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Abstract

The overall effectiveness of a photocatalytic water treatment method strongly depends on various physicochemical factors.
Superparamagnetic photocatalysts have incomparable advantage of easy separation using external magnetic fields. So, the
synthesis of efficient superparamagnetic photocatalysts and the development of a deep understanding of the factors influenc-
ing their catalytic performances are important. Co,Zn,_,Fe,O, (x = 0, 0.5, 1) ferrite nanospheres were synthesized by the
solvothermal route. The reduction of Cr(VI) and degradation of methyl orange (MO) impurities were carried out in single-
and binary-component system under visible light irradiation. The adsorption experiments were done by the catalyst in the
water solution containing the impurities. The magnetic and optical properties were studied by VSM and UV-Vis analysis.
The nature of porosity was investigated using the BET method. 3D nanospheres of diameter about 5—-10 nm were fabricated.
The binary-contaminant system exhibited synergetic photocatalytic effect (80% improvement in activity rate) against the
nanoparticles. The corresponding mechanism is discussed. CoFe,O, exhibited better adsorption, photocatalytic and magnetic
separation efficiency due to its higher surface area (50% higher), narrower band gap (25% lesser), smaller crystallite size, a
strong magnetic strength (51.35 emu/g) and meso—macro hierarchical porous structure. The adsorption of Cr(VI) and MO
can be approximated to the Langmuir and Freundlich model, respectively.

Keywords Synergetic photocatalysis - Superparamagnetism - Meso—macro porosity - Cr(VI) reduction - Solvothermal
synthesis - Dye degradation - Adsorption isotherm

Introduction

Water contamination caused by heavy metal ions and organic
dyes is one of the most severe problems of the industrialized
modern world. Among the various heavy metal ions, hexava-
lent chromium Cr(V]) is reported as very toxic, carcinogenic
and highly soluble, and is widely present in water resources.
The oxidation state of chromium determines its toxicity.
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Cr(III) is less toxic compared to hexavalent chromium ion.
So the procedures for efficient catalytic reduction of Cr(VI)
metal ion hold much significance (Jacobs and Testa 2004).
Methyl orange (MO) is a hazardous anionic organic dye
commonly found in effluents from industries such as paper,
plastic, rubber, paint and textile (Gurses et al. 2016). A vari-
ety of methods have been utilized for the removal of contam-
inants from water. Photocatalysis has emerged as one of the
technologies for the removal of environmental contaminants
in recent years (Qu et al. 2013; Fresno et al. 2014; Nanakkal
and Alexander 2017). In the realistic case, because of human
activity, the inorganic heavy metal ions and organic pollut-
ants subsist together in surface water sources (Ali 2012). So,
studies on the simultaneous photocatalytic degradation of
mixed pollutant water systems and developing knowledge
of its adsorption mechanism are of much relevance. Diverse
photocatalysts have been explored for the photocatalytic
degradation of MO (Cai et al. 2016; Singh et al. 2015) and
Cr(VI) (Ali and Mostafa 2015) contaminants.
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Spinel ferrites acquire matchless physical and chemical
properties including tunable shape and size, elevated spe-
cific surface area, fresh active sites, remarkable chemical
stability, etc. They can also be modified or functionalized
for a particular application. The size reduction of ferrites
below a critical size leads to a novel useful phenomenon—
superparamagnetism. Being superparamagnetic in nature,
they do not keep hold of magnetization prior to and after
the removal of the magnetic field—therefore diminishing
the particle aggregation, critical for the availability of pho-
tocatalytically active sites on the surface. Also, it can be
efficiently separated from the system after the photocatalytic
process (Makovec et al. 2012; Tang and Lo 2013). Ferrite
nanoparticles hold a huge potential for water purification
applications that necessitate high adsorption efficiencies,
magnetic separation capacity and speedy kinetics (Reddy
and Yun 2016).

The quest for newer geometries of ferrites is an active
field of investigation (Abbas et al. 2014; Cao et al. 2014).
Tweaking the morphology, shape and size of ferrite nano-
structure for a particular purpose continues to be a complex
task to date. 3D materials with porous nature have great
significance in the field of photocatalysis, owing to their
high surface area and superiority in the transport of reac-
tant molecules. The solvothermal method is an effective
technique for the preparation of nano ferrites, since it can
produce monodisperse, narrow particle size distribution and
offers a variety of morphologies.

Among ferrites, cobalt-substituted zinc ferrite has
received much significance due to its visible light absorption
capacity and excellent chemical stability (Abbas et al. 2014;
He 2012). Literature shows some reports on the applicabil-
ity of solvothermal methods for the synthesis of cobalt-zinc
ferrite nanoparticles (Reddy et al. 2015; Hou et al. 2010).
Fan et al. (2012) reported for the first time the visible light-
induced photocatalysis on dye using Co,Zn,_,Fe,O, nano-
particles. In this report, the solvothermal method is used
for the synthesis of 3D spherical ferrite nanospheres of
diameter less than 10 nm. The ZnFe,O, and CoFe,0, pho-
tocatalysts have been explored in methyl orange degradation
in its single-component impurity system (Cai et al. 2016).
The photocatalytic degradation studies on the mixture of
impurities (binary or ternary) using different photocatalysts
is an emerging area of research (Liu et al. 2015a, b. For
the real-world implementation of photocatalysis applied to
the simultaneous removal of hazardous components from
water, a deeper understanding of the photocatalytic material
interface is crucial.

Considering all the above aspects, this study attempted
to emphasize the synthesis and formation of Co,Zn, _ Fe,0,
(x =0, 0.5, 1) 3D nanosphere and investigated it as a
bifunctional material, i.e., as a magnetic nanoparticle and
a photocatalyst. This paper also tries to address the need to
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understand the catalytic mechanism, adsorption mechanism,
microstructural details desirable for improved photocatalytic
performance and factors determining synergetic catalytic
degradation. In this way, this work provides a promising
approach to provide a platform for the understanding of pho-
tocatalytic activity in a binary-impurity system.

Materials and methods

Synthesis of Co,Zn,_,Fe,0,(x=0,0.5, 1)
nanoparticles

Ferrite nanoparticles were obtained by a solvothermal
method using ethylene glycol (99%) as the solvent. The
nitrates of Co, Zn and Fe, viz., Co (NO3),-6H,0 (97%), Zn
(NO;),-:6H,0 (96%) and Fe (NO5);-9H,0 (98%), depending
on the desired relative composition of Zn** and Co** in the
ferrite were dissolved in ethylene glycol. The solution was
mixed with polyethylene glycol (PEG; 98%, added in drops)
and sodium acetate (98%). The reaction mixture was stirred
for 10 min. The resultant mixture added with urea (99.5%)
was stirred vigorously for 30 min and heated in an autoclave
at 180 °C for 12 h. The PEG, sodium acetate and urea were
intended to act as surfactants.

Characterization of nanoparticles

The crystallographic studies on the synthesized
Co,Zn,_,Fe,0, nanoparticles were carried out by X-ray
diffractometer (Rigaku-600) using Cu K, radiation. The
morphology of the samples was investigated using high-res-
olution transmission electron microscopy (Jeol JEM 2100).
Elemental analysis of ferrite nanoparticles was performed
using ZEISS GEMINI SEM 300 coupled with energy-dis-
persive X-ray spectroscopy (EDX). UV-Vis spectroscopic
studies of the nanoparticles were done using JASCO V-550
spectrometer. The photoluminescence (PL) study was
carried out using Perkin Elmer LS55 spectrometer. The
magnetic properties were measured using a vibrating sam-
ple magnetometer DMS 1660 VSM at room temperature.
Brunauer—-Emmett—Teller (BET) surface analysis was per-
formed using Micromeritics Tristar II 3000.

Photocatalytic performance tests

The photocatalytic experiment was performed under three
different contaminant protocols: (i) with MO only (10 mg/L,
pH = 7.36), (ii) with K,Cr,0; only (10 mg/L, pH = 5.36)
to provide Cr(VI) and (iii) a mixture of impurities (10 ppm
each, pH = 5.80) viz., MO and K,Cr,0,. In all the experi-
ments, 50 mg of the photocatalyst was suspended in 97 ml
of the impurity solution. A 500 W halogen lamp was used
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as the source and the photocatalytic experiments were done
under visible light region (illuminance of 70,000 Ix). Preced-
ing the irradiation, the suspensions were stirred in the dark
for 60 min to accomplish adsorption—desorption equilib-
rium. 3 mL of dispersion was withdrawn at an equal interval
of time and the catalyst was immediately separated with the
help of an external magnet for performing UV—Vis analy-
sis. The standard colorimetric technique using diphenylcar-
bazide reagent was adopted for the estimation of chromium
impurity. The change in concentration of methyl orange and
chromium ion due to the synthesized magnetic photocatalyst
was estimated by monitoring the absorbance at 460 nm and
540 nm, respectively, with the help of UV—Vis spectrometer.

Results and discussions
Structural characterization

Figure 1a—c shows the X-ray diffraction (XRD) spectra of
Co,Zn,_,Fe,0, (x =0, 0.5, 1: denoted-ZFO, CZFO and
CFO, respectively) along with Rietveld refinement. All
the peaks in the XRD were identified to be of the AFe,0O,
spinel type (A = Zn, Co) crystal with Fd-3 m cubic sym-
metry. The complete XRD had a good match with JCPDS
file no: 01-089-7412. The average crystallite sizes of the
nanoparticles calculated based on Scherrer formulae and
lattice parameters evaluated using Rietveld refinements are
shown in Table 1. The lattice parameter was found to slightly
decrease with the increase of Co content. Thus, the data
roughly obey Vegard’s law (Denton and Ashcroft 1991).
This dependence could be attributed to the smaller radius
of the Co cation (0.72 A) than the Zn cation (0.82 A).

A general shift in the peak position with the change
in Zn** content can be noticed in the XRD pattern
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Fig.1 XRD pattern (black line) and Rietveld refinement pattern of a
ZFO, b CZFO and ¢ CFO

Table 1 Structural parameters obtained from Rietveld refinement of
the XRD spectrum

Composition Average crystallite Lattice parameters Va
size (nm) a=b=c(A)

ZFO 13 8.430 0.88

CZFO 12 8.419 1.26

CFO 11 8.386 1.02

(Supplementary Fig. S1). This can be attributed to a change
in lattice parameter (in turn related to ionic radius) of
Co,Zn,_,Fe,0, nanoparticles. EDAX substantiated the for-
mation of pure ferrite nanoparticles without the trace of any
extra elements.

DRS-UV-Vis analysis

The Tauc plot evaluated based on the diffuse reflectance
UV-Vis spectra of Co,Zn,_,Fe,0, is shown in Fig. 2. Here,
the values (ahv)?® are calculated based on Kubelka—Munk
function (F(R)), where a = (1 — R)*/2R, a is the absorption
coefficient and R is the diffuse reflectance. The band gap
energy values estimated for Co,Zn,_,Fe,0, using the Tauc
plot are 2.07, 1.97 and 1.59 eV, respectively, for x = 0, 0.5
and 1.

The reduction in band gap energy with cobalt doping is
caused by the sp—d exchange interaction between the band
electrons of spinel ZnFe,0, and the localized d-electrons of
Co?*ions (Manikandan et al. 2013a). This causes the forma-
tion of sub-bands within the energy band gap. The merging
of the sub-bands with the fine levels of the conduction band
results in a continuous band. In addition, the blueshift with
cobalt content can also be ascribed to (i) the decrease in the
lattice constant (Singh et al. 2015; Manikandan et al. 2013b)
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Fig.2 Plot of ((F(R)hv)? versus the photon energy for ZFO, CZFO
and CFO nanoparticles
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and (ii) the creation of additional sub-band gap energy levels
induced due to the surface and interface defects in the syn-
thesized nanoparticles (Manikandan et al. 2014).

Morphological characterization

The TEM images of CZFO are shown in Fig. 3. A control
in size, shape and morphology of nanoparticles has great
significance in the field of catalysis. The choice of the com-
bination of surfactants can play a critical role in deciding
the morphology of the nanoparticles. From the TEM micro-
graphs, the nanoparticles obtained were found to be sphere
like and uniformly distributed. The diameter of the particles
was found to be in the range 5-10 nm.

The mechanism of formation of CZFO nanospheres

The formation of the CZFO entity can be described as
follows: The nitrate ions obtained from the cobalt, zinc

10m

Fig.3 TEM image of CZFO depicting its nanosphere morphology

Fig.4 Schematic representation
of Co,Zn,_,Fe,0, nanosphere
formation and evolution
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and ferric nitrates in the reaction mixture undergo chela-
tion with ethylene glycol (used as the solvent) to form
metal alkoxides (Wang et al. 2010). The second step is the
decomposition of metal Co(Il), Zn(II) and Fe(III) alkox-
ides releasing CO, and H,O to form CZFO crystallites.
The primary crystallites of CZFO are formed in the early
stages of nucleation. The nucleation is followed by growth
without nucleation, resulting in monodispersed nanocrys-
tals. The nanocrystals aggregate to form spherulite in the
presence of surfactants. The degree of aggregation of par-
ticles augmented by surfactants influences the morphology
and microstructure of metal oxides. According to the von
Weimarn theory (Barlow et al. 2004), the development of
nanosphere by the Ostwald ripening process (Mou et al.
2010; Davilalbanez and Salgueirino 2013) involves dif-
ferential diffusion and coalescing of the small spaces to
form large structures. The above mechanism for the for-
mation of Co,Zn,_,Fe,0, nanospheres is schematically
represented in Fig. 4.

Superparamagnetism

Magnetic hysteresis loop of the particle is an S-like curve
(Fig. 5), and the saturation magnetization is found to be
increased with increase in cobalt content. The satura-
tion magnetization value of the ZFO, CZFO and CFO
samples is found to be 27.44, 38.90 and 51.35 emu/g,
respectively. The observed saturation magnetization of
the Co,Zn,_,Fe,0, samples is sufficient for their mag-
netic separation from a typical water purification system.
The magnetic coercivity and remnant magnetization are
noticed to be nearly zero, indicating an absence of resid-
ual magnetization upon removal of an external magnetic
field. Thus, the Co,Zn,_ Fe,O, samples show the targeted
superparamagnetism—very much relevant for magnetic
separation of the catalyst after water purification (Fig. 6).
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Fig.5 Magnetic hysteresis plot of ZFO, CZFO and CFO nanoparti-
cles suggesting superparamagnetism

Photocatalytic experiments

Removal of M.O. and Cr(VI) in their respective
single-component systems

The photocatalytic activity of the Cr(VI) reduction and
methyl orange oxidation with ZFO, CZFO and CFO photo-
catalysts were investigated in their single- and binary-com-
ponent system. The time-dependent degradation curves of
both the analytes in the single-impurity system are illustrated
in Fig. 7a, b. The photocatalytic degradation data can be
modeled to a pseudo-first-order reaction (exponential regres-
sion) equation:

C

ekt
CO

€

Fig.6 Demonstration of mag-
netic separation of superpara-
magnetic ferrite nanospheres
dispersed in MO solution. a
MO solution, b MO and catalyst
mixture before the reaction and
c after the photocatalytic MO
removal and magnetic separa-
tion of the catalyst

(a)

(b)

Here, C,, is the initial concentration, C is the concentra-
tion at time ¢, and k is the degradation rate constant. The
rate constants (k) thus obtained are plotted as blue colored
bars in Figs. 8 and 9. As noticed, the k value is dependent
on the type of impurity. The reason is that photocatalytic
degradation reaction mechanisms are different in methyl
orange and chromium. Among all the ferrite samples, CFO
exhibits the maximum activity of the Cr(VI) reduction and
methyl orange degradation under visible light illumination.
Thus in the single-contaminant system, the degradation rate
enhanced with the increase in cobalt content.

Effect of MO and Cr(VI) adsorption in the binary-impurity
system

Cr(VI) and MO equilibrium adsorption on the photocatalysts
was performed at their natural pH 5.35 and 7.36, respec-
tively, under the same conditions employed in photocatalytic
experiments. The percentage amount of Cr(VI) adsorbed on
the ferrites, both in the presence and in the absence of MO,
is shown in Fig. 10. The extent of Cr(VI) and MO adsorption
on all the ferrites was lower in the binary-impurity system,
signifying the competitive adsorption of Cr(VI) and MO
impurities. The higher surface area of the ferrite nanopar-
ticles has a significant role in the extent of adsorption in
the binary-impurity system. A similar competent adsorption
mechanism can be inferred in the MO equilibrium adsorp-
tion plot (Fig. 11) also.

Synergetic photocatalysis of Cr(VI) reduction and methyl
orange oxidation

Photocatalytic (PC) experiments were performed with
Co,Zn,_,Fe,0, photocatalyst in a solution with the
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Fig. 7 Photocatalytic degradation of a Cr(VI) in single-impurity sys-
tem, b MO in single-impurity system, ¢ Cr(VI) in binary-impurity
system and d MO in binary-impurity system over Co,Zn,_ Fe,O,
(x = 0, 0.5, 1) catalysts under visible light irradiation. The solid
line shows fit to determine photocatalytic reaction rate (k) using the
pseudo-first-order reaction equation

simultaneous presence of Cr(VI) and MO impurities. The
binary-component impurity solution had the same con-
centration of Cr(VI) and MO as in the case of the single-
impurity system (10 ppm each). Also, the PC experiments
were performed under the same physical conditions includ-
ing light intensity. The time-dependent degradation curves
of both the components in the binary-impurity system are
shown in Fig. 7c, d. The k values evaluated separately for
Cr(VI) and MO impurities in the binary system are plotted

® Without M.O ® With M.O

4.95 521

Rate constant,k*10-2(min")

ZFO CZFO CFO

Fig.8 Plot demonstrating the evolution and synergy in contaminant
degradation rate constants (k) of Cr(VI) photocatalytic reduction in
the absence (blue colored) and presence (red colored) of the MO
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Fig.9 Plot demonstrating the evolution and synergy in contaminant
degradation rate constants (k) of MO photocatalytic oxidation in the
absence (blue colored) and presence (red colored) of the Cr(VI)
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Fig. 10 Percentage amount of Cr(VI) adsorbed at equilibrium on fer-
rite photocatalysts in the absence and presence of the MO dye

as red colored bars in Figs. 8 and 9. As one can notice, com-
pared to the single-component system, the photocatalytic
degradation rates of Cr(VI) and MO increased in the binary
system. It can be inferred that in the binary system, simul-
taneous Cr(VI) reduction and methyl orange oxidation pro-
mote the degradation rates of each other. Here, the mecha-
nism can be understood in terms of three independent steps.
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® Without Cr(VI) = With Cr(VI)
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Fig. 11 Percentage amount of MO adsorbed at equilibrium on ferrites
photocatalysts, in the absence and presence of Cr(VI) as dichromate
anion
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Fig. 12 The photoluminescence (PL) spectra of CoFe,O, and
CoFe,0, in the presence of MO

(i) Methyl orange is an organic dye and its oxidation needs
photogenerated holes. Thus, the presence of methyl orange
could scavenge the photogenerated holes from the ferrites,
suppressing the electron—hole recombination and acceler-
ating the photoreduction of Cr(VI) by the photogenerated
electrons. The hole scavenging role of MO was investigated
using photoluminescence spectroscopy. The experiment was
performed at an excitation wavelength of 200 nm to capture
the PL results for CoFe,O,. The spectra were taken on a
fixed concentration of CFO solution in water and repeat-
ing the experiment in the same catalyst concentration with
MO. As seen in Fig. 12, the clear decline in the intensity
of the PL spectrum for CFO in the presence of MO indi-
cates the significant reduction in charge recombination in
CFO. This substantiates that MO act as a scavenger for pho-
togenerated holes from the ferrites. The scavenging leads to
enhanced availability of electrons for catalytic reduction on
Cr(VI). (ii) When irradiated with light, MO itself absorbs the
photons and gets excited. The excited MO can transfer the
electrons to Cr(VI) ions through the conduction band of the
ferrites providing additional electrons in turn, leading to an
enhanced reduction of chromium. (iii) Cr(VI) is a strong oxi-
dant which also contributes to the degradation of anionic dye
(Liu et al. 2015b). The synergetic role played by the strong
oxidizing nature of Cr(VI) is demonstrated in Fig. 13. As
seen in the figure, after 60 min irradiation, the degradation
of MO is enhanced from 3 to 18% by the sole contribution of
Cr(VI). The presence of catalyst CFO improved the degrada-
tion of MO to 98%. The O, are formed by the reduction of
adsorbed oxygen on ferrite in contact with the electron. It
is reported that O, could support the Cr(VI) reduction (Hu
et al. 2014). Thus, the co-operative photocatalysis of the
Cr(VI) reduction and MO oxidation could quickly utilize
the photogenerated electrons and holes, which enhances the

1-0 I l‘ L] L) LJ L] L] L) |
08 J
v MO only
< 0.6} ® MO+Cr(VI) J
o = CFO+MO+Cr(VI)
© 04l - ]
0.2¢L J
00L "

0 10 20 30 40 50 60
Time (min)

Fig. 13 Photocatalytic degradation effect of CoFe,O, for MO,
CoFe,0, and Cr(VI) for MO and the selfdetoxificationof MO

photocatalytic activity. The pathway for photocatalysis of
Cr(VI) reduction and MO degradation using ferrite catalysts
is illustrated in Fig. 14.

Photocatalytic mechanism
The possible paths of photocatalytic mechanism in the

Co,Zn,_,Fe,0, ferrite photocatalyst under visible light irra-
diation is described in Egs. (1)—(11):

Co,Zn,_,Fe,0, +hv — hi, + e, (1)
(02)ags +ecp = O3, 2
O, +H* - HO,, 3)
2HO, — H,0, + 0,, 4)
H,0, + O — OH + OH™ + O,, (5)
2H,0 + h* — 20H" + HY, (6)
h*™ + MO — Degradation production, @)
O; /H,0,/0H" + MO — Degradation production, (8)
Cr(VD)* ™ = Cr(V)* " = Cr(I), ©)
MO + hv - MO*, (10)

[MO* --- Ferrite] — [MO™"" ... Ferrite] + ¢ to CB. (11)

Recyclability tests

The recyclability experiments were performed for six cycles.
Removal efficiencies with CoFe,O, toward MO and Cr(VI)
in the binary solution are shown in Fig. 15. Even after six
cycles, the catalyst provides around 90% of the degradation
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Fig. 14 The proposed path- -
ways for synergetic photocata- A

lytic impurity removal using < A
Co,Zn,_,Fe,0, catalysts: a
Formation of photogenerated
carriers b Cr(VI) reduction
process and ¢ MO oxidation
process

efficiencies of the first cycle. The experiments point to supe-
rior recyclability of the catalyst.

Adsorption equilibrium study

The adsorption isotherm helps to identify the manner in
which the adsorbate is distributed between the solid phase
and liquid phase and when at equilibrium. Isotherms are
considered as the finest approach for a theoretical study
of adsorption. Isotherms point out the nature of the inter-
action between the adsorbate and adsorbent. The Lang-
muir model and Freundlich model are widely employed
for inquiring the nature of adsorption (Wang et al. 2012).
The Langmuir model presumes monolayer coverage on
a homogeneous surface (Jia et al. 2012). The Freundlich
model is usually used to describe the adsorption charac-
teristics for a heterogeneous surface (Kaur et al. 2015).
Adsorption tests were carried out by stirring 50 mg of
catalysts in 97 mL of chromium and MO impurity solu-
tions separately. Quantity of impurities adsorbed by the
nanospheres after treatment for 60 min were calculated.
The linear form of the equations for the models can be
expressed as follows:

In ) @n) g
log g, = log K; + log C.. (13)

Equations (12) and (13) correspond to Langmuir and
Freundlich isotherms, respectively. Here, g, is the amount
adsorbed at equilibrium (mg/g), C, is the equilibrium con-
centration (mg/L), b is related to equilibrium constant (L/
mg), and ¢,, is the Langmuir monolayer adsorption capac-
ity (mg/g). K roughly represents the Freundlich adsorption
equilibrium constant associated with the adsorption capacity
and n represents the adsorption intensity described as the
distribution coefficient.
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Fig. 15 Recyclability of the CoFe,O, photocatalyst in the photodeg-
radation of MO and photoreduction of Cr(VI) under visible irradia-
tion

Adsorption isotherms with different initial concentrations
of Cr(VI) and MO onto ZFO, CZFO and CFO powders are
illustrated in supplementary figures Fig. S2a, b. All isotherm
plots (Fig. S2a, b) fit well with adsorption isotherm equa-
tions and therefore Eqs. 12 and 13 were applied to simulate
and understand the nature of adsorption.

Supplementary figures Fig. S3a, b represents the fit
between the experimental data and the Langmuir and Fre-
undlich isotherms model for Cr(VI) adsorbate. The isother-
mal constants and the linear regression coefficients obtained
from the experimental data and the related results for Cr(VI)
are shown in Table S1. The higher regression coefficient R,
(see table S1) from Langmuir isotherm suggests that the
Langmuir adsorption isotherm fits better than Freundlich
isotherm for all the three adsorbents. This result suggests
that the adsorption of chromium ion takes place onto homo-
geneous sites resulting in a monolayer.

The obtained parameters are summarized in supplemen-
tary Table S2. In MO, unlike the case of Cr(VI), the Fre-
undlich isotherm model showed more agreement with the



Applied Nanoscience (2018) 8:125-135

sorption equilibrium data (see Fig. S3c, d). Here the inter-
action between the adsorbent surface (ferrite nanoparticle)
and the adsorbate (MO) can be explained in terms of two
types of interactions. Firstly, the hydrogen bond formation
between the ferrite surface and MO molecule: the elements
present in MO such as nitrogen, oxygen and sulfur could
form hydrogen bonds with the surface hydroxyl groups of
ferrites. Secondly, MO is a polar molecule and hence it can
prompt a dipole—dipole interaction between electropositive
groups on the MO and the ferrite surface. The existence of
those two, but different, types of adsorption sites is possibly
the reason for the better fit of the Freundlich model—since
the model assumes the heterogeneous surface for the adsor-
bent having adsorption sites with diverse energies of adsorp-
tion (Asuha et al. 2010).

Porosity analysis

As noted in Figs. 8 and 9 CFO has higher photocatalytic rate
than CZFO and ZFO. To further study the adsorption mech-
anism leading to a higher photocatalytic activity for CFO,
the analysis was done using the Brunauer—Emmett-Teller
(BET) and the Barrer—Joyner—Halenda (BJH) techniques.
The techniques would help to understand adsorption mecha-
nism in relation to the surface area and porosity. The nitro-
gen adsorption—desorption isotherms of the ferrite powders
measured at — 195.80 °C are shown in Fig. 16a—c. The esti-
mated surface area, pore diameter and pore volume of all
samples are summarized in Table 2.

The inset demonstrates the BJH pore size distribution
plot. In the ZFO and CZFO, the pore diameter ranges from
4 nm to 20 nm. Therefore, all pores in both the compounds
are mesoporous. But in CFO, the pore diameter ranges from
2 to 190 nm. Thus in CFO, a substantial contribution to
adsorption surface is offered by macropores (50-190 nm)
also. The pores, in general, could perform as channels for
the adsorption of chromium and methyl orange impurities.
The N, adsorption—desorption isotherms of all the ferrites
correspond to the IUPAC type-IV pattern representing the
existence of mesoporous/macroporous structure in the pre-
pared samples. The sorption isotherms of ZFO and CZFO
samples exhibit typical H1 hysteresis (Peng et al. 2014) and
the CFO sample demonstrates H3 hysteresis (Vignesh et al.
2013; Wang et al. 2014). The H1 type and H3 type suggest
cylindrical pores and slit-like pores, respectively.

Based on the BET analysis, the surface area of the CFO
nanoparticle is found to be larger than that of CZFO and
ZFO, which suggests CFO to be a better adsorbent. The min-
imum crystallite size was obtained for CFO from the XRD
analysis. Minimum crystallite size means a higher total sur-
face area predicting an improved photocatalytic activity in
CFO. In addition, the inset of Fig. 16c suggests a combina-
tion of meso and macro pores in CFO—similar that seen in
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Table 2 Textural parameters of ZFO, CZFO and CFO samples

Sample Spr (M%) Pore volume Pore
(cm®/g) diameter
(nm)
ZFO 107.38 0.2489 5.8375
CZFO 110.43 0.3325 7.2849
CFO 161.23 0.2451 5.5040

another study (Liu et al. 2016). The presence of macrospores
would improve the activity of the catalyst mainly in two
ways: (i) it can enhance transfer of more incident photon flux
onto the surface of the inner photoactive mesopores; (ii) the
macrospores decrease intra-diffusion resistance for impuri-
ties and thus act as channels that can facilitate the increase
in mass transport of reactants to more photocatalytic active
sites (Li et al. 2015). Though CFO showed elevated sur-
face area, its pore diameter was found to be less. It may be
attributable to a large number of pores per gram present in
the CFO sample (Palanisamy et al. 2013). In summary, (i)
smaller crystallite size, (ii) higher surface area, (iii) combi-
nation of meso and macropores, (iv) higher density of pores
and (v) reduction in band gap energy (due to reasons noted
earlier), all together contributed to the enhanced catalytic
activity for CFO in all the PC experiments, viz., Cr(VI) and
MO contaminant degradation in their single- and binary-
component systems.

The interaction between central metal atoms in the
metal alkoxide, pH, ionic strength and synthesis condi-
tions has a considerable role in determining microstructure
formation of nanomaterials. The explanation behind the
preferential formation of macropores in CFO, unlike ZFO
and CZFO, would need a detailed study. It is reported that
a speedy hydrolysis and condensation process is crucial
for macropore formation (Hakim and Shanks 2009). The
reaction mixtures of both zinc and cobalt ferrite nano-
particles have a slight difference in pH values (3.11 and
4.05 as measured in synthesis mixtures of ZFO and CFO,
respectively). The difference in pH is due to the differ-
ence in solubility of inorganic species, its charge den-
sity, its rate of polymerization, etc. (Lemaire et al. 2011).
Among various effects, the difference in pH also result
in a fast precipitation of the metal oxide/hydroxide from
solution—which may lead to the formation of macropores
in CFO nanoparticles. In addition, the presence of sur-
factant molecules influences the hydrodynamic conditions,
thereby determining the morphology and microstructure
of metal oxides. Surfactants can increase the mesoporous
nature by adsorbing the surfactant molecules on the sur-
face of the nanoparticles to form a bilayer structure. This
can improve the mesopore size distribution. Under opti-
mum chemical environment, surfactants can also stimulate
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phase separation during the hydrolysis of metal alkoxides,
in turn leading to the formation of macrospores.

Conclusions

Summarizing, the applicability of Co,Zn,_,Fe,0O, ferrite
nanospheres for the removal of chromium and methyl orange
impurities from single- to mixed-polluted water system is
reported in this study. The nanoparticles synthesized by the
solvothermal method were found based on TEM to exist
morphologically as nanospheres of diameter in the range
5-10 nm. The bifunctional nature of the ferrite nanoparticles
to act as a photocatalyst for the simultaneous removal of the
mixture of water contaminants and as superparamagnetic
nanoparticles aiming at the magnetic separation process
is demonstrated. In the Cr(VI)/MO binary system, under
visible light irradiation, Co,Zn,_ Fe,O, exhibited a syn-
ergetic effect in photocatalytic MO degradation and hexa-
valent chromium reduction under visible light irradiation.
The isotherm study indicated that the adsorption data for
chromium and methyl orange onto Co,Zn,_ Fe,O, can be
understood using Langmuir isotherm and Freundlich iso-
therms, respectively. Among the ferrites, CoFe,O, sample
maintained superior activity as a result of its smaller crystal-
lite size, higher surface area and narrower band gap. Based
on the BET analysis, it is demonstrated that the presence of
the combination of the meso—macro pores in CoFe,0, also
contributed to the enhanced synergetic removal of hazardous
contaminants in water. The mechanism responsible for syn-
ergetic photocatalysis is discussed. A detailed study of the
intermediate products and the subsequent decay into harm-
less products would improve the real-world applicability of
the discussed catalysts.
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