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ABSTRACT

CuFe2O4@graphene nanocomposite was synthesized by chemical co-precipitation method.
The nanocomposite was characterized by Fourier infrared spectroscopy, X-ray diffraction,
scanning electron microscopy, and transmission electron microscopy. Adsorption of alizarine
yellow (AY) by graphene, CuFe2O4, and CuFe2O4@graphene nanocomposite was studied.
Effect of different factors including agitation time, pH, and adsorbate concentration on the
adsorption capacity of adsorbent for AY dye was investigated. Experimental results demon-
strated that AY could be effectively removed from aqueous solution by CuFe2O4@graphene
nanocomposite within 40 min of contact time and pH 3. Two common kinetic models,
pseudo-first order and pseudo-second order, were employed to describe the adsorption
kinetics. The results indicated that the adsorption kinetics of AY well matched with pseudo-
second-order rate expression. The equilibrium adsorption was best described by the Lang-
muir isotherm model. Various thermodynamic parameters such as the Gibbs free energy
(ΔG˚), enthalpy (ΔH˚), and entropy (ΔS˚) change were also evaluated. Thermodynamic results
revealed that the adsorption of AY onto CuFe2O4@graphene is endothermic, spontaneously
process and feasible in the range of 303–333 K. The adsorption capacity of CuFe2O4, graphene,
and CuFe2O4@graphene was found to be 98, 105, and 145 mg g−1 for AY, respectively.
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1. Introduction

Most of the dyes are toxic and carcinogenic for
human health. Various types of dyes are used in the
process industries like textile, paints, pulp and paper,
carpet and printing, rubber, plastic, leather, cosmetic,
pharmaceutical and food industries. The release of
wastewaters in the environment is very challenging to
aquatic life and mutagenic to human [1]. Therefore, it
is important to reduce the dye concentration in the

wastewaters before discharging them into the environ-
ment. Discharging large amounts of dyes into water
resources, accompanied by organics, bleaches, and
salts, can affect the physical and chemical properties
of fresh water. Alizarin yellow is a mordant dye, suit-
able for the dyeing of wool and nylon. It is a haz-
ardous azo dye and causes irritation in the eyes, skin,
digestive tract, and respiratory tract [2,3]. Investiga-
tions are being carried out using different technolo-
gies, such as oxidation [4], Fenton-like oxidation [5],
ultrasonic [6,7], and adsorption [8–10] for removal of
dyes from wastewater. One of the powerful treatment
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processes for the removal of dyes from water is
adsorption. Adsorption has gained favor in recent
years due to proven efficiency in the removal of
pollutants from effluents to stable forms. Therefore,
adsorption process is one of the effective methods
with the advantages of high treatment efficiency and
no harmful by-product to treat water. Adsorption
techniques have successfully demonstrated on lower-
ing dye concentration from industrial effluents using
adsorbents such as activated carbon, clay, and others
[11–15]. Activated carbon has been the most widely
used adsorbent because of its high capacity for the
adsorption of organic species and dyes. However, due
to the difficulty and expense involved in regeneration,
another sorbents are considered as alternative low-cost
absorbent.

Graphene is a kind of novel and interesting carbon
material and has attracted tremendous attentions from
both the experimental and theoretical scientific
communities in recent years [16–18]. Graphene, a new
class of two-dimensional carbon nanostructure with
one-atom thickness [19,20], receives extensive research
interest because of its unique electrical, thermal,
mechanical, and optical properties [21,22]. As the large
delocalized electron system of graphene can form
strong stacking interaction with the benzene ring of
dyes [18,19], it might be also a good candidate as an
adsorbent for the adsorption of dyes [23]. However,
because of its extremely small particle size and high
dispersibility in aqueous solution, it is difficult to
separate graphene from solution phase after adsorp-
tion via traditional centrifugation and filtration. The
development of magnetic adsorbents provides a solu-
tion to this problem because the magnetic cores ensure
the convenient magnetic separation after adsorption.
Recently, considerable attention has been focused on
the application of magnetic separation technology to
solve environmental problems. Magnetic separation is
considered as a rapid and effective technique for sepa-
rating magnetic particles. Magnetic separation, which
represents a group of techniques based on the use of
magnetic or magnetizable adsorbents, carriers, and
cells, has been used for many applications in biochem-
istry, microbiology, cell biology, analytical chemistry,
mining ores, and environmental technologies. Exam-
ples of this technology are the use of polymer-coated
magnetic particles for oil spill remediation, magnetite
particles to accelerate the coagulation of sewage, mag-
netic CuFe2O4 powder to adsorb azo-dye acid red B,
and magnetic powder MnFe2O4 composite for the
adsorption of organic dyes [24–27]. However, most of
these materials have the disadvantage of small adsorp-
tion capacity and narrow application range. For exam-
ple, CuFe2O4 powder and MnO–Fe2O3 composite

could only be used to adsorb ionic organic pollutants
[28]. The graphene-based magnetic nanocomposite
was synthesized and its potential practical application
in the removal of the dyes and organic compounds
from aqueous solution was investigated [29–35].

In this paper, CuFe2O4@graphene nanocomposite
was synthesized and characterized via different meth-
ods and used as magnetic adsorbent to remove ali-
zarin yellow (AY) from aqueous solution. Effects of
agitation time, initial solution pH, and adsorbate con-
centration on adsorption of CuFe2O4@graphene
nanocomposite for AY were investigated. The kinetics,
thermodynamic, and isotherm of adsorption were also
evaluated.

2. Experimental

2.1. Materials and methods

All chemicals were purchased from Merck chemical
co. All compounds were of analytical grade and were
used as received without any purification. Distilled
water was used in all of the experiments. Alizarin yel-
low with chemical formula of C13H9O5N3 as a sample
of pollutant was used. Chemical structure of AY(ben-
zoic acid, 2-hydroxy-5- [(4-nitrophenyl) azo]) is shown
in Fig. 1. It has CI Number 14,030 and molecular weight
of 309.21 g mol−1. The standard solution of
1,000 mg L−1 of AY was prepared and subsequently
whenever necessary diluted. UV–vis spectrophotome-
ter 160 A Shimadzu was used for the determination of
concentration of AY. IR measurements were performed
by Fourier infrared spectroscopy (FTIR) tensor-27 of
Burker Co., using the KBr pellet between the ranges
400–4,000 cm−1. The powder X–ray diffraction studies
were made on a Philips PW1840 diffractometer using
Ni-filtered Cu kα radiation and wavelength 1.54 Å. The
average particle size and morphology of samples were
observed by scanning electron microscopy (SEM) using
a Hitachi S-3500 SEM. All pH measurements were car-
ried out with an ISTEK- 720P pH meter. Elemental
analysis by atomic absorption spectrophotometry was
performed on a Shimadzu AA-6800. The prepared
CuFe2O4@graphene showed the 4.32 and 6.56% of Cu
and Fe, respectively.
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Fig. 1. Chemical structure of AY.
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2.2. Preparation of graphene oxide

Graphite oxide was prepared from nature graphite
powders by a modified Hummers method. Graphene
oxide was synthesized by the oxidation of graphite
powder using Hummers method [33,34]. Firstly,
120 mL H2SO4 (95%) was added into a 500 mL flask,
and then cooled by immersion in an ice bath followed
by stirring. Subsequently, 5.0 g graphite powder and
2.5 g NaNO3 were added under vigorous stirring to
avoid agglomeration. After the graphite powder was
well dispersed, 15 g KMnO4 was added gradually
under stirring, and the temperature of the mixture was
kept to be below 10˚C by cooling. The ice bath was
then removed and the mixture was stirred at room
temperature overnight. As the reaction progressed, the
mixture gradually became pasty and the color turned
into light brownish. Secondly, 150 mL of H2O was
slowly added to the paste with vigorous agitation. It is
because the addition of water in concentrated sulfuric
acid medium released a large amount of heat, the addi-
tion of water was performed in an ice bath to keep the
temperature below 100˚C. The diluted suspension was
stirred at 98˚C for 1 d. Then, 50 mL of 30% H2O2 was
added to the mixture. Finally, the mixture was filtered
and washed with 5% HCl aqueous solution to remove
metal ions followed by water until the pH was 7. After
filtration and drying at 65˚C under vacuum, graphene
oxide was obtained as gray powder.

2.3. Preparation of CuFe2O4@graphene nanocomposite

The magnetic graphene nanocomposite (CuFe2O4@-
graphene) was synthesized by chemical co-precipitation
of Cu2+ and Fe3+ in alkaline solution in the presence of
graphene oxide. The molar ratio of Cu2+:Fe3+ was 1:2.
The magnetic composite was prepared by suspending
0.5 g graphene in 200 mL of solution containing copper
(II) chloride (CuCl2·6H2O, 1 mmol) and ferric chloride
(FeCl3·6H2O, 2 mmol). The mixture was then titrated
dropwise by 1 M NH3 (5%) till the pH was 9 under
magnetic stirring at 70˚C. The precipitate was isolated
by a permanent magnet. The impurities in the
CuFe2O4@graphene samples were removed by washing
with copious amounts of double-distilled water. The
prepared sample of CuFe2O4@graphene was filtered
off, washed with distilled water, and then dried in a
furnace at 300˚C for 3 h [10,11]. CuFe2O4 was prepared
as the same method without graphene oxide.

2.4. Adsorption experiments

Different parameters like contact time, adsorbent
dosage, and pH on the sorption capacity of AY have

been studied. The removal of AY dye from aqueous
solutions by sorbents was carried out using following
experimental procedures:

The initial dye concentration in each sample was
50 mg L−1. 0.5 g of sorbent was added in 30 ml sample
on rotary shaker at a constant speed of 300 rpm. All
experiments were conducted at 25˚C. After different
contact times (0–360 min), the sorbent was removed
from the solution and the equilibrium concentration of
the dye in the solution was determined with UV spec-
trophotometer at the wavelength 370 nm (λmax). To
optimize the adsorbent dosage, different doses of the
sorbents were examined. A known amount of sorbent
(0.05–3 g) was added to 30 mL of dye solutions in the
concentration range from 20 to 60 mg L−1. The influ-
ence of the solution pH on the dye removal was also
studied by adding a certain amount of the sorbent into
the dye solutions with the pH of the solution being
adjusted from 2 to 10 with 0.1 mol L−1 HCl or
0.1 mol L−1 NaOH. The remaining concentration of the
dye in the solution was then determined by UV–vis
spectrometry and the relative dye adsorption (%) vs.
adsorption time was determined. The percent removal
of AY by the hereby adsorbent is given by:

% Removal ¼ C0 � Ceð Þ=C0 � 100

where C0, Ce denotes the initial and equilibrium con-
centration (mg L−1) of AY, respectively. The removed
quantity (qe in mg L−1) of the dye by sorbent was
calculated by where C0 (mg L−1) represents the initial
dye concentration, Ce (mg L−1) is the equilibrium con-
centration of the dye remaining in the solution, V (L)
is the volume of the aqueous solution, and m (g) is the
weight of the sorbent.

qe ¼ C0 � Ceð ÞV=m

2.5. Desorption studies

For desorption study, 1 g of CuFe2O4@graphene
nanocomposite was added to 50 mL of the dye solu-
tion 60 mg L−1 and the mixture was shaken on a
rotary shaker at 300 rpm for 1 h. At the end of the
adsorption, the dye-adsorbed CuFe2O4@graphene was
isolated from the mixture with a magnet and then
calcined at different temperatures. Then the
supernatant solution was analyzed by UV–vis spec-
trometry. Desorption efficiency of the dye from the
CuFe2O4@graphene adsorbent was calculated as the
ratio of the amount of the dye desorbed to amount of
the dye adsorbed.
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3. Results and discussion

3.1. Characterization of sorbents

The FTIR spectra of graphite, graphene oxide,
CuFe2O4, and CuFe2O4@graphene nanocomposite are
shown in Fig. 2(a)–(d). No significant peak was found
in graphite (Fig. 2(a)). Graphene oxide and
CuFe2O4@graphene nanocomposite both showed the
OH stretching vibration adsorption peaks at 3,400 and
1,622 cm−1 (Fig. 2(b) and (d)). The presence of different
types of oxygen is shown in GO (Fig. 2(b)). As to
CuFe2O4@graphene (Fig. 2(d)), the peak at 1,384 cm−1

is assigned to the C=O stretching vibration and the
peak at 1,077 cm−1 is ascribed to the C–O stretching
vibration of epoxy group and alkoxy. These peaks
demonstrated the existence of carboxyl, epoxy group,
and alkoxy in graphene oxide. CuFe2O4@graphene
nanocomposite exhibited a new peak at 1,360–
1,384 cm−1. The Fe–O and Cu–O characteristic stretch-
ing vibration peaks were observed at 608 and
485 cm−1 in curve d, which confirmed that CuFe2O4

nanoparticles were successfully anchored onto gra-
phene sheet [36,37].

X-ray diffraction (XRD) measurements were
employed to investigate the phase and structure of the
synthesized samples. Fig. 3 shows the XRD of graphite,
graphene oxide, CuFe2O4, and CuFe2O4@graphene
nanocomposites. As shown in Fig. 3, the XRD pattern
of graphite (Fig. 3(a)) shows a broad peak at 2θ = 26.2˚
corresponding to the hexagonal lattice of (0 0 2) plane
with 3.36 Å spacing between the layers, which agrees
well with the lattice plane reported in the JCPDS (No.
04-0783). After oxidation of graphite to graphene

oxide, the peak at 2θ = 26.2˚ disappeared and a new
peak at 2θ = 11.2˚ corresponding to (0 0 1) plane and
layer distance of 8.1 Å was observed (Fig. 3(b)). XRD
of CuFe2O4 is shown in Fig. 3(c). From Fig. 3(d)
(CuFe2O4@graphene) new significant diffraction peaks
(2θ = 32.5˚ (2 2 0), 35.6˚ (3 1 1), 43.5˚ (4 0 0), and 62.8˚
(4 4 0)) can be assigned to the crystal planes of
CuFe2O4. CuFe2O4@graphene shows the spinel struc-
ture. All of the new significant diffraction peaks of the
CuFe2O4@graphene sample matched well with the
data from the JCPDS cards (19-0629) and (74-2403). In
the XRD pattern of CuFe2O4@graphene, peak at
2θ = 11.2˚ disappeared. It is due to the reduction of
graphene oxide to graphene nanosheets and detach-
ment of oxygen groups. The particle size from Schere’s
equation (t = Kλ/β cos θ) that is the average size of the
particles. From the β (the full width at half maximum
of the diffracted peak) and θ, the angle of diffraction of
CuFe2O4@graphene is calculated about 30–60 nm for
different particles.

The SEM images of graphene oxide, CuFe2O4, and
CuFe2O4@graphene composite are shown in
Fig. 4a((a)–(c)). It can be clearly seen that the crum-
pled silk waves-like carbon sheets exist, a characteris-
tic feature of the single-layer graphene sheets (Fig. 4a).
As shown in Fig. 4, the CuFe2O4 nanoparticles were
successfully coated on the surface of graphene oxide
to form CuFe2O4@graphene nanocomposite. The
CuFe2O4 nanoparticles were well distributed on gra-
phene sheets, which were nearly flat and had a big
area up to several square micrometers. Some
nanoparticles were slightly aggregated due to the
close to saturation loading degree. Energy dispersion

Fig. 2. FTIR spectra of (a) graphite, (b) graphene oxide, (c) CuFe2O4, and (c) CuFe2O4@graphene nanocomposite.
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X-ray (EDX) and transmission electron microscopy
(TEM) image of CuFe2O4@graphene nanocomposite is
shown in Fig. 4b((a) and (b)), respectively. From TEM
image of CuFe2O4@ graphene nanoparticles, average
particle size 50 nm was observed.

3.2. Adsorption study

3.2.1. Effect of contact time

Effect of contact time on the adsorption of AY onto
CuFe2O4, graphene oxide, and CuFe2O4@graphene
nanoparticles was investigated at different times
(0–360 min). 30 mL of 60 mg L−1 of AY with 0.5 g of
each sorbent with 300 rpm were contacted. After dif-
ferent agitation times, absorbance of filtrated dye was
determined. The differences of absorbance before and
after adsorption onto sorbents showed the percent of
AY removal. It was found that more than 70%
removal of AY occurred in the first 40 min, and there-
after the rate of adsorption was found to be slow. The
percent of adsorption of AY as a function of time is
shown in Fig. 5. It is obvious that CuFe2O4@graphene
nanoparticles have the highest rate than CuFe2O4 and

graphene oxide for removal of AY dye. It is due to the
catalytic activity of CuFe2O4 onto graphene sheets.

3.2.2. Effect of initial solution pH

The percentage of AY adsorption was studied as a
function of pH in the range of 2–10. For studying effect
of pH on adsorption of AY by CuFe2O4, graphene, and
CuFe2O4@graphene, initial concentration of dye solu-
tions of 60 mg L−1 were treated by 0.5 g adsorbent for
40 min with varying pH 2–10. For maintain pH 0.01 M
HCl and 0.01 M NaOH solutions were used. Point zero
charge is a useful factor in sorption studies that allows
one to hypothesize on the ionization of functional
groups and their interactions with adsorbates [38]. The
pH of zero net proton charge is defined here as the pH
value at which the net surface charges is equal to zero.
The point of zero charge of graphene and CuFe2O4@-
graphene nanocomposite was measured. Both of gra-
phene and CuFe2O4@graphene nanocomposite showed
the point of zero charge 3.1 and 3.3, respectively. Fig. 6
displays the effect of pH on the removal percentage of
AY by CuFe2O4, graphene oxide, and CuFe2O4@-
graphene. It was observed that the dye adsorbed
increased when pH was increased to 3, and then was
not significantly altered. At pH < pHpzc, sorbent sur-
face has positive charged. AY is azo anionic dye,
which exists in aqueous solution in the form of nega-
tive-charged ions. At lower pH values, due to the pro-
tonation of the hydroxyl groups, AY can be ionized
and consequently increases its electrostatic force of
attraction with sorbent. Adsorption of AY decreased
with increasing pH from 4 to 10.

3.2.3. Effect of adsorbent mass

The effect of the adsorbent dose on the removal
of the AY was studied by varying the amount of

Fig. 3. The XRD pattern of (a) graphite, (b) graphene oxide,
(c) CuFe2O4, and (d) CuFe2O4@graphene nanocomposite.

Fig. 4a. SEM image of (a) graphene oxide, (b) CuFe2O4, and (c) CuFe2O4@graphene nanocomposite.
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adsorbent from 0.01 to 3 g. It was observed that the
amount of dye adsorbed varied with varying adsor-
bent mass and increased with increasing adsorbent

mass. The effect of different adsorbent dosages
within the range 0.01–3 g on the removal of AY by
CuFe2O4, graphene oxide, and CuFe2O4@graphene
nanocomposite is shown in Fig. 7. It is seen that the
percentage removal of AY initially increased rapidly
to more than 95% as the CuFe2O4@graphene amount
was increased up to 0.5 g, which may be attributed
to the greater availability of adsorption sites with
increasing amounts of CuFe2O4@graphene nanocom-
posite. The alizarin removal efficiency increased up
to 63% for graphene. It is evident that the number
of available adsorption points increases at high
adsorbent quantity and therefore leads to an
increase in the amount of removed AY. The removal
more than 0.5 g of adsorbent dosage is only mar-
ginal. However, after the attainment of a critical
dosage (0.5 g), the percentage removal of AY was
slowly increased.

Fig. 4b. (a) EDX and (b) TEM image of CuFe2O4@graphene nanocomposite.
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3.2.4. Influence of ionic strength

The influence of ionic strength on the removal of
AY by CuFe2O4@graphene was investigated with the
NaCl and Na2SO4 concentration over the range from 0
to 20% (w/v). As a result, no significant influence of
ionic strength on the removal of the dye was
observed. The independence of the sodium salts con-
centration on dye adsorption is important for the
application of CuFe2O4@graphene in the removal of
some organic pollutants from wastewaters since the
salt concentration may be different in different
samples [29].

3.3. Adsorption kinetics

Adsorption kinetics which provides the informa-
tion about adsorption path and adsorption mechanism
could evaluate adsorption performance of the adsor-
bent. In the present study, the kinetic data of the
adsorption of AY by CuFe2O4, graphene oxide, and
CuFe2O4@graphene were evaluated using pseudo-first-
order [39] and pseudo-second-order [40] kinetic mod-
els. The pseudo-first-order model assumes that the rate
of change of solute uptake with time is directly propor-
tional to the difference in saturation concentration and
amount of solid uptake with time [39].

ln qe � qtð Þ ¼ ln qe � k1t (1)

where qe and qt are the amounts of dye adsorbed per
unit mass of the adsorbent (mg g−1) at equilibrium
and time t, respectively, and k1 is the rate constant of
adsorption (min−1). When ln (qe − qt) was plotted
against time, a straight line should be obtained with a
slope of k1, if the first-order kinetics is valid.

The pseudo-second-order model as developed by
Ho and McKay [40] has the following form:

t=qt ¼ t=qe þ 1= k2q
2
e

� �
(2)

where qe and qt represent the amount of dye adsorbed
(mg g−1) at equilibrium and at any time. k2 in the rate
constant of the pseudo-second-order equation
(g mg−1 min−1). A plot of t/q vs. time (t) would yield
a line with a slope of 1/qe and an intercept of 1/(k2q

2
e),

if the second-order model is a suitable expression.
The plot between ln (qe − qt) vs. time t shows the

pseudo-first-order model and the plot of t/q vs. time t
shows the pseudo-second-order model (Figs. 8 and 9),
respectively. The kinetic model with a higher correla-
tion coefficient R2 was selected as the most suitable
one (Table 1). The results show that the adsorption

kinetics of AY fitted well with the pseudo-second-
order kinetic model.

The results are shown in Table 1. The adsorption
of AY onto CuFe2O4@graphene nanocomposite was
followed by pseudo-second-order kinetic model. It
could be concluded that the chemical interaction
might be involved in the adsorption process.

3.4. Adsorption isotherm

Adsorption capacity and adsorption behavior of
AY on CuFe2O4@graphene nanocomposite can be
illustrated by adsorption isotherm. Data from the
adsorption isotherms were modeled using the Lang-
muir and Freundlich isotherm models and the result-
ing isotherm constants are presented in Table 2. The
Langmuir theory was valid for monolayer adsorption
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onto a surface containing a finite number of identical
adsorption sites and there is no important interaction
between the adsorbate molecules adsorbed on the
adjacent adsorption sites of the adsorbent. Langmuir
isotherm theory is based on the assumption of adsorp-
tion on a homogeneous surface. The Langmuir equa-
tion can be written in the following form:

Ce=qe ¼ 1=qmaxkLð Þ þ Ce=qmax (3)

where qe is the solid phase equilibrium concentration
(mg g−1), Ce is the liquid equilibrium concentration of
dye in solution (mg L−1), kL is the equilibrium adsorp-
tion constant related to the affinity of binding sites
(L mg−1), and qmax is the maximum amount of the dye
per unit weight of adsorbent for complete monolayer
coverage.

The Freundlich isotherm model is an empirical the-
ory available for heterogeneous surface possessing
sites with different sorption energy, which suggested
that the adsorption capacity is related to the equilib-
rium concentration of the adsorbate. The Freundlich
isotherm describes adsorption where the adsorbent
has a heterogeneous surface with adsorption sites that
have different energies of adsorption. The energy of
adsorption varies as a function of the surface coverage
(qe) and is represented by the Freundlich constant KF

(l g−1) in Eqs. (4) and (5).

qe ¼ KFC
1=n
e (4)

log qe ¼ logKF þ 1=n logCe (5)

where KF is roughly an indicator of the adsorption
capacity and n is the heterogeneity factor which has a
lower value for more heterogeneous surfaces. As seen
in Table 2, AY adsorption onto the CuFe2O4@graphene
nanocomposite was well described by the Langmuir
model with correlation coefficients of R2 = 0.995. The
maximum adsorption capacity qmax was 145 mg g−1.
Results from the Freundlich analysis shown in Table 2
indicate that the correlation coefficient is significantly
less than the Langmuir analysis in describing the
adsorption of AY. The fact that the Langmuir isotherm
fits the experimental data very well may be due to
homogenous distribution of active sites on the
CuFe2O4@graphene composite surface. Results from
the Langmuir and Freundlich analysis of the adsorp-
tion of AY on the CuFe2O4@graphene nanocomposite
are also reported in Table 2. The fitting curves and
correlation coefficient values both indicate that the
Langmuir model describes better the adsorption onto
CuFe2O4@graphene composite.

3.5. Thermodynamic studies

The thermodynamic parameters, change in the stan-
dard free energy (ΔG˚), enthalpy (ΔH˚), and entropy
(ΔS˚) associated with the adsorption process and these
were determined using the following equations [41]:

DG
� ¼ �RT lnKC (6)

Table 1
Kinetics parameters for the removal of AY onto CuFe2O4, graphene oxide, and CuFe2O4@graphene nanocomposite

Sample

First order Second order

R2 K1(s
−1) R2 K2(g mg−1 min−1)

CuFe2O4 0.921 7 × 10−3 0.998 0.0625
Graphene 0.942 8 × 10−3 0.992 0.230
CuFe2O4@graphene 0.926 9 × 10−3 0.996 1.534

Table 2
Langmuir and Freundlich isotherm constants for adsorption of AY onto graphene oxide, CuFe2O4, and CuFe2O4@graphene
nanocomposite

Sorbent

Freundlich Langmuir

KF n R2 qm (mg g−1) KL (L mg−1) R2

Graphene 15.91 2.25 0.951 105 34.62 0.9657
CuFe2O4 2.07 4.07 0.927 98 75.2 0.9849
CuFe2O4@graphene 0.25 4.79 0.940 145 5.7 0.995
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where ΔG˚ is the standard free energy change, T is the
absolute temperature, R is the universal gas constant
(8.314 J mol−1 K−1), and KC is the equilibrium constant.
The apparent equilibrium constant of the sorption, KC,
is obtained from:

KC ¼ CA=CS (7)

where KC is the equilibrium constant, CA is the
amount of AY adsorbed on the adsorbent of solution
at equilibrium (mg L−1), CS is the equilibrium concen-
tration of AY in the solution (mg L−1). KC values
calculated at different temperatures allow the deter-
mination of the thermodynamic equilibrium constant
(KC) [41]. The free energy changes are also calculated
using the following equations:

lnKC ¼ �DG�=RT ¼ �DH�=RT þ DS�=R (8)

ΔH˚ and ΔS˚ were calculated, the slope and intercept
of van t Hoff plots of ln KC vs. 1/T. The results of
thermodynamic parameters of AY adsorption onto
graphene oxide, CuFe2O4, and CuFe2O4@graphene
nanocomposite are given in Table 3.

3.6. Comparison of CuFe2O4@graphene nanocomposite with
other adsorbents

The adsorption capacity of AY onto CuFe2O4@-
graphene nanocomposite was compared with several
other adsorbents and they are reported in Table 4.
CuFe2O4@graphene nanocomposite in this study pos-
sesses reasonable adsorption capacity in comparison
with other sorbents.

3.7. Regeneration of the spent composites

The adsorption capacity of the CuFe2O4@graphene
nanocomposite for AY after its regeneration has also

Table 3
Thermodynamic parameters for adsorption of AY by adsorption onto graphene oxide, CuFe2O4, and CuFe2O4@graphene
nanocomposite

Sample T (K) ΔG˚ (kJ mol−1) ΔH˚ (kJ mol−1) ΔS˚ (J mol−1 k−1)

Graphene 303 −15.13 102.47 53.86
313 −15.80
323 −16.31
333 −16.82

CuFe2O4 303 −15.06 227.04 50.99
313 −15.73
323 −16.25
333 −16.75

CuFe2O4@graphene 303 −15.66 2,213.76 59.75
313 −16.52
323 −17.12
333 −17.68

Table 4
Comparison of maximum adsorption capacities of alizarin dyes with different sorbents

No. Dye qmax (mg L−1) Absorbent References

1 Alizarin Yellow 93.29 Casuarina equisetifolla [42]
2 Alizarin Yellow 75.44 Charcoal [43]
3 Alizarin Red-S 94.67 Abelmoschus esculentus stem powder [44]
4 Alizarin Red-S 84.4 ZnO and TiO2 [45]
5 Alizarin Red 91.04 Ultra-fine fly ash [46]
6 Alizarin Red-S 95 Cynodon dactylon [47]
7 Alizarin Red-S 78 Nanosized silica modified [48]
8 Alizarin Red-S 83 Nanocrystalline Cu0.5Zn0.5Ce3O5 [49]
9 Alizarin Red-S 95.74 Citrullus lanatus peels [50]
10 Alizarin Yellow 145 CuFe2O4@graphene In this study
11 Alizarin Yellow 98 CuFe2O4 In this study
12 Alizarin Yellow 105 Graphene oxide In this study
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been studied. The spent composite was regenerated
following the process mentioned below. The regener-
ated samples were again saturated with AY with the
same initial concentration of 60 mg L−1 and then deter-
mined their new adsorption capacity. The physically
regeneration of adsorbent was done by heated
CuFe2O4@graphene nanocomposite adsorbed AY at
100–700˚C. These adsorption–regeneration cycles were
carried out 3, 5, and 7 times. The regenerated
CuFe2O4@graphene nanocomposite was reused for the
adsorption experiments. The adsorption capacity of
the CuFe2O4@graphene nanocomposite for AY did not
show any significant decrease even after three
regenerations. After five cycle 90% and after seven
cycle 62% of AY was removed. The obtained results
are shown in Fig. 10. The value of cycle corresponds
to the adsorption capacity of the original composite.
Generally, the adsorption capacity of the composite
decreased as the number of regeneration cycle
increased.

4. Conclusion

In this study, CuFe2O4@graphene nanocomposite
adsorbent has been prepared to successfully remove
the AY azo organic dye from aqueous solutions.
Effects of different conditions on adsorption of AY
onto graphene oxide, CuFe2O4, and CuFe2O4@-
graphene nanocomposite were investigated. Experi-
mental results demonstrated CuFe2O4@graphene
nanocomposite could effectively remove AY from
aqueous solution within 40 min. The adsorption pro-
cess was very fast and reached the adsorption equilib-
rium with 40 min of contact time. Kinetic data were
well fitted by a pseudo-second-order model. Langmuir
and Freundlich models were used to study the
adsorption isotherms. The results showed that the

CuFe2O4@graphene can be used as an effective adsor-
bent for simple and rapid removal of AY from aque-
ous. CuFe2O4@graphene nanocomposite could be
conveniently regenerated after adsorption.
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