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Herein, we report the origin of excellent dye adsorption behaviour of CoFe2O4 nano-hollow spheres

(NHSs) which are synthesised by a facile template free solvothermal technique and we investigate the

influence of different anionic functional groups of the dyes on their adsorption rate. It is found that

CoFe2O4 NHSs of diameter 250 nm adsorb a total 95% of fluorescein, 32% of bromophenol blue, and

15% of bromocresol green dyes within only 2 min and reach equilibrium in about 4, 6, and 10 min,

respectively. Detailed study through UV-visible and Fourier transformed infra-red spectroscopies reveals

that these magnetic adsorbents show highly efficient adsorption performance due to their high surface

area, porous nature, and surface complexation with the dyes through strong electrostatic and hydrogen

bonding. The variation in adsorption rate of CoFe2O4 NHSs for three different dyes indicates that the

electron density of the anionic functional group and the steric effect of the dye molecule play a key role

in determining the adsorption rate. The adsorption kinetics and isotherms of the adsorbents are found

to follow pseudo 1st order kinetics and the Freundlich isotherm, respectively, implying heterogeneous

physisorption of the dyes over the NHS surface. Moreover, the amount of dye adsorbed on the surface

of NHSs is found to increase with increasing size of the NHSs and initial dye concentration. Finally,

CoFe2O4 NHSs can be regenerated through desorption of dyes at higher pH and still exhibit high

adsorption capacity even for 5 cycles of desorption–adsorption.

Introduction

The rapid growth of industry makes people aware of the need to
clean up water effluents. Long-term research has been carried
out in finding new innovative methods for reducing the environ-
mental pollution caused by water effluents. There are several
types of waste materials that do not readily lend themselves to
standard methods of water treatment. Dyes,1 stable, recalcitrant,
colorants which have been extensively used in the textile, paper,
leather, and cosmetic industries, are among these, since they are
very stable to light and oxidizing agents. Disposal of dye effluents
into water causes severe problems in nature. It increases the
biological and chemical oxygen demands, which are very dangerous
to aquatic plants and animals. Moreover, it interrupts photo-
synthesis, degrades soil quality, and affects the growth of
plants. Due to the carcinogenic and toxic nature of dyes, their

release into the environment poses serious aesthetic and health
problems to human beings. Thus, industrial dye effluents need
to be effectively treated before being discharged into the
environment.

There are a large number of physical methods, such as
oxidation,2 coagulation and flocculation,3 ultra chemical filtration,4

membrane separation,5 catalysis,6 chemical treatments,7 and
adsorption,8 for the removal of dye from aqueous solution.
Among these, adsorption is one of the most investigated techniques
for dye removal, mainly due to its simplicity and high level of
effectiveness.9 Various adsorbents, including activated carbons,10

zeolites,11 clays,12 and polymers,13 have been used for removing
different organic and inorganic dyes from the waste water of
textile and dye industries. However, they suffer from low adsorption
capacity and separation inconvenience. In this regard, magnetic
metal oxide nanostructures have attracted tremendous attention
due to their large specific surface area, magnetism, and chemical
stability, which facilitate high adsorption and fast magnetic
separation after dye adsorption, along with an excellent recycling
capability. Wu et al.14 have reported enhanced selective organic
dye adsorption of magnetic CoFe2O4 nanoparticles on the basis
of different electrostatic interactions between the surface charges
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of adsorbents and adsorbates. Tan and his research group have
demonstrated CoFe2O4–graphene nanocomposite as a potential
candidate for uranium extraction.15 Recently, researchers are very
interested in developing super adsorbents for very rapid dye
sequestration from waste water. For example, Zhou et al.16 have
reported the adsorption of different organic dyes on carboxylic
hyperbranched polyglycerol functionalized iron oxide–silica
dendritic magnetic nanoparticles within only 15 min. Chen and
co-workers reported polyacrylic acid17 and carboxymethylated
chitosan18 conjugated Fe3O4 magnetic adsorbents for efficient
adsorption of basic and acid dyes within 20–30 min. Li et al.19

have fabricated magnetic alginate beads with well-dispersed
polydopamine functionalized CoFe2O4 nanoparticles, which also
exhibit excellent dye adsorption performance due to their com-
posite effect, large surface area, and porous structure. However,
postgrafting of porous nanostructures with different functional
groups in order to gain high adsorption capability is relatively
complicated, cost-effective, and also difficult for recycling. There-
fore, the development of nanostructures with very high specific
surface area is a promising route for fast and worthwhile removal
of contaminants from waste water, and hollow nanostructures
have drawn tremendous attention of the researchers in this
regard. The comparative dye adsorption studies between solid
and hierarchical porous ZnO microspheres20 by Lie and his
co-workers indicate that specific surface area, pore size, and pore
volume significantly determine the dye adsorption behaviour of
adsorbents. Lie et al.21 have reported the synthesis of hierarchical
NiO–SiO2 composite hollow microspheres for their excellent
adsorption affinity towards congo red in water. Basically, the
double interfaces and hollow interior of the micro-/nano-hollow
spheres significantly enhance the effective surface area for dye
adsorption. Moreover, their large pore volume helps to encapsulate
the toxic material which is impervious for solid particle
configuration.

In this article, we have synthesised magnetic CoFe2O4 nano-
hollow spheres (NHSs) of different diameters through an one-
pot simple template free solvothermal method and highlighted
the effect of different functional groups of dyes on their
adsorption behaviour. For this purpose, we have chosen the
dyes named fluorescein, bromophenol blue, and bromocresol
green, in which fluorescein contains –COOH and –OH groups
whereas bromophenol blue and bromocresol green contain
–SO3H and –OH groups. Moreover, the dyes bromophenol blue
and bromocresol green, having same functional groups, help to
identify the adsorption behaviour of CoFe2O4 NHSs solely
evoked by the steric hindrance offered by the dye molecule.
We have demonstrated an elucidative correlation between the
nature of the dye and the adsorption properties of CoFe2O4

NHSs in terms of electronic density and complexity of the dye
molecule. It is found that the introduction of CoFe2O4 NHSs
into the dye solution leads to its complete decolorization within
a very few minutes through heterogeneous physisorption,
a clean process for textile waste water treatment. Finally,
desorption of dyes from the NHS surface has been carried
out at higher pHB11 in order to reutilize them as a potent
magnetic nanodevice with high dye adsorption efficiency.

Experimental section
Materials

For the synthesis of CoFe2O4 NHSs, the precursor salts, cobalt
chloride (CoCl2�6H2O) and ferric chloride (FeCl3�6H2O); the
solvents, ethylene glycol and ethanol; the base, urea; and the
capping agent, oleylamine, were purchased from Sigma-Aldrich. For
the investigation of dye adsorption efficiency of CoFe2O4 NHSs, the
dyes fluorescein (C20H12O5), bromophenol blue (C19H10Br4O5S), and
bromocresol green (C21H14Br4O5S) were obtained from Merck. All
laboratory reagents were of analytical grade. Finally, the aqueous
solution of dyes of desired concentrations were prepared using
double distilled water.

Synthesis of CoFe2O4 nano-hollow spheres

We prepared CoFe2O4 NHSs by a facile template free solvothermal
route in which a mixed solution of CoCl2�6H2O, FeCl3�6H2O,
ethylene glycol, ethanol, urea, and oleylamine was heated in a
Teflon-lined stainless steel autoclave at 180 1C for 12 hours, as
described in our previous report.22 The diameter of the CoFe2O4

NHSs varied from 100, 160, to 250 nm (NHS-100, NHS-160, and
NHS-250) by reducing the amount of capping agent, oleylamine
from 6 to 4 ml while keeping all other parameters same. The key
role of oleylamine is to control the growth of CoFe2O4 nanocrystals,
where increasing the amount of capping agent restricts the crystal
growth more. Finally, the as-prepared black precipitate was washed
in alcohol and dried at 60 1C overnight before characterization.

Instrumentation

To investigate the phase of as-prepared samples, we performed
X-ray diffraction (XRD) with a Rigaku Miniflex II desktop X-ray
diffractometer using Cu Ka (l = 1.5418 Å) radiation. The
morphology, crystallinity, particle size, and elemental analyses
of the nanostructures were carried out using a transmission
electron microscope (TEM) model TECHNAI G2 TF20, operating
at 200 kV. The sample for TEM measurement was prepared
by casting a few drops of well-dispersed alcohol solution of
as-prepared sample on a carbon coated Cu grid, followed by
drying in the open air. The specific surface area and pore size
distribution of CoFe2O4 NHSs of different diameters were
measured through N2 (nitrogen) adsorption–desorption isotherms
using a Quantachrome Autosorb 1C instrument, utilizing
Brunauer Emmett Teller (BET) and Barrett Joyner Halenda
(BJH) methods. The dye adsorption behaviour of CoFe2O4 NHSs
was recorded with a Shimadzu model UV-2600 spectrophoto-
meter by using a quartz cuvette of 1 cm path length. Finally, the
attachment and interaction of dye molecules with the adsorbent
surface were confirmed through energy dispersive X-ray (EDX)
and Fourier transformed infra-red (FTIR, JASCO FTIR-6300)
spectroscopic analyses, where EDX was performed in a field
emission scanning electron microscope (FESEM, FEI QUANTA
FEG-250), operating at 10 kV. The samples for EDX measure-
ment were prepared in a similar manner to TEM except for drop
casting a well-dispersed water solution of dye adsorbed CoFe2O4

nano-powder on a silicon wafer. For FTIR measurement, the
pellets were prepared after homogeneous mixing of pristine and
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dye adsorbed CoFe2O4 NHSs individually with KBr, which was
used as a reference.

Procedure

We performed the dye adsorption experiments with three kinds
of adsorbate, namely (1) fluorescein, (2) bromophenol blue,
(3) bromocresol green. Typically, 0.01 g of CoFe2O4 adsorbent
of different diameters was mixed with 4 ml of dye solution at
various concentrations ranging from 0.03 to 0.2 mg ml�1 at
pHB7. After magnetic stirring at a rate of 120 rpm for 2 min,
the mixture solution was centrifuged and a small amount of
liquid was taken to be analyzed by UV-visible (UV-vis) absorption
spectroscopy, where we monitored the absorbance change at the
wavelength of maximum absorbance. The amount of dye on
CoFe2O4 NHSs was calculated from the following equation:

qt ¼
C0 � Ctð ÞV

m
(1)

where qt (mg g�1) is the amount of dye adsorbed at time t, C0

and Ct (mg ml�1) are the initial dye concentration and concen-
tration at any time (t), respectively. V (ml) is the volume of dye
solution, and m (g) is the mass of the adsorbent. All the
experiments were carried out at room temperature.

Results and discussion

Fig. 1(a) shows the XRD patterns for all as-synthesized CoFe2O4

NHSs of diameter 100, 160, and 250 nm. All the diffraction
peaks exactly match the face centred cubic inverse spinel structure
(JCPDS card no. 22-1086) of CoFe2O4. From the broadening of the
peak (311), the crystallite size of all the samples is calculated
using Debye Scherrer’s equation and it is found to increase with
increasing diameter of the NHSs, as shown in Table 1. EDX
spectroscopic analysis of CoFe2O4 NHS-250, as depicted in the
inset of Fig. 1(a), confirms the presence of carbon (C) and
copper (Cu) which are due to the carbon coated Cu grid on
which the well-dispersed alcoholic solution of CoFe2O4 NHSs
was drop casted. The presence of C may also be due to the
capping agent, oleylamine, which is used as a surface stabilizer
and growth modifier during the synthesis of CoFe2O4 NHSs.
Finally, the existence of elemental Co, Fe, and O is a result of
the CoFe2O4 phase. Fig. 1(b)–(d) indicate the transmission
electron micrographs of CoFe2O4 NHS-100, NHS-160, and

NHS-250, where the dark and bright contrasts between the
margin and the centre of the particle clearly indicate the hollow
interior of as-prepared nanostructures. The average diameter
and the shell thickness of the samples were calculated from
these TEM images and are listed in Table 1.

Corresponding to the black rectangular area of CoFe2O4

NHS-250, as shown in Fig. 2(a), we have taken a high resolution
TEM (HRTEM) image, which confirms the high crystallinity of
the as-prepared sample, as shown in Fig. 2(b). The calculated
inter-planar distance between the lattice fringes is about 0.251 nm,
which corresponds to the distance between the (311) planes of
CoFe2O4 crystal lattice. Fig. 2(c) shows the selected area electron
diffraction (SAED) pattern of the same selected area of NHS-250.
Fig. 2(d) and (e) show the N2 adsorption–desorption isotherms and
BJH plots of all the CoFe2O4 NHSs of different diameters. The
isotherms in Fig. 2(d) can be categorized as type IV, with a
hysteresis loop in the range of 0.3–1.0 p/p0. The specific surface
area and pore volume of CoFe2O4 NHSs are found to vary from 584
to 948 m2 g�1 and from 1.05 to 1.35 cm3 g�1, respectively, whereas
the average pore sizes of the NHSs, as observed from BJH plots vary
from 2.85 to 2.98 nm with increasing NHS diameters from 100 to
250 nm, as listed in Table 1. These pores facilitate the diffusion
which is essential for many applications, such as sensors, super-
capacitors, immobilization supports for enzymes, catalysis, and
adsorption studies.

Adsorption experiments on different dyes

Considering the significant progress in waste water treatment
through rational engineering and manipulation of magnetic
nanomaterials, we aimed to utilize our developed CoFe2O4

NHSs in the removal of different dyes, such as fluorescein,
bromophenol blue, and bromocresol green. The molecular

Fig. 1 (a) XRD patterns of all CoFe2O4 NHSs of different diameters. Inset shows the EDX spectrum of CoFe2O4 NHS-250. TEM images of CoFe2O4

NHS- (b) 100, (c) 160, and (d) 250.

Table 1 List of average particle diameters, crystallite sizes, shell thick-
nesses, specific surface areas, pore sizes, and total pore volumes of
as-synthesized CoFe2O4 NHSs of different diameters

Sample
name

Average
diameter
(nm)

Crystallite
size (nm)

Shell
thickness
(nm)

Surface
area
(m2 g�1)

Pore
size
(nm)

Total pore
volume
(cm3 g�1)

NHS-100 100 � 4 40.32 18 584 2.85 1.05
NHS-160 160 � 5 42.57 38 603 2.92 1.18
NHS-250 250 � 7 44.19 43 948 2.98 1.35
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structures of these dyes, as shown in inset of Fig. 3(a)–(c)
indicate that the dye fluorescein contains the carboxyl group
(–COOH), whereas bromophenol blue and bromocresol green
contain the sulfonyl group (–SO3H) in addition to the hydroxyl
group (–OH). Fig. 3(a)–(c) show the comparative adsorption
studies of these dyes over time through UV-vis spectroscopy in
the presence of CoFe2O4 NHS-250 at pHB7 with an initial dye
concentration of 0.03 mg ml�1. It is found that CoFe2O4 NHSs
exhibit an unprecedented efficiency in the removal of these
dyes. They adsorb a total 95% fluorescein, 32% bromophenol
blue, and 15% bromocresol green dyes within only 2 min and
reach equilibrium in about 4, 6, and 10 min, respectively, which
ensure that the developed magnetic adsorbent is a potential
candidate for waste water purification. Fig. 3(d)–(f) exhibit the
EDX spectroscopic analyses of all these dye adsorbed CoFe2O4

NHSs, indicating the presence of C in the case of fluorescein
and C, S, and Br for bromophenol blue and bromocresol green
dyes, in addition to Co, Fe and O of the CoFe2O4 phase. The
peak for silicon (Si) is due to the substrate on which the dye
adsorbed CoFe2O4 NHSs, dispersed in water through ultra-
sonication, were drop casted. The insets of Fig. 3(d)–(f) indicate
the corresponding FESEM images of dye adsorbed CoFe2O4

NHSs where EDX measurements were carried out. Herein, the
arrows point to their hollow interiors.

In order to investigate the origin of excellent adsorption
activity of as-prepared CoFe2O4 NHSs, we have studied the
interaction between the adsorbate and the adsorbent molecules
through FTIR spectroscopy, as shown in Fig. 4. The peaks at 584
and 421 cm�1 are attributed to the spinel structure of CoFe2O4,
where the two modes are due to the motion of oxygen with respect
to tetrahedral and octahedral cations in the spinel cell.23 The
complete FTIR spectrum of CoFe2O4 NHSs indicates that there
exist all the characteristic peaks of oleylamine. The low intensity
peaks at 3001, 2932, and 2852 cm�1 are attributed to the vibration
ofQC–H group, and the anti-symmetric and symmetric stretching
vibrations of –CH2 group of oleylamine, respectively.24 Moreover,
the shoulder at 1641 cm�1 and the peaks at 1514 and 722 cm�1 are
also characteristic of CQC and –NH2 groups25 of oleylamine,
respectively. Therefore, the excellent dye adsorption of CoFe2O4

NHSs is derived from the strong electrostatic interaction between the
positive surface of –NH2 group of the adsorbent and the negative
functional groups (–OH�, –COO�, –SO3

�) of the adsorbate, which
can also be visualized from the broadening and shifting of –NH2

peaks of dye adsorbed CoFe2O4 NHSs. Further, the band around
3000–3600 cm�1, corresponding to the stretching vibrational modes
of the surface –OH group26 of CoFe2O4 NHSs, is found to be
broadened after dye adsorption. In general, CoFe2O4 nanomaterials
contain surface –OH groups due to atmospheric water that can easily
bond with other molecules. Therefore, the broadening of that band

Fig. 2 (a) TEM image of CoFe2O4 NHS-250, (b) HRTEM image of the area
selected from the black rectangle of NHS-250, (c) SAED pattern of that
same selected area, (d) N2 adsorption–desorption isotherms, (e) BJH plots
of CoFe2O4 NHS-100, NHS-160, and NHS-250.

Fig. 3 UV-vis spectral changes of aqueous solution of (a) fluorescein, (b) bromophenol blue, and (c) bromocresol green with time in presence of CoFe2O4

NHS-250 at pHB7. The insets show the molecular structures of the corresponding dyes. EDX spectrum of (d) fluorescein, (e) bromophenol blue, and (f)
bromocresol green adsorbed CoFe2O4 NHS-250, indicating the presence of elemental Co, Fe, and O of CoFe2O4 in addition to the components of the
dye. The insets show the corresponding FESEM images of dye adsorbed CoFe2O4 NHS-250 where the arrows indicate the hollow interiors of the NHSs.
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for dye adsorbed CoFe2O4 NHSs indicates the formation of hydrogen
bonding between the surface –OH groups of the adsorbent and the
functional –OH groups of the adsorbate molecules,27 which leads
to outstanding dye adsorption.

Adsorption kinetic studies

To find the controlling mechanism of adsorption, such as mass
transfer, physisorption, and chemisorption, we have employed
different kinetic models – namely, intraparticle diffusion (mass
transfer), pseudo 1st order (physisorption), and pseudo 2nd
order (chemisorption) models – to the experimentally obtained
UV-vis spectroscopic data. In the case of intraparticle diffusion
model of Weber and Morris,28 the rate equation is expressed by
eqn (2), where qt is the amount of dye adsorbed at time t (min),
and ki (min�1/2) is the intraparticle diffusion rate constant. A
straight line graph of qt vs. t1/2 and a positive intercept suggest
the applicability of this kinetic model, in which adsorption
occurs due to mass transfer. A positive intercept is proportional
to the extent of the boundary layer thickness of the dye,
whereas a negative intercept would disprove the intraparticle
diffusion model. For the pseudo 1st order model,29 the rate
equation of Lagergren is given by eqn (3), where qe1

is the amount
of dye adsorbed at equilibrium and k1 (min�1) is the 1st order
adsorption rate constant. Herein, a straight line graph of log(qe1

�
qt) vs. t suggests the applicability of a pseudo 1st order kinetic
model where physisorption is the main mechanism for adsorp-
tion. Similarly, a straight line graph of t/qt vs. t corresponding to
the pseudo 2nd order rate equation of Langmuir,30 as shown in
eqn (4) where k2 (min�1) is the 2nd order rate constant, indicates
chemisorption.

qt = kit
1/2 + C (2)

log qe1 � qt
� �

¼ log qe1 �
k1

2:303
t (3)

t

qt
¼ 1

k2qe2
2
þ 1

qe2
t (4)

The linearized plots of these models for initial dye concen-
trations of 0.07 mg ml�1 and 0.01 g of CoFe2O4 NHS-250 are

shown in Fig. 5(a)–(i). The values of the rate constant (k), the
amount of dye adsorbed on the adsorbent at equilibrium (qe),
and the correlation coefficients (R2) are calculated from these
plots and are presented in Table 2. It is found that the values of
R2 for the intraparticle diffusion and pseudo 1st order models
are of the order of 0.99, and the calculated qe and qe1

values are
nearly equal to the experimental values, which suggest that the
adsorption process basically follows the intraparticle diffusion
and pseudo 1st order models. However, the intercepts (C) of the
intraparticle diffusion model for bromophenol blue and bromo-
cresol green dyes are found to be negative, as listed in Table 2,
which suggests the inapplicability of this model, in which mass
transfer is the process of adsorption. Hence, the adsorption of
fluorescein dye over the NHS surface is determined by both the
mass transfer and physisorption processes, whereas the other dyes
follow physisorption only. The FTIR study already confirms that
there exists an electrostatic attraction and hydrogen bonding
between the adsorbate and the adsorbent, which lead to strong
physisorption. In addition, meticulous analysis of Table 2 indicates
that fluorescein dye, having a functional group of –COO�, exhibits
a higher rate of physisorption than the other dyes, containing a
functional group of –SO3

�, which is also observed from UV-vis
spectroscopic analyses, as shown in Fig. 3(a)–(c). This may be due
to the greater electron density of the –COO� group than the –SO3

�

group, which strengthens the interaction of the dye molecule with
the NHS surface and thus accelerates the process of physisorption.
In addition, bromophenol blue is found to exhibit a higher rate of
physisorption than bromocresol green, in spite of both having
same functional groups (–OH� and –SO3

�). This may be due to the
more sterically hindered configuration of bromocresol green in
contrast to bromophenol blue.

Adsorbate concentration and adsorbent size dependent
kinetics studies

The linearized plots of the pseudo 1st order kinetic model for
CoFe2O4 NHS-250 in the presence of bromocresol green with

Fig. 4 Comparative FTIR spectra of as-synthesised CoFe2O4 NHSs and
fluorescein, bromophenol blue, and bromocresol green adsorbed
CoFe2O4 NHSs.

Fig. 5 Intraparticle diffusion, pseudo 1st order, and pseudo 2nd order
kinetic models for fluorescein, bromophenol blue, and bromocresol green
adsorption over CoFe2O4 NHS-250 at room temperature.
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different dye concentrations ranging from 0.03 to 0.2 mg ml�1

are shown in Fig. 6(a), whereas Fig. 6(b) indicates the same
kinetic model for CoFe2O4 NHSs of different diameters with a
fixed 0.03 mg ml�1 bromocresol green concentration. The
values of the rate constant (k), the amount of dye adsorbed
on the adsorbent at equilibrium (qe), and the correlation
coefficients (R2) are calculated from these plots and presented
in Tables 3 and 4. Table 3 indicates that with a variation in the
initial dye concentration from 0.03 to 0.2 mg ml�1, a considerable
increase in the qe values occurs ranging from 11.49 to 68.22 mg g�1

for 0.01 g of CoFe2O4 NHS-250. This is mainly due to the presence
of more adsorbate for a fixed amount of adsorbent. Moreover, the
pseudo 1st order rate constants are found to decrease with
increasing dye concentration, indicating a decrease in the driving
force with increasing initial dye concentration. The size dependent
study, as shown in Fig. 6(b), reveals that the amount of adsorbate
absorbed per unit mass of adsorbent increases with increasing size
of the NHSs. Moreover, Table 4 points out that the physisorption
rate also increases with increasing size of the NHSs. These
increasing adsorption performances are attributed to increasing
specific surface area and nano-pore size of CoFe2O4 NHSs with
increasing size as listed in Table 1.

Adsorption isotherm

The analysis of equilibrium sorption data by fitting them to
different isotherm models is another important step for the
description of how the adsorbate will interact with the adsorbent.
Fig. 7(a)–(c) show the equilibrium isotherms of bromocresol
green adsorption using three different models, named Langmuir,31

Freundlich,32 and Dubinin Radushkevich33 (D–R), and their corres-
ponding parameters are represented in Table 5. The Langmuir
equation is valid for monolayer adsorption on a surface of adsorbent
with a finite number of identical sites and is expressed as:

Ce

qe
¼ 1

qmKL
þ 1

qm
Ce (5)

where Ce (mg ml�1) is the initial concentration of adsorbate and
qe (mg g�1) is the amount of adsorbate adsorbed per unit mass
of adsorbent. qm is the maximum amount of dye per unit mass
of adsorbent to form a complete monolayer on the surface at
high Ce (mg ml�1) and KL (ml mg�1) is a constant related to the
affinity of binding sites. The Freundlich isotherm based on
adsorption on a heterogeneous surface is given by the equation:

log qe ¼ logKF þ
1

n
logCe (6)

where KF (mg g�1 (ml mg�1)1/n) and n are Freundlich constants,
which indicate how favourable the adsorption process is. KF is
the adsorption capacity of the adsorbent, which can be defined
as the adsorption or distribution coefficient and represents the
quantity of dye adsorbed onto CoFe2O4 NHSs for a unit equilibrium
concentration. The slope of 1/n ranging between 0 and 1 is a
measure of adsorption intensity or surface heterogeneity,
becoming more heterogeneous as its value gets closer to zero.
The D–R isotherm33 is represented by the following equation:

ln qe = ln Q0 � KDRe
2 (7)

Table 2 Intraparticle diffusion, pseudo 1st order, and pseudo 2nd order kinetic model parameters for different dye adsorptions over CoFe2O4 NHS-250
at room temperature

Mass of
CoFe2O4

NHS-250 (g) Name of dye
Dye
(mg ml�1)

qe,exp

(mg g�1)

Intraparticle diffusion model Pseudo 1st order model Pseudo 2nd order model

qei

(mg g�1)
ki (mg g�1

min�1/2) C R2
qe1

(mg g�1)
k1

(min�1) R2
qe2

(mg g�1)
k2 (g mg�1

min�1) R2

0.01 Fluorescein 0.07 3.45 3.19 1.25 0.14 0.99 4.12 0.76 0.98 3.7 0.52 0.97
Bromophenol blue 29.3 31.1 5.87 �3.16 0.98 38.3 0.13 0.98 71.4 3 � 10�4 0.94
Bromocresol green 24.5 23.0 4.78 �5.86 0.99 27.5 0.09 0.99 �134 3 � 10�5 0.17

Fig. 6 Pseudo 1st order adsorption kinetics of bromocresol green dye
solution with (a) different initial dye concentrations and 0.01 g of CoFe2O4

NHS-250, (b) fixed initial dye concentration of 0.03 mg ml�1 and 0.01 g of
CoFe2O4 NHSs of different diameters.

Table 3 Pseudo 1st order kinetic model parameters for different initial
bromocresol green concentrations on CoFe2O4 NHS-250 at room
temperature

Name of
adsorbate

Adsorbate
(g)

C0

(mg ml�1)
qe,exp

(mg g�1)

Pseudo 1st order
model

qe1

(mg g�1)
k1

(min�1) R2

CoFe2O4
NHS-250

0.01 0.03 11.49 13.48 0.43 0.96
0.07 24.55 27.48 0.09 0.99
0.2 68.02 67.59 0.004 0.99

Table 4 Adsorption capacity at equilibrium (qe) of different CoFe2O4

NHSs for a given amount of adsorbate and bromocresol green concen-
tration in case of pseudo 1st order model

Size of
CoFe2O4

Adsorbate
(g)

C0

(mg ml�1)
qe,exp

(mg g�1)

Pseudo 1st order model

qe1

(mg g�1)
k1

(min�1) R2

NHS-250 0.01 0.03 12.00 13.48 0.43 0.95
NHS-160 0.018 0.018 0.18 0.98
NHS-100 0.017 0.017 0.08 0.98
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where KDR (mol2 kJ�2) is a constant related to mean adsorption
energy and e is the Polanyi potential. The slope of the plot of
ln qe vs. e2 gives KDR, and the intercept yields the sorption
capacity, Q0 (mg g�1). T is the absolute temperature in Kelvin,
and R is the universal gas constant (8.314 J mol�1 K�1).
Fig. 7(a)–(c) indicate that equilibrium sorption data of bromocresol
green on CoFe2O4 NHS-250 has an excellent fit to the Freundlich
adsorption isotherm model with the highest correlation coefficient
of 0.99. The 1/n value obtained from the Freundlich isotherm, as
presented in Table 5, indicates a moderate multilayer adsorption
intensity of dye molecules over the heterogeneous surface of
CoFe2O4 NHSs.

Regeneration study

The regeneration capability of the adsorbent is very important
from the viewpoint of industrial applications. It is found that
all the adsorbed dye can be completely desorbed from the
surface of CoFe2O4 NHSs at pHB11 and, therefore, these
magnetic nanostructures can be used very efficiently for multiple
times. Desorption of dyes from the CoFe2O4 NHSs surface in the
pH range of 8–11 is shown in Fig. 8, indicating that desorption
efficiency increases with the increasing pH of the solution. At

pHB10, the desorption efficiency of fluorescein, bromophenol
blue, and bromocresol green is found to vary in the range of
95–98% and at a pH of 11, almost 100% desorption is achieved
from the CoFe2O4 NHSs surface for all the dyes. The relative
average adsorption efficiencies of CoFe2O4 NHSs for the dyes
are found to be B94%, 81%, 71%, and 65% for the second,
third, fourth, and fifth cycles, respectively, where the average
adsorption efficiency of the 1st cycle was taken as B100%. This
indicates that CoFe2O4 NHSs are versatile and robust adsorbents
with both magnetic property and very high adsorption capacity
for dyes containing negative functional groups (–OH�, –COO�,
and –SO3

�) with multi-cyclic efficiency.

Conclusion

In summary, we have synthesised CoFe2O4 NHSs of different
diameters through a facile solvothermal technique and demon-
strated their excellent adsorption activity in the removal of
fluorescein, bromocresol green, and bromophenol blue dyes.
The nanoscale particle size, hollow porous nature, and the
presence of –NH2 and –OH functional groups on the surface
of CoFe2O4 NHSs show favourable adsorption for all these
anionic dyes through electrostatic interaction and hydrogen
bonding, as confirmed from FTIR analysis. The CoFe2O4 NHSs
are found to exhibit a higher rate of adsorption for fluorescein
than bromocresol green and bromophenol blue, due to the
difference in strength of the electrostatic interaction between the
cationic surface functional group of the NHSs and the anionic
functional group of the dyes. Moreover, the comparative adsorp-
tion rate analysis of bromocresol green and bromophenol blue
dyes, both having the same functional group (–SO3

� and –OH�),
reveals that the steric hindrance offered by the dye molecule plays
an important role in adsorbing the dye molecule on CoFe2O4

surface. The adsorption kinetics and isotherm of CoFe2O4 NHSs
are found to have an excellent fit to pseudo 1st order kinetics and
the Freundlich isotherm models, respectively, indicating the
heterogeneous physisorption of the dyes over the NHS surface.

Fig. 7 (a) Langmuir, (b) Freundlich, (c) D–R isotherm models for bromocresol green adsorption on CoFe2O4 NHS-250.

Table 5 Isotherm model parameters of bromocresol green adsorption on CoFe2O4 NHS-250

Name

Langmuir isotherm Freundlich isotherm D–R isotherm

qm KL R2 KF 1/n R2 Q0 KDR R2

CoFe2O4 NHS-250 85.91 193.35 0.98 464.94 0.49 0.99 121.098 6.791 0.98

Fig. 8 Percentage desorption of fluorescein, bromophenol blue, and
bromocresol green from CoFe2O4 NHS-250 at different pH. The inset
shows the multi-cyclic percentage adsorption efficiency of the same.
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The process of adsorption was also investigated by varying the
initial dye concentration and the size of the CoFe2O4 NHSs,
which indicate that the amount of dye adsorbed on the surface
of CoFe2O4 NHSs increases with the increasing size of the NHSs
and initial dye concentration. Moreover, these adsorbed dyes can
be completely desorbed from the surface of the CoFe2O4 NHSs at
pHB11 and show significant multi-cyclic adsorption efficiency.
We believe that the excellent adsorption efficiency of CoFe2O4 NHSs
in the removal of dyes along with their multi-cyclic efficiency can be
significantly utilized for their potential application in waste water
treatment.
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