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Different grads of magnetic nano-scaled cobalt ferrites (CoFe2O4) photocatalysts were synthesized by
modified Solvothermal (MST) process with and without polysaccharide. The indigenously synthesized
photocatalysts were characterized by means of X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), high-resolution transmission electron microscopy
(HRTEM), thermo gravimetric analysis (TGA), Fourier transform infrared (FT-IR), UV–visible (UV–vis)
spectroscopy and N2 adsorption–desorption isotherm method. The Fourier transform infrared spec-
troscopy study showed the Fe-O stretching vibration 590–619 cm�1, confirming the formation of metal
oxide. The crystallite size of the synthesized photocatalysts was found in the range between 20.0 and
30.0 nm. The surface area of obtained magnetic nanoparticles is found to be reasonably high in the range
of 63.0–76.0 m2/g. The results shown that only MST-2 is the most active catalyst for photo-Fenton like
scheme for fast photodegradation action of methylene blue dye, this is possible due to optical band
gap estimated of 2.65 eV. Captivatingly the percentage of degradation efficiency increases up to 80% after
140 min by using MST-2 photocatalyst. Photocatalytic degradation of methylene blue (MB) dye under
visible light irradiation with cobalt ferrite magnetic nanoparticles followed first order kinetic constant
and rate constant of MST-2 is almost 2.0 times greater than MST-1 photocatalyst.

� 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Globally, approximately 10,000 types of dyes and pigments are
manufactured by the year. In textile industries, about 20–30% nat-
ural and synthetic dyes are wasted in industrial sewages during
processing. Most of them are very toxic due to the presence of
non-biodegradable aromatic structure, which affects negative
influences on human health, microorganisms and ecological safety.
Thus, conventional treatments like ion exchange, precipitation,
coagulation and flocculation, membrane filtration, electrochemical
and biological methods have been proposed [1,2].

To overwhelm the disadvantages of conventional treatments,
advanced oxidation processes (AOP) are performed as an emerging
devastation technology for degradation of organic pollutants in
waste water [3–5]. Therefore, the photo-Fenton treatment is a
proficient and inexpensive technique for treatment of waste water
[6–9]. This type of treatment is ascribed to their production of
highly reactive, powerful oxidant and non-selective reagent hydro-
xyl radicals (OH�) due to the catalytic decomposition of hydrogen
peroxide (H2O2) by the iron ions [1,5,8]. Due to high oxidation
potential of hydroxyl radical (2.80 V) favors the destruction and
decomposition of non-biodegradable organic pollutants, unsatu-
rated compounds in aqueous solution and finally produces carbon
dioxide, water and other substances [1,2,4,10,11].

Recently, there is an enormous challenge for the world material
scientists to design new materials with enhanced physico-
chemical properties and different synthetic methods to accomplish
world technological demand. Spinel ferrite (MFe2O4) magnetic
nanocomposites have fascinated much responsiveness owing to
their distinctive magnetic assets and chemical stability [12–13].
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Fig. 1. TGA of the modified Solvothermal synthesized sample (MST-3).
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It can be very easy to remove spinel ferrites magnetic nanocom-
posites from the treated waste by applying external magnetic
material and recycled [14–16]. Cobalt ferrite (CoFe2O4) magnetic
nanocomposites are indispensable metal oxide as compared to
other spinel ferrites because they have exclusive applications in
various fields like sensor [17,18], semiconductor photocatalysts
[19,20], biomedical [21], cancer treatment [22], magnetic optical
behavior [23], electrical [24] and antibacterial [25]. It is n-type
semiconductor, highly stable, small optical band gaps (2.0 eV)
making them active under visible light treatment [26,13]. For these
purposes, the syntheses of cobalt ferrite magnetic nanocomposite
with control morphology to tune their physical and chemical prop-
erties are quite imperative.

Therefore, several techniques such as hydrothermal [27], co-
precipitation [28], ball milling [29], micro-emulsion [30], sol-gel
[31] and electrospining [32] are used for the synthesis of cobalt fer-
rite nanocomposites. Among them only modified solvothermal
method is designed to achieve targeted results such as virtuous
homogeneity, controlled crystallite size, high limpidness and low
agglomeration.

To achieve this, we were synthesized cobalt ferrite magnetic
nanoparticles through modified solvothermal method and charac-
terized by using X-ray diffraction (XRD), scanning electron micro-
scopy (SEM), transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HRTEM), thermo
gravimetric analysis (TGA), Fourier transform infrared (FT-IR),
UV–visible (UV–vis) spectroscopy and Brunauer-Emmett-Teller
(BET) method. Along with this, we performed the photocatalytic
activity of cobalt ferrite magnetic nanoparticles for degradation
of MB with H2O2 under visible light irradiation.

Experimental

Materials

The chemicals which were used in this experiment including
cobalt chloride [Sigma-Aldrich, USA], ferric chloride [Sigma-
Aldrich, USA], sodium hydroxide [Sigma-Aldrich, USA], H2O2 (PRS
Panreac), starch (Sigma-Aldrich, USA), cellulose (Sigma-Aldrich,
USA) and methylene blue [Sigma-Aldrich, USA] were of analytical
grade and used as received.

Synthetic procedure

The Cobalt ferrite magnetic nanoparticles were synthesized by
modified solvothermal method using stoichiometric amount of
0.6 M ferric chloride hexahydrate (FeCl3�6H2O) and 0.3 M cobalt
chloride hexahydrate (CoCl2�6H2O) dissolved in the double dis-
tilled water. Then 3 M NaOH solutions were added drop-wise into
the above solution to increase the pH of the solution. After 30 min,
ethanol was also added to the system to form the low boiling azeo-
trope mixture with water.

The whole mixture was further stirred on magnetic stirrer for
12 h at 80 �C to obtain the precipitate. After completing the reac-
tion, precipitates were collected by centrifugation at 5000 rpm
and washed with double distilled water and acetone several times
until pH was obtained. The precipitates were then dried overnight
in an oven at 100 �C and abbreviated by MST-1.

Similarly, we obtained second and third samples (MST-2 and
MST-3) by same procedure but in which 2.0 g cellulose and starch
was added and the mixture was stirred for 1 h. Then 3 M NaOH
was added drop-wise into the above solution to increase the pH
of the solution, respectively. The as-synthesized powders were cal-
cined at 400 �C for 2 h in muffle furnace to get CoFe2O4 magnetic
nanoparticles.
Instrumental techniques

The calcined cobalt ferrite magnetic nanoparticles were charac-
terized by X-ray diffractometer (XRD) (Philips PW3040/60) fitted
out with Cu-Ka radiation (k = 1.5418 Å). Diffractograms of the pre-
pared samples were noted at room temperature using an angular
range of 2h = 10�–70� at an increment of 0.02� and scan rate of
2� min�1. The scanning electron microscopy (SEM; Hitachi
S4800) was used to study the surface morphologies of cobalt ferrite
magnetic nanoparticles. The JEOL 2100F transmission electron
microscopy (TEM) and high resolution transmission electron
microscopy (HR-TEM) were used to examine the grain size and
morphology of cobalt ferrite magnetic nanoparticles working at
200 kV. The TEM samples were prepared by the ultrasonic disper-
sion of small amount of the powders in a few milliliters of ethanol,
and then dropping on a copper grid covered in an amorphous car-
bon film. The Specific surface area, total pore volume and pore size
distribution of the powder samples were measured on B.E.T. sur-
face area analyzer (Model 2000e, Quantachrome USA). Samples
were primarily evacuated and degassed at 200 �C for 2 h before
the analysis. The surface area of cobalt ferrite magnetic nanoparti-
cles was determined by the multi-point Brunauer–Emmett–Teller
(BET) method, pores size and pore volume was determined by
using Barrett–Joyner–Halanda (BJH) method, DH and DA method.
Ultra violet-visible absorption (UV–vis) spectra of the samples
were recorded using PG UV–vis double-beam spectrophotometer
in the wavelength range of 250–800 nm. Infrared absorption spec-
troscopy (IR) spectra were recorded at room temperature on a FTIR
spectrometer (JASCO 460 plus) using the KBr pellet technique. The
thermal behavior was investigated using TGA analysis (Shimadzu
TGA 50). For TG a ceramic sample boat was used with the sample
size being 10.0 ± 0.1 mg. Curves were recorded upon heating from
room temperature up to 800 �C at 10 �C/min and 30 ml/min flow of
nitrogen atmosphere. The solar light simulator (USA) was used for
the degradation of methylene blue dye.

Photocatalytic degradation of MB
The photocatalytic recital of cobalt ferrite magnetic nanoparti-

cles was assessed by degradation of MB solution under a solar sim-
ulator. The 50 ml of MB solution (10 ppm) was mixed with 0.01 g/l
of catalyst in a 250 ml beaker and the mixture was stirred in dark
place for 30 min to get equilibrium. Later, the whole mixture was
place under solar simulator and irradiated to induce the photo-



Fig. 2. FTIR of the modified Solvothermal synthesized samples (MST-1, MST-2 and
MST-3).

Fig. 3. X-ray diffraction patterns of the modified Solvothermal synthesized samples
(MST-1, MST-2 and MST-3).

Table 1
Data of crystallite size, inter-planer spacing, lattice constant, particle size and band gap e

Sample Position of
311 peak (degree)

Crystallite
size (XRD; nm)

Interplaner
spacing (d311;

MST-1 35.484 15.0 0.2529
MST-2 35.469 11.85 0.2533
MST-3 35.435 12.38 0.2530
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chemical reaction. The photodegradation of MB was enhanced by
the addition of 5.0 mM H2O2 generating heterogeneous photo-
Fenton system. The photodegradation process was monitored by
the absorbance and measured by using a UV–vis spectrophotome-
ter (PG instrument) for each sample.
Results and discussion

Thermo gravimetric analysis was castoff to study the thermal
stability of the synthesized cobalt ferrite magnetic nanoparticles
samples which is based on weight loss as a function of tempera-
ture. Fig. 1 shows the TGA curves recorded for the sample MST-3
heated up to 800 �C at 10 �C/min in the air atmosphere. The TGA
curves indicate that the sample MST-3 decomposes in two steps.
The first weight loss occurs between 50 and 125 �C, corresponding
to the evaporation of physically adsorbed water on the surface of
cobalt ferrite material. The second weight loss occurs in the tem-
perature range 200–350 �C, which may be ascribed to the removal
of NaOH, chloride and coordinated water adsorbed at the surface of
metal hydroxide and finally to the decomposition of the hydroxide
and pyrolysis of the starch moieties with maximum weight loss.
When temperature was higher than 350 �C, almost all starch was
pyrolyzed. The weight loss of the steps is about 3.483% and
8.33%. Based on the results of TGA, the temperature of 400 �C
was chosen to ensure the complete decomposition of precursor
to form CoFe2O4. After the calcination at 400 �C for 2 h in air, the
FTIR and XRD pattern resulted in all the peaks corresponding to
CoFe2O4 with a face centered cubic structure.
Structural properties

The FTIR spectra of calcined cobalt ferrite magnetic nanoparti-
cles are shown in Fig. 2. It is an ideal technique to identify the
chemical structural changes occurring in the materials and the
positions occupied by the ions. The calcined cobalt ferrite magnetic
nanoparticles exhibit two main vibration bands at 597–615 (t1)
and at 412–400 (t2) cm�1 corresponding to the stretching vibra-
tion of M�O bond in tetrahedral and octahedral sites. According
to Raut et al. [33] vibration mode between tetrahedral metal ion
and oxygen complex gives rise to high frequency band in the range
of 590–619 cm�1 while, stretching vibration between octahedral
metal ion and oxygen complex gives rise to weak frequency band
in the range of 420–450 cm�1 in case of inverse spinel ferrites.
The vibration frequency depends on cation mass, cation- oxygen
distance and the bonding force for tetrahedral and octahedral com-
plexes. In the present study, the t1 frequency for the MST-1 sample
was 615.80 and it was 597.30 and 597.30 for samples MST-2 & 3.
From Fig. 2, it is obvious that, by polysaccharides (MST-2 and
MST-3), the t1 and t2 band shifted towards lower frequency. This
change in t1 and t2 band may be attributed to the changes in bond
length of oxygen (O2–) and metal ions (Co2+ and Fe3+) at tetrahedral
and octahedral sites [33]. The FTIR results confirmed that the sam-
ples have spinel structure of CoFe2O4, which were revealed by the
XRD results.

Fig. 3 revealed the X-ray diffraction patterns of the samples
(MST-1, MST-2 and MST-3) and results displays sharp and strong
nergy of CoFe2O4 samples.

nm)
Lattice constant
(a; nm)

Average Particle
Size (TEM; nm)

Optical Band
Gap (Eg; eV)

0.838 30.0 2.5
0.840 20.0 2.65
0.839 22.0 2.6



Fig. 4. SEM images of the samples (MST-1, MST-2 and MST-3) nanoparticles.

Fig. 5. TEM images of the samples (MST-1, MST-2 and MST-3) nanoparticles and HRTEM image showing the (3 1 1) planes.
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Fig. 6. UV–vis absorption spectrum and plots of (Aht)n as a function of photon
energy (ht) for the samples (MST-1, MST-2 and MST-3) nanoparticles.
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reflections which could be indexed on the basis of pure spinel
cobalt ferrite magnetic nanoparticles having face centered cubic
structure. The planes with h k l values of (1 1 1), (2 2 0), (3 1 1),
(2 2 2), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) could be matched cor-
rectly with the standard X-ray diffraction pattern of monophasic
spinel cobalt ferrite magnetic nanoparticles (space group Fd-3m,
JCPDS card No. 22-1086) [34]. The broadening of X-ray diffraction
peak represents the nanocrystalline nature of the spinel cobalt fer-
rite magnetic nanoparticles. The crystallite size (d) of spinel cobalt
ferrite magnetic nanoparticles were calculated from the most
intense peak (3 1 1) by using the Debye–Scherrer formula
[35,36], as shown in Table 1.

d ¼ 0:9k=b cos h

where k is the wavelength of X-ray (Cu Ka = 0.154 nm), d is the size
of crystallite (nm), b is the full width at half maximum (FWHM) of
prominent intense peak measured in radians, and h is peak angle
[37,38]. Table 1 shows the crystallite size of synthesized materials
determined by using the X-ray line broadening studies and the
results are close to the values obtained from TEM analysis. The lat-
tice constant (a) of spinel cobalt ferrite magnetic nanoparticles were
calculated by using the most intense peak (3 1 1) and by using the
equation [39]:

a ¼ dhkl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

q

where d is interplanar distance, a is lattice constant and hkl are
Miller indices. The observed inter-planar d-spacing and lattice con-
stant for all synthesized nanoparticles are also shown in Table 1.
The results showed that the lattice constant of sample MST-2
increases and crystallite size decreases. This might be due to influ-
ence and scratch forces created inside and further smashed into
smaller nano scale.

Morphological properties

Fig. 4 displays the images of cobalt ferrite magnetic nanoparti-
cles using Scanning electron microscopy (SEM). All the samples
(MST-1, MST-2 and MST-3) exhibit nearly spherical images with
uniform size distribution. The SEM studies evidently illustrate that
the polysaccharide did not play a substantial part for producing the
various morphologies of cobalt ferrite magnetic nanoparticles.

The transmission electron microscopic (TEM) studies have also
been carried out to evaluate the effect of polysaccharides on the
grain size, morphology and size distribution. Fig. 5 displays the
TEM images of MST-1, MST-2 and MST-3 cobalt ferrite magnetic
nanoparticles, which shows the formation of nearly regular and
cuboidal shaped nanostructures. There is almost no effect of
polysaccharides on the morphology but smallest size of 20 nm
with cellulose and large size of 30 nm without polysaccharide
was observed. The grain size of cobalt ferrite magnetic nanoparti-
cles obtained from TEM studies was in close agreement with the
X-ray size obtained from the Scherer’s equation using X-ray line
broadening studies (Table 1). The HRTEM studies have also been
carried out for the structural analysis of cobalt ferrites. HRTEM
image (Fig. 5) of sample MST-2 shows the well-defined lattice
fringes which suggest the highly crystalline nature of the particles.
The spacing of the two neighboring plane is about 0.262 nm, which
is consistent with the inter–planar separation of the (3 1 1) plane
in cubic (fcc) CoFe2O4.

Optical properties

The amount of light absorbed by any photocatalyst depends on
their optical band gap energy (difference between valence band
and conduction band). The optical band gap energy of cobalt ferrite
magnetic nanoparticles is shown in Fig. 6. It is well known that the
optical band gap (Eg) can be calculated by the following equation:

ðAhmÞn ¼ Bðhm� EgÞ
where ht is the photon energy; A is absorbance, B is a constant
related to the material; and n indicates either 2 or ½ for direct tran-
sition and indirect transition, respectively [40]. Hence, the optical
band gap for the absorption peak can be obtained by extrapolating
the linear portion of the (Aht)n � ht curve to zero [41,42] as shown
in insets of Fig. 6. The band gap values of synthesized materials are



Table 2
BET surface area and pore parameters of (a) MST-1 (b) MST-2 (c) MST-3
Nanoparticles.

Sample MST-1 MST-2 MST-3

BET Surface area [m2 g–1] 63.00 76.00 64.00
C constant 64.88 175.52 86.15

BJH Pore radius [A�] 27.11 27.27 27.02
Pore volume [cm3 g–1] 0.12 0.12 0.13

DH Pore radius [A�] 27.11 27.27 27.02
Pore volume [cm3 g–1] 0.12 0.12 0.13

DA Pore radius [A�] 11.2 11.09 11.17
Micropore volume [cm3 g–1] 0.078 0.075 0.078
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summarized in Table 1, which corresponds to the visible-light
photo activity. The energy band gap values obtained from present
study is more similar to the reported in the literature [28].

Surface area properties

It is known that photocatalysis or catalysis skills depend on the
size and surface area of photocatalysts. Fig. 7 represent the (a) BET
plots (b) BJH pore size distribution (c) DH pore size distribution
and (d) DA plots of cobalt ferrite (CoFe2O4) nanocomposites. The
specific surface area, C constant, BJH pore radius, pore volume,
DH pore radius, DA pore radius and micro pore volume of all cobalt
ferrite magnetic nanoparticles calcined at 400 �C was measured
and the values have been listed in Table 2. Among all prepared
cobalt ferrite magnetic nanoparticles, the surface area of MST-2
is maximum at 76.0 m2g�1 whereas for MST-1 its minimum occurs
at 63.0 m2g�1, which is higher than CoFe2O4 prepared by the co-
precipitation and other methods [43,44].

Photocatalytic activity of cobalt ferrite nanoparticles
Fig. 8 represented the UV–visible spectra of MB dye under vis-

ible light against the irradiation time by using three different pho-
tocatalysts and H2O2. UV–visible spectrophotometer was used to
analyse the change in absorbance of MB dye at different time inter-
val. A gradual change in colour of MB solution was observed with
respect to time from blue to light blue and finally twisted to
colourless which may be due to estrangement of the chromophoric
Fig. 7. (a) BET plots (b) BJH pore size distribution (c) DH pore size dist
group. The degradation of MB dye becomes faster rate due to two
reasons:

(i) The photo decomposition of H2O2 results in the formation of
hydroxyl radical (HO�) either by the electron–hole pair for-
mation (e�/h+) on the surface of the cobalt ferrite magnetic
nanoparticles, or by the electrons formed in the reaction
mixture that are stuck directly by Fe3+ which can themselves
react with H2O2 to form Fe2+, which in turn can react with
H2O2 to produce hydroxyl radicals.

(ii) High surface area, small size and reduced electron–hole
recombination through electronic interaction in cobalt fer-
rite magnetic nanoparticles.
ribution and (d) DA plots of cobalt ferrite (CoFe2O4) nanoparticles.



Fig. 8. UV–visible spectra of MB dye degraded by (a) MST-1, (b) MST-2 and (c) MST-3 nanoparticles. Inset represent plots of ln (C0/Ct) Vs reaction time (min.) by (a) MST-1, (b)
MST-2 and (c) MST-3 nanoparticles.
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It is observed from the results that the photocatalytic efficiency
maximum with MST-2 and minimum with MST-1 after 140 min
irradiation. This may be due to effective separation, inhibition of
electron-hole pair recombination and sufficient number of hydro-
xyl (�OH) radicals [45,46]. The order of efficiency of photocatalyst
is MST-2 > MST-3 > MST-1.

It was also observed that the degradation rate of MB dye with
MST-2 is very low in absence of H2O2 [Fig. 8d]. Many researchers
have been reported such type of work but MST-2 shows improved
photocatalytic activity [47,48]. It is well known that the materials
having large band gap reduced the photo induced electron-hole
pair and provide more place for charge carriers to go through
active oxidation of MB dye. In addition, materials with small size
show high surface area which provide more surfaces for dye to
adsorb on the surface would go through surface reaction with
hydroxyl (OH) radical formed on the catalyst surface.

Fig. 8a–d inset represent the photocatalytic degradation kinet-
ics plots of MB dye using photocatalyst (MST-1, MST-2, MST-3)
and H2O2 were assessed by using the first order rate equation:

lnðC0=CtÞ ¼ k1t

where C0 is the initial concentration of MB dye solution, Ct is the
concentration of MB solution at time t, k1 is the first order rate con-
stant, t is the visible light exposure time. The regression correlation
coefficient (R2) factor of the kinetics plots was used to obtained rate
constant. The k1 for MST-2 is 1.0 � 10�2 min�1 and is around 2.0
times faster than MST-1. In addition for MST-3 is also somewhat
bigger than MST-1. This falling of rate constant is due to presence
of the fast recombination of electron- hole pairs that distresses
the photocatalytic degradation process.
Conclusion

Nearly regular and cuboidal spinel structures (20–30.0 nm) of
cobalt ferrite magnetic nanoparticles have been synthesized
through modified solvothermal method at 400 �C. XRD results
show the high purity of cobalt ferrite magnetic nanoparticles.
The grain size of cobalt ferrite magnetic nanoparticles is in close
agreement with the TEM and XRD studies. UV–visible studies show
the optical band gaps of 2.50, 2.65 and 2.60 eV, which indicates
cobalt ferrite magnetic nanoparticles may have visible-light photo
catalytic activity. Among all, only MST-2 showed 80% degradation
of MB dye within 140 min which was mainly due to the transfer of
electron and hole to the surface of nanoparticles, hinder the elec-
tron hole recombination and high specific surface area. On the
basis of the results, we can conclude that MST-2 nanoparticle
would be beneficial for waste water treatment.
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