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This study aimed at synthesizing a fast-responsive chemically modified cellulose (MC) adsorbent for
removing organic pollutants, such as cationic dyes, namely, methylene blue (MB), crystal violet (CV),
brilliant green (BG), and malachite green (MG), from wastewater. The MC adsorbent was prepared by the
chlorination of cellulose using phosphorous oxychloride (POClz) to produce chlorodeoxy—cellulose
(cellulose—Cl), followed by the nucleophilic attack of 2-(2-aminothiazol-4-yl)acetohydrazide. The
prepared material was characterized extensively. The adsorption of dyes onto MC was investigated,
individually and in a mixture, in a batch mode under variable experimental conditions, such as pH,
contact time, initial dye concentration, temperature, and adsorbent dose, to optimize the adsorption
process. From the kinetic investigations, with high R? values and lower error functions ((x3), (SSE), and
(MSE)), the adsorption of MB and CV dyes matched well with the pseudo-second-order kinetic model,
while the adsorption of BG and MG dyes matched well with the pseudo-first-order kinetic model. In
addition, the Temkin model best fitted the adsorption isotherm data for MB, CV, and BG, while the
adsorption data of the MG dye fitted well with the Langmuir isotherm model, with the maximum
adsorption capacities of 173.00 mg g%, 171.80 mg g, 188.60 mg g, and 82.17 mg g~ * for MB, CV, BG,
and MG, respectively, at 308 K. Thermodynamic studies revealed the spontaneous and exothermic
nature of the adsorption of these cationic dyes onto MC. The MC adsorbent exhibited good recycling
performance. After five regeneration and adsorption cycles, the MC adsorbent still had a removal effect
greater than 90% for the studied dyes, which indicated its high structural stability. The prepared MC was
successfully applied for the removal of cationic dyes from real water samples and synthetic mixtures,
with a recovery (R%) of higher than 97%. The adsorption mechanism of MB, CV, BG, and MG onto the
adsorbent was elucidated. Ultimately, this study demonstrated that the fast-responsive MC adsorbent
can be effectively utilized to eliminate MB, CV, BG, and MG cationic dyes from a wide range of real water
sources. Collectively, the results indicated that the as-prepared MC adsorbent is promising for cationic
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1 Introduction industries, involves several contaminants like pesticides, heavy
metals, dyes, and antibiotics."

One of the main issues faced in the twenty-first century is the Dyes are major constituents of wastewater produced by many

availability of water of a recognized quality. Because of industries, including textile, paint, varnish, ink, plastic, pulp
numerous anthropogenic activities, unplanned urbanization, —and paper, cosmetics, tannery, and dye-producing industries.?
and growing industrialization, the quality of water resources is These wastewaters represent a major threat to the environment
deteriorating every day. Water pollution, caused by different because many dyes are noxious and carcinogenic.® The
complicated structures of dyes prohibit their natural degrada-
tion in water streams, leading to the accumulation of dyes in the
aquatic environment. As a result, removing dyes from the
Faypt. E-mail: magdaaki@yahoo.com environment is highly demanded. Several approaches have
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flocculation, chemical oxidation, electrochemical oxidation,
biological processes, and other methods have been investi-
gated.* Among these, adsorption is considered more favorable
than other methods because it is easy to use, inexpensive, highly
effective, and suitable for large-scale systems.” The development
of effective adsorbents is a critical aspect for achieving better
performance. Many materials, including chitosan, activated
carbon, clay, cellulose-based materials, nano-sized metal
oxides, and metal-organic frameworks, have been used as
adsorbents.®

Cellulose is a polymer found in nature that offers numerous
benefits, such as cost-effectiveness, ready availability, reus-
ability, and environmental sustainability. It can be made from
a variety of natural sources, including cotton, bamboo, and
straw. Due to the absence of functional groups, its adsorption
efficiency is comparatively low. To improve its adsorption effi-
ciency, cellulose is chemically modified by introducing new
functional groups via esterification, grafting, oxidation, halo-
genation, or etherification.*® One of the most researched
approaches involves first synthesizing a halogen derivative by
adding it to the original polymeric structure at position C6 in
cellulose. The preferred halogen order for this purpose is
chlorine > bromine > iodine > fluorine. In order to transfer this
element to the cellulosic polymeric chain, the efficacy of the
chlorination route has been investigated through the use of
various precursor chemicals, such as thionyl chloride, phos-
phoryl oxychloride, N-chlorosuccinimide, and tosyl chloride.®

Deoxycelluloses are modified forms of cellulose, in which the
hydroxyl groups have been replaced completely or partially by
other functional groups. Halodeoxycelluloses are intriguing
substances because it is simple to substitute other groups for
the halogen. Phosphorous oxychloride's chlorination of cellu-
lose in DMF produces 6-chloro-6-deoxycellulose as a result of
preferential functionalization at the sixth carbon.*

Functionalizing chlorodeoxycellulose via the nucleophilic
attack of 2-(2-aminothiazol-4-yl)acetohydrazide for dye removal
is an intriguing approach, especially for water treatment and
purification. The functionalization of chlorodeoxycellulose with
a group like 2-(2-aminothiazol-4-yl)acetohydrazide can help
enhance the material's adsorptive properties, making it more
efficient at capturing and removing various types of dyes from
aqueous solutions. The 2-(2-aminothiazol-4-yl)acetohydrazide
group consists of a thiazole ring (which has nitrogen and sulfur
atoms) and a hydrazide group (-C(=O)NH-NH,). The thiazole
group is known for its ability to interact with various organic
molecules, including dyes, due to its aromatic structure and
nitrogen-sulfur heteroatoms. The hydrazide group can poten-
tially form strong interactions with dyes, especially those with
functional groups like carbonyls or amino groups, improving
adsorption via hydrogen bonding, electrostatic interactions
and/or -7 interactions.'***

The functionalized cellulose derivatives may be used for
water purification, as stationary phases in chromatography, as
ion exchangers, and for cation removal such as dyes.*® Based on
the aforementioned information, the objectives of the current
study are summarized in the following points:
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(i) To design and synthesise a modified cellulose (MC)
adsorbent for the adsorption of CV, MB, BG, and MG cationic
dyes in single and mixed solutions.

(ii) To characterize MC using elemental analysis, SEM, EDX,
FTIR, XRD, TEM, BET and "HNMR and performances.

(iii) To conduct batch sorption experiments utilizing CV, MB,
BG, and MG as pollutants.

(iv) To investigate the ideal parameters required for the
optimal adsorption of the studied metal ions, e.g, pH,
temperature, the initial concentration of the three investigated
metal ions, the mass of MC, the oscillation time, and the ionic
strength.

(v) To study the various adsorption isotherms, kinetics, and
thermodynamic parameters.

(vi) To comparatively evaluate the dye removal efficiency and
reusability of MC with other adsorbents.

(vii) To elucidate the mechanisms involved in the adsorption
processes of CV, MB, BG, and MG onto MC.

2. Experimental

2.1. Materials

Ethyl-2-(2-aminothiazol-4-yl)acetate (98%) and NaOH (99,99%)
were purchased from Sigma-Aldrich Co.; the microcrystalline
cellulose powder (MCC) was purchased from Alfa Aeser Co.; and
phosphorous  oxychloride  (POCly), pure  di-
methylformamide (DMF), crystal violet (CV), brilliant green
(BG), methylene blue (MB), malachite green (MG), HNO; (65%),
HCI (37%), sodium acetate dihydrate, and glacial acetic acid
were bought from Merck Co. All of the chemicals and reagents
used in this work were of pure analytical reagent grade. Double-
distilled water (DDW) was used throughout the experimental
work.

extra

2.2. Preparation of the modified cellulose adsorbent

2.2.1. Preparation of chlorodeoxycellulose (cellulose-Cl).
One gram of microcrystalline cellulose was suspended in 20 mL
of DMF for 1 h and then reacted with 0.5 mL of POCI; under
mechanical stirring for more than 30 min at 90 °C until the
color of the solution changed to dark brown due to the release
of phosphoric acid. The obtained chlorodeoxycellulose (cellu-
lose-Cl) was filtered and then washed with DMF, DDW, 5%
NaOH, DDW again, 5% acetic acid, and finally with DDW till the
color of the product returned to white, indicating the removal of
all side products. In the end, the collected powder was dried in
air for 24 h.*%*%v

2.2.1.1 Estimation of the chloro group content. Firstly,
a sample of 0.5 g of cellulose—Cl was directly reacted with 5 mL
of hydrazine hydrate (HH) without any solvent. The reaction
mixture was stirred under heating at 80 °C for 3 h. The product
(cellulose-N) obtained was filtered, washed with DDW and then
with ethanol and then dried in air.

In the second step, the concentration of the amino group in
cellulose-N was estimated using a volumetric method as
follows: 40 mL of a 0.05 M HCI solution was added to 0.1 g of
cellulose-N and conditioned for 15 h on a vibromatic shaker.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The residual concentration of HCl was estimated through
titration against a 0.05 M NaOH solution using phenolphtha-
lein as the indicator. The number of moles of HCI interacting
with amine groups and consequently the amine group
concentration (mmol g~ ') were calculated using the following
equation:

Concentration of amino groups

= w x 40 (mmole per g of resin) (1)

where M; and M, are the initial and final concentrations of HCI,
respectively.'®%"

2.2.2. Preparation of the modified cellulose composite
(MC). The ligand (2-(2-aminothiazol-4-yl)acetohydrazide) was
first synthesized by reacting 0.01 mole of ethyl 2-(2-amino-
thiazol-4-yl)acetate with 0.01 mole of hydrazine hydrate using
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methanol as a solvent under reflux for 6 h at 80 °C until white
crystals were precipitated. The formation of the ligand was
confirmed by TLC and by measuring the melting point = 180-
183 °C. Scheme 1a shows the reaction steps.'®"’

Later on, the MC composite was prepared by mixing 0.2 g of
2-(2-aminothiazol-4-yl)acetohydrazide with 0.5 g of cellulose-Cl
in DMF as a solvent and refluxing this mixture for 5 h at 80 °C
till a yellow powder was precipitated (Scheme 1b).

2.3. Characterization

The elemental analysis of microcrystalline cellulose (MCC),
cellulose-Cl, 2-(2-aminothiazol-4-yl)acetohydrazide (ligand) and
the MC adsorbent was conducted using a PerkinElmer 2400
CHNS analyzer. A Shimadzu 5800 Fourier transform infrared
(FT-IR) spectrometer was utilized for detecting the functional
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(a) Synthesis of (a) 2-(2-aminothiazol-4-yl)acetohydrazide. (b) Preparation of the MC composite.
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groups in the materials. The surface morphology of pure MCC,
cellulose-Cl, and the MC adsorbent before and after the
adsorption of the studied dyes were evaluated after sputter-
coating with Au ions using a scanning electron microscope
(SEM, Quanta FEG-250) and an energy-dispersive X-ray (EDX)
microanalysis system at an accelerating voltage of 20 keV at
a working distance of 10 pm. "HNMR spectra were measured in
DMSO and trifluoracetic acid (TFA) using the Joel 500 MHZ
machine. X-ray diffraction (XRD) patterns were collected using
the PANalytical X'Pert PRO diffractometer, covering the 26 range
from 4° to 75°. The Brunauer-Emmett-Teller (BET) equation
was applied on the N, adsorption isotherms obtained using
MICROTRAC (model: BELSORP) (cat. MINI X) (made in Japan)
to estimate the specific surface areas of cellulose and the MC
adsorbent after the removal of all adsorbed water molecules by
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drying at 80 °C in a vacuum oven, and the non-localized density
functional theory (NLDFT) model was used to calculate the pore
size distribution. Both calculations were carried out using
BELMASTER (ver. 7) software. The zeta potential was deter-
mined using a Malvern instrument as follows: 0.1 g of the MC
adsorbent was added to 25 mL of NaOH or HCI solutions with
the pH adjusted from 1 to 10. A PerkinElmer 550 spectropho-
tometer was utilized for determining the concentration of the
cationic dyes individually or in binary systems (CV-MB and BG-
MG). The highest absorbance values (Ama) for the studied
cationic dyes, which include CV, MB, BG, and MG, alongside
binary systems (CV + MB) and (BG + MG), were measured across
a spectral range from 200 to 900 nm. The A, for CV, MB, BG,
and MG were determined to be 590 nm, 664 nm, 625 nm, and
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Scheme 2 Synthesis and characterization of the modified cellulose (MC) adsorbent and its use for the adsorption of cationic dyes.
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616 nm, respectively. Additionally, binary mixtures such as CV +
MB (598 nm and 664 nm) and BG + MG (621 nm) were analyzed.

The synthesis and use of the modified cellulose (MC)
adsorbent for the adsorption of cationic dyes are schematically
presented in Scheme 2.

2.4. Adsorption tests

The dye adsorption experiments were conducted in the batch
mode using 12.5 mL stoppered bottles, each containing 10 mL
of the cationic dye solution and a definite amount of the MC
adsorbent. The bottles were then agitated at 150 rpm on
a thermostatic shaker set to a constant temperature. Once
equilibrium was reached, the solutions were centrifuged at 3000
rpm. The supernatant containing the residual cationic dyes was
analysed at the specific A« for each dye. In the case of binary
dye systems, the dyes were combined in a 1:1 ratio of CV and
MB or BG and MG solutions. Various parameters were exam-
ined, including contact time (ranging from 2 to 120 minutes),
temperature (308-328 K), MC adsorbent dose (0.25-2 g L"), pH
(ranging from 2 to 12), ionic strength, and initial concentration
of the studied dyes (25-600 mg L™"). The adsorption capacity
(ge) and removal (R%) were estimated from eqn (2) and (3),
respectively.”®

_(G-C)V
Qe = — 2)
R(%) = (G-G) % 100 (3)
0) = C

Herein, C; and C. (mg L") are the initial dye concentration and
the equilibrium concentration after adsorption, respectively. V
(L) is the volume of the dye solution, and m (g) is the mass of the
MC adsorbent. Each measurement's reading was an average of
three replicates.

For the adsorption of binary systems, 1 g L™" of the MC
adsorbent was added to the binary system solutions, containing
50 ppm of each dye, at a pH of 6 for (BG + MG) and pH of 10 for
(CV + MB). The mixture was then agitated at 150 rpm for
different time frames. The equilibrium concentration of the
adsorbates was derived from UV-Vis data. The efficiency of
cationic adsorbate adsorption was determined using eqn (2).

2.5. Desorption and regeneration experiments

The regeneration of the MC adsorbent was examined through 5
repeated cycles of adsorption-desorption by the batch method.
In each test, 1 g L™ " of the MC adsorbent was shaken with 100
ppm of CV, MB, BG and MG. Then, the adsorbent was filtered
and eluted using different eluents including ethanol, HCI (0.2
M), or a 1:1 mixture of ethanol and HCI (0.2 mol L™"). This
procedure was repeated for 5 cycles consecutively. The desorp-
tion efficiency (D, %) was calculated using the formula:

amount of desorbed dye (mg L)

D% = =]
amount of adsorbed dye on MC (mg L)

x 100 (4)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Materials' design and physicochemical studies

3.1.1. Material design. Because the modification of cellu-
lose occurred at the Cl atom, it was necessary to calculate the Cl
content in cellulose-Cl. This was carried out by substituting CI
with the NH, group and then using the volumetric method to
estimate the NH, content, which is equivalent to the CI content.
The analysis revealed that cellulose-Cl contained 3.34 mmol Cl
per g. The water solubility of the prepared MC was investigated
as well to avoid any leaching during the application of MC in the
adsorption process. There was no noted decrease in the overall
mass of MC, indicating the water insolubility of the prepared
MC. Additionally, the MC adsorbent was tested on two types of
bacteria, gram +ve bacterium (S. aureus) and gram —ve bacte-
rium (E. coli). The results confirmed that the prepared MC
adsorbent had no antibacterial activity against the two tested
bacteria in the water medium.

3.1.2. Elemental analysis. The results of the elemental
analysis of 2-(2-aminothiazol-4-yl)acetohydrazide (ligand),
cellulose, cellulose-Cl and the MC adsorbent are shown in
Table 1S. The successful preparation of the ligand was
confirmed by comparing the measured and calculated values.
The MC adsorbent had nitrogen (10.4%) and sulphur (5.98%)
elements, proving the effective modification of cellulose-Cl
with the ligand. It was estimated that the inserted ligand units
had a concentration of nearly 3.2 mmol g~

3.1.3. BET analysis. The adsorption affinity of a material is
directly linked to its texture. The quantity of nitrogen gas
adsorbed at 77 K on the prepared MC adsorbent at various
relative equilibrium pressures (P/P,) was measured and plotted
in Fig. 1Sa and b. Both cellulose and the MC adsorbent exhibit
type III nitrogen gas physisorption isotherms, as categorized by
the IUPAC.”* This isotherm type is characterized by a weak
sorption between the adsorbent and adsorbate, lacking
a distinct monolayer formation due to the absence of point B. As
a result, adsorbed molecules form clusters on the most suitable
sites of the adsorbate surface. Both isotherms show H3-type
hysteresis loops, indicating that these adsorbents have
a macroporous structure.” The BET specific surface area was
calculated based on the collected N, adsorption isotherms. The
surface area of cellulose is 0.15 m* g%, with a total pore volume
of 0.0079 cm® g~ and an average pore diameter of 210.6 nm. In
comparison, the MC adsorbent shows values of 0.49 m* g™,
0.0088 cm® ¢!, and 71.04 nm for these respective parameters.
According to Fig. 1Sc and d, the samples can be classified as
macroporous, according to the International Union of Pure and
Applied Chemistry (IUPAC),>* which classifies pores as micro-
pores (<2 nm), mesopores (2-50 nm) and macropores (>50 nm).
It can be deduced that the higher total pore volume of the MC
adsorbent occurs due to the chlorination step, while the
decrement in the average pore diameter of the MC adsorbent is
caused by the functionalization with the ligand, which fills
these pores. Therefore, the chlorination step causes the
formation of a higher number of narrow pores. However, these
pores are still accessible by the studied dyes because the mean
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pore diameter of the MC adsorbent (71.04 nm) is greater the functional groups on the MC adsorbent internal and
than the diameter of the studied dyes (5-25 nm). These char- external surfaces as the primary mechanism of the adsorption
acteristics suggest the coordination of the studied dyes with process.

SEI ¥ 30kV WD15mm SS32

i

x1,000 - AOpm ﬁ;/

20kV WD16mm

Fig. 1 SEM photographs of (a) microcrystalline cellulose, (b) cellulose—Cl, (c) MC, (d) MC-MB, (e) MC-CV, (f) MC-BG, and (g) MC-MG.

40506 | RSC Adv, 2025, 15, 40501-40518 © 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03131a

Open Access Article. Published on 29 October 2025. Downloaded on 3/14/2026 1:23:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

3.2. Characterization

3.2.1. SEM/EDX. SEM analysis (Fig. 1) was used to detect
the surface morphology of the materials. While microcrystalline
cellulose has irregular microfibers, cellulose-Cl has a coarser
surface with several small pores inside compared to that of
native cellulose, as shown in Fig. 1b. The surface morphology of
the MC adsorbent has not changed significantly relative to that
of cellulose-Cl (Fig. 1c), indicating that the ordered structure of
the cellulose powder is maintained after the addition of ligand
moieties. The SEM morphology of the MC adsorbent after dye
adsorption is shown in Fig. 1d-g.

The EDX measurements were conducted on the captured
SEM images. Cellulose—Cl displays clear signals at 0.1 and 2.35
keV (Fig. 2b), linked to chloride, which are not seen in cellulose
(Fig. 2a). Meanwhile, the MC adsorbent (Fig. 2c) shows distinct
signals at 0.2 and 2.2 keV, corresponding to nitrogen and
sulphur elements, respectively, with the disappearance of the
chloride signal compared to cellulose-Cl. This further confirms
the success of the modification step.

View Article Online
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3.2.2. XRD. The XRD method was utilized to assess the
crystallinity of cellulose after modification. The X-ray di-
ffractograms of cellulose, cellulose-Cl, and the MC adsorbent
are presented in Fig. 3. A reduction in the crystallinity of
cellulose was observed after chlorination.>>*

The crystallinity of the samples was calculated from
diffraction intensity data using the empirical method (eqn (5))
for native cellulose.?

Cr1 (%) = T2~ fam (5)
1002

where Cr.I is the crystallinity index, Ipo, is the maximum
intensity (in arbitrary units) of the diffraction from the 0 0 2
plane at 20 = 22.6°, and I, is the intensity of the background
scatter measured at 26 = 19.5°. The XRD diffractogram, at 20 =
22.6°, shows that the intenisty decreased in the order from
cellulose then cellulose-Cl and then MC adsorbent. On the
other hand, the intensity, at 26 = 19.5°, descreased in the
following order: cellulose then cellulose-Cl and then MC
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Fig. 2 EDX spectra of (a) microcrystalline cellulose, (b) cellulose—Cl, and (c) modified cellulose (MC).
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Fig. 3 XRD patterns of (a) microcrystalline cellulose, (b) cellulose-Cl,
and (c) the MC adsorbent.

adsorbent. This confirms the decrease in crystallinity which was
measured to be 74%, 28% and —62% for cellulose, cellulose-Cl
and MG, respectively. The negative value of crystallinity of MC is
due to amorphousness.

3.2.3. Infrared spectra. The subsequent steps for the
synthesis of the MC adsorbent were investigated using FT-IR
spectra, and the findings are presented in Fig. 4.

For microcrystalline cellulose (Fig. 4a), the infrared spec-
trum shows peaks at 1070-1150 cm™* that may be attributed to
C-O stretching vibrations, while those at 1250-1420 cm ™" and
3200-3500 cm™ " can be attributed to OH bending and stretch-
ing vibrations, respectively.>**”

For cellulose-Cl (Fig. 4b), the apparent peak around 714
cm ' corresponds to the carbon-chlorine stretching vibration,
confirming the presence of chlorine in the structure.’

The infrared spectrum of the MC adsorbent (Fig. 4c) exhibits
new peaks at 1280 cm ™" and 840 cm ™', which may be due to the
S-C group of the ligand in the MC adsorbent. In addition, the
peaks detected at ~1650 cm™ ' and 1550 cm ™' may be attributed

300
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a = g) I;:(eiumoseu /“
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= 100 1 ‘
‘ Ity
50 / ‘
1647 839
| ™ 1540
3273—)
0 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 4 FTIR spectra of (a) microcrystalline cellulose, (b) cellulose-Cl,
(c) MC and (d) the ligand.
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to the stretching vibrations of the O=C group and bending
vibrations of the N-H bond, respectively.*®

The infrared spectrum of the ligand (Fig. 4d) exhibits new
relative peaks at 1280 cm ™' and 839 cm " that may be attributed
to the S-C group of the ligand. In addition, the peaks detected at
~1647 cm " and 1540 cm ™" may be assigned to the stretching
vibrations of O=C and C=N groups and bending vibrations of
the N-H bond, respectively. The peaks detected at ~3273 cm ™
are due to the stretching vibrations of NH,.**"

3.2.4. 'H NMR. The most frequent analytical tools used to
study the structure of cellulose are solid- and liquid-phase
nuclear magnetic resonance (NMR). In this work, a DMSO/tri-
fluoracetic acid mixture was used to dissolve the prepared
substances for "H NMR analysis. "H NMR confirms the struc-
ture of cellulose, cellulose-Cl and the MC adsorbent, as pre-
sented in Fig. 5. Specifically, the "H NMR of cellulose presented
in Fig. 5a shows a peak at 1.1 ppm, which is related to the
proton present on Cs, Cy4, or Cs. By contrast, the peaks appearing
at 1.45 ppm and 0.75 ppm are related to the 2H of C¢ and the H
of C,, respectively. Fig. 5b presents the "H NMR trace of cellu-
lose-Cl, showing shifted peaks (1) at 1.05 ppm related to the
proton present on Cs, C,, or Cs and (2) at 1.25 ppm and 0.8 ppm
related to the 2H of Cg and the H of C,, respectively. The 'H
NMR of the MC adsorbent (Fig. 5¢) shows peaks at 7.9 ppm, 7.19
ppm, 7.05 ppm, 6.95 ppm, 2.8 ppm, and 2.7 ppm, which are
attributed to (NH),, (NH),, NH,, CH and CH, of the ligand,
respectively.>*!

3.3. Adsorption studies

3.3.1. Zeta potential and the effect of pH. The zeta poten-
tial of the MC adsorbent in relation to pH values is illustrated in
Fig. 6a. Clearly, the zeta potential of the MC adsorbent is greatly
influenced by the solution's pH level. At very low pH levels
(below 2.3), the MC adsorbent is positively charged due to the
protonation of ketone, enol forms, and amine groups (i.e., MC-
C-OH," and MC-NH;"). As the pH increases, the zeta potential
decreases and becomes negative because of the deprotonation
of ketone and enol form amines (i.e., MC-C-O~ and MC-NH,).
The zeta potential is 0 at a pH of approximately 2.3-2.4, indi-
cating that the isoelectric point (IEP) of the MC adsorbent falls
within this pH range, which confers a negative zeta potential,
leading to a negative charge on the surface of the MC adsorbent.
Consequently, the enhanced selectivity and efficiency of the MC
adsorbent in removing cationic dyes like MB, CV, MG, and BG
can be partly attributed to the electrostatic interactions between
the positively charged dye molecules and the negatively charged
surface of the MC adsorbent.

The adsorption performance of the MC adsorbent for the
studied dyes at different pH values is shown in Fig. 6b. As can be
noticed, when the other conditions are kept unchanged, the
adsorption capacities of the MC adsorbent for the studied dyes
are pH-dependent.

The surface sites of the MC adsorbent are protonated at a pH
lower than the isoelectric point (2.3) and will be positively
charged, and they will be deprotonated at a pH higher than the
isoelectric point (2.3) and will be negatively charged. At a pH

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 H NMR spectra of (a) MCC, (b) cellulose—Cl, and (c) the MC adsorbent.

lower than the isoelectric point (2.3), the adsorption efficiency
(ge) of the MC adsorbent is low, and this may be attributed to
the competition between the studied cationic dyes and H' ions
for the available surface sites at this pH. This competition
decreases after increasing the pH, resulting in better adsorp-
tion. Therefore, the optimum pH can be considered to be 6 for
BG and MG dye adsorption and 10 for the adsorption of CV and
MB dyes.

3.3.2. Effect of the MC dose. Fig. 2S shows the effect of the
MC amount on the adsorption of CV, MB, BG and MG dyes.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Apparently, the adsorption efficiency (g.) increases rapidly from
0.25 to 1 g L™ " and then decreases from 1 to 2 g L™ " with an
increase in the MC amount from 0.25 to 2 g L. This is logical
as more adsorption sites become available with increasing MC
dose. When the MC amount increases further, the studied dyes
are basically adsorbed completely. Therefore, increasing the MC
amount does not lead to a higher adsorption efficiency (ge).
Accordingly, 1 g L™" of MC adsorbent was decided to be the
optimal dose.

RSC Adv, 2025, 15, 40501-40518 | 40509
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3.3.3 Effect of the initial dye concentration. The study
examined how different initial concentrations of cationic dyes
(CV, MB, BG, and MG) affected their adsorption onto the surface
of the MC adsorbent, with values ranging from 25 to 600 ppm,

Table 1 Adsorption isotherm fitting parameters

while keeping the other parameters fixed. The findings shown
in Fig. 3S reveal an increase in the adsorption capacity for CV,
MB, BG, and MG, increasing from 25 mg g ' to 170 mg g/,
25mgg 'to172.3 mgg !, 25 mgg " to 185.4 mg g ', and 25

Parameters
Isotherm models System MC-MB MC-CV MC-BG MC-MG
Langmuir Kg 67.95 4 10.488 64.12 £ 9.860 57.88 £ 7.063 45.78 £ 5.763

n 5.95 + 1.13 5.72 £ 1.03 4.89 £ 0.59 9.37 £ 2.25

R 0.895 0.907 0.866 0.837

Adj. R* 0.875 0.889 0.839 0.805

x> 423 364 619.4 93.3

SSE 2118.78 1820.76 3097.12 466.54

MSE 302.68 260.1 442.44 66.64
Freundlich Kg 67.95 £ 10.488 64.12 £ 9.860 57.88 £ 7.063 45.78 £ 5.763

n 5.95 + 1.13 5.72 £ 1.03 4.89 £ 0.59 9.37 £ 2.25

R 0.895 0.907 0.866 0.837

Adj. R* 0.875 0.889 0.839 0.805

x> 423 364 619.4 93.3

SSE 2118.78 1820.76 3097.12 466.54

MSE 302.68 260.1 442.44 66.64

gm (mg g™ 147.06 + 11.03 143.01 + 12.07 145.28 + 15.82 79.22 + 2.018
Dubinin-Radushkevich Kpr 0.973 £+ 0.36 0.919 £ 0.38 0.893 £ 0.48 0.471 £ 0.06

E 0.717 0.738 0.748 1.03

R? 0.859 0.823 0.733 0.964

Adj. R? 0.831 0.788 0.680 0.957

X’ 570.37 698.51 1234.57 20.49

SSE 2851.87 3492 6172.8 102.47

MSE 407.41 498.85 881.82 14.63
Temkin Ky 23.93 £+ 11.937 21.42 £+ 11.045 12.69 £ 4.743 692.07 £ 1122

b 0.0503 &+ 0.004 0.0511 4 0.004 0.0461 £ 0.003 0.1455 + 0.023

R’ 0.969 0.967 0.980 0.887

Adj. R? 0.963 0.961 0.976 0.865

X 123.3 128.8 92.15 64.97

SSE 616.8 644.04 460.74 324.85

MSE 88.11 92.00 65.82 46.41
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mg g~ to 84.5 mg g, respectively, when using 1 ¢ L ™" of the
MC adsorbent.

Adsorption isotherms give valuable information about how
dye molecules move from water to the surface of adsorbents
while keeping the pH and temperature constant. To explain the
relationship between dye molecules and the surface of the
adsorbent created, several mathematical models can be utilized
(Table 2S). These models help in determining the design
needed for effectively applying the adsorption process in prac-
tice. Consequently, as illustrated in Fig. 4S, different adsorption
models®* were applied to the experimental data through non-
linear curve fitting. A summary of the parameters obtained is
presented in Table 1.

To assess the accuracy of kinetic and isotherm models, the
researchers utilized various error functions. These functions
aimed to minimize the discrepancy between theoretical
predictions and experimental results. The performance evalu-
ation of kinetic models involved several statistical metrics,
including R?, adjusted R?, chi-square statistic (x*), sum of
squares error (SSE), and mean square error (MSE), which are
presented in eqn (6)-(10),* respectively.

Z (qmean - qcal)2

R = (6)
Z (qcal - qmean)z + Z (qcal - qexp)z
. New — 1)
Adj. R*=1-(1-R? (Nexp (7)
( ) (Nexprpara71>

X2 _ Z (qexp - qcal) (8)

(qcal)2

Table 2 Kinetic parameters for the adsorption of the studied dyes onto
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SSE = Z(Qexp - qcal)z (9)

1
Nexp Z (qexp - QCal)2

MSE =

(10)

Table 1 displays the calculated parameter values for various
adsorption isotherm models. The best isotherm model is
chosen according to the  higher correlation -coefficient
(R*) and the lower error functions in comparison to other
models.

In order to explore the energetic characteristics, the Temkin
isotherm equation was used to fit the experimental data of the
adsorption isotherm. The Temkin isotherms are based on the
assumption that the adsorption process is defined by a consis-
tent distribution of binding energies. According to the data
presented in Table 1, the adsorption heat for all molecules
within the layer exhibited a linear decrease as coverage
expanded. The dye (CV, MB, and BG) adsorption isotherm for
MC aligns well with the Temkin isotherm model (Fig. 4S), as
indicated by its high correlation coefficient (R?) and lower error
functions compared to other models (refer to Table 1). In
contrast, the Freundlich fitting line was less accurate compared
to the experimental data points. The calculated separation
factor (Ry) for the adsorption of CV, MB, BG and MG falls within
the range from 0 to 1. This suggests that the adsorption process
is favorable, which aligns with the findings of R;.. This is due to
the better fitting of the correlations in the Temkin isotherm
adsorption model. Meanwhile, the adsorption isotherm of MG
on MC aligns well with the Langmuir isotherm model (Fig. 4S),

the MC adsorbent

Parameters
Models System MC-MB MC-CV MC-BG MC-MG
Pseudo-first-order Ky (min™") 0.513 4 0.069 0.469 + 0.083 0.168 + 0.026 0.188 + 0.022
ge (mgg™) 97.3 £ 0.47 96.27 + 0.67 95.12 + 0.02 87.53 + 0.88
R* 0.999 0.999 0.997 0.999
Adj. R 0.998 0.998 0.997 0.998
x* 1.2 1.88 6.32 2.31
SSE 8.32 9.426 31.59 11.57
MSE 1.18 1.346 4.51 1.65

Pseudo-second-order

K, (g mg™" min™?)

0.0476 + 0.0047

ge (mg g™ 98.67 + 0.36
R 0.961
Adj. R* 0.953
x> 0.527
SSE 2.636
MSE 0.376
Elovich Qe 2.23 % 10" + 1.89 x 10%°
ge (mg g™ 0.460 £ 0.090
R 0.838
Adj. R* 0.806
x> 2.199
SSE 10.99
MSE 1.57

© 2025 The Author(s). Published by the Royal Society of Chemistry

0.0224 + 0.0009

0.0054 + 0.0009

0.0041 £ 0.0009

97.82 £ 0.27 96.72 £ 2.36 91.65 £ 3.28
0.994 0.952 0.935

0.993 0.942 0.923

0.27 14.8 24.85

1.398 74.03 124.27
0.199 10.57 17.75

4.04 x 10° + 2.22 x 10™°

1102.9 £ 792.606

368.72 + 377.062

0.254 £+ 0.061 0.091 £ 0.010 0.085 £ 0.016
0.773 0.944 0.856

0.728 0.933 0.828

10.95 16.97 55.20

54.79 84.87 277.20

7.82 12.12 39.6
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as indicated by its high correlation coefficient R*> and lower
error functions compared to other models.

The Dubinin-Radushkevich (D-R) isotherm model was
utilized to estimate the adsorption energy (E) and determine the
nature of the adsorption (Table 1). The adsorption energy (E)
value provides details about the physical or chemical nature of
the adsorption process. When E is less than 8 kJ mol*, phys-
isorption can explain the type of adsorption; when E is greater
than 8 k] mol *, ion-exchange or chemical adsorption controls
it.>**¢ The D-R isotherm fitting curve is displayed in Fig. 4S, and
Table 1 provides the determined parameters. The calculated
adsorption energy (E < 8 k] mol ') indicates that physisorption
can account for the type of adsorption for the studied dyes onto
MC. This means that adsorption is reversible and is character-
ized by the formation of weak physical attraction forces between
adsorbate molecules and the solid surface, such as hydrogen
bonds, electrostatic attraction, and van der Waals forces.

View Article Online

Paper

3.3.4. Effect of the contact time and adsorption kinetics.
The contact time of CV, MB, BG, and MG with the MC adsorbent
is a crucial factor. Hence, it was examined at various shaking
durations by using a 1 g ™" concentration of the MC adsorbent
in pH-adjusted solutions at a temperature of 308 K, with pH 6
for 100 mg L™' BG and MG and pH 10 for 100 mg L' CV and
MB. Fig. 5S illustrates how the shaking time affects the
adsorption of the dyes onto MC. It is evident that the initial
adsorption occurs quickly, followed by slower removal that
gradually reaches a state of equilibrium. Specifically, approxi-
mately 97 mg g~ (97%) of MB, around 96 mg g~ * (96%) of CV,
nearly 96 mg g~ (96%) of BG, and about 87 mg g~ * (87%) of MG
are eliminated within the first 2 minutes of contact. The quick
adsorption at the beginning can be explained by the higher
concentration gradient and a larger number of available sites
for adsorption. The highest uptake capacity is reached within 15
minutes for MB and CV and within 60 minutes for BG and MG.
During the analysis of the experimental data collected, three
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Fig.7 UV spectra of (A) MB, CV and MB + CV and (B) BG, MG and BG + MG; (C) effect of time on the absorbance of the MB + CV mix on MC; and

(D) effect of time on the absorbance of (BG + MG) on MC.
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kinetic models were applied: pseudo-first-order, pseudo-
second-order, and Elovich (Table 2S). These models are fitted
non-linearly, as seen in Fig. 6S. A summary of the equations for
these models, along with their extracted parameters, is given in
Table 2. To identify which kinetic model best fitted the experi-
mental results, the correlation coefficient (R*) and various error
functions were utilized. The pseudo-first-order model best
fitted the adsorption of MG and BG due to the higher R” values
and lower error functions ((x?), (SSE), and (MSE)) compared to
those of the pseudo-second-order model. Meanwhile, the
pseudo-second-order model best fitted the adsorption of
MB and CV due to the higher R* values and lower error func-
tions ((x*), (SSE), and (MSE)) compared to those of the pseudo-
first-order model. Therefore, the pseudo-first-order model is the
best fit for the adsorption of MG and BG onto MC, and the
pseudo-second-order model is the best fit for the adsorption of
MB and CV onto MC. The order of the rate constants for the dyes
adsorbed onto the MC adsorbent is determined to be MB > CV >
BG > MG, aligning well with the experimental findings.

3.3.5. Thermodynamic studies. Certain measurements like
the standard free energy (AG,), enthalpy heat (AH, ), and
adsorption entropy (AS,4,) for the studied dyes adsorbed onto
MC adsorbent were calculated in the temperature range from
308 to 328 K.

The thermodynamic reaction rate constant (K.) and other
parameters were calculated as follows:*”

Kc = ad/Ce (11)
where C,qs denotes the dye concentration sorbed on the MC
adsorbent at equilibrium (mg g™ ") and C. denotes the concen-
tration at equilibrium (mg L™1).

AG,, = -RT In K, (12)

In K, = (AS,,,/R) — (MM, /RT) (13)

where R is the universal gas constant (8.314 J mol~ " K™ ). The
slope (H,,,/R) and intercept (S,4,/R) of the plot of In K, vs. 1/T
were used to determine the values of H, ;. and S, 4, respectively,
as shown in Fig. 7S. From the evaluated thermodynamic
parameters given in Table 3S, a negative value of AG,,, was
obtained, demonstrating the spontaneous adsorption of the
studied dyes on the MC adsorbent at 308 K. It is noticeable that
the adsorption capacity for the dyes declined as the temperature
increased, implying stronger interactions between the dyes and
the active groups in the MC adsorbent. This is supported by the
negative value of AH,,, which means that the process of
adsorption is exothermic in nature, and some amount of heat is
lost upon the dyes' adsorption. On the contrary, the negative
AS. 4, values indicate that the system becomes more organized
and has less randomness after adsorption.

3.3.6. Effect of the ionic strength. Because industrial
wastewater contains a lot of various solutes, the ionic strength
becomes a crucial factor affecting the provided method's
selectivity. Therefore, different ions were added to the studied
dyes' solutions (0.1 M NacCl, 0.1 M KCl, 0.1 M MgCl,, 0.1 M AICl;,
and 0.1 M CH3COONa). Then, the adsorption performance was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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monitored under the pre-determined optimum conditions.
According to the data shown in Table 4S, there is no obvious
effect of the ionic strength on the adsorption of dyes.

3.3.7. Removal of CV, MB, BG and MG in a binary system.
Because organic pollutants or dyes are found in various forms in
real contaminated water, it is crucial to explore the removal
potential of MC in the binary dye systems studied. The
adsorption studies were conducted at the A, of each pollutant.
Fig. 7 displays the UV results of the binary systems after
adsorption by the MC adsorbent. The adsorption equilibrium
was achieved after 2 h for the BG + MG system and after 30
minutes for the CV + MB system, indicating that the time for
adsorption equilibrium was doubled compared with mono
systems because of the increased competition of the two dyes
toward the adsorption sites on MC. Upon mixing the dyes, new
overlapping peaks emerged in the absorption spectra, as shown
in Fig. 7a-d.

3.3.8. Desorption and reusability studies. To examine the
reusability of the MC adsorbent, five cycles of adsorption and
desorption for individual dyes were performed under the opti-
mized conditions. Various eluents were tested like HC1 0.2 M
and ethanol and a mixture of ethanol and 0.2 M HClina1:1
ratio. It was determined that a mixture of ethanol and 0.2 M HCl
in a 1:1 ratio was the most effective eluent, achieving desorp-
tion efficiencies of 98.9%, 98.6%, 97.7% and 97.4% for CV, MB,
BG, and MG, respectively. In Fig. 8Sa, the impact of different
eluents on the desorption of CV, MB, BG, and MG is illustrated,
while Fig. 8Sb presents the data from the five repeated cycles of
adsorption and desorption for CV, MB, BG, and MG using the
1:1 ethanol and 0.2 M HCI mixture as the eluent. After five
cycles, the recovery % was measured to be 91.5%, 91.2%, 90.4%
and 90.5%, for CV, MB, BG, and MG, respectively. These results
indicate that the material maintains consistent performance

B)Cellulose-Cl

‘“A)Cellulose

F) MC-MG

G) MC-CV

Fig. 8 Optical images of (A) cellulose, (B) cellulose-Cl, (C) MC, (D)
MC-MB, (E) MC-CV, (F) MC-BG, and (G) MC-MG.
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Fig. 9 FTIR spectra of (a) MC, (b) MC-MG, (c) MC-BG, (d) MC-MB, and
(e) MC-CV.

over five successive adsorption cycles, achieving an adsorption
efficiency of more than 90%. This demonstrates the potential
use of the MC adsorbent.

3.3.9. Plausible mechanism of adsorption. The mechanism
of adsorption of the studied dyes onto the MC adsorbent can be
explained using the FTIR spectra of MC before and after the
loading of studied dyes and the results from the D-R model.
This will be discussed in the following section.

3.3.9.1 Optical images. Fig. 8a-g displays the optical images
of cellulose, cellulose-Cl, and the MC adsorbent before and
after dye loading (MC-MB, MC-CV, MC-BG, and MC-MG). The
photographs show a clear colour difference between the MC
adsorbent before and after dye uptake, which is converted from
yellow for the MC adsorbent (Fig. 8c) to dark blue, violet, pale
green, and dark green beige for MC-MB, MC-CV, MC-BG, and
MC-MG, respectively, as shown in Fig. 8d-g. These findings
demonstrate that the studied dyes completely penetrate and
adsorb within the MC texture.

® @O Electrostatic interaction
Hydrogen bond
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3.3.9.2. FTIR spectra of MC before and after the adsorption of
dyes. There were important differences observed when
comparing the FTIR spectra of MC before the dye adsorption
(Fig. 9a) with those after the process (Fig. 9b-e). New peaks
emerged in the spectra; specifically, one related to the aromatic
alkene C=C at 1520 cm ™' for the MC material was observed
following the adsorption of the four dyes. The peak near ~3430
cm ™! widened after the adsorption of CV, MB, BG, and MG,
which could be due to the formation of hydrogen bonds. The
peaks detected at ~1650 cm™ ' and 1550 cm ™' may be attributed
to the stretching vibrations of the O=C group and the bending
vibrations of the N-H bond of the ligand, respectively, which
shifted from 1650 cm™ " to a lower wavenumber and 1550 cm ™"
to a higher wavenumber. These shifts confirmed that the
studied dyes were adsorbed on MC.

Therefore, there are two expected interactions between the
investigated dyes (CV, MB, BG and MG) and the MC adsorbent:

(1) Electrostatic interaction between the C=S" positive
charge of MB as well as the C=N" positive charge of CV, BG and
MG and the negative charge on the MC surface (C-O").

(2) Hydrogen bonding between the hydroxyl (OH) group of
the MC adsorbent (Fig. 10) and the hydrogen atoms of the
benzene (C¢Hg) rings found in the studied dyes.

Fig. 10 shows a diagram of the adsorption of MB, CV, BG,
and MG cationic dyes on the surface of the MC adsorbent.

3.3.10. Applications. The proposed MC adsorbent was
utilized to separate and retrieve CV, MB, BG, and MG dyes from
various actual samples. These samples included surface water
collected from the intake of the water station in Mansoura, tap
water from our laboratory at Mansoura University, and seawater
from Damietta City. The results are displayed in Table 3. None
of the added dyes were found naturally in any of the samples.
The recoveries were measured for the samples in which specific
amounts of each dye were added. The recoveries ranged from
97.2% to 100%. These results suggest that the MC sorbent can
be effectively used for detecting cationic dyes in real water
sources.

Fig. 10 Schematic of the adsorption of MB, CV, BG, and MG cationic dyes on the surface of the MC adsorbent.
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Table 3 Recovery of the cationic dyes CV, MB, BG, and MG from real water samples using the MC adsorbent under ideal conditions (n = 3)

Sample Dyes Spiked (ppm) Measured (ppm) Recovered (ppm) Recovery (%) RSD (%)
Tap water MB 0.00 0.00 0.00 0.00 0.00
50 0.5 49.5 100 1.23
100 2.9 97.1 99.84 1.58
CvV 0.00 0.00 0.00 0.00 0.00
50 0.6 49.4 99.79 1.62
100 3.5 96.5 99.88 1.57
BG 0.00 0.00 0.00 0.00 0.00
50 0.55 49.45 99.89 1.98
100 6 94 99.4 2.31
MG 0.00 0.00 0.00 0.00 0.00
50 0.67 49.33 99.65 1.9
100 20.9 79.1 98.87 2.25
Sea water MB 0.00 0.00 0.00 0.00 0.00
50 1.2 48.8 98.6 2.24
100 5.1 94.9 97.58 2.05
CvV 0.00 0.00 0.00 0.00 0.00
50 1.5 48.5 97.97 1.88
100 7.4 92.6 96 1.97
BG 0.00 0.00 0.00 0.00 0.00
50 1.6 48.4 97.77 2.29
100 8.6 91.4 97.5 2.62
MG 0.00 0.00 0.00 0.00 0.00
50 1.8 48.2 97.2 2.09
100 22.1 77.9 97.37 2.98
Surface water MB 0.00 0.00 0.00 0.00 0.00
50 0.6 49.4 99.79 1.76
100 3 97 99.74 1.49
CvV 0.00 0.00 0.00 0.00 0.00
50 0.65 49.35 99.7 1.85
100 3.8 96.2 99.6 1.98
BG 0.00 0.00 0.00 0.00 0.00
50 0.6 49.4 99.79 0.98
100 6.5 93.5 99.64 1.56
MG 0.00 0.00 0.00 0.00 0.00
50 0.65 49.35 99.69 1.82
100 21.2 78.8 98.6 2.12

Table 4 Comparison of the CV, MB, BG and MG sorption capacities of the MC adsorbent with those of the previously reported sorbents

Adsorbent Equilibrium Sorption capacity
Adsorbate Adsorbent dose time (mgg™) References
MB Rejected tea 0.50 g/200 mL 180 min 147 38
Raw algerian kaolin 1.0gL™" 180 min 52.76 39
Activated carbon/cellulose composite (ACC) 1.0gL™? 24 h 103.66 40
Modified cellulose (MC) 1gL" 15 min 173 This work
Cv Charred rice husk (CRH) 25 mg 60 min 62.85 41
Xanthated rice husk (XRH) 25 mg 60 min 62.85
Palm kernel shell-derived biochar 05¢g 24 h 24.45 42
Modified cellulose (MC) 1gL" 15 min 171.8 This work
BG Chemically activated date pit carbon 0.06 g 55 min 77.8 43
Areca nut husk 10gL" 120 min 18.21 36
Modified cellulose (MC) 1gL™? 60 min 188.6 This work
MG CMC-g-P(AAm) 1gL? 240 min 158.1 44
CMC-g-P(AAmM)/MMT 1gL™! 240 min 172.4
Modified cellulose (MC) 1gL™" 60 min 82.17 This work

3.3.11. Performance of the MC adsorbent. The MC adsor-
bent was effective in separating and removing cationic dyes
such as CV, MB, BG, and MG from various water samples with

© 2025 The Author(s). Published by the Royal Society of Chemistry

great efficiency. In Table 4, a comparison of MC's performance
with other mentioned adsorbents is shown. The highest
adsorption efficiencies were observed at an adsorbent dosage of
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1 gL' of MC and an optimal pH of 10 for MB and CV and 6 for
BG and MG. Under these optimal conditions, MB and CV were
removed from water in just 15 minutes, whereas BG and MG
removal required 60 minutes. It was noted that when evaluating
different adsorbents for the removal of CV, MB, BG, and MG,
factors such as the sorption capacity, the type of adsorbent, the
amount of adsorbent used, and the time needed for sorption
were important to consider. In conclusion, MC demonstrates
superior capacities and efficacy for recovering CV, MB, BG, and
MG compared to the other adsorbents listed in Table 4.

4. Conclusion

The study examined the adsorption of dyes onto MC, both
individually and in mixtures, under various experimental
conditions, such as pH, contact time, initial dye concentration,
temperature, and adsorbent dosage, to enhance the adsorption
process. The highest adsorption efficiencies were observed at an
adsorbent dosage of 1 g L', an optimal pH of 10 for MB and CV,
and an optimal pH of 6 for BG and MG. Under these optimal
conditions, MB and CV were removed from water in just 15
minutes, whereas BG and MG removal required 60 minutes.
Kinetic studies, characterized by high R* values and lower error
functions ((x?), (SSE), and (MSE)), indicated that the adsorption
of MB and CV dyes conformed well to the pseudo-second-order
kinetic model, while BG and MG dye adsorption aligned with
the pseudo-first-order kinetic model. Furthermore, the Temkin
model best described the sorption isotherm data for MB, CV,
and BG, whereas the adsorption of the MG dye was best repre-
sented by the Langmuir isotherm model, with maximum
adsorption capacities at 308 K of 173.00 mg g~ ', 171.80 mg g~ ',
188.60 mg g !, and 82.17 mg g ' for MB, CV, BG, and MG,
respectively. The MC could be regenerated successfully for up to
four adsorption cycles. Thermodynamic analysis indicated that
the adsorption of these cationic dyes onto MC was both spon-
taneous and exothermic. The prepared MC was also effectively
used to remove cationic dyes from actual water samples and
synthetic effluents, achieving a recovery rate (R%) higher than
97%. Ultimately, this study demonstrated that the fast-respon-
sive modified cellulose (MC) can be effectively utilized to elim-
inate cationic dyes from a broad spectrum of real water sources.
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