperatures, which
facilitates their interaction with active sites on the His–Cs
surface.
© 2026 The Author(s). Published by the Royal Society of Chemistry
In this study, the thermodynamic parameter enthalpy (DH°)
was calculated to elucidate the nature of CR dye adsorption onto
the His–Cs adsorbent. The positive DH° value indicate that the
adsorption process is endothermic. This behavior suggests that
during adsorption, the CR dye molecules likely replace more
than one pre-adsorbed water molecule on the His–Cs surface,
thereby contributing to the observed endothermic character.
Solid–liquid adsorption generally involves two simultaneous
steps: the desorption of solvent molecules (commonly water)
initially bound to the adsorbent surface, followed by the
attachment of the adsorbate species. In an exothermic adsorp-
tion process, the energy required to break existing bonds is
RSC Adv., 2026, 16, 27180–27193 | 27189
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Fig. 10 Recyclability performance of His–Cs over three consecutive
of the adsorption cycles of CR dye molecules.
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lower than the energy released upon formation of new adsor-
bate–adsorbent interactions, resulting in net heat evolution.
Furthermore, as reported by Saha and Chowdhury,53 the
magnitude of the enthalpy change provides insight into the
adsorption mechanism. Physical adsorption typically exhibits
enthalpy values comparable to the heat of condensation (2.1–
20.9 kJ mol−1), whereas chemisorption is characterized by
signicantly higher values, ranging from 80 to 200 kJ mol−1.
Based on the DH° values summarized in Table 5, the adsorption
of CR dye onto His–Cs can therefore be categorized as a chem-
isorption process.

In the present investigation, the entropy change (DS°) was
calculated to assess the affinity of His–Cs toward CR dye
molecules. As reported by Saha and Chowdhury,53 positive
entropy values indicate increased randomness at the solid–
liquid interface, oen accompanied by structural
Table 6 Assessment of the adsorption capabilities of different adsorben

Adsorbents
Adsorption capacity,
qmax (mg g−1) pH

Zeolite (clay materials) 3.77 7.5
ZrO2 reagent 4.8 � 0.2 7.0
Natural kaolin (K) 5.94 6.9
Australian kaolin clay K15GR 6.81 7.5
Australian kaolin clay Ceram 7.27 7.5
Nickel oxide nanoparticles 10.1 5.0
Montmorillonite 12.70 7.0
H13 13.78 7
H11 16.247 7
H31 17.93 7
H31/AgNPs 5% 17.98 7
Polypyrrole 18.0 3.0
Raw rectorite (R-REC) 19.50 7.0
ZrO2 solid spheres 21.4 � 1.1 7.0
Open burnt clay 22.86 3.0
Cetyltrimethylammonium bromide-
modied kaolin (CTAB-kaolin or KC)

24.46 6.9

Raw clay 27.03 7.5
His–Cs 39.67 5.5

27190 | RSC Adv., 2026, 16, 27180–27193
rearrangements in both the adsorbate and the adsorbent. The
positive DS° value obtained in this study therefore reect
a strong affinity of His–Cs for CR. Furthermore, the positive
entropy change observed in the single-component adsorption
system suggests that CR dye molecules replace water molecules
previously adsorbed on the His–Cs surface. The release of these
water molecules into the bulk solution increases their trans-
lational freedom, resulting in a net gain in entropy that exceeds
any entropy loss associated with CR dye adsorption. Conse-
quently, the overall process is characterized by enhanced
disorder within the system.

3.8. Reusability study

For practical implementation of continuous sorption systems,
adsorbent reusability is a critical parameter. The regeneration
capability of an adsorbent signicantly inuences the economic
viability of adsorption-based water treatment processes. In this
study, the recyclability of His–Cs was evaluated through
successive adsorption–desorption cycles, and the percentage
decolorization achieved in each cycle was determined (Fig. 10).
The results demonstrated a gradual decrease in decolorization
efficiency with increasing cycle number, which may be attrib-
uted to incomplete desorption of retained dye molecules from
the adsorbent surface. Nevertheless, the removal efficiency of
CR dye remained above 48% aer three consecutive cycles.
These ndings conrm that His–Cs possesses acceptable reus-
ability and retains considerable adsorption performance aer
repeated use.22

3.9. Analysis of sorption capacity for CR dye on different
adsorbents

This study compares the adsorption capacities of the His–Cs for
the CR dye with those of the other adsorbents, as presented in
Table 6. The His–Cs adsorbent demonstrated a superior
ts for the removal of CR dye

Initial dye
concentration (ppm)

Dosage of adsorbent
(g L−1) References

� 0.3 150.0 100.0 54
35.0 0.4 55
100.0 10.0 56

� 0.3 200.0 50.0 57
� 0.3 250.0 20.0 57

20.0 0.5 58
100.0 4.0 59
18.0 1.0 40
18.0 1.0 40
18.0 1.0 40
18.0 1.0 40
40.0 2.0 60
500.0 1.0 61
35.0 0.4 55
50.0 2.5 62
100.0 10.0 56

� 0.2 50.0 10.0 38
40.0 1.0 This study

© 2026 The Author(s). Published by the Royal Society of Chemistry
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adsorption capacity for CR dye compared to several reported
adsorbents,40,54–62 as detailed in Table 6. This indicates the
potential for enhancing the adsorption capacity of Cs for CR dye
through its combination with His. This results from the inte-
gration of various cationized functional groups that serve as
binding sites for the anionic CR dye. In conclusion, the synthe-
sizedHis–Cs is deemed a favorable adsorbent for CR dye removal.
4. Conclusion

His–Cs, intended for the adsorption of CR dye from aqueous
solution, was produced using a two-step process; initially, His
interacted with epichlorohydrin in an alkaline medium, fol-
lowed by the interaction of the resultant product with Cs in the
same medium. Comprehensive characterization employing
FTIR, XRD, SEM, and EDS techniques was conducted to validate
the chemical structure of the synthesized material. The
adsorption kinetics of CR dye onto His–Cs conformed
predominantly to the Elovich model, while the Temkin
isotherm model provided an excellent t to the experimental
equilibrium data, suggesting that the heat of adsorption
changes linearly with the extent of surface coverage. The CR dye
adsorption onto His–Cs occurs spontaneously, conrming the
feasibility and favorable nature of the adsorption process. The
adsorption process is endothermic, indicating a chemisorption
process. His–Cs possesses acceptable reusability and retains
considerable adsorption performance aer repeated use.
Collectively, these results substantiate that His–Cs behaves as
a highly effective adsorbent for the elimination of CR dye from
aqueous media.
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