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Abstract Highly efficient and effective treatments of
hazardous dye-based color effluents are a major prob-
lem in the industrial sector. In this research, the cobalt
ferrite (CoFe2O4) catalyst was produced and used for the

degradation of Congo red (CR) as a model dye from
aqueous solution. For a said purpose, cobalt ferrite
(CoFe2O4) nanostructures with photocatalytic degrada-
tion potential were engineered via co-precipitation
method using Fe2(SO4)3, CoO2, and triethylene glycol
(as a stabilizing agent). As prepared, CoFe2O4 nano-
structures were further surface-functionalized with 3-
APTES and tested for CR degradation. The prepared
CoFe2O4 nanostructures were characterized by X-ray
diffraction, Fourier transform infra-red (FT-IR), scan-
ning electron microscopy (SEM), and Brunauer-
Emmitt-Teller (BET) analysis. UV-visible absorption
was used to measure the optical band gap of prepared
CoFe2O4 nanostructures through Tauc plots. The as-
prepared CoFe2O4 nanostructure bandgap was found
to be 2.71 EV while using an acidic medium. The
degradation rates of CR dye for bs-CoFe2O4, as-
CoFe2O4, and fs-CoFe2O4 nanostructures at pH 9 were
84, 87, and 92%, respectively. Furthermore, the influ-
ences of various process parameters, i.e., the effect of
catalyst dose, contact time, dye dose/concentration, pH
effect, and effect of different acids, were checked for the
prepared three types of nanostructures, i.e., bs-CoFe2O4,
as-CoFe2O4, and fs-CoFe2O4. The kinetics models
properly explained that the reaction of degradation fol-
lowing pseudo-first-order kinetics.
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1 Introduction

The removal of organic pollutants from wastewater is a
significant measure of environmental protection. Sever-
al types of hazardous dyes, extra marketable pigments,
and bleaches have developed the attention of environ-
mental remediation efforts (Zhu et al. 2009; Bilal et al.
2019; Rasheed et al. 2019A; Liu et al. 2019). Nowa-
days, the world is facing the main difficulties of envi-
ronmental contamination. Organic chemicals are present
in effluents from domestic and industrial sources. These
pollutants must be destroyed or removed before these
are discharged to the near aquatic resources. The
discharging of a large amount of wastewater from tex-
tile, pharmaceutical, dying, cosmetic, food, printing,
and photographic industries produces environmental
pollution. These effluents are dangerous in nature be-
cause they normally contain considerable amount of
different poisonous materials, which are not decompos-
able (Bilal et al. 2017; Bilal et al. 2018a; Bilal et al.
2018b; Ali et al. 2019).

Dye constituents are one of the main categories of
organic compounds, which may find many benefi-
cial uses in everyday life. For example, leather,
paper, plastic, and textile industries accumulate up
to 80% of the total dyes. Synthetic dye materials
with some other dyestuff are comprised of the main
group of world water pollutants. In the end, about 1
to 15% of the synthetic fabric dyes used in different
industries are disposed to the wastewater channels
and in the last reached the main water streams (Bilal
and Asgher 2015; Salazar-López et al. 2017). The
dying process also produced effluent which contains
more than 10–15% dyestuff. The serious problem is
to decrease the harmfulness levels and to allowed
limits of the effluents before releasing the dye to
water channels (Bilal et al. 2017; Rasheed et al.
2019B; Rasheed et al. 2019C). Some traditional or
conventional physicochemical methods are used for
the handling and treatment of dying polluted waste-
water, which comprises adsorption, coagulation, fil-
tration, and advanced oxidation processes such as
photochemical oxidation, ozonation, and Fenton’s
reagent (Bilal et al., 2018a). Different degradation
procedures can be used for wastewater treatment and
clarification, like catalysis, adsorption, degradation,
electrochemical degradation, biological degradation,
sonocatalytic degradation, and photo catalytic deg-
radation (Bilal et al. 2017; Salazar-López et al.,

2017; Bilal et al. 2017). Photo catalysis has emerged
as a desirable technology for the treatment of waste-
water and considered an efficient, eco-friendly, and
cost-effective method to resolve problems of envi-
ronmental pollution (Soylak et al. 2004; Bedoui
et al. 2009; Samiey et al. 2014).

The organic pollutants can be decreases using the
technique of photo catalysis because it is one of the
growing destructive technique and it is oxidation-
reduction reaction by using the energy of the photon,
and in this process, electron gain energy and get excited
and jump to the conduction band from valance shell,
which as a result generate photo-generated hole (h+) and
enhance catalytic performance (Bedoui et al. 2009;
Casbeer et al. 2012; Iqbal et al. 2017). Zhou et al.
(Zhou et al. 2008) synthesized CoFe2O4 nanocomposite
by combustion reaction and studied the magnetic prop-
erties and composition of the CoFe2O4. Hosni et al.
(Hosni et al. 2017) prepared CoFe2O4 nanoparticles
via co-precipitation method and used different tempera-
ture ranges, i.e., (773 to 1223 k) for the annealing
process. Rahimi et al. (Rahimi et al. 2013) used
solvothermal method for the designed and synthesized
Ba-Cd-Sr-Ti-doped Fe3O4 hollow nanosphere and used
these nanospheres for the CR dye degradation under
UV/visible light. The produced results show that at pH
6, there was about 99.5% degradation. Vijayaraghavan
et al. (Vijayaraghavan et al. 2016) conducted research
and used AFe2O4 (where A is Ba, Ca, and SR) for the
photocatalytic degradation of CR dye under Xe-lamp
and sunlight radiation. Under the light of Xe-lamp,
BaFe2O4 show the maximum degradation 92% after
75 min. Murcia et al. (2011) utilized XeBr, KrCl, and
Cl2 d i scharged exc i l amps for the CR dye
photodegredation. The experimental results show that
about > 90% degradation was achieved in the absence of
H2O2 and using KrCl excilamps.

In this research work, we used the co-precipitation
method and prepared cobalt ferrite (CoFe2O4) nano-
structures. The stabilizing agent was triethylene glycol
(TEG), then thermally treated at 600 °C for 6 h, and
surfaced functionalized with 3-(APTES). Different ana-
lytical techniques were used for the characterization of
as-prepared nanostructures. CR dye was used to check
the photocatalytic properties of the novel photocatalyst.
The effect of various reaction components was also
optimized. The kinetic models of the prepared
photocatalyst for the degradation of CR dye followed
1st order of kinetic.
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2 Materials and Methods

2.1 Chemicals

All chemicals such as iron (III) sulfate hydrate
[Fe2(SO4)3. 7H2O], cobalt oxide (CoO2), sodium hy-
droxide (NaOH), hydrochloric acid (HCl), 3-
aminopropyltriethoxysilane (3-APTES), triethylene gly-
col (TEG), and Congo Red dye were kindly received
from Sigma-Aldrich, USA. Figure 1 explains the chem-
ical structure of the targeted CR dye.

2.2 Synthesis of CoFe2O4 Nanostructures

Cobalt ferrite nanostructure was prepared through co-
precipitation by the 4:1 reaction of Fe2(SO4)3 and CoO2

(Mahboubeh et al. 2014). The produced aqueous solu-
tion contains 0.31 mM of Fe2(SO4)3 and 0.048 mM of
CoO2, and about 50 mmol of triethylene glycol in
100 ml were thoroughly mixed for 2 h while constant
stirring at room temperature. After vigorous stirring,
10 M of sodium hydroxide solution on 100 ml of vol-
ume was added dropwise into 200ml of salts solution in
order to maintain the pH up to 7–8, on these pH reddish-
brown color CoFe2O4 precipitate are formed, which are
filter off and washed many times using deionized water
followed by heating for 24 h at 80 °C. The obtained
precipitate was mechanically grinding into a fine pow-
der. The bs-CoFe2O4 nanostructures are subjected to
thermal heating in a furnace for 6 h at 600 °C. It was
noted that TEG stabilized CoFe2O4 nanostructures at the
interface and chemical due to the hydroxyl groups in the
glycol, which may oxidize and leads to form a complex
with the transition metal (Ruttink et al. 2012; Rishikeshi
et al. 2013). The formation of hydrated cobalt ferric
acetate hydroxide complex following to reduction and
formation of CoFe2O4 nanostructures on heating is also
explained in the literature (Skrabalak et al. 2008).

2.3 Surface Modification of CoFe2O4 Nanostructures

The surface of thermally as-CoFe2O4 nanostructures
was modified in two phases, first using 1 M HCl by
keeping CoFe2O4 nanostructures for 30 min, then filtra-
tion and washed twice using deionized water. The hy-
droxylated CoFe2O4 nanostructures were then treated
with a 0.1 M solution of 3-APTES at constant stirring
for 2 h at 60 °C temperature, then filtered and dried to
obtain fs-CoFe2O4 nanostructure.

2.4 Percent Photocatalytic Degradation CR Dye

The photocatalytic degradation potential of CoFe2O4

nanostructures was tested against CR dye. For a said
purpose, a freshly prepared aqueous solution of CR dye
with 10 ppm concentration was treated with 10 mg of
CoFe2O4 nanostructures. The above reaction mixture
was thoroughly mixed and kept at room temperature
for 30 min in the dark. To obtain adsorption/desorption
equilibrium between CR and CoFe2O4, constant stirring
was maintained. UV irradiation was passed from the
solutions at different intervals of time and then subjected
to centrifugation at 4500 rpm for 15 min. To record the
photo catalytic degradation of CR dye, every 30 min of
reaction period, up to 5 ml sample was collected and
subjected to the UV-Vis spectral analysis. Following Eq.
(1) was used to calculate the percent photo catalytic
degradation (%D) of CR dye.

%D ¼ 100� Ao–Atð Þ=Ao½ � ð1Þ
where a is initial absorbance and At is observed after

time t.

2.5 Contact Time Effect on the Photocatalytic
Degradation of CR Dye

The influence of reaction time on the photocatalytic
reaction of CR was studied. Briefly, the solutions of a

Fig. 1 Structure of Congo red
dye
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dye were exposed to the radiation of UV light at a
different time interval from 30 to 180 min. Then the
irradiated solutions were centrifuged for 15 min

at 4500 rpm, and the total degradation was recorded
via UV-Vis spectrophotometric analysis.

2.6 Influence of Catalyst Dose on the Photocatalytic
Degradation of CR Dye

Variable amount of the photocatalyst dose, i.e., 10, 15,
20, 25, 30, 35, 40, 45, 50, and 60 mg was used in the
reaction mixture in order to see its degradation affect.
The CR dye sample was treated for 30 min in the dark
with each specified dose of the catalyst. After the stip-
ulated reaction period, the reaction mixture was centri-
fuged at 4500 for 15 min. Finally, the resultant solution
was subjected to UV/Vis spectral analysis to measure
the percent degradation.

2.7 Influence of Dye Dose on the Photocatalytic
Degradation of CR

Different concentrations of dye solutions, i.e., 5, 10, 15,
20, 25, 30, 35, 40, 45, and 50 ppm were used in order to
see the dye concentration effect on the percent degrada-
tion (Ikram et al. 2018). The reaction solutions, each
separately, were kept in the dark for 30 min then ex-
posed to UV light. Finally, the test samples were centri-
fuged and subjected to UV/Vis spectral analysis to mea-
sure the percent degradation.

2.8 Influence of pH on the Photocatalytic Degradation
of CR Dye

pH influence on the percent CR dye degradation
was tested herein. For a said purpose, CR dye
solutions were prepared with different pH ranges
from 1 to 14 in order to optimize the pH effect.
The reaction was performed using optimized reac-
tion time, catalyst dose, and dye concentration
(optimized in earlier sections). Each reaction solu-
tion with different pH value was treated for
30 min in the dark, then exposed to UV light.
Finally, the test samples were centrifuged and sub-
jected to UV/Vis spectral analysis to measure the
percent degradation.

2.9 Influence of Acids on the Photocatalytic
Degradation of CR Dye

The effect of different acids on the photocatalytic deg-
radation of CR dye was checked. Freshly prepared
0.01 M dm−1 solution of different acids (HNO3,
H2SO4, and HCl) were used in the CR dye solution
preparation. This was followed by 30 min reaction in
the dark under optimum reaction conditions. Finally, the
test samples were centrifuged and subjected to UV/Vis
spectral analysis to measure the percent degradation.

3 Results and Discussion

3.1 Structure Morphology and Chemical Compositions

The XRD analysis confirms the crystallinity and
phase purity of different types of spinel CoFe2O4

nanostructures. Figure 2 shows the XRD pattern of
the bs-CoFe2O4, as-CoFe2O4, and fs-CoFe2O4 nano-
structures. The XRD pattern of bs-CoFe2O4 and as-
CoFe2O4 show that both are entire of single-phase
despite that the bs-CoFe2O4 nanostructure exhibit
amorphous nature as shown by the weakening of
sharp diffraction peaks. The XRD pattern of as-
CoFe2O4 nanostructure show eight peaks that coin-
cide with the cubic spinel CoFe2O4 (Franklinite)
phase with the Fd3m space group (Reference Code
No. 01079-1744) (Goya and Leite 2003; Deraz and
Abd-Elkader 2015). These peaks can be fitted with
the following miller indexes corresponding to the
crystal plane of spinel CoFe2O4; (003), (012),
(104), (113), (006), (024), (205), and (116) at
1.288°, 21.147°, 30.082°, 35.431°, 37.063°,
43.060°, 47.148°, and 48.477° θ position, respec-
tively. The XRD pattern of the bs-CoFe2O4 nano-
structure does not exhibit sharp and well-resolved
diffraction peaks. However, any additional peaks of
the second phase are not observed, which indicates
the formation of cubic spinel CoFe2O4 nanocrystals.
The XRD spectra of fs-CoFe2O4 nanostructure also
exhibit eight peaks with the following miller indexes
(111), (220), (311), (222), (400), (31), (422), and
(511) at 18.289, 30.085, 35.438, 37.058, 43.059,
47.150, 53.446, and 56.975 θ position, while an
additional broad peaks around 23° is observed that
indicates the functionalization of fs-CoFe2O4 nano-
structure with 3-APTES groups. The crystallites size
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of different CoFe2O4 nanostructures can be calculat-
ed from the diffraction broadening of (003) peak by
using the following Scherrer’s formula (Eq. 2).

D ¼ KsλCu
βCosθ

ð2Þ

where D is the diameter of the particles, Ks is
Scherrer’s constant, Cuλ is the wavelength of X-ray
radiation, β is a full-width half-maximum of (003) peak
reduced for instrumental broadening; and θ position.
Thus, the crystallite size of the bs-CoFe2O4, as-
CoFe2O4, and fs-CoFe2O4is estimated as 5.30, 4.82,
and 5.26, respectively.

3.2 Scanning Electron Microscopy Analysis

The morphological analysis of the different types of
CoFe2O4 nanostructures is carried out by using SEM
techniques. Figure 3 shows the SEM micrographic im-
ages and surface morphology of the bs-CoFe2O4, as-
CoFe2O4, and fs-CoFe2O4 nanostructures. SEM images
show the inhomogeneous distribution of particles with
an aggregate of bs-CoFe2O4 in the center (5 μm). The
surface morphology of as-CoFe2O4 nanostructures is
more uniform, and the average surface roughness is
estimated to be lower than as compared with bs-
CoFe2O4 nanostructures (3 μm). It is due to the thermal
annealing which leads to the removal of water mole-
cules (Rafaqat et al. 2019) and organic species like TEG

and its oxidized products and shrinking of the bs-
CoFe2O4 crystallites. However, high temperature (i.e.,
600 °C) promote the nucleation and growth of CoFe2O4

nanostructure leading to the fusion of smaller crystallites
to yield bigger aggregates of structures. These results are
in agreement with the previous reports on thermal an-
nealing of ferrite nanostructures (Mahdavi et al. 2013)
Moreover, the surface modification procedure involves
hydroxylation of as-CoFe2O4 nanostructures, which
lead to the separation of loosely bound crystallites in
sintered clumps of nanoparticles and hydroxylation of
the surface of the nanoparticles. The hydroxylated
CoFe2O4 nanostructures are then treated with
3-(APTES). The SEM image of fs-CoFe2O4 nanostruc-
tures shows that the bigger aggregates of nanostructures
disappear, and the overall distribution of particles in
improved after functionalization. The average surface
roughness of fs-CoFe2O4 nanostructures is calculated to
be (1 μm).

3.3 Fourier Transform Infra-Red Analysis

To investigate different functional groups of
CoFe2O4 nanostructures (bs-CoFe2O4, as-CoFe2O4,
and fs-CoFe2O4), Fourier transform infra-red (FTIR)
spectroscopic characterization was performed. The
recorded FTIR spectrum is shown in Fig. 4. FTIR
spectrum line of bs-CoFe2O4 photocatalyst show
three small peaks at about 3189, 3011, and
1647 cm−1, and these peaks are due to the presence

Fig. 2 XRD diffractograms of
bs-CoFe2O4, as-CoFe2O4, and fs-
CoFe2O4 nanostructures
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of O-H bond of polyethylene glycol PEG
(Priyadharsini et al. 2009). Similarly, peak at about
1400 cm−1 due to vibration of C-O stretching of
polyethylene glycol PEG confirms PEG presence,
and these bands further explain the interaction of
C-O oxygen with Fe or Co on the surface of
CoFe2O4, and peak, because of the Co-O stretching,
are shown at 605 cm−1 (Zhang et al. 2007; Liu et al.
2007). Similarly, the FTIR spectrum line for as-
CoFe2O4 nanostructure shows different peaks in
Fig. 4. Absence of peaks at 3013 cm−1 and 3189 is
the evidence that there are no more O-H groups,
which means the re i s no wate r molecu le
(Priyadharsini et al. 2009). At 1414 cm−1, a peak
centered which displays the binding vibration of C-
H bond of carboxylate group (Lopez et al. 1998) and
C-O stretching vibration of polyethylene glycol PEG
was observed at 1027 cm−1 (Wang et al. 2009).
Bending vibration of C-H is shown at about
859 cm−1, peak at about 547 cm−1 is because of

Co-O binding vibration, and peak at 448 cm−1 is
due Fe-O bond (Zhang et al. 2007; Liu et al. 2007).
Now finally the third spectrum line in Fig. 4, which
shows the FTIR spectrum of fs-CoFe2O4 nanostruc-
tures. The comparison of bs-CoFe2O4 and as-
CoFe2O4 samples with spectrum of fs-CoFe2O4 has
different number of peaks observed at different po-
sitions. A peak at 3342 cm−1 is due to O-H vibration
present in water and peaks at about 2937, and
2859 cm−1 is for CH2CH2CH2-NH2, which explains
that 3-APTES is properly grafted on to the surface
of CoFe2O4 (Huang et al. 2003; Zaharieva et al.
2015). Peaks at about 1603 and 1459 cm−1 are due
to binding vibration of N-H bond and stretching
vibration of the C-H bond of carboxylate group
(Huang et al. 2003). C-O stretching vibration of
PEG causes peak at about 1278 cm−1, and vibration
of N-O of nitrate group show peaks at 1023 and
906 cm−1. Now finally band at 749 cm−1 is due to
C-H vibration of carboxylate group, and peak at

Fig. 3 Scanning electron micrographs. a bs-CoFe2O4 nanostructure. b as-CoFe2O4 nanostructure. c fs-CoFe2O4 nanostructure
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543 cm−1 are because of vibration of Co-O and Fe-O
(Zhang et al. 2007; Liu et al. 2007).

3.4 Brunauer-Emmett-Taller Analysis of CoFe2O4

Nanostructures

The BET pore structure and surface area of the
synthesized CoFe2O4 were determined by the mea-
surement of N2 adsorption-desorption isotherm at
77 K (Fig. 5). Prior to N2 adsorption gas, the
sample was degassed at 353 K for about 16 h.
The adsorption branch in the three isotherms of
mechanochemically treated materials bs-CoFe2O4,
as-CoFe2O4, and fs-CoFe2O4 belong to type II of
the IUPAC classification. They display hysteresis
loops of type H3 that are typical of non-rigid

aggregates of plate-like particles giving rise to
slit-shape pores (Zaharieva et al. 2015).

The BET surface area of bs-CoFe2O4 is to be
found at 111.9 ± 1 m/g, slop is 0.388 ± 1 g/cm and
molecular cross-sectional area is 0.1620 nm. BET
surface area of as-CoFe2O4 is to be found at 11.9
± 1 m2/g, slop is 0.361 ± 1 g/cm3 STP and molec-
ular cross-sectional area is 0.1620 nm2. The sur-
face area of bs-CoFe2O4 is higher than as-
CoFe2O4, meaning that the annealing treatment
(at 600 °C) led to a slight collapse of the struc-
ture. BET surface area of fs-CoFe2O4 is to be
found at 0.528 ± 1 m2/g, slop is 7.357 ± 1 g/cm3

STP and molecular cross-sectional area is
0.1620 nm2. After the surface modification of the
as-CoFe2O4 sample, the surface area is almost

Fig. 4 Comparison of FTIR
analysis. bs-CoFe2O4

nanostructure. as-CoFe2O4

nanostructure. fs-CoFe2O4

nanostructure
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equal to zero, indicating that the functionalization
molecule is entrapped in the porosity.

3.5 Calculation of Bandgap Energy and Lambda Max

Bandgap energy may have a major role in the semi-
conductor. Bandgap energy of semiconductors af-
fects different properties such as impurity and size
of particles with structure, and it can be calculated
experimentally from Touch-plots through the UV-
visible spectroscopy data. Here we used the peak
area, and the calculated value is divided by 1240 to
calculate the binding energy (eV). As obtained bind-
ing energy was plotted vs (αhc)1/2 (where α is = (1/
log abs), c is the speed light (msec−1) and h is plank
constant. The point at which the line breaks and form
a tangent on x-axis direction that is the bandgap
energy of semiconductor in eV. The calculated band
gap energy of CoFe2O4 nanostructures by using the
current procedure is 2.71 eV. The calculated band gap
energy f CoFe2O4 in acidic medium is illustrated in
Fig. 6. Lambda max for CR dye was measured while
using UV/vis spectrophotometer at the 200–800 nm
of wavelength range, and the maximum absorbance
for CR was noted at 497 nm as shown in Fig. 7.

3.6 Mechanism of Photocatalysis

UV light excited the electron from the surface of the
exposed photocatalyst and jump from the valence band
to the conduction band. The electron leaves a positive
hole in the VB, which then, on reaction with water

molecules, produces radicals, and these radicals effec-
tively degrade dye (Mahmoodi et al. 2006). The mech-
anism of photocatalytic degradation is as;

Catalystþ hυ→e−cb þ hþvb:

H2Oþ hþvb→OH• þ Hþ:

O2 þ e−cb→O−2:

O−2 þ Hþ→HO2
•:

2HO2
•→H2O2 þ O2:

H2O2→2OH−:

OH− þ Dye→Co2 þ H2O:

3.7 Factors that Effect on the Photocatalytic
Degradation of CR Dye

3.7.1 Effect of Contact Time

The contact time effects ( i.e., 20–180 min) on the
photocatalytic degradation of CR dye were studied in
the presence of all three types of photocatalysts and
indicate that the degradation efficiencies of CR dye

Fig. 6 Calculation of bandgap
energy of CoFe2O4
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increase readily with increasing irradiation time interval.
It is because at the start, the dye molecules concentration
is more for degradation which later decreased with time.
This also may be because initially large number of
anionic radicals present in the solution attack on dye
molecule with the time the anionic radicals decrease so
that way the speed of degradation process may also slow
down. The percentage of degradation efficiency of all
the three kinds of CoFe2O4 nanostructure for the CR dye

degradation was plotted against the contact time ex-
plained in Fig. 8. It shows that initially, the degradation
rate of CR dye increases very rapidly up to 90 min, and
then the degradation rate decreases gradually after the
optimum time. The maximum degradation of CR dye in
the presence of bs-CoFe2O4, as-CoFe2O4, and fs-
CoFe2O4 nanostructures are 83%, 87%, and 89% re-
spectively, after UV/Vis irradiation for 90min (Shu et al.
2015).

Fig. 7 Lambda max (λmax) of
Congo red dye

Fig. 8 Percent degradation
efficiency of Congo red dye
through CoFe2O4 nanostructures
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3.7.2 Effect of Adsorbent Dose

To check the absorbance dose effect of CoFe2O4

nanostructures (bs-CoFe2O4, as-CoFe2O4, and fs-
CoFe2O4) on the CR dye degradation under UV light,
by using a different amount of photocatalyst, i.e.,
from 10 to 60 mg. The degradation efficiency (%)
of all three types of photocatalyst for CR dye wee
plotted against adsorbent dose as shown in Fig. 9. It
shows that the rate of degradation of CR increases
gradually with increase in adsorbent dose, i.e., up to
35 mg, it is due to the fact that a large amount of
adsorbent dose provides large surface area for dye
degradation, and then to increase further the catalyst
dose (35 mg) the organic dye degradation rate almost
remained constant (Chen et al. 2012). This is because
the high catalyst may increase the rate agglomeration
of adsorbent dose which further affects the surface
area for degradation is decreased. Also, with increase
in catalyst dose from 35 mg, leads to the increase in
turbidity, which in turn decreases the penetration
power of UV irradiation, this situation may reduce
the photo-motivation potential of CoFe2O4 nano-
structure (Casbeer et al. 2012; Sakthivel et al.
2003). Maximum dye degradation may occur in the
presence of bs-CoFe2O4, as-CoFe2O4, and fs-
CoFe2O4 photocatalyst are 84%, 87%, and 92%.

3.7.3 Effect of Dye Concentration

Dye concentration is one of the important parame-
ters affecting the photocatalytic degradation of CR
dye. The effect of dye dose on the degradation of
CR dye shows that the maximum degradation occurs
at 5 ppm of dye solution, and a further increase in
dye dose leads to a decrease in the degradation
process. It was observed that an increase in the
concentration of dye resultant decreases the degra-
dation of dye as shown in Fig. 10. The decreasing
rate of photocatalytic degradation of CR dye is
because an increase in dye concentration causing
more interaction of light with the dye light and
molecules unable to reach the surface of the catalyst,
which leads to a decrease in the process of photo-
catalytic degradation. In the start, more dye mole-
cules generate more inorganic ions like nitrate and
sulfate in solution which compete with the mole-
cules of the dye. Moreover, Bear-Lambert law says
that the initial concentration of solution increases
and the path length for the incoming photons to
the solution decreases, and as a result, a very small
number of photons reach to the surface of the cata-
lyst and consequently a less photocatalytic
degradation of dye (Saquib and Muneer 2002;
Bhattacharyya and Sharma 2005).

Fig. 9 Effect of adsorbent dose
(CoFe2O4) on the degradation of
Congo red dye
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3.7.4 Effect of pH

The effect of pH on the photocatalytic degradation of
CR dye in the presence of CoFe2O4 nanostructure was
observed in the range from 1.0 to 14.0, as shown in
Fig. 11. It is indicated that in the start, the degradation
(%) got increases with increase in pH till 9, and then

started decrease if we go with further increase in pH
above 9, this may be because of the formation of oxygen
anions radical by the reaction between photocatalyst
electrons (e−) and the oxygen molecules, so that way
the speed of the photocatalytic degradation process of
CR dye got increased. And further increase in pH de-
crease in the speed of degradation of CR dye because of

Fig. 10 Effect of dye dosage on
the percent degradation of Congo
red dye

Fig. 11 Effect of pH on the
degradation of Congo red dye by
using CoFe2O4
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the force of repulsion between anionic species and neg-
atively charged surface of the CoFe2O4 nanostructure. It
may be due to the fact, the initial pH, linked with the
further acidification of the reaction mixture using HCl, a
large amount of conjugated base, which is added to the
dye solutions. The Cl− ions can react with OH• radicals

to produce inorganic radicals (i.e., ClO−•) and this ClO−•

anion radicals have lower reactivity as compared with
hydroxyl radical, and as a result they do not take part in
the dye degradation, there is a high competition between
the dye anions radicals and hydroxyl radicals (Murphy
2007; Guo et al. 2017). Therefore, the increase in

Fig. 12 Effect of acids on the
degradation of Congo red dye

Fig. 13 Reaction kinetics of the
degradation of Congo red through
CoFe2O4 nanostructures
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solution pH results in the increase in dye degradation,
but further increase above 9.0 leads to a decrease in the
degradation of dye.

3.7.5 Effect of Different Acids

The effect of acid on the mixture and observed the
photocatalytic degradation process of CR dye. The ob-
tained results from the experiment are illustrated in
Fig. 12. Due to the high amount of hydrogen ions (H•)
in the solution, HNO3 produces maximum degradation
in percent. As H2SO4 generates sulfate SO4

2− ions
which stop the hydrogen ion in the solution, so their
CR dye degradation is much lower than HNO3. The
same HCl produces Cl− ions to the solution, which
scavenge OH• ions and hence shows very low photocat-
alytic degradation of CR dye. The photocatalytic degra-
dation of CR dye shows many interesting features. To
accomplish this task, we used different acid solutions

with different amount, i.e., 1–8 ml of each acid (HNO3,
H2SO4, and HCl) to a separate reaction.

3.8 Kinetics Study of the Photocatalytic Degradation
of Congo Red Dye

Kinetics of the photocatalytic degradation for CoFe2O4

(bs-CoFe2O4, as-CoFe2O4, and fs-CoFe2O4) nanostruc-
tures measured from the graph of 1 + log optical density
versus contact time as shown in Fig. 13. The kinetics
model of photocatalytic reaction follows pseudo-first
order of kinetics. The kinetics data are presented in
Table 1. The photocatalytic activity of all three
photocatalysts (bs-CoFe2O4, as-CoFe2O4, and fs-
CoFe2O4) was calculated by the following Eq. 3.

Catalytic efficiency ¼ k=Ccatalyst: ð3Þ

where k is the rate constant and Ccatalyst is the
photocatalyst concentration. The determined efficien-
cies of photocatalytic were 0.0018 min−1 g−1 for bs-
CoFe2O4, 0.001 min−1 mg−1 for as-CoFe2O4, and
0.0020 min−1 mg−1 for fs-CoFe2O4 photocatalyst.

Rate constant obtained from slope were used to cal-
culate the speed of decolorization level for all prepared
three types of CoFe2O4 nanostructure. Figure 14 shows
the decolorization rate for the decomposition of CR dye
in the presence of fs-CoFe2O4 nanostructure, which was
found higher as compared with bs-CoFe2O4 and as-

Table 1 Rate constant for the degradation of CR dye in the
presence of three types of catalysts

Sample CoFe2O4 Rate constant (min−1) R2

bs-CoFe2O4 5.60 × 10−3 0.9901

as-CoFe2O4 6.10 × 10−3 0.9936

fs-CoFe2O4 6.40 × 10−3 0.9964

Fig. 14 Decolorization rate of
CoFe2O4 photocatalysts
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CoFe2O4 photocatalyst. The fs-CoFe2O4 particle size is
much smaller than as compared with bs-CoFe2O4 and
as-CoFe2O4 particles and has significantly higher pho-
tocatalytic activity, and this is because of the available
active sites on particles surface.

4 Conclusions

Cobalt ferrite nanostructure was successfully synthe-
sized by using the process of co-precipitation, and the
as-prepared sample was then heated for about 6 h at
600 °C. A total of 1MHCl acids were used to treat these
thermally annealed nanoparticles, and CoFe2O4 nano-
particles surface was successfully modified with
3-(APTES). XRD was used to confirm the particle size
and crystallinity of the prepared CoFe2O4 nanostruc-
tures, and the particle size is 5.30, 4.82, and 5.26 nm
of bs-CoFe2O4, as-CoFe2O4, and fs-CoFe2O4 nano-
structures. The photocatalytic performance CoFe2O4

nanostructures showed that fs-CoFe2O4 nanostructure
degrades 91% of Congo red dye at pH 9 in 90 min. In
the acidic medium the bandgap energy value is 2.71 eV.
The rate of CR dye degradation reaction on the surface
of CoFe2O4 nanostructure following pseudo-first-order
kinetics model (6.40 × 10−3 s−1). The obtained efficien-
cy of photocatalyst were found 0.0018 min−1 mg−1,
0.0020 min−1 mg−1, and 0.001 min−1 mg−1 for bs-
CoFe2O4, as-CoFe2O4, and fs-CoFe2O4 photocatalyst.
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