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terization and application of
chitosan/graphene oxide/copper ferrite
nanocomposite for the adsorptive removal of
anionic and cationic dyes from wastewater†

Mahmoud A. Ahmed, * Mohamed A. Ahmed and Ashraf A. Mohamed

The increased discharge of water pollutants drives the development of new and effective wastewater

remediation methods. Herein, a magnetic nanocomposite of chitosan-graphene oxide (GO) decorated

with copper ferrite (MCSGO) was synthesized under ultrasound agitation and applied to the effective

removal of Safranin O (SAF) and indigo carmine (IC) dyes from wastewater. The structural, magnetic, and

physicochemical features of the as-prepared MCSGO nanocomposite have been thoroughly investigated

using various characterization techniques. The operational parameters such as MCSGO mass, contact

time, pH, and initial dye concentration were investigated. The effects of diverse coexisting species on

both dye elimination processes were examined. The experimental results demonstrated that the

adsorption capacity of MCSGO nanocomposite for IC and SAF was 112.6 and 66.15 mg g−1, respectively.

Five different adsorption isotherms were investigated using two-parameter (Langmuir, Tekman, and

Freundlich) and three-parameter (Sips, and Redlich–Peterson) models. Thermodynamic studies revealed

that the elimination of both dyes on MCSGO nanocomposite was endothermic and spontaneous, with

anionic and cationic dye molecules randomly arranged onto the adsorbent nanoparticles. Moreover, the

mechanism of dye elimination was deduced. Furthermore, even after five cycles of adsorption and

desorption, the as-prepared nanocomposite showed no significant loss in the dye removal efficiency,

indicating that it has superior stability and recycling potential.
1 Introduction

Rapid industrial development in recent decades has generated
massive amounts of effluent, causing widespread concern about
water pollution.1 Dyes are used in various applications
including cosmetics, printing, textile coloring, and paper,
among others, and they attracted great interest due to their
difficult decomposition, toxicity, and direct threats to the
environment and the health of living organisms.2,3 Every year,
approximately 800 000 tons of dyes are utilized worldwide;
nevertheless, about 20% of dyes are wasted in the dyeing
operation.4 Colored compounds and other pollutants are
heavily found in effluents discharged from textile and dyeing
manufacturing.5 As a result, effluents must be effectively treated
before being released into the aquatic environment to eliminate
these harmful substances.5 Currently, the primary methods for
effluent remediation are reverse osmosis membrane, electro-
dialysis, photocatalysis, ion exchange, occulation, and
in Shams University, Cairo-11566, Egypt.
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adsorption.6,7 However, adsorption is regarded as one of the
leading approaches to wastewater remediation, owing to its low-
cost, ease of operation, high efficiency, short equilibrium time
and lack of sludge generation.8 Various types of adsorbents,
including zeolites, functionalized silica, cellulose, magnetic
nanoparticles (M-NPs), and others, have been used to remove
organic dyes and other pollutants from effluent water.9–11

Nevertheless, many of the adsorbents mentioned above have
some aws in practical applications.12 Newly, carbon-based
adsorbents like carbon nanotubes (CNTs), graphene oxide
(GO), and activated carbon has been largely utilized for the
elimination of dyes.12,13 In particular, GO has attracted
researchers' interest due to its exceptional physical and chem-
ical features; like chemical stability, electrical conductivity,
huge surface area, high mechanical strength, thermal stability,
and electron mobility, which have promoted its application in
various disciplines.6,14 The distinctive structure and physico-
chemical features of GO can be assigned to the availability of
a plethora of oxygen containing functional groups, e.g.,
hydroxyl, carboxyl, and epoxyl groups that can attract various
pollutants from wastewater.5 Nevertheless, bare GO exhibited
signicant defects, such as the poor recovery from sludge and
lower adsorptive ability due to extensive sheet stacking, among
RSC Adv., 2023, 13, 5337–5352 | 5337
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Fig. 1 XRD of (a) GO, (b) chitosan, (c) copper ferrite, and (d) MCSGO.

Fig. 2 FTIR spectra of GO, chitosan, CuFe2O4, CS/GO, and MCSGO.
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others.15 To circumvent these shortages, GO should be amen-
ded to enhance both its adsorption features and its recovery
from sludge.5 Further, natural biomass is commonly used as an
absorbent material due to its biodegradability, biocompatibility
and availability. Chitosan (CS) is a biopolymer that is abundant
in nature and is relatively cheap. Because of its biodegradability,
superior antibacterial, bioactivity, anticancer, antimicrobial,
antifungal actions, and biocompatibility, as well as its ability to
strengthen the immune system, CS has received a lot of atten-
tion.16,17 Due to its distinctive properties, chitosan has been
applied in various elds such as membrane separation, delivery
systems, wound healing, wastewater treatment, and food
packaging.16 Chitosan shows great adsorption ability for several
types of pollutants due to the presence of its numerous hydroxyl
and amino functional groups.18 Nevertheless, CS exhibit limited
mechanical features and thermal stability, but these features
can be promoted by impregnating CS with GO. The chitosan can
be utilized as an immobilization matrix for GO, where the –OH
and –NH2 of chitosan can participate in hydrogen bonding and
electrostatic interactions with the surface groups of GO.19 The
combination of GO and chitosan is obviously benecial with an
enhancement in the thermal, chemical, and mechanical
stability of chitosan, as well as stabilizing the GO sheets and
reducing their tendency to aggregate.20 The recovery of the solid
adsorbent aer the pollutant's removal process is one of the
prime challenges in the application of sorbents. By anchoring
magnetic NPs into solid sorbents, the separation and selective
pollutant's removal can be achieved even in the presence of
other solids.21 Due to their chemical, magnetic, and thermal
features, spinel ferrites NPs are oen utilized as magnetic
supports for adsorbents.22 Among these spinal ferrites, CuFe2O4

has attracted substantial applied and fundamental research
attention due to its numerous uses in electronics, sensors, and
catalysts. In this study, we synthesized CS/GO nanocomposite
and decorated it with copper ferrite magnetic NPs in one step
via ultrasonic agitation and applied the as-prepared magnetic
CuFe2O4/CS/GO to eliminate anionic and cationic dyes. To
explore the structure and morphology of the composite sorbent
materials, various spectroscopic and surface characterization
techniques were applied, including XRD, BET, SEM, TEM, and
FTIR. The key factors governing the dyes sorption were carefully
assessed and optimized for the efficient dyes removal from
wastewater. The impact of coexisting pollutants on dye elimi-
nation efficiency was investigated. Five adsorption isotherms
were studied using two-parameter (Langmuir, Tekman, and
Freundlich) and three-parameter (Sips, and Redlich–Peterson)
models. The kinetics and thermodynamics were thoroughly
investigated to elucidate the rates, and nature of dye removals
onto the MCSGO. The mechanism of dye removal onto MCSGO
nanocomposite was elucidated.

2 Experimental work
2.1 Material and characterization

The details of the instruments, chemicals and solutions,
synthesis method, and dye removal studies are given in the
ESI.†
5338 | RSC Adv., 2023, 13, 5337–5352
3 Results and discussion
3.1 Characterization

3.1.1 X-ray diffraction (XRD) analysis. The XRD spectra of
GO, CS, copper ferrite NPs, and MCSGO composite are dis-
played in (Fig. 1a–d). The characteristic band of GO was located
at 2q = 9.56° with interlayer space 9.3 Å (Fig. 1a).3 While,
CuFe2O4 NPs exhibited characteristic diffraction peaks at 2q =

20.4, 30.02, 35.77, 43.9, 54.1, 58.1, and 62.4, respectively, cor-
responding to hkl values of (111), (220), (311), (331), (511), (422),
and (440) demonstrating the felicitous synthesis of spinel
copper ferrite (Fig. 1b).23 The prime band present at 2q = 35.7
corresponds to Miller indices of (311), demonstrating that
CuFe2O4 NPs have a cubic structure. Furthermore, Fig. 1c shows
a distinct chitosan band at 2q = 20.1.24 However, the charac-
teristic peaks of GO, CuFe2O4 and CS appeared also, but with
lower intensities, in the MCSGO spectrum (Fig. 1d), where the
marginal decrease of GO and CS band intensities at 2q = 9.56°
and 20.1 is safely attributed to the shielding of these bands by
the intense peaks of copper ferrite NPs, Fig. 1d. The XRD data
© 2023 The Author(s). Published by the Royal Society of Chemistry
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demonstrated that the preparation operation did not change
the copper ferrite crystallographic structure; consequentially
MCSGO possesses good magnetic characteristics.

3.1.2 Fourier-Transform Infrared spectroscopic (FTIR)
measurements. FTIR spectroscopy is a primary tool to charac-
terize the functional groups of the as prepared sorbents. The
FTIR spectra of GO, chitosan, CuFe2O4, CS/GO, and MCSGO are
shown in Fig. 2. In the GO spectrum, the characteristic peak at
3172 cm−1 is attributed to the stretching vibrations of O–H
groups; whereas the peaks at 1048, 1235, 1420, 1597,
and1734 cm−1 are due to the stretching bands of alkoxy, epoxy
C–O, carboxyl C–O, aromatic C]C, and C]O groups, respec-
tively. These bands are in excellent harmony with the previous
report4 and conrm the successful oxidation of graphite to GO.
Fig. 3 (a) N2 adsorption isotherm of MCSGO, (b) t-plot, (c) BJH curve.

Fig. 4 SEM of (a) Copper ferrite, (b) GO, (c) MCSGO, and (d) EDX of MC

© 2023 The Author(s). Published by the Royal Society of Chemistry
In the chitosan spectrum, the strong peak at 3291–3361 cm−1

was assigned to N–H and O–H stretching vibrations. Whereas,
the bands at 2921 and 2877 cm−1 were assigned to stretching of
C–H. Furthermore, the peaks at 1645, 1589, 1325, and
1066 cm−1 are attributed to the stretching of C]O of amide-I,
N–H bending, stretching of C–N, and stretching of C–O,
respectively.25 In the copper ferrite spectrum, the distinguished
peaks at 410 and 536 cm−1 correspond to the stretching of
oxygen–metal bonds in the solid sample demonstrating the
felicitous synthesis of copper ferrite.26 However, aer adding
chitosan onto GO the intensity of all peaks is dramatically
reduced due to the synergistic effects of electrostatic interaction
and hydrogen bonds between negatively charged GO and poly-
cationic sites of chitosan. In addition, in MCSGO spectrum, the
appearance of a new peak at 559 cm−1 demonstrates the felic-
itous incorporation of CuFe2O4 onto the CS/GO composite,
Fig. 2.

3.1.3 BET surface area analysis and BJH pore size and
volume analysis. Brunauer–Emmett–Teller (BET) surface area
analysis was applied to examine the porous structure and
surface area of MCSGO adsorbent. As displayed in (Fig. 3a),
a type-II isotherm of MCSGO NPs accompanied by a hysteresis
loop at a P/P0 of 0.6–0.9 demonstrates the existence of meso-
porous structures in the solid material.11 The porosity of
MCSGO enhances the fast diffusion of pollutant molecules
during the adsorption process, increasing the rate of reaction,
and furnishing many of the active sites for the dye removal. The
N2 isotherms display hysteresis loop that can be attributed to
SGO.

RSC Adv., 2023, 13, 5337–5352 | 5339
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type H3 according to the IUPAC, which corresponds to slit pore
shape. The determined surface area, pore diameter average and
total pore volume of MCSGO were 2.9 m2 g−1, 32.8 nm, 0.0237
cm3 g−1, respectively. The Barrett–Joyner–Halenda (BJH) pore
size and volume analysis, displayed in Fig. 3c, of the prepared
MCSGO nanocomposite revealed that the pores present are
mesoporous (2–50 nm), and little micropores. The Va-t plot
(Fig. 3b) of the prepared MCSGO composite displays an upward
deviation at t = 0.85 nm conrming the mesoporous nature of
the MCSGO composite. Despite the fact that MCSGO exhibited
a small BET surface area, it is important to note that the real
Fig. 5 HRTEM image of (a) Copper ferrite, (b) GO, (c and d) MCSGO, an

5340 | RSC Adv., 2023, 13, 5337–5352
surface area in water is much larger than the BET surface area as
the hydrophilic polymer (chitosan) has a high swelling ability
when present in water.27

3.1.4 Scanning Electron Microscopic (SEM) analysis. The
morphology of synthesized CuFe2O4, GO, and MCSGO nano-
composite is displayed in (Fig. 4a and c). The SEM micrograph,
Fig. 4a, exhibited CuFe2O4 as uniformly distributed spherical
particles. Furthermore, the SEM image of GO exhibited exfoli-
ated sheets with a dense layered structure and relatively smooth
surfaces as illustrated in (Fig. 4b). However, The SEM image of
MCSGO, Fig. 4c, displayed nanoparticles of relatively rough
d SEAD of (e) GO, and (f) MCSGO.

© 2023 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/d2ra07883j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/1
7/

20
26

 7
:0

6:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
surfaces covered with tiny white spots that may be attributed to
CuFe2O4 nanoparticles whose presence is conrmed by EDX
analysis, Fig. 4d. Moreover, the SEM micrograph of MCSGO,
Fig. 4c, did not show any distinguishable layers of chitosan or
GO reecting the felicitous interaction between chitosan and
GO. Furthermore, the elemental structure of MCSGO obtained
from EDX analysis, Fig. 4d, displayed the distinctive peaks of C,
O, Fe, and Cu demonstrating the felicitous incorporation of
copper ferrite on the surface of GS/GO nanocomposite.

3.1.5 HRTEM-SAED analysis. The structures of CuFe2O4,
GO, and MCSGO materials have been examined by high-
resolution transmission electron microscopy (HRTEM) and
selected area electron diffraction (SAED) analysis as represented
in (Fig. 5a–f). The HRTEMmicrograph, Fig. 5a, showed CuFe2O4

NPs as spheres possessing particle size of 10–17 nm. Further-
more, Fig. 5b showed GO as thick sheet-like structures with
smooth surfaces. Moreover, the HRTEM images of MCSGO at
different magnications (Fig. 5c and d) illustrated the copper
ferrite spheres anchored onto the interlayers of CS/GO particles,
as well as, several small CS molecules felicitously assembled
onto the GO surfaces with a high density. On the other hand,
Fig. 6 Vibrating sample magnetometer analysis of MCSGO.

Fig. 7 (a) Effect of initial dye concentration, (b) effect of adsorbent weig

© 2023 The Author(s). Published by the Royal Society of Chemistry
the SAED pattern of GO given in Fig. 5e exhibited concentric
rings reecting a polycrystalline nature related to GO, while the
SAED pattern of MCSGO (Fig. 5f) shows major planes (220),
(311), and (400), which manifests the incorporation of CuFe2O4

NPs onto the CS/GO nanocomposite.
3.1.6 Vibrating sample magnetometer (VSM) analysis. The

magnetic features of the as-synthesized MCSGO adsorbent has
been investigated at room temperature, using VSM analysis as
illustrated in Fig. 6 that exhibited a characteristic S-like VSM
hysteresis loop demonstrating a typical ferromagnetic features
of the prepared MCSGO nanocomposite. The synthesized
MCSGO possesses a magnetization saturation (Ms) of 2.71 emu/
g that is adequate for the fast recovery of MCSGO aer a typical
adsorption operation.
3.2 Batch adsorption

3.2.1 Effect of initial dye concentration. The concentration
of sorbate pollutants played a fundamental role as a xed
weight of the MCSGO nanocomposite sorbent can eliminate
a maximum xed amount of sorbate dye. The effect of the initial
concentrations of anionic (IC) and cationic (SAF) dyes were
studied using a 100 ml dye solution containing 1 × 10−5 to 1 ×

10−4 M and determining the adsorption capacity of IC and SAF
onto the MCSGO nanocomposite. The obtained results
demonstrated that the adsorption capacity increased as the
initial dye concentration increased,28 as shown in Fig. 7a.
Higher dye concentrations result in greater removal capabilities
driven by the reduced resistance of dye molecules transfer from
the solution to the active adsorption sites of the MCSGO
nanocomposite3 Nevertheless, the % removal is reduced due to
the consumption of unoccupied sites by the dye molecules.

3.2.2 Effect of MCSGO adsorbent mass. To examine the
effect of the MCSGO mass on IC and SAF dyes' elimination
efficiency, the adsorbent mass was increased from 0.01 to 0.04 g
per 100 ml of the dye solution while maintaining other experi-
mental parameters constant, Fig. 7b. The obtained data
demonstrated that the IC and SAF dyes removal% increased
ht.

RSC Adv., 2023, 13, 5337–5352 | 5341
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Fig. 8 (a) Zeta potential of MCSGO, (b) effect of pH on the dye removal efficiency.
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from 70.7 to 95.91% and 60.1 to 96.0% by increasing the
adsorbent mass from 0.01 to 0.04 g/100 ml for IC and SAF,
respectively. That enhancement in elimination efficiency of IC
and SAF with the rise of the adsorbent mass is ascribed to the
present abundance of the vacant sites and functional groups on
the surfaces of MCSGO nanocomposite particles.4 A nonlinear
enhancement in the percentage of elimination with increasing
composite mass may be because of agglomeration of composite
particles or a low number of dye molecules medium.

3.2.3 Effect of pH on dye removal efficiency. The surface
charge of MCSGO adsorbent and the structures of dye mole-
cules are affected by the solution pH, which is a key factor
controlling the adsorption mechanism.26 The zeta potential
value has been determined at diverse points in the range of 2.0–
10.0 as displayed in Fig. 8a. The isoelectric point (IEP) of the
MCSGO composite is 3.8, which means that the MCSGO surface
does not bear any electric charge at that point, while the surface
becomes negatively charged at pH points higher than the IEP
and positively charged when the pH of the medium is less than
the IEP.4 As shown in Fig. 8b, the maximum removal was
Fig. 9 Effect of coexistence material (a) NaCl, and (b) SDS surfactant.

5342 | RSC Adv., 2023, 13, 5337–5352
observed at pH 7.0 for SAF (88.13%) and pH 3 for IC dye
(87.86%). For the SAF dye, there was a gradual reduction in the
removal efficiency of the dye with a decrease in the pH value.
This is due to the repulsion between the positive surface of the
MCSGO and the cationic dye molecule.28 Also, in an acidic
medium, an excessive amount of H+ surrounding the surface of
the compound increases their competitions with SAF, which in
turn decreases the uptake of the dye.29 Furthermore, the
removal of the cationic SAF dye at low pH values can be ascribed
to the hydrogen bonding and p–p interactions.30 When the
medium becomes more alkaline, the removal of the SAF dye
shows a corresponding increase. This is related to the signi-
cant electrostatic attraction among the positively charged
nitrogen of the SAF dye with the deprotonated groups on the
MCSGO surface as well as the p–p force.11 In contrast, the
removal efficiency of IC dye is signicantly enhanced at low pH
values. The electrostatic forces that occur at low pH values
between the negatively charged dye and MCSGO can be attrib-
uted to the presence of protons of GO surface groups, or amido
groups in MCSGO that resulted from the interaction of amino
© 2023 The Author(s). Published by the Royal Society of Chemistry
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groups in CS with GO carboxyl groups.30 Furthermore, the
removal of the anionic IC dye above IEP value can be ascribed to
the hydrogen bonding and p–p interactions. However, the
decrease in removal efficiency with increasing pH value can be
assigned to the repulsion force between similarly charged
groups.

3.2.4 Effect of coexisting species. Effluents of dyeing
processes contain different substances such as surfactants as
a model organic pollutant and dissolved salts like NaCl that are
common coexisting species. The presence of these substances
may affect the efficiency of dyes removal using the MCSGO
nanocomposite. Therefore, we examined the effects of NaCl and
SDS on the elimination efficiency of SAF and IC dyes using the
MCSGO adsorbent. Fig. 9a and b show the effects of the pres-
ence of 0–1000 ppm NaCl and 0–20 ppm SDS on the SAF and IC
dye elimination efficiency using the MCSGO adsorbent. It can
be noticed that the elimination efficiency of SAF dye is unaf-
fected by the addition of the electrolyte. Furthermore, higher
concentrations of the electrolyte exhibited a slight effect on the
removal efficiency of IC dye, Fig. 9a. On the other hand, the
addition of SDS had no effect on the removal of SAF dye;
however, the observed slight decrease in the elimination effi-
ciency of IC dye (Fig. 9b) was attributed to the competition of
the anionic SDS head groups with the anionic IC molecules
towards the active adsorption sites of MCSGO adsorbent.

3.2.5 Adsorption performance in binary system of dyes. In
practice, wastewaters frequently contain mixtures of several
dyes; therefore, the adsorptive removal of mixtures of IC anionic
and SAF cationic dyes were examined at the optimum pH values
of 3.0 and 7.0, respectively. Images of dye solutions before and
aer mixing and the UV-vis spectral data before and aer the
adsorptive removal process are shown in Fig. 10a–e. The UV
spectra of Fig. 10d showed that at pH 3.0, the MCSGO
Fig. 10 (a, b, and c) Optical images and (d and e) UV-vis spectra of the m
MCSGO adsorbent.

© 2023 The Author(s). Published by the Royal Society of Chemistry
nanocomposite succeeded in removing the entire IC dye and
60% of the SAS, while at pH 7.0, Fig. 10e, it successfully removed
SAF dye and only a small percentage of IC dye. These results
revealed that the presence of more than one dye does not affect
the adsorption features of the prepared nanocomposite.
However, the selectivity and efficiency in removing dye pollut-
ants are governed by the solution pH, as explained in section
3.2.3.
3.3 Adsorption isotherms

The relationship between the equilibrium concentrations of
adsorbate in solution (Ce) and that adsorbed on the solid
adsorbent (qe), at constant temperature, is represented by
a curve known as an adsorption isotherm. The adsorption
isotherm is useful for analyzing a variety of important aspects of
pollutant removal operations, such as the type of removal
mechanism, the nature of adsorbate layers formed on the
adsorbent surfaces, interaction between the adsorbent and
adsorbate, and the number of adsorbate molecules distributed
in the pores and covering the entire surface of the adsorbent.
Five equilibrium isotherms were examined using two-
parameters (Langmuir, Tekman, and Freundlich) and three-
parameter (Sips, and Redlich–Peterson) models. OriginLab
soware and both non-linear forms (graphs shown) and linear
forms (graphs not shown) were utilized for data correlations,
calculation of each model's parameters, and estimation of the
best ts correlation coefficients, as displayed in Table 1.

3.3.1 Langmuir isotherm. The Langmuir theory15 assumes
that a contaminates elimination proceeds through monolayer
adsorption onto denite homogeneous positions on the
surfaces of the adsorbent and can be represent mathematically
by nonlinear eqn (1):
ixed solution of IC and Safranin dye before and after the adsorption by
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Table 1 Adsorption isotherms parameters

Models IC dye SUF dye

Langmuir model
qmax (mg g−1) 110.42 66.5
b (L mg−1) 1.17 0.985
R2 0.988 0.981
RL 0.017–0.151 0.026–0.215

Freundlich model
R2 0.85 0.87
Kf 58.08 33.7
n 4.56 4.28

Temkin
B 17.96 11.5
Kt (L g−1) 25.5 17.3
b (J mol−1) 98.19 217.7
R2 0.929 0.95

Redlich–Peterson isotherm
bR 0.98 0.95
aR 1.182 1.34
KR 130 78
Qe qm 109.98 58.2
R2 0.983 0.983

Sips isotherm
qm 111.9 66.8
ks 0.82 0.88
ms 0.80 0.93
R2 0.985 0.98
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qe ¼ qmbCe

1þ bCe

(1)

Where ‘qe and qm’ are the equilibrium and maximum quantities
(mg g−1) of the dye that can be removed by the prepared adsor-
bent, ‘Ce’ is the remaining dye concentration (mg L−1) aer
achieving equilibrium, and b is the Langmuir constant (L mg−1).
Fig. 11a and b display the Langmuirmodel graphs for IC and SAF
removal onto MCSGO nanocomposite. Furthermore, Table 1
shows the Langmuir model's parameters, where qm values were
110.42 mg g−1, and 66.5 mg g−1 and the correlation coefficients
R2 were 0.981 and 0.981 for IC and SAF, respectively,
Fig. 11 Nonlinear forms of adsorption isotherms for (a) the removal of I

5344 | RSC Adv., 2023, 13, 5337–5352
demonstrating that the IC and SAF dyes' elimination follows the
Langmuir model with the formation of monolayers onto the
surfaces of MCSGO nanoparticles. The favorableness of the dye's
elimination process was ascertained from the RL factor, which
was acquired from the Langmuir isotherm using eqn (2):15

RL ¼ 1

1þ bC0

(2)

The estimated RL values were 0.017–0.15 and 0.026–0.215 (0
< RL <1) for the elimination of IC and SAF dyes, respectively,
demonstrating the great interaction of the IC and SAF mole-
cules with the MCSGO nanoparticles and the favorableness of
the dyes removal process.

3.3.2 Freundlich isotherm. The Freundlich isotherm takes
into account multilayer adsorption as well as a heterogeneous
dispersion of active sites, and can be represent mathematically
by eqn (3):4

qe ¼ KfC

1

n
e (3)

Where Ce is remaining equilibrium concentration of dye
adsorbate, Kf is the Freundlich's constant in (mg g−1), and n is
the Freundlich exponent related to the intensity of the adsorp-
tion; it is dimensionless. Freundlich's graph for the elimination
of IC and SAF on MCSGO composite is displayed in Fig. 11a and
b. When the value of “n” is greater than 1, this demonstrates
that the adsorbate removal process is favorable. The values of n
for the removal of IC and SAF dyes on MCSGO composite were
4.6 and 4.2, respectively, demonstrating that the dyes' elimi-
nation process is favorable. The high values of Kf demonstrate
the strong binding of IC and SAF dyes onto the MCSGO nano-
composite; Table 1 shows the Freundlich constants.

3.3.3 Temkin model. Temkin's model takes into account
the indirect adsorbate/adsorbate interactions as well as the
adsorbate/adsorbent interactions, in addition to the heat of
adsorption. The model presumes that as the % elimination
increases, the heat of adsorption of all molecules in the layer
decreases linearly as a result of increase of the surface coverage,
and the nonlinear equation is given by:
C dye on MCSGO, and (b) the removal of SAF dye on MCSGO.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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qe ¼ B ln KtCe;B ¼ RT

b
(4)

Where Kt is the Temkin isotherm constant (L g−1) related to
binding energy, Ce (mg L−1) is the equilibrium concentration,
and b is Temkin constant corresponding to the heat of
adsorption (J mol−1). The Temkin isotherm parameters are
displayed in Table 1. The determined values of the heat of
adsorption of IC and SAF dye removal onto the MCSGO adsor-
bent were 98.19 and 217 J mol−1, respectively, reecting the
endothermic nature of IC and SAF dye elimination process.

3.3.4 Sips model. This model is a combined form of
Freundlich and Langmuir isotherms and is more appropriate to
elucidate the adsorption operation on surfaces of heterogeneous
nature. It forecasts the Langmuir isotherm at great pollutant
concentrations and the Freundlich isotherm at low pollutant
concentrations. The nonlinear form can be expressed as:31

qe ¼ qmðksCeÞms

ð1þ ksCeÞms
(5)

Where, kS is the Sips constant, qe (mg g−1) is the equilibrium
adsorption capacity, Ce (mg g−1) is the equilibrium concentra-
tion of IC adsorbate dye, andms is the Sips model exponent. The
Sips isotherm parameters are shown in the Table 1. The value of
R2 of the nonlinear plot for the removal of IC and SAF dye onto
MCSGO is 0.985, and 0.984, respectively; reecting that the
model is suitable to describe the adsorption operation. The
value of n for the elimination of IC and SAF dyes onto MCSGO
approached 1.0, and the calculated adsorption capacity is 111.9
and 66.8 mg g−1 for IC and SAF dyes, respectively; which are
close to that calculated from Langmuir isotherm, demon-
strating that the elimination is more suitable with the Langmuir
isotherm than the Freundlich isotherm.

3.3.5 Redlich–Peterson isotherm. The R–P isotherm is an
empirical model that includes the features of both Freundlich
and Langmuir isotherms. Three parameters are included in this
empirical isotherm model. At large concentrations, the R–P
model approach that of Freundlich while at low concentrations
it approaches the Henry's law. It incorporates elements of the
Freundlich and Langmuir equations; hence the removal
mechanism is a combination, as it varies from the ideal to the
multilayer adsorption behavior. The linear equation of the
Redlich–Peterson model can be represented as:32

qe ¼ KRCe

1þ aRC
bR
e

(6)

Where KR (L g−1), aR (L g−1), and bR are the R–P constants, qe
(mg g−1) adsorption capacity, and Ce (mg g−1) is the nal
equilibrium concentration of adsorbate at equilibrium. The bR
is an exponent that ranges from 0 to 1. Thus, if the value of bR is
outside 0–1, the data will not be adequately explained by the
R–P equation. The ratio of KR/aR reects the adsorption
capacity. The R–P isotherm parameters are shown in the Table
1. The value of bR for the elimination of IC and SAF dyes onto
the as-prepared MCSGO approached 1.0, which demonstrates
that the elimination is more suitable with the Langmuir
isotherm than with the Freundlich isotherm.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.4 Kinetic studies

Themechanisms, rate-controlling steps, and ideal conditions of
pollutant's elimination can be visualized using kinetic
modeling of adsorption data. Various kinetic models are
commonly applied to adsorptive removal processes, including
the pseudo-rst-order (PFO), pseudo-second-order (PSO),
intraparticle diffusion (IPD), and Elovich models.

3.4.1 Pseudo rst order (PFO) and pseudo second order)
PSO). The contact time is a critical parameter in the adsorption
process, where quick elimination of pollutants and attainment
of equilibrium in a short time display the adsorbent efficiency
in eliminating the studied pollutants.4 The effect of time on the
uptake of SAF and IC dyes by MCSGO NPs is illustrated in
Fig. 12a and b, respectively. It was observed that the elimination
of dyes was quick in the rst ten minutes and reached equi-
librium aer 60 and 100 minutes for IC and SAF, respectively.
The fast dye removal at the initial stage of the adsorption
process can be assigned to the presence of several vacant sites
distributed over the nanocomposite surfaces. However, in the
last stage of the adsorption process, the rate of dye removal
becomes much slower,33 probably due to the signicant reduc-
tion in the number of vacant sites on the surfaces of MCSGO
NPs and/or the agglomeration of these particles.3 The obtained
adsorption data of IC and SAF dyes onto the MCSGO nano-
composite were tted, Fig. 12c and d, according to the PFO and
PSO models, respectively. It was observed that the R2 values of
the PFO tting had small values, Table 2, demonstrating that
this kinetic model cannot be applied to explain the dyes elim-
ination process.4 Nevertheless, the qm values estimated from
PSO graphs, Fig. 12e and f, for the elimination of both IC and
SAF dyes were very close to the experimental qm values. More-
over, the high R2 values demonstrated that the PSO kinetic
model was predominant, and controlled the adsorptive removal
of IC and SAF dyes onto the MCSGO nanocomposite. These
ndings show that the dye elimination occurred rst through
lm diffusion, then through a gradual progression of the
adsorption process, and nally reached equilibrium.26

3.4.2 Intraparticle diffusion (IPD). In order to better
understand how sorbate molecules are transported from solu-
tion to the adsorbent surfaces, Weber Morris developed the
intraparticle diffusion model (IPD),34 eqn (7):

qe = kidt
0.5 + C (7)

Where C (mg g−1) is the intercept and gives details about the
boundary layer thickness, Kid is the rate constant of intraparticle
diffusion (mg g−1 min−1/2). Thus, multi-linear graphs were ob-
tained, Fig. 13a and b, for the adsorption of IC and SAF dyes on
MCSGOnanocomposite demonstrating thatmore than one single
mechanism inuenced the dye removal process. The sharper
parts of the plots can be attributed to the external diffusion of
dyes from the bulk of the solution to the surfaces of MCSGO NPs.
The other linear part is attributed to the diffusion of dyes deep
into the MCSGO NPs. The values of Kid and C demonstrated that
intraparticle diffusion and lm diffusion took place indepen-
dently, with appreciable participation of lm diffusion.
RSC Adv., 2023, 13, 5337–5352 | 5345
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Fig. 12 Effect of contact time for the removal of (a) IC dye, and (b) SAF dye; PFO plots for the removal of (c) IC dye; and (d) SAF dye, and PSO plots
for the removal of (e) IC dye, and (f) SAF dye.
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3.4.3 Elovich model. The Elovich model assumes an
increase in activation energy with adsorption time on hetero-
geneous adsorbent surfaces and was used to describe the
exponential decrease in adsorption rate with increasing adsor-
bate amount, and is expressed by eqn (8):

qt ¼ 1

b
lnðb� aÞ þ 1

b
lnðtÞ (8)

Where qt is the amount of pollutant adsorbed (mg g−1) by the
MCSGO at a time t, b is the desorption constant (g mg−1), and
a is the initial adsorption rate (mg g−1 min−1). Application of
Elovich equation and the corresponding curves and parameters
are shown in Fig. 13c and d and Table 2 that revealed the
excellent tting of experimental data with the Elovich model.
Comparing the data tting of PFO, PSO, IPD, and Elovich kinetic
5346 | RSC Adv., 2023, 13, 5337–5352
models, revealed that the elimination process of IC and SAF dyes
onto the MCSGO solid adsorbent is a complex process that is
inuenced by various factors, including the chemisorption
stage, the concentration of adsorbent, intra-particle diffusion
stage, and slow chemical diffusion, whereas the chemisorption
stage is the rate-determining step. In addition, the PSO and
Elovich models exhibited the best–t correlation coefficient
among the examinedmodels and was observed to give a realistic
explanation of the removal kinetics of IC and SAF dyes.
3.5 Adsorption thermodynamics

Temperature is also one of the essential factors inuencing
a sorbate adsorption process. To estimate the main thermody-
namics parameters, the effect of temperature on the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Adsorption kinetics parameters

Models

IC dye SAF

4 × 10−5 M 3 × 10−5 M 2 × 10−5 M 3 × 10−5 M 2 × 10−5 M 1 × 10−5 M

Pseudo rst order
qe (experiment) 83.42 62.80 46.02 43.88 32.6 16.64
qe (calculated) 48.5 17.9 10.2 43.0 27.0 16.7
R2 0.89 0.92 0.69 0.94 0.91 0.69

Pseudo second order
qe (experiment) 83.42 62.80 46.02 43.88 32.6 16.64
qe (calculated) 90.0 65.7 48.7 52.6 38.4 19.8
R2 0.99 0.99 0.99 0.99 0.99 0.99

Weber- Morris (IPD)
K (mg g−1min−0.5) 4.8 2.4 2.03 3.5 2.6 1.2
C 48.2 44.8 31.7 10.7 8.5 4.3

Elovich model
a (mg g−1 min−1) 166 2090 560 6.25 4.95 2.68
b (g mg−1) 0.078 0.15 0.185 0.089 0.122 0.25
R2 0.98 0.99 0.96 0.99 0.98 0.98

Fig. 13 The plots of intraparticle diffusion model for the removal of (a) IC dye, (b) SAF dye: and of Elovich model for the removal of (c) IC dye and
(d) SAF dye.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 5337–5352 | 5347
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Table 3 Adsorption thermodynamics parameters

Dye Temp (K)
DG0

(kJ mol−1)
DH0

(kJ mol−1)
DS0

(kJ mol−1)

IC dye 293 −4.2 33.8 0.0141
298 −4.9
303 −5.5
308 −5.9

SUF dye 303 −4.6 22.4 0.090
308 −4.8
313 −5.3
318 −5.8

Fig. 14 (a) FTIR spectra of MCSGO loaded with IC dye, (b) IC dye, (c) SAF
mechanism of removing (e) SAF dye, and (f) IC dye.

5348 | RSC Adv., 2023, 13, 5337–5352
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elimination of IC and SAF dyes onto MCSGO must also be
examined. Important thermodynamic parameters, such as the
enthalpy change (DH, kJ mol−1), Gibbs free energy
(DG, kJ mol−1), and entropy change (DS, kJ kmol−1) provide
valuable information for visualizing the adsorption mecha-
nism, feasibility, and spontaneity of the adsorption process.4

The experimental results showed that as the medium temper-
ature increased from 293 K to 308 K, the elimination of IC and
SAF dyes increased due to increased collisions between the
active adsorption sites of MCSGO composite and the dyes
molecules, resulting in an increase in adsorption capacity.
Thermodynamic parameters can be estimated using the
following equations:15
dye, and (d) MCSGO loaded with SAF dye; and the proposed adsorption

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ln K ¼ DH0

RT
þ DS0

R
(9)

DG0 = −RT lnKc (10)

Where, T is absolute temperature, qe in adsorption capacity (mg
g−1), Kc is the equilibrium constant; and R is the general gas
constant. The linear plot of ln K against 1/T for the elimination
of IC and SAF dyes onto MCSGOO composite was shown in
Fig. S1.† Based on the data reported in Table 3, the positive
value of DH demonstrated the endothermic nature of the
elimination operation of IC and SAF dyes onto MCSGO NPs. The
DS demonstrated enhanced randomness arrangement of dye
molecules onto MCSGO NPs through the adsorption operation.
The negative sign of DG values reected that the elimination
operation process is spontaneous, feasible, and becomes more
favorable as the temperature rises. Furthermore, the DG values
are in the range of 0 and 20 kJ, which indicating that the
elimination of IC and SAF dyes on MCSGO was mainly a phys-
ical process.35

3.6 Adsorption mechanism

Investigation of pH showed that the electrostatic interaction
plays a vital role in removing dyes from the MCSGO adsorbents
(Fig. 7b). Further, the elimination mechanism of dyes on
MCSGO composite was deduced guided by experimental data
including as the FTIR spectra of MCSGO before (Fig. 2) and aer
the IC and SAF dye removal operation (Fig. 14a and d). For
example, the FTIR spectrum of MCSGO aer IC removal
exhibited attening the metal-oxygen band at 536 cm−1 due to
dye-MCSGO interactions. Furthermore, the intensity of the
board peak at 3200 cm−1 increased and shied to higher wave
number reecting the interaction between the dye and MCSGO
particles viaH-bonding.36,37 Moreover, the symmetric stretching
band of the SO3

− group shied to 1099 cm−1, which reects the
participation of SO3

− groups in IC adsorption on MCSGO.36 The
Table 4 Comparative study of adsorption capacities of the current MCG

Adsorbent

Adsorp

IC dye

MCSGO 110.4
Chitosan 71.82
Zeolite 1.23
Silk 18.3
MgFe2O4 46.08
Activated sewage sludge 60.04
LDH 55.5
Montmorillonite 40
SDS/RM —
Ferruginous kaolinite —
Rice husk (NaOH treated) —
Pineapple peels —
Mango seed integuments (untreated)
Mango seed integuments (NaOH treated)
Magnetically modied coffee grounds
Pineapple peels

© 2023 The Author(s). Published by the Royal Society of Chemistry
peak at 1576 cm−1 in the MCSGO composite completely dis-
appeared aer adsorption indicating that the p–p interaction
plays an essential role in the dye removal process. Moreover, the
intensity of the bands increased at 1456 cm−1 and 996 cm−1

indicating the presence of S]O and S–O stretching due to the
IC dye containing SO3

− structures, which conrms the
adsorption of the IC on the surfaces of MCSGO NPs.38 In the
case of MCSGO–SAF (Fig. 14d), the band at 536 cm−1 corre-
sponding to metal oxygen bond was shied to a lower wave
number of 526 cm−1. The broad band around 3400 cm is
assigned to vibration formed by hydrogen bonds formed
between MCSGO and SAF dye molecules.37 Moreover, the new
peaks that occurred in 1601 and 1630 cm−1 can be assigned to
the aromatic rings of dye molecules, while the peaks at 1450,
and 1327 cm−1 can be assigned to CH3 bending and aromatic
C–N vibrations, respectively.39 These results demonstrated that
the removal of IC and SAF dyes on MCSGO proceeded through
electrostatic interaction, H-bonding, and p–p interactions. The
proposed mechanism of IC and SAF dye adsorptive elimination
onto the MCSGO NPs is illustrated in Fig. 14e and f.
3.7 Comparative studies

The adsorption capacity of the as-prepared MCSGO nano-
composite was compared with representative adsorbents
employed to eliminate IC and SAF dyes as shown in Table 4,
where, the MCSGO nanocomposite exhibited outstanding
adsorbent capacity.
3.8 Regeneration of MCSGO adsorbent

Reusability serves as a metric for determining the ideal adsor-
bent. The adsorbent regeneration and reuse for several
consecutive cycles can signicantly reduce the overall cost of
effluent remediation. Therefore, the MCSGO composite was
tested for ve consecutive cycles in a batch experiment as shown
in Fig. S2,† where it was regenerated by 0.02 mol L−1 HCL as
O and other adsorbents

tion capacity (mg g−1)

Ref.SAF dye

66.5 Current work
— 40
— 41
— 42
— 26
— 43
— 44
— 45
89.4 46
59.3 47
9.77 48
21.7 49
34.4 50
43.1
59.0 51
26.8 52

RSC Adv., 2023, 13, 5337–5352 | 5349
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eluent for SAF and 0.02 mol L−1 NaOH for IC dye, respectively.
The observed slight reduction in the removal efficiency was
attributed to the slight gradual loss of vacant sites of adsorbent
as the regeneration cycles progressed.
4 Conclusion

In this study, the elimination of IC anionic and SAF cationic
dyes were effectively achieved onto the as-prepared MCSGO
nanocomposite. The felicitous preparation of MCSGO
composite was ascertained by various techniques including
XRD, SEM, EDX, HRTEM, SAED, VSM, FTIR, BET and zeta
potential studies. The morphological analysis of the MCSGO
composite displayed that copper ferrite NPs were felicitously
anchored on CS/GO hybrid sheets. Experimental data demon-
strated that the removal of IC and SAF dyes was signicantly
improved with increasing the contact time, initial dye concen-
tration, and adsorbent mass. The removal efficiency of dyes was
not signicantly affected by the presence of coexisting materials
of NaCl and SDS, while the selectivity of dyes removal depends
on the pH value of the solution. The elimination of dyes on
MCSGO essentially follows the Langmuir model demonstrating
monolayer formation on the surface of MCSGO. Furthermore,
the removal kinetics followed the PSO mechanism. Both intra-
particle diffusion and lm formation were also involved in the
dye removal process. The obtained values of thermodynamic
parameters demonstrated that dyes' removal was endothermic
as well as a random arrangement of dye molecules on MCSGO
surfaces. FTIR analyses give information on main functional
groups and bonds in the MCSGO composite, demonstrating
that surface groups and aromatic structures participate in dyes
elimination through electrostatic interaction, p–p interactions
and H-bonding. Finally, MCSGO composite was proved to be
highly efficient, easily recoverable, and promising sorbent for
the removal of anionic and cationic dyes from effluent.
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