
RSC Advances

PAPER

Pu
bl

is
he

d 
on

 1
9 

 2
01

6.
 D

ow
nl

oa
de

d 
on

 0
7.

01
.2

6 
19

:3
3:

20
. 

View Article Online
View Journal  | View Issue
Cobalt ferrite na
Chemistry Department, Faculty of Science,

E-mail: m_y_nassar@yahoo.com; m_y_nass

Cite this: RSC Adv., 2016, 6, 79688

Received 17th May 2016
Accepted 19th August 2016

DOI: 10.1039/c6ra12852a

www.rsc.org/advances

79688 | RSC Adv., 2016, 6, 79688–797
noparticles via a template-free
hydrothermal route as an efficient nano-adsorbent
for potential textile dye removal

Mostafa Y. Nassar* and Mai Khatab

We have reported herein the preparation of a pure cobalt ferrite (CoFe2O4) nanostructure, as an efficient

nano-adsorbent, via a template-free hydrothermal and post thermal conversion route. We prepared

micro-spherical particles of a cobalt carbonate/iron carbonate (CoCO3/FeCO3) composite precursor

using the hydrothermal reaction of cobalt sulfate, iron sulfate, ascorbic acid, and ammonium carbonate

at 140 �C for 3 h. Various parameters influencing the hydrothermal reaction have been studied. Thermal

decomposition of the carbonate composite precursors prepared using different Co2+ : Fe2+ molar ratios

generated various impure products. However, the CoCO3/FeCO3 composite precursor synthesized

employing a 0.4Co2+ : 0.6Fe2+ molar ratio produced a pure spinel CoFe2O4 nanostructure with an

average crystallite size of 9.5–21.6 nm on calcination in the temperature range of 400–600 �C for 2 h.

The products were identified using X-ray diffraction (XRD), field emission scanning electron microscopy

(FE-SEM), Fourier transform infrared spectroscopy (FT-IR), high resolution transmission electron

microscopy (HR-TEM), nitrogen physical adsorption (BET), zeta potential and thermal analysis. The as-

prepared spinel CoFe2O4 product showed a high adsorption capacity (91.7 mg g�1) toward Reactive Red

195 (RR195) dye in 20 min. The adsorption results fitted well the pseudo-second-order kinetics and

could be well described by the Langmuir isotherm model. The RR195 dye adsorption was spontaneous,

exothermic, and a physisorption process, implied from the calculated thermodynamic constants: DG0

(from �0.022 to �0.711 kJ mol�1), and DH0 (�7.55 kJ mol�1). It is concluded that the suggested

CoFe2O4 nanostructure can be employed as an efficient nano-adsorbent for the removal of RR195

textile dye from aqueous solutions.
1. Introduction

Recently, magnetic nanostructures have aroused keen interest
from a great number of scientists due to the physical and
chemical characteristics that these nanomaterials have,
compared with the corresponding bulk materials.1–3 Further-
more, ferrites (MFe2O4; M ¼ Co, Zn, Mn, Cu, or Ni) are of great
importance to materials science and inorganic material
researchers because of their chemical stability and promising
electromagnetic characteristics.4–6 Thus, several methods such
as mechanical milling,7 sol–gel,8 hydrothermal,9 micro-emul-
sion,10 reverse micelle,11 co-precipitation,12 and ultrasonic-
assisted hydrothermal processes13 have been suggested to
prepare various ferrite nanostructures.

Cobalt ferrite (CoFe2O4) is an important member of the
spinel ferrite family attributing to the special properties it has
such as chemical stability, high mechanical stability, wear
resistance, high anisotropy, and moderate saturation magneti-
zation.14 Therefore, cobalt ferrite can be applied for different
Benha University, Benha 13518, Egypt.
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applications such as magnetic resonance imaging, drug
delivery, catalysis, recording media, gas sensors, ferrouids,
microwave devices, and adsorption.6,15 Hence, cobalt ferrite
nanostructures have been produced via various procedures
such as sol–gel,8 electro-spinning,16 hydrothermal, atomic layer
deposition,17 co-precipitation,18,19 combustion,15 and micro-
emulsion method.20 However, the hydrothermal procedure is
still one of the most appropriate methods in this respect
because of its simplicity, inexpensive cost, and availability to
tune the morphology and particle size of the product.21,22

Recently, employing metal carbonates via their thermal
decomposition to generate metal oxides is a promising route,
and this approach has attracted the attention of several
researchers. Consequently, we have previously reported on the
hydrothermal synthesis of CoCO3 and FeCO3 nanostructures
and their thermal conversion into Co3O4 and a-Fe2O3 nano-
particles, respectively.21,23–25 However, to the best of our knowl-
edge, we have noticed that there is only one report on the
synthesis of CoCO3/FeCO3 composite, and this report has not
extensively explored the different parameters inuencing the
preparation process.26 This stimulated us to investigate exten-
sively the template-free hydrothermal preparation of CoCO3/
This journal is © The Royal Society of Chemistry 2016
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FeCO3 composite as a carbonate precursor to produce porous
cobalt ferrite nanostructure via thermal decomposition.

Meanwhile, environmental pollution with textile dyes
generated from various industries including paper, leather,
chemical and textile dyeing is a dangerous problem to our
world due to the various health difficulties that pollution
causes.27,28 It is known that the organic textile dyes (especially
reactive dyes) are carcinogenic and toxic attributing to the azo
groups that their chemical structures have.25,29 Plus, Reactive
Red 195 dye (RR195), Scheme 1, is one of these toxic dyes
which is stable toward photodegradation.25 Removal of such
discharged organic pollutants from wastewater is still
a challenge. Therefore, different procedures have been sug-
gested for solving such problems such as photodegradation,
adsorption, etc.30–34 Moreover, adsorption process still has the
priority over the others in this concern because of its
commercial applicability, high performance, and relatively
nontoxic species.19 Nowadays, ferrites have been proposed as
adsorbents due to their magnetic property, mechanical and
chemical stability.6,35,36

Herein, we have reported a new strategy to synthesize
CoFe2O4 nanostructure as an efficient nano-adsorbent via
a template-free hydrothermal route. Therefore, CoCO3/FeCO3

microspheres were synthesized using the hydrothermal
reaction of cobalt sulfate, iron sulfate, ascorbic acid, and
ammonium carbonate at 140 �C for 3 h, in the absence of any
template and special solvent. Notably, the ascorbic acid was
used as a reducing agent, and ammonium carbonate was
used as an inexpensive carbonate source. Different parame-
ters inuencing the hydrothermal reaction were extensively
studied including the Co2+ : Fe2+ molar ratios. Thermal
decomposition of the hydrothermally prepared carbonate
composites was explored to generate pure spinel cobalt
ferrite product. The as-produced cobalt ferrite (CoFe2O4)
nanoparticles revealed good adsorption properties toward
Scheme 1 Reactive Red 195 (RR195) dye molecular structure.

This journal is © The Royal Society of Chemistry 2016
the removal of Reactive Red 195 textile dye (RR195) from
wastewater.

2. Experimental
2.1. Materials and reagents

The chemicals used in the current research: iron sulfate
(FeSO4$7H2O), cobalt sulfate (CoSO4$7H2O), and ascorbic acid
(C6H8O6), were purchased from Sigma-Aldrich company.
Ammonium carbonate ((NH4)2CO3) was purchased from Fluka
company. Reactive Red 195 dye (RR195) (C31H19ClN7O19S6Na5)
was purchased from Rushabh chemicals industries, India. All
other chemicals were of analytical grade and utilized as received
without further purication.

2.2. Preparation of CoCO3/FeCO3 composite precursor

In a typical synthesis process, under the optimized experi-
mental conditions: an aqueous solution (20 mL) of ammo-
nium carbonate (3.45 g, 35.91 mmol, 3 eq.) was added to
a stirring aqueous solution (40 mL) of iron sulfate (2.0 g, 7.18
mmol, 0.6 eq.), ascorbic acid (2.11 g, 11.97 mmol, 1 eq.), and
cobalt sulfate (1.35 g, 4.79 mmol, 0.4 eq.). The reaction
mixture was stirred for 20 min and transferred into a 100 mL
Teon-lined autoclave. The autoclave was then carefully closed
and placed in an oven set at 140 �C for 3 h. Subsequently, the
brownish precipitate was isolated by centrifugation aer the
autoclave was allowed to reach the room temperature natu-
rally. The carbonate composite product was washed with water
and ethanol several times and dried in an electric oven at 60 �C
overnight. The effect of Co2+ : Fe2+ molar ratios (0.1 : 0.9,
0.2 : 0.8, 0.3 : 0.7, 0.4 : 0.6, 0.5 : 0.5, 0.6 : 0.4, 0.7 : 0.3,
0.8 : 0.2, and 0.9 : 0.1) on the hydrothermal process was
studied, and the products were denoted as S19, S28, S37, S46,
S11, S64, S73, S82, and S91, respectively. In addition, the
inuence of the reaction time (1.5, 3, 6, 12, and 24 h) on the
RSC Adv., 2016, 6, 79688–79705 | 79689
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reaction was also investigated for the hydrothermal reaction
with 0.4Co2+ : 0.6Fe2+ : 1ascorbic acid : 3CO3

2� molar ratio.

2.3. Preparation of cobalt ferrite nanoparticles

Pure spinel cobalt ferrite (CoFe2O4) nanoparticles: S46_400,
S46_500, and S46_600, were produced by calcination of the
CoCO3/FeCO3 composite precursor (S46), prepared using
0.4Co2+ : 0.6Fe2+ molar ratio, for 2 h at 400, 500 and 600 �C,
respectively. This particular molar ratio (i.e. 0.4Co2+ : 0.6Fe2+)
was chosen aer investigation of the products produced on
calcination, at 600 �C for 2 h, of the carbonate composite
precursors prepared using various Co2+ : Fe2+ molar ratios
(0.1 : 0.9, 0.3 : 0.7, 0.4 : 0.6, 0.5 : 0.5, 0.7 : 0.3, and 0.9 : 0.1), and
the products were referred to as S19_600, S37_600, S46_600,
S11_600, S37_600, and S91_600, respectively.

2.4. Characterization

The phase formation of the as-prepared nanostructures and
their purity were identied by means of XRD patterns using X-
ray diffractometer; Bruker, model D8 Advance, with Cu-Ka
radiation; l ¼ 1.54178 Å. The surface structure and purity of the
as-synthesized products were explored using a eld emission
scanning electron microscope (FE-SEM; JEOL JSM-6390). A
high-resolution transmission electron microscope (HR-TEM;
JEM-2100) with an accelerating voltage of 200 kV was
employed to investigate the detailed morphology of the as-
synthesized products. The Fourier transform infrared spectra
were collected in the range of 4000–400 cm�1 on FT-IR spec-
trometer (FT-IR; Thermo Scientic, model Nicolet iS10). A Jasco
UV-visible spectrophotometer (UV-Vis; Jasco, model v670) was
used to measure the UV-Vis spectra of the Reactive Red 195 dye
(RR195) during the adsorption process investigation. Thermal
analysis investigation of the as-prepared CoCO3/FeCO3

composite precursor was performed under N2 atmosphere
using thermal analyzer equipment (Shimadzu; model TA-
60WS), and the heating rate of this investigation was 15 �C
min�1. Using N2 vapor adsorption investigation, the BET (Bru-
nauer–Emmett–Teller) surface area of the as-synthesized
CoFe2O4 nanoparticles was performed on Quantachrome
(USA; Nova 2000 series). Zeta potential of the as-synthesized
CoFe2O4 nanoparticles was measured at various pH values
(from 2 to 10) in 0.01 M NaCl solutions using a Zeta-sizer nano
series meter (UK; Malvern, Nano ZS); hence, the isoelectric
point (IEP) of the as-synthesized CoFe2O4 nanostructures was
estimated. The chemical stability of the as-prepared CoFe2O4

nanoparticles was investigated through determination of the
concentration of the released cobalt and iron ions in solutions
with pH 2, from CoFe2O4 aer 24 and 48 h, using an inductively
coupled plasma-optical emission spectrometer (ICP-OES;
Optima 7000 DV, PerkinElmer, USA).

2.5. Cell culture and cytotoxicity evaluation

The cytotoxicity of the CoFe2O4 nanoparticles against normal
human broblast cell line (MRC-5 cells; obtained from VAC-
SERA, Tissue Culture Unit, Egypt) was evaluated by using MTT
assay. All cytotoxicity evaluation experiments were carried out
79690 | RSC Adv., 2016, 6, 79688–79705
and analyzed by Tissue Culture Unit (The Regional Center for
Mycology and Biotechnology, Al-Azhar University, Cairo, Egypt).
Cytotoxicity evaluation was performed according to the
methods reported by Mosmann37 and Gomha et al.38

2.5.1. Cell line propagation. The cells were propagated in
Dulbecco's modied Eagle's medium (DMEM) supplemented
with 1% L-glutamine, 10% heat-inactivated fetal bovine serum,
50 mg mL�1 gentamicin, and HEPES buffer. All cells were
maintained at 37 �C in a humidied atmosphere with 5% CO2

and sub-cultured two times a week during the experimentation.
2.5.2. Cytotoxicity evaluation using the viability assay. The

cells were seeded in 96-well plate in a growth medium (100 mL)
at a specic cell concentration (1 � 104 cells per cell). Aer 24 h
of seeding, fresh medium having various concentrations of the
CoFe2O4 nanoparticles were added. Using a multichannel
pipette, serial two-fold dilutions of the suspended CoFe2O4

nanoparticles were added to conuent cell monolayers
dispensed into 96-well, at-bottomed microtiter plates. Aer-
ward, the microtiter plates were maintained at 37 �C for 48 h in
a humidied incubator with 5% CO2. Notably, three wells were
employed for each concentration of the CoFe2O4 nanoparticles.
The control cells were incubated in the absence of CoFe2O4

nanoparticles. Different concentrations of the nanomaterial
were added to the previously incubated cells, and the incuba-
tion was continued for 24 h. Consequently, the viable cells yield
was estimated using a colorimetric method. Briey, aer incu-
bation, the media were removed and the number of viable cells
were determined using the 1% crystal violet solution as reported
by Gomha et al.38 by measuring the absorbance of the plates at
a wavelength of 490 nm using a microplate reader (SunRise,
TECAN, Inc., USA). All the experiments were performed in
triplicate. The percentage of viability (cell viability%) was
determined using eqn (1).

Cell viability% ¼ [1 � (ODt/ODc)] � 100 (1)

where, ODt and ODc are the mean optical density of the treated
wells with CoFe2O4 nanoparticles, and the mean optical density
of the untreated wells, respectively. Plotting of surviving cells
against the nanomaterial concentration was achieved to obtain
the survival curve of the cell line aer its treatment with the
nanomaterial of interest. In addition, the 50% cytotoxicity
concentration (CC50, the concentration of the nanomaterial
required to cause toxic effects in 50% of intact cells) was then
determined.

2.6. Adsorption studies

A batch technique was used to investigate the applicability of the
as-synthesized CoFe2O4 nanostructure as an adsorbent for the
removal of Reactive Red 195 dye (RR195). Thus, various adsorp-
tion experiments were carried out for studying the adsorption of
RR195 dye on the as-synthesized CoFe2O4 adsorbent. Briey, 0.05
g of the as-synthesized adsorbent was magnetically stirred (430
rpm) with 25 mL of the dye solution of specic pH pre-adjusted
using either 0.2 M HCl or 0.2 M NaOH aqueous solutions. Aer
stirring for a pre-dened time (t) (at a specic temperature), an
aliquot was withdrawn out of the ask, and the adsorbent
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 XRD patterns of the as-synthesized CoCO3/FeCO3 nano-
composite (a), and CoFe2O4 products; S46_400 (b), S46_500 (c), and
S46_600 (d).
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suspension was separated by an external magnet or centrifuga-
tion. Using a UV-Vis spectrophotometer, the residual dye
concentration (Ct) aer adsorption was determined bymeasuring
the absorbance of the supernatant at lmax ¼ 542 nm and
employing a pre-constructed calibration curve for the dye of
interest. The adsorbed quantity at t time (qt) and the percentage
removal of RR195 dye (%R) could be determined using eqn (2)
and (3), respectively.

qt ¼ VðC0 � CtÞ
m

(2)

%R ¼ ðC0 � CtÞ
C0

� 100 (3)

where, C0 (mg L�1) is the initial dye concentration, Ct (mg L�1) is
the nal dye concentration in the supernatant, m (g) is the
adsorbent mass, V (L) is the dye solution volume, and qt (mg
g�1) is the adsorbent adsorption capacity at time t.

Various experimental parameters inuencing the dye
adsorption were examined and these parameters included:
initial pH of the dye solution (1–10), contact time (5–70) min,
effect of potassium chloride (0.05–0.55 g), and temperature
(298–328 K). However, for the adsorption isotherm investiga-
tion, 0.05 g of the CoFe2O4 adsorbent was stirred with RR195
dye of different initial concentrations (10–80 mg L�1). The
quantity of the adsorbed dye at equilibrium (qe, mg g�1) was
estimated using the following equation:

qe ¼ VðC0 � CeÞ
m

(4)

where, Ce (mg L�1) is the concentration of the dye in the
supernatant solution at equilibrium, and the other terms have
the same aforementioned meaning.
3. Results and discussion
3.1. Hydrothermal synthesis and structural investigation of
CoCO3/FeCO3 composite precursors

In our earlier reports, we reported on the hydrothermal prepa-
ration of some simple metal carbonates as efficient precursors
for producing the corresponding metal oxides by thermal
decomposition.23,25,39 Thus, in the present study, we have
employed the hydrothermally prepared CoCO3/FeCO3

composite precursor to produce a porous spinel CoFe2O4

nanostructure by thermal conversion. In this connection, we
rstly have extensively investigated the hydrothermal reactions
of cobalt sulfate, ammonium carbonate, and iron sulfate, in the
presence of ascorbic acid as a reducing agent to protect Fe2+

from oxidation during the reaction. The as-prepared spinel
product was then investigated as an adsorbent for the removal
of a textile dye from aqueous solutions.

Fig. 1(a) reveals the XRD reections of the pure CoCO3/
FeCO3 composite (S46) prepared under the optimized condi-
tions: 0.4Co2+ : 0.6Fe2+ : 1ascorbic acid : 3CO3

2� molar ratio, at
140 �C, and for 3 h. All the reections can be well assigned to
a mixture of pure rhombohedral phase of cobalt carbonate,
which is compatible with the standard XRD pattern of cobalt
This journal is © The Royal Society of Chemistry 2016
carbonate (JCPDS card 78-0209; space group R�3c),23,40 and pure
FeCO3 rhombohedral phase, which is in accordance with FeCO3

standard patterns (JCPDS card 83-1764; space group R�3c).25,41

Other phases corresponding to impurities have not been
observed in the XRD patterns. The estimated average crystallite
size of the as-prepared CoCO3/FeCO3 composite nanoparticles,
using the Debye–Scherrer eqn (5), was found to be 17.4 nm:42

D ¼ 0.9l/b cos qB (5)

where, D is the crystallite size (nm), l is the X-ray radiation
wavelength (nm), b is the XRD line full width at half maximum
(FWHM), and qB is the angle of the Bragg diffraction. Aerward,
we have fabricated cobalt ferrite nanoparticles (CoFe2O4) by
thermal decomposition of the CoCO3/FeCO3 composite nano-
particles prepared hydrothermally at the optimized conditions,
as will be discussed later. And the XRD patterns of the generated
CoFe2O4 nanoparticles are displayed in Fig. 1(b) and (c).

3.1.1. Optimization of the hydrothermal synthesis of
CoCO3/FeCO3 composite precursor. The effects of Co2+ : Fe2+

molar ratio and reaction time on the hydrothermal preparation
of CoCO3/FeCO3 composite precursor have been studied. In this
reaction, the overall molar ratio of the metal cations was kept
equal to 1 equivalent (i.e. M2+ overall molar ratio ¼ molar ratio
of Co2+ + molar ratio of Fe2+ ¼ 1). Moreover, the overall molar
ratio of M2+ : ascorbic acid : CO3

2� was remained equal to
1 : 1 : 3, respectively. On the other hand, various Co2+ : Fe2+

molar ratios (0.1 : 0.9, 0.2 : 0.8, 0.3 : 0.7, 0.4 : 0.6, 0.5 : 0.5,
0.6 : 0.4, 0.7 : 0.3, 0.8 : 0.2, and 0.9 : 0.1) have been investigated.
The XRD patterns of the carbonate composite samples (S19,
S28, S37, S46, S11, S64, S73, S82, and S91) prepared using the
aforementioned Co2+ : Fe2+ molar ratios, respectively, are dis-
played in Fig. 2(a)–(i). The XRD results revealed that S19, S37,
S46, S11, S73, and S82 samples were pure CoCO3/FeCO3
RSC Adv., 2016, 6, 79688–79705 | 79691
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Fig. 2 XRD patterns of the as-synthesized samples; S19 (a), S28 (b),
S37 (c), S46 (d), S11 (e), S64 (f), S73 (g), S82 (h), and S91 (i), with
Co2+ : Fe2+ molar ratios of 0.1 : 0.9, 0.2 : 0.8, 0.3 : 0.7, 0.4 : 0.6,
0.5 : 0.5, 0.6 : 0.4, 0.7 : 0.3, 0.8 : 0.2, and 0.9 : 0.1, respectively; under
hydrothermal conditions: 140 �C for 3 h.

Fig. 3 XRD patterns of the as-synthesized CoCO3/FeCO3 composites
under hydrothermal reactions: Co2+ : Fe2+ : ascorbic acid : CO3

2�

molar ratio of 0.4 : 0.6 : 1 : 3, respectively, at 140 �C, for varying
reaction times of 1.5 (a), 3 (b), 6 (c), 12 (d), and 24 h (e).
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composite products, while the other samples: S28, S64, and S91,
were not.

Moreover, as will be shortly explained in item 3.2., the only
sample that produced pure cobalt ferrite product on calcination
was S46 which was prepared using 0.4Co2+ : 0.6Fe2+ molar ratio.
Thus, we subsequently have investigated the effect of reaction
time (1.5, 3, 6, 12, and 24 h) on the hydrothermal reaction of
interest with 0.4Co2+ : 0.6Fe2+ : 1ascorbic acid : 3CO3

2� molar
ratio at 140 �C. The XRD patterns of the precursor samples are
presented in Fig. 3(a)–(e). The results exhibited that 3 h was
sufficient to produce pure CoCO3/FeCO3 composite; conse-
quently, 3 h was chosen as the optimum reaction time for the
hydrothermal reaction. Moreover, at reaction times of >3 h, the
reaction gave CoCO3/FeCO3 composite particles with larger
crystallite sizes. On the other hand, shorted reaction time yiel-
ded poor crystalline carbonate composite.

3.1.2. FE-SEM and TEM investigation. Surface morphology
of the CoCO3/FeCO3 composite precursor (S46) prepared under
the optimized conditions was investigated by the FE-SEM spec-
troscopy. The FE-SEM images, Fig. 4(a) and (b), exhibit that the
79692 | RSC Adv., 2016, 6, 79688–79705
carbonate composite is composed of a well-dispersed and
well-dened spherical shape nanostructure with an average
diameter of ca. 4 mm, as shown in the low magnication FE-SEM
image (Fig. 4(a)). The surfaces of the most spheres are smooth;
however, some of the spheres have a rough surface. And the
rough surface, as shown in the high magnication image
(Fig. 4(b)), is consisted of small cube-like nanostructures.
Fig. 4(e) and (f), the TEM images of the as-prepared CoCO3/
FeCO3 composite precursor exhibit the presence of voids in its
structure indicating the porous nature of the carbonate
composite precursor. Moreover, based on the reported
data21,24,25,43,44 and the obtained morphology, we proposed the
formation mechanism of spherical CoCO3/FeCO3 composite
particles as follows. The nucleation and growth mechanism of
the CoCO3/FeCO3 composite crystals can be explained by
a precipitation–dissolution–renucleation–growth–aggregation
mechanism.21,45 At the beginning, when the reaction blend
solution reaches its supersaturation, initial precipitates are
immediately formed. Aerward, this step is followed by disso-
lution of unstable precipitates leading renucleation and growth
of the composite crystallites.21,46,47 The generated composite
crystallites aggregate into nal crystals, as explained in miner-
alization processes.21,42 Plus, the mechanisms of formation of
CoCO3 and FeCO3 have been previously proposed by Nassar
et al.24,25 Consequently, the formation mechanism of the CoCO3/
FeCO3 composite can be proposed according to the reactions (i)–
(xii) (Scheme 2). Ammonium carbonate serves as a carbonate
source. It is reported that at lower concentrations of carbonate,
reactions (i), (ii), and (v) through (xii) will be the more predom-
inant reactions generating various products such as CoCO3,
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 FE-SEM images of the as-synthesized CoCO3/FeCO3 nanocomposite (a and b) and CoFe2O4 product (S46_600 (c and d)); low and high
magnification TEM images of CoCO3/FeCO3 nanocomposite (e and f), respectively. where (a and c) are low magnification FE-SEM images, while
(b and d) are high magnification FE-SEM images.
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FeCO3, Fe3O4, Co3O4, and others (Scheme 2). However, at higher
carbonate concentrations (i.e. $3 equivalent, as in our case),
reactions (i) through (iv) will be the more predominant reactions
producing pure CoCO3/FeCO3 composite. In addition, the
spherical particle morphology of the composite product may be
This journal is © The Royal Society of Chemistry 2016
attributed to the non-preferable orientation for the composite
crystallites growth.

3.1.3. FT-IR investigation. We employed the FT-IR spec-
troscopy to further identify the chemical composition of the
CoCO3/FeCO3 composite product (S46) prepared at the optimized
RSC Adv., 2016, 6, 79688–79705 | 79693
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Scheme 2 Proposed reaction mechanism for the formation of CoCO3/FeCO3 composite and other compounds.
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conditions. The FT-IR spectrum (Fig. 5(a)) exhibits vibrational
absorptions; at 1450, 1320, 1040, 858, and 736 cm�1, which can
be assigned to CoCO3 with CO3

2� anion D3h symmetry, and this
result is in good agreement with the published data.23,48 Fig. 5(a)
also shows vibrations at 1380, 1090, 858, and 736 cm�1 corre-
sponding to FeCO3 with CO3

2� anion D3h symmetry in the same
sample, and this is consistent with the reported results.25,48
Fig. 5 FT-IR spectra of the as-prepared CoCO3/FeCO3 nano-
composite (a), spinel CoFe2O4 (b), and RR195-loaded CoFe2O4 (c).

79694 | RSC Adv., 2016, 6, 79688–79705
However, it is notable that both metal carbonates contributed to
the carbonate anion vibrations appeared at 2470, 858, and 736
cm�1. Besides, the spectrum also exhibits a stretching vibration
band at ca. 2470 cm�1 which can be attributed to the carbonate
anion vibrational absorption of both CoCO3 and FeCO3. As the
FT-IR spectrum conrms the co-existence of cobalt and iron
carbonates in the sample (S46), it can be concluded that this
product is a mixture of CoCO3 and FeCO3. Therefore, the product
(S46) is pure CoCO3/FeCO3 composite product, and this is
consistent with XRD results. It is noteworthy that the FT-IR
spectrum of CoCO3/FeCO3 composite precursor reveals two
additional vibrational absorption bands at 3400 and 1630 cm�1

corresponding to the stretching and bending vibrations, respec-
tively, of the adsorbed water molecules on the surface of the
composite nanoparticles.48,49

3.1.4. Thermal properties of the as-prepared CoCO3/FeCO3

nanocomposite. Thermal properties of the as-prepared CoCO3/
FeCO3 composite using the TG and DTA analyses (Fig. 6) were
investigated to further conrm the chemical composition of the
CoCO3/FeCO3 composite precursor (S46). The TG curve
(Fig. 6(a)) exhibits three weight loss steps, as outlined in Scheme
3. The rst step, within the temperature range of 30–130 �C with
a weight loss of 4.85% (calcd 4.88%), corresponds to the
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 TG (a), and DTA (b) analyses of the as-prepared CoCO3/FeCO3

nanocomposite under nitrogen gas.
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elimination of the adsorbed water (1 mole of water per each
mole of the composite) from the surface of the composite
nanoparticles. The second step occurred in the temperature
range of 130–432 �C, with a weight loss of 29.94% (calcd
29.97%), could be assigned to a loss of 2 moles of CO2 and 0.804
mole of CO leaving 0.804 mole of CoFe2O4 and 0.196 mole of
CoFe2(O2)(CO3) as residues. It seems that most of the metal
carbonates have completely decomposed, in the second stage,
to give CoFe2O4 (found 50.91%; calcd 51.17%) as a stable
product, and the remaining carbonates have thermally con-
verted to CoFe2(O2)(CO3) (found 13.88%; calcd 13.96%). It is
worthy to mention that some of the carbonate composite
behaved similarly (in its thermal decomposition) to the cobalt
carbonate reported by us elsewhere because some of CoCO3 did
not give directly Co3O4 as a nal product on thermal decom-
position, but it gave Co3(O2)(CO3) intermediate.24 Finally, the
third weight loss step took place in the temperature range of
432–534 �C with a weight loss of 1.9% (calcd 1.5%) attributing to
the decomposition of the intermediate CoFe2(O2)(CO3) (0.196
mole) into CoFe2O4, 0.196 mole, (found 12.40%; calcd 12.47%)
as a nal stable product and giving off 0.196 mole of CO.
Consequently, the total percentage of the CoFe2O4 product
weight is ca. 63.31% which is close to the calculated value (calcd
63.64%). The DTA curve, Fig. 6(b), revealed three endothermic
Scheme 3 Proposed thermal decomposition mechanism of CoCO3/FeC

This journal is © The Royal Society of Chemistry 2016
peaks corresponding to the three steps appeared in the TG
analysis. The rst one appeared at ca. 100 �C was broad, and
this could be attributed to the loss of the adsorbed water
molecules. The second one at 328 �C could be assigned to
decomposition of the most of the carbonate composite gener-
ation of CoFe2O4 and CoFe2(O2)(CO3). However, the third DTA
peak appeared at ca. 490 �C was very broad, and it might be due
to the decomposition of the remaining CoFe2(O2)(CO3) inter-
mediate to produce CoFe2O4.

3.2. Synthesis and characterization of CoFe2O4

nanoparticles

For the hydrothermal treatment of interest, as various
Co2+ : Fe2+ molar ratios (0.1 : 0.9, 0.3 : 0.7, 0.4 : 0.6, 0.5 : 0.5,
0.7 : 0.3, and 0.9 : 0.1) gave pure CoCO3/FeCO3 composite
products; S19, S37, S46, S11, S73, and S82, respectively, all pure
carbonate composite samples were calcined at 600 �C for 2 h.
The produced products were denoted as S19_600, S37_600,
S46_600, S11_600, S37_600, and S91_600, respectively. The XRD
patterns of the calcined products are displayed in Fig. 7(a)–(f).
The XRD results revealed that the carbonate composite
precursor (S46) produced pure cobalt ferrite product (S46_600)
by calcination at 600 �C, as shown in Fig. 7(d) and 1(d). The XRD
reections of the product (S46_600) could be well indexed to the
standard XRD pattern of the pure cubic CoFe2O4 spinel struc-
ture (JCPDS card 22-1086; space group Fd�3m).50,51 There is not
any evidence for the presence of any impurities can be marked
in the XRD pattern of the CoFe2O4 product. The average crys-
tallite size of CoFe2O4 nanoparticles (S46_600) was determined
using the Debye–Scherrer formula (1) and estimated to be ca.
21.6 nm. Moreover, calcination of the carbonate composite
samples (S46) at 400 and 500 �C for 2 h, generated pure CoFe2O4

products as well: S46_400, and S46_500, respectively (Fig. 1(b)
and (c)), with different crystallite sizes; 9.5 and 15.2 nm,
respectively, estimated from the XRD reections using the
Debye–Scherrer formula (1). On the other hand, calcination of
the other carbonate composite samples produced impure
products, as shown in Fig. 7(a)–(f).

Moreover, morphology and microstructure of the as-
prepared CoFe2O4 product (S46_600) were examined using the
FE-SEM and TEM. It is obvious that the spherical shape
O3 nanocomposite precursor in N2 gas atmosphere.

RSC Adv., 2016, 6, 79688–79705 | 79695
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Fig. 7 XRD patterns of the calcination products; S19_600 (a), S37_600
(b), S46_600 (c), S11_600 (d), S37_600 (e), and S91_600 (f), of the
respective CoCO3/FeCO3 composites at 600 �C for 2 h.

Fig. 8 TEM image of the CoFe2O4 product (a), N2-adsorption–
desorption isotherm (BET) (b), and BJH pore size distribution (c).
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morphology of CoCO3/FeCO3 composite remained on calcina-
tion because the produced CoFe2O4 product is composed of
uniform microspheres with average diameters of 4.19 and 1.7
mm, as shown in low magnication FE-SEM image, Fig. 4(c).
Additionally, close inspection of the microspheres shown in the
high magnication FE-SEM image (Fig. 4(d)) exhibited the
porous nature characteristics of the CoFe2O4 product which
indicate the hierarchical hollow structures of the microspheres.
It is worthy to mention that the porous nature of the CoFe2O4

product may be due to: (i) the CO2 and CO release during the
calcination process of the carbonate precursor; and (ii) the
presence of voids in the carbonate composite structure (Fig. 4(e)
and (f)). Plus, the TEM micrograph (Fig. 8(a)) of the product
shows that CoFe2O4 nanoparticles exist as dispersed and
agglomerates of cube-like, square-like, and irregular particles
with estimated average particle size of 22 nm which is in good
agreement with the XRD data.

To further elucidate the chemical structure of the CoFe2O4

nanostructure (S46_600), FT-IR spectrumwas carried out for the
spinel product in the range of 4000–400 cm�1, as displayed in
Fig. 5(b). Fig. 5(b) reveals two intrinsic stretching vibrational
absorption peaks conrming the spinel structure and purity of
the as-prepared CoFe2O4 nanostructure. The rst peak
appeared at ca. 563 cm�1 may be assigned to the stretching
79696 | RSC Adv., 2016, 6, 79688–79705
vibrations of Co2+–O and Fe3+–O at the tetrahedral sites of the
spinel structure. The second peak appeared at 406 cm�1

corresponds to the stretching vibrations of Fe3+–O at the octa-
hedral sites of the spinel structure. The gained results are
compatible with the published data.52–54 Additionally, Fig. 5(b)
displays stretching and bending vibrations of the adsorbed
water molecules, on the surfaces of the CoFe2O4 product
(S46_600) nanoparticles, at 1610 and 3358 cm�1, respectively,
and this is in accordance with the reported results.39,48,49 The
BET surface area and porosity of the CoFe2O4 structure were
examined using the N2 adsorption–desorption isotherm anal-
ysis, as displayed in Fig. 8(b). Fig. 8(b) exhibits a hysteresis
phenomenon similar to the IUPAC type-IV isotherm indicating
This journal is © The Royal Society of Chemistry 2016
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the presence of mesoporosity (i.e. pore size is in the range of 2–
50 nm) in the involved in the structure of the product.55 The BET
surface area of the CoFe2O4 product was determined to be 31.2
m2 g�1 and the Barrett–Joyner–Halenda (BJH) pore volume was
evaluated to be 0.084 cm3 g�1. The pore size distribution curve
(Fig. 8(c)) shows that most parts of the product pore volume are
lled by two groups of pores; one with 4.4 nm diameter and the
other one with 2.7 nm diameter.

For additional identication of the product (S46_600), its
point of zero charge (pHpzc) and isoelectric point (IEP) were
determined. The pHpzc value was estimated using the pH dri
method.56 Thus, 0.01 M NaCl solution, different initial pHs (2–
10; adjusted with 0.1 M HCl and NaOH solutions), and 0.05 g
CoFe2O4 were employed. The as-prepared CoFe2O4 nano-
structures (0.05 g) were suspended in each 25 mL of NaCl
solution of a pre-adjusted pH, and allowed to stir at 25 �C for 48
h. Aerward, the nal pH (pHnal) of the supernatant was
measured aer the oxide suspension separation. The pHinitial–

pHnal curve was drawn using the measured pHinitial and pHnal

values; and from the intersection between this curve and the
pHinitial ¼ pHnal line, the pHpzc of the as-prepared CoFe2O4

nanoparticles could be estimated, as shown in Fig. 9(a). The
pHpzc of the CoFe2O4 nanostructure was estimated to be ca. 7.2
which was compatible with published values.6,57 Additionally,
the isoelectric point (IEP) of the as-prepared CoFe2O4 nano-
particles was determined using a zeta-potential analyzer at 25
�C. In this procedure, zeta potentials of CoFe2O4 suspensions in
a series of 0.01 M NaCl solutions with various pH values (2–10)
Fig. 9 pHinitial versus pHfinal graph for pHpzc calculation for CoFe2O4

product (a), and zeta potential versus pH graph for IEP estimation for
CoFe2O4 product (b).

This journal is © The Royal Society of Chemistry 2016
were measured. The zeta potential–pHinitial curve was drawn as
displayed in Fig. 9(b). And from this curve, the isoelectric point
(IEP) of the as-prepared CoFe2O4 nanoparticles was evaluated to
be ca. 7.5 which was in good agreement with the published
data.19,58
3.3. Adsorption properties of CoFe2O4 nanoparticles

Adsorption of Reactive Red 195 dye (RR195) on the as-prepared
CoFe2O4 adsorbent was explored. The FT-IR spectra can be
utilized, as explained by Nassar et al. and others,39,59 to support
the adsorption process of a dye on an adsorbent, and this
technique is used in the current investigation. Therefore, the
FT-IR spectra of the bare adsorbent and the dye loaded adsor-
bent (i.e. aer the adsorption process) were collected and pre-
sented in Fig. 5(b) and (c). Fig. 5(b) and (c) exhibits that there is
a signicant difference between the spectra of the bare and the
RR195 dye loaded adsorbent. The vibrational absorptions
appeared at 563 and 406 cm�1 for the ferrite spinel product
(Fig. 5(b)) were shied to 402 and 553 cm�1, respectively, (aer
RR195 dye adsorption), as displayed in Fig. 5(c), and the last
peak became broader. Plus, some new vibrational absorption
peaks: 1028, 1181, 1364, 1414, and 1526 cm�1, have been
appeared attributing to the adsorbed RR195 dye molecules on
the CoFe2O4 adsorbent, as depicted in Fig. 5(c).

3.3.1. Inuence of pH. Due to the signicant inuence on
the electrostatic interaction between the adsorbate molecules
and the adsorbent nanoparticles, initial pH of the adsorption
media has a crucial role in the adsorption process. For that
reason, initial pH of the dye solution was investigated in the
range of 1–10 to explore its effect on the adsorption process
under the experimental conditions: 25 mL of RR195 dye with
initial concentration (C0) of 30 mg L�1, 0.05 g of CoFe2O4

adsorbent, 25 �C, and for 24 h. The results are displayed in
Fig. 10(a). The data revealed that higher adsorption capacity
values were obtained at lower pHs (1–3), and the maximum
adsorption capacity was attained at pH 2. Based on the point of
zero charge value (7.2) and the isoelectric point (7.5), this may
be due to the high electrostatic attraction between the positively
charged CoFe2O4 nanoparticles and the negatively charged dye
molecules at pH < pHpzc. At pH values greater than 3, the RR195
dye adsorbed quantity decreases, and this may be attributed to
the decrease in the number of the negatively charged sites of the
adsorbent with increasing the pH. Similar behavior has been
also noticed for adsorption of Congo red and RR195 dyes on
different adsorbents.19,25

3.3.2. Inuence of ionic strength. Dying containing
industries usually exploit sodium chloride or other inorganic
salts as stimulators during the dying process; and consequently,
inorganic ions are included in the wastewaters discharged from
this kind of industry. Accordingly, studying the effect of the
presence of NaCl or KCl on the adsorption efficiency is an
essential factor. The inuence of the presence of KCl in the
concentration range of 0.027–0.295 mol L�1 on the adsorption
process of interest under the experimental conditions: 25 mL of
RR195 dye with initial concentration (C0) of 30 mg L�1, 0.05 g of
CoFe2O4 adsorbent, pH 2, 25 �C, and for 20 min (equilibration
RSC Adv., 2016, 6, 79688–79705 | 79697
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Fig. 10 Effect of pH (a), and ionic strength (b) on RR195 dye adsorption
on CoFe2O4 adsorbent.

Fig. 11 Effect of time (a), pseudo-second-order (b), and Weber–
Morris model (c) for the RR195 dye adsorption on CoFe2O4 adsorbent.
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time as will be mentioned later), and the results are displayed in
Fig. 10(b). It was indicated from Fig. 10(b) that the dye removal
efficiency reduced (i.e. adsorption capacity of the nano-
adsorbent) as the concentration of KCl enhanced. This
behavior can be returned to the competition between the RR195
dye molecules and Cl� anions for the active sites of the adsor-
bent, as reported by some research groups.25,60

3.3.3. Adsorption kinetics. To determine the equilibration
time for the adsorption of RR195 dye on the as-prepared
adsorbent (CoFe2O4), the inuence of contact time on the dye
removal efficiency was investigated in the range of 5–70 min
under the experimental conditions: 25 mL of RR195 dye, initial
dye concentration of 30 mg L�1, 0.05 g of CoFe2O4 adsorbent,
pH 2, and at 25 �C. The results are depicted in Fig. 11(a). The
results reveal that the adsorption process is relatively fast which
results in a short equilibration time (20 min); and as, the time
elapses the removal efficiency reaches a constant value and the
graph seems attened.

Furthermore, to gain deep information about the kinetic
order and mechanism of the adsorption process of the RR195
dye on the CoFe2O4 adsorbent, three kinetic models have been
applied to examine the experimental adsorption data. The
adopted kinetic models in the current study are pseudo-rst
order,61 pseudo-second order,62 and intra-particle diffusion
model.63 The linearized forms of the applied kinetic models can
be written as given in eqn (6)–(8), respectively.

logðqe � qtÞ ¼ log qe � k1

2:303
t (6)
79698 | RSC Adv., 2016, 6, 79688–79705
t

qt
¼ 1

k2 qe2
þ t

qe
(7)

qt ¼ kit
0.5 + C (8)

where, t (min), qt (mg g�1), qe (mg g�1), k1 (min�1), k2 (g mg�1

min�1), ki (mg (g min1/2)�1), and C (mg g�1) are the time of
adsorption process, adsorption capacity of the CoFe2O4 adsor-
bent at time t, equilibrium adsorption capacity of CoFe2O4

adsorbent at the equilibration time, adsorption rate constant of
pseudo-rst-order model, adsorption rate constant of pseudo-
second-order model, adsorption rate constant of the intra-
particle diffusion model, and the intercept of the plot of eqn
(8) indicating the boundary layer thickness, respectively. The
calculated kinetic parameters for the adsorption process ob-
tained from the aforementioned models are listed in Table 1.
This journal is © The Royal Society of Chemistry 2016
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Table 1 Kinetic parameters for the adsorption of RR195 dye on
CoFe2O4 adsorbent

Kinetics models Parameters Value

Pseudo-rst order k1 (min�1) 0.063
qe(cal) (mg g�1) 2.18
r1

2 0.45
qe(exp) (mg g�1) 12.4

Pseudo-second
order

k2 [g (mg min)�1] 0.013
qe(cal) (mg g�1) 12.9
r2

2 0.997
qe,exp (mg g�1) 12.4

Fig. 12 Effect of initial RR195 dye concentration (a), Langmuir
isotherm model (b), and Freundlich isotherm model (c) for RR195 dye
adsorption on CoFe2O4 adsorbent.
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The pseudo-rst-order rate constant was obtained from the
slope of plotting log(qe � qt) versus t (results are not shown), as
clear from eqn (6). The adsorption rate constant of the pseudo-
second-order equation can be estimated from the intercept and
slope of the graph resulted from the plot of t/qt against t
(Fig. 11(b)). It is clear from Table 1 that the adsorption of RR195
dye on CoFe2O4 adsorbent can be well described using the
pseudo-second-order model because the correlation coefficient
(r2) value of this model is closer to unity (0.997) while that of the
pseudo-rst-order rate model is equal to 0.45. Moreover, the
estimated adsorption capacity (qe(cal)) value is in good agree-
ment with the experimentally obtained one (qe(exp)). Accord-
ingly, the rate constant of the pseudo-second-order rate model
could be employed to determine the initial sorption rate (h)
using eqn (9) and presented in Table 1.64

h ¼ k2qe
2 (9)

To determine whether the adsorption of RR195 dye on the as-
prepared nano-adsorbent is controlled by a pure diffusion
mechanism or not, the Weber and Morris model (eqn (8)) has
been applied. Plotting of qt versus t

0.5 values gives a multi-linear
curve and does not go through the origin, as shown in Fig. 11(c).
This behavior means that the rate determining step of the
adsorption process – under study – is not only controlled by the
intra-particle diffusion mechanism but controlled also by other
mechanisms such as lm diffusion and bulk diffusion along
with the intra-particle diffusion mechanism.65

3.3.4. Inuence of initial RR195 dye concentration and
isothermal study. To gain more information about the
adsorption mechanism of RR195 dye on CoFe2O4 adsorbent,
different adsorption isotherms have been adopted. Therefore,
the effect of initial concentration of RR195 dye on its adsorp-
tion on the as-prepared nano-adsorbent was examined under
experimental conditions: 25 mL of RR195 dye, 10–80 mg L�1

initial dye concentration, 0.05 g of CoFe2O4 adsorbent, pH 2,
and at 25 �C. The results are depicted in Fig. 12(a). Fig. 12(a)
revealed that the adsorption capacity of the adsorbent
enhanced with increasing the initial dye concentration till it
reached maximum (qe(exp) ¼ 18.2 mg g�1) at initial dye
concentration of 50 mg L�1. At initial dye concentrations
greater than 50 mg L�1, the adsorption capacity of the adsor-
bent remained almost constant. This constancy might be
This journal is © The Royal Society of Chemistry 2016
returned to the attained saturation of the surface sites available
for adsorption on the nano-adsorbent at high initial dye
concentrations.

On the other hand, the obtained adsorption data have been
tested using two well-known adsorption isotherms: Langmuir
and Freundlich isotherm models, to understand the adsorption
mechanism of the dye of interest. Where, the Langmuir model
supposes that there is no interaction between the adsorbed
molecules on an adsorbent homogenous surfaces, and the
Freundlich model proposes that the adsorption occurs on an
adsorbent heterogeneous surfaces. The mathematical expres-
sions for the Langmuir and Freundlich isotherm models can be
written as given in eqn (10) and (11), respectively.

Ce

qe
¼ 1

KLqm
þ Ce

qm
(10)
RSC Adv., 2016, 6, 79688–79705 | 79699
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ln qe ¼ ln KF þ 1

n
ln Ce (11)

where, Ce (mg L�1), qe (mg g�1), KL (Lmg�1), qm (mg g�1), KF [(mg
g�1)(L mg�1)1/n], and n are the equilibrium concentration of the
RR195 dye, the adsorbed quantity of the RR195 dye at equilib-
rium, Langmuir constant, maximum adsorption capacity of the
nano-adsorbent for RR195 dye, Freundlich constant, and
constant (indicating the adsorption intensity in case of
Freundlich isotherm model), respectively. According to eqn (10)
(Langmuir isotherm model), qm and KL parameters can be esti-
mated from the slope and intercept of the plot of Ce/qe against
Ce, as depicted in Fig. 12(b). Also, based on eqn (11) (Freundlich
isotherm model), KF and n constants can be calculated from the
slope and intercept of the plot of ln qe against ln Ce, as displayed
in Fig. 12(c). Despite, it is well-known that the qm value can be
estimated using the Langmuir isotherm equation; as afore-
mentioned, qm can also be determined using the Freundlich
isotherm model by utilizing eqn (12) according to Halsey.66

KF ¼ qm

C0
1=n

(12)

The calculated constants for both isotherm models are
tabulated in Table 2. Inspection of the data presented in Table 2
(especially the correlation coefficient values (r2)) exhibits that
the experimental adsorption data can be well described using
the Langmuir isotherm model. Furthermore, the calculated
maximum adsorption capacity (qm(cal), 18.9 mg g�1) based on
the Langmuir isotherm model is in good agreement with the
experimentally obtained one (qe(exp), 18.2 mg g�1). These results
indicate the homogenous nature of the as-prepared adsorbent,
and the adsorption of RR195 dye on the CoFe2O4 adsorbent is
monolayer coverage because the experimental data t well the
Langmuir isotherm model.

Additionally, the adsorption efficiency of RR195 dye on
CoFe2O4 adsorbent was examined using the dimensionless
constant, RL, expressed as follows:

RL ¼ 1

1þ KLC0

(13)

where, C0 (mg L�1) and KL (L mg�1) are the initial RR195 dye
concentration and Langmuir constant, respectively. The
Table 2 Langmuir and Freundlich isotherm constants for the
adsorption of RR195 dye on CoFe2O4 adsorbent

Adsorption isotherm Parameters Value

Langmuir KL (L mg�1) 0.727
qm(cal) (mg g�1) 18.9
r1

2 0.997
RL 0.121 to 0.017
qe(exp) (mg g�1) 18.2

Freundlich KF [(mg g�1)(L mg�1)1/n] 8.64
qm(cal) (mg g�1) 21.2
r2

2 0.840
n 4.37
qe(exp) (mg g�1) 18.2

79700 | RSC Adv., 2016, 6, 79688–79705
calculated value of RL constant indicates whether the adsorp-
tion of RR195 dye on CoFe2O4 adsorbent is favorable (0 < RL < 1),
linear (RL ¼ 1), irreversible (RL ¼ 0), or unfavorable (RL > 1).67 In
the present study, the RL values were found to be in the range of
0.121–0.017, for the initial concentration range of 10–80 mg
L�1, respectively, implying that the adsorption of RR195 dye on
CoFe2O4 adsorbent is a favorable process.

3.3.5. Inuence of temperature and adsorption thermody-
namic study. Under the optimized adsorption conditions (25
mL of RR195 dye, 50 mg L�1 initial dye concentration, 0.05 g of
CoFe2O4 adsorbent, and pH 2), some adsorption experiments
were performed at different temperatures (298, 308, 318, and
328 K) to explore the inuence of temperature on the adsorption
process. Consequently, some thermodynamic constants such as
a change in enthalpy (DH0), change in the entropy (DS0), and
change in free energy (DG0) were calculated utilizing the
following equations:25,68
Fig. 13 Plot of ln Kc versus 1/T (a), effect of regeneration cycle on the
efficiency of CoFe2O4 adsorbent for RR195 dye removal (b), and cell
viability assessment of CoFe2O4 adsorbent at pH 2 (c).

This journal is © The Royal Society of Chemistry 2016
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Table 3 Thermodynamic constants for the adsorption of RR195 dye
on CoFe2O4 adsorbent

Temperature
(K) Kc

DG0

(kJ mol�1)
DS0

(J mol�1 K�1)
DH0

(kJ mol�1)

298 1.34 �0.711 �0.023 �7.55
308 1.22 �0.481
318 1.05 �0.252
328 1.03 �0.022
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ln Kc ¼ DS0

R
� DH0

RT
(14)

DG0 ¼ DH0 � TDS0 (15)

where, Kc (L g�1), R (kJ mol�1 K�1), and T (K) are the thermo-
dynamic equilibrium constant which is equal to qe/Ce (i.e. Kc ¼
qe/Ce), universal gas constant (8.314 � 10�3 kJ mol�1 K�1), and
absolute temperature of the solution, respectively. The value of
Kc was determined at different temperatures, and plotting of
ln Kc versus 1/T values resulted in a straight line, as displayed in
Fig. 13(a). The values of DH0 and DS0 were calculated from the
slope and intercept of the obtained line (Fig. 13(a)). By knowing
DH0 and DS0 values and feeding them into eqn (15), DG0 values
can be estimated. The calculated thermodynamic constants are
presented in Table 3. The obtained DG0 negative values indicate
feasibility and spontaneity of the adsorption of RR195 dye on
CoFe2O4 nano-adsorbent. Besides, the negative values of DH0

(�7.55 kJ mol�1) imply the exothermic nature of the adsorption
process. As the DH0 values are smaller than 40 kJ mol�1, and the
DG0 values (from �0.71 to �0.022 kJ mol�1) are in the range
from �20 to 0 kJ mol�1, it can be concluded that the adsorption
of RR195 dye on the as-synthesized CoFe2O4 nanoparticles is
a physisorption process.

3.3.6. The reusability of CoFe2O4 adsorbent and effect of
surface area on the adsorption process. The adsorption of the
RR195 dye on the nano-sized CoFe2O4 adsorbent can be inu-
enced by tuning the surface area of CoFe2O4 adsorbent. The
surface area of the adsorbent can be controlled by calcination of
the carbonate composite precursor at different temperatures:
400, 500, and 600 �C, to generate CoFe2O4 nanoparticles:
S46_400, S46_500, and S46_600, respectively, with different
crystallite sizes. The BET surface area, crystallite size, total pore
volume, and BJH pore size of the CoFe2O4 products: S46_400,
S46_500, and S46_600, were estimated, and the results were
listed in Table 4. It is obvious that the BET surface area of
CoFe2O4 nanoparticles enhances in the following order:
Table 4 BET surface area, crystallite size, pore size, and pore volume o

Adsorbent
sample

Crystallite
size, nm

BET surface
area, m2 g�1

BJH po
(nm)

S46_400 9.5 120.3 2.6
S46_500 15.2 65.7 3.1
S46_600 21.6 31.2 4.4

This journal is © The Royal Society of Chemistry 2016
S46_400 > S46_500 > S46_600, which is the same order of the
BJH pore volumes for the CoFe2O4 products. This order may be
due to that the smaller the crystallite size and the greater the
pore volume, the larger the surface area of the product. The
effects of surface areas of the CoFe2O4 products, calcined at
temperatures, on the adsorption of the RR195 dye were studied
under the obtained optimum conditions. Then, the maximum
adsorption capacities were determined and presented in Table
4. The results showed that the CoFe2O4 product (S46_400) has
the highest maximum adsorption capacity (91.2 mg g�1), and
the order of the maximum adsorption capacities is S46_400 >
S46_500 > S46_600 which is compatible with the aforemen-
tioned order of the surface area of the products. Additionally,
the results may be interpreted on the basis that samples with
higher surface area provide more active sites for adsorption of
the dye molecules; and consequently, this yields higher
maximum adsorption capacities.25

Furthermore, the regeneration of the CoFe2O4 adsorbent and
its reusability for the adsorption of RR195 dye have been
investigated because they are essential from the overall cost
point of view for the application purposes. Hence, the adsorp-
tion of RR195 dye on the as-synthesized CoFe2O4 adsorbent
(S46_400) was carried under the obtained optimum adsorption
conditions; then, the dye-loaded CoFe2O4 adsorbent was
regenerated by either extraction of the adsorbed dye using
methanol followed by washing with methanol and water then
drying for 6 h at ca. 60 �C; or combustion of the dye-loaded
CoFe2O4 adsorbent at ca. 450 �C for 30 min. The recycling
procedure was repeated ve times, and the results were dis-
played in Fig. 13(b). The results reveal that, aer ve cycles of
reuse, the as-synthesized CoFe2O4 adsorbent (S46_400) still has
good reproducibility and adsorption efficiency (ca. 95%).
Therefore, the collected results support the long term use of the
CoFe2O4 adsorbent, and also reect that the as-synthesized
spinel CoFe2O4 can be suggested as a good candidate for the
removal of RR195 dye from aqueous solutions.

3.3.7. Comparison of CoFe2O4 adsorbent performance
with other adsorbents. The maximum adsorption capacities
(qm) of various adsorbents including the as-synthesized
CoFe2O4 adsorbent for the removal of RR195 dye are tabu-
lated in Table 5. The results show that the as-prepared CoFe2O4

adsorbent has a relatively high value of qm compared to the qm
values of the other adsorbents listed in Table 5. While some
other adsorbents have higher qm values toward RR195 dye, the
as-synthesized CoFe2O4 adsorbent has several characteristics:
its ve-cycle reusability, 100% desorption ratio, and the overall
cost of this adsorbent, which make this adsorbent a good
candidate for the removal of RR195 dye from aqueous solutions.
f CoFe2O4 samples and their adsorption capacities for RR195 dye

re diameter BJH pore volume
(cm3 g�1)

Removal adsorption
capacity (mg g�1)

0.21 91.2
0.14 39.2
0.084 18.9

RSC Adv., 2016, 6, 79688–79705 | 79701
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Table 5 Comparison of adsorption capacities with different adsor-
bents including CoFe2O4 adsorbent (S46_400) toward RR195 dye
removal

Adsorbent material
Adsorption capacities,
qm, mg g�1 Ref.

Cone biomass 7.38 69
a-Fe2O3 20.5 25
Modied palygorskite with
3-aminopropyl triethoxysilane

34.24 70

Dehydrated beet pulp carbon 58.0 71
TiO2 87 72
CoFe2O4 91.7 Present study
Wheat bran 119.1 73
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In addition, the as-prepared CoFe2O4 adsorbent showed high
chemical stability because the analyzed concentrations of the
cobalt and iron ions released from the adsorbent, at pH 2, were
found to be ca. 0.020 and 0.001 mg L�1, respectively, aer 24 h
contact time. And the leached cobalt and iron ions concentra-
tions (at pH 2, and aer 48 h contact time) were estimated to be
ca. 0.047 and 0.002 mg L�1, respectively. Therefore, low
concentrations of the released ions from the as-prepared
adsorbent will not result in environmental metal pollution.
Moreover, the cytotoxicity of the CoFe2O4 nanoparticles against
normal human broblast cell line was evaluated using MTT
assay. The cell viability results aer cell exposure to the CoFe2O4

nanoparticles were displayed in Fig. 13(c). The results exhibited
that the viability of the MRC-5 cells was CoFe2O4 concentration
dependent, and the cells were viable aer exposure to CoFe2O4

with a concentration of 469 mg mL�1 (i.e. CC50 ¼ 469 mg mL�1).
Therefore, we may deduce that the as-prepared CoFe2O4

adsorbent has relatively high chemical stability and low cyto-
toxicity since the concentrations of the leached cobalt and iron
ions are low.
4. Conclusions

In this work, pure spinel CoFe2O4 nanostructure was success-
fully synthesized via a template-free hydrothermal and post
thermal conversion route. Therefore, pure CoCO3/FeCO3

nanocomposite precursors were hydrothermally prepared in
high yield by the hydrothermal reaction of Co2+, Fe2+, ascorbic
acid, and ammonium carbonate in the presence of sulfate
counter ion. The Co2+ : Fe2+ molar ratio has a remarkable effect
on the hydrothermal reaction. Thermal decomposition of the
pure CoCO3/FeCO3 nanocomposite precursor synthesized using
0.4Co2+ : 0.6Fe2+ molar ratio is the only precursor that produced
pure spinel CoFe2O4 nanostructure. The as-synthesized
CoFe2O4 nano-adsorbent revealed good adsorption capacity
(91.7 mg g�1) for the removal of Reactive Red 195 (RR195) dye.
The adsorption results could be described well by the pseudo-
second-order kinetics. The adsorption isothermal results
revealed the monolayer coverage of the RR195 dye molecules on
CoFe2O4 nano-adsorbent. Besides, the thermodynamic results
exhibited that the adsorption of RR195 dye on the CoFe2O4
79702 | RSC Adv., 2016, 6, 79688–79705
nano-adsorbent is spontaneous, exothermic, and physisorptive
process. In addition, the as-prepared CoFe2O4 product can be
considered as a promising adsorbent for the removal of RR195
dye from aqueous solutions.
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