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Rapid industrialization is causing a serious threat for the environment. Therefore, this research was aimed in
developing ceramic cobalt ferrite (CoFe204) nanocomposite photocatalyst coated with coal fly ash (CFA-
CoFe204) using facile hydrothermal synthesis route and their applications against methylene blue. The pristine
cobalt ferrite photocatalyst was also prepared, characterized, and applied for efficiency comparison. Prepared
photocatalyst were characterized by X-ray diffraction (XRD), fourier transformed infrared (FTIR) spectroscopy,
X-ray photoelectron spectroscopy (XPS), and scanning electron microscopy with energy dispersive spectroscopy
(SEM/EDS). Optical response of catalysts was check using photoluminescence spectroscopy (PL). pH drift method
was used for the surface charge characteristics of the material under acidic and basic conditions of solution pH.
The photocatalytic degradation potential of all the materials were determined under ultra-violet irradiations. The
influencing reaction parameters like pH, catalyst dose, oxidant dose, dye concentration, and irradiation time,
were sequentially optimized to obtain best suited conditions. The 99% degradation of 10 ppm methylene blue
was achieved within 60 min of reaction time under pH = 5 and 7, catalyst dose = 10 and 12 mg/100 mL, oxidant
= 12 mM and 5 mM for cobalt ferrite and CFA-CoFe;O4 photocatalysts, respectively. Afterwards, the radical
scavenging experiments were conducted to find out the effective radical scavengers (OH, h™, and e") in pho-
tocatalytic degradation process. The kinetic study of the process was done by applying 1st order, 2nd order, and
BMG models. Statistical assessment of interaction effect among experimental variables was achieved using
response surface methodology (RSM).

Rahman et al., 2021; Rubab et al., 2021; Saher et al., 2021). The po-
tential of advanced oxidation processes (AOPs) in developing sustain-

1. Introduction

Rapid development in the printing, dyeing, and food industries, re-
sults heavy discharge of dye wastewater into the environment without
their satisfactory treatment. Therefore, the development of effective and
economic treatment technologies is the prime need for the wastewater
remediation. Conventional treatment technologies include, coagulation,
precipitations, ion exchange and biological and electrochemical
methods offer certain limitations which resist their application on in-
dustrial scale (Chen and Zhu, 2007; Radjenovic and Sedlak, 2015;
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able technologies for environmental remediations, is being explored
from decades. AOPs are aqueous phase oxidation treatments based on
the utilization of highly reaction radicles (e.g OH) which predominantly
degrade the organic pollutants (Ghanbari et al., 2020, 2021a). The
reactive oxygen species (ROS) like OH degrade the broad range of
organic pollutants non-selectively. The different chemical precursors are
being used as the source of ROS like hydrogen peroxide, percarbonate,
peroxymonosulfate, and peroxydisulfate. These chemical oxidants are
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potential candidates for the treatment of industrial wastewater assisted
by transition metasl, heat, ultraviolet irradiations, carbon-based cata-
lysts etc (Ghanbari et al., 2021b; Motlagh et al., 2020; Naushad et al.,
2019).

Among AOPs, heterogeneous photocatalysts with engineered heter-
ojunctions are emerging material for environmental remediations
(Nadeem et al., 2021b; Tabasum et al., 2020, 2021b; Zahid et al., 2019,
2020). The nano ferrites due to their fascinating physicochemical
properties and facile synthesis strategies attracted considerable atten-
tion of researchers towards their applications in various domains like
drug delivery, energy storage devices, wastewater treatment etc (Has-
sani et al., 2018e). The nanosized magnetite (Fe304) has been used
under heterogeneous sono photo-Fenton process for about 76% removal
of BV10 dye within 120 min of reaction time under optimized conditions
(Hassani et al., 2018d). The spinel cobalt ferrite (CoFe304) is a cost
effective and well known magnetic and electrical semiconductor mate-
rial. It also owns unique characteristics e.g. (1) easy availability of ele-
ments and non-toxicity (2) good catalytic activity due to high surface
area (3) narrow band gap (4) easy separation from solution phase due to
good magnetic properties (Dou et al., 2020). Furthermore, various
studies reported cobalt ferrite when coupled with heterostructures
showed high charge transfer ability. For example, CoFe204-rGO hybrids
and CoFe304@7ZnS core shell nanocomposites were prepared and used
for photocatalytic degradation of pollutants from wastewater (Farhadi
et al., 2017; He and Lu, 2017). Similarly, Hassani and coworkers (Has-
sani et al., 2018a) evaluated the sono-catalytic activity of CoFe304-rGO
nanocomposites against several organic pollutants and succeeded in
achieving more than 90% of pollutants. Other supports like g-C3N4 have
also been used in combination with other photocatalysts (Eghbali et al.,
2019). The combination of g-C3N4 with CoFe;04 (CoFez04/mpg-C3Ny,
CF/MCN) was developed to improve the properties of pristine cobalt
ferrite nanoparticles (Hassani et al., 2018c¢). The authors reported more
than 90% degradation of organic pollutant using mesoporous composite
under optimized reaction conditions with PMS as an activator. (Hassani
et al., 2018b, 2020). However, high cost (Nadeem et al., 2021a) and
instability of photogenerated electrons in pristine metal ferrites limits
their application on pilot scale. The prevention in charge recombination
can be achieved by compositing these ferrite nanoparticles with other
semiconductors having variety of energy band gaps (Nadeem et al.,
2021c¢).

Enhanced performance of ferrite nanomaterials has been achieved by
Goyal and coworkers in which they successfully incorporate the Al into
the spinel cobalt and nickel ferrite (Goyal et al., 2017). The coal fly ash is
a valuable solid industrial waste, but its improper disposal leads towards
detrimental effect to soil, environment, and human being (Wang et al.,
2020). Wang and coworkers reported an important review on leach-
ability of CFA (Wang et al., 2020). Coal fly ash (CFA), being cheap and
rich source of alumina silicate compounds can be used conveniently to
enhance the photocatalytic response of CoFe;04 nanoparticles. Besides
this, various metal oxides present in CFA provides effective sites for
heterojunctions. The catalysis is a surface phenomenon, and the pho-
tocatalytic activity of spinel ferrite NPs is closely related to their struc-
ture (Asma et al.,, 2019; Moura et al., 2017; Mushtaq et al., 2020;
Tabasum et al., 2021a). Insertion of heterojunction (e.g. metals, metal
oxides) in cobalt ferrite may improve the cationic distribution for
improved photocatalysis as reported previously (Moura et al., 2017).

CFA consists of mostly aluminosilicate compounds. Besides, it also
contains several metallic and calcium oxides. Few trace elements (Cr,
Ba, Ni, Pb, Sr, and Zn) are also present in FA (Yao et al.,, 2015),
augmented with magnetospheres. Additionally, the water-soluble con-
tent (0.2-0.6 wt%) of FAs covers very high concentration of Ca and S,
moderate concentration of Ti, Si, P, Na, Mg, K, Fe, Cl and Al and trace
amount concentration of Sr, Sn, Ni, Mn, Li and Cs at ppm level, and Zr,
Zn, V, Se, Sb, Rb, Pb, Mo, Cu, Cr, Ba and As at ppb level. CFA elements
may be considered as network former and network modifiers, which
includes Al203, Si02, Fe203, P205, TiO2 and K20, Na20, MgO and
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CaO respectively. These chemical aspects of CFA suggest them as effi-
cient alternative for metal and metal oxide. The development of cheap
catalysts and waste resources into value-added products is being pro-
cessed nowadays, like CFA into low-cost catalysts. The heterogeneous
catalysts synthesis the use of CFA is economically favorable and
eco-friendly. The interaction of active catalyst components with some
support material is the determining factor for the effectiveness of het-
erogeneous catalysis. TiOs, MgO, Al;03 and SiO5 are widely used metal
oxide in catalysis (Wang and Lu, 2007). Thermally stable iron and
aluminum oxide are main constituents of CFA. Besides, the high stability
of alumino-silicate fractions of CFA in different reactions suggest this
material as an efficient support for catalysis (Mushtaq et al., 2019).
Wang and colleagues (Wang et al., 2021) modified the raw coal fly ash
and used it as an efficient Fenton-like catalyst to treat polymer-flooding
wastewater. Effective removal rate (i.e. 70.3%) of polyacrylamide was
achieved under optimized reaction conditions. Hence besides other
support based CoFe30y4, the present CFA based CoFe;O4 nanocomposites
are supposed to be the efficient heterogeneous photocatalysts due to the
utilization of waste residual material (i.e CFA) as support without any
chemical modification.

This study was designed to explore the photocatalytic degradation
potential of CFA based cobalt ferrite composite photocatalysts. The
composites and cobalt ferrite were synthesized using hydrothermal
route and were well characterized using FTIR, XRD, XPS, SEM/EDX and
PL analysis. The key influencing reaction parameters were considered
for optimization including pH, catalyst dose, oxidant concentration, and
reaction time. The kinetic study was conducted using three model
including 1st, 2nd, and BMG kinetic models. The radicle scavenging test
was performed to better understand the key radicals involved in
degradation process. The mutual effect of influencing parameters was
studied using a statistical tool “Response Surface Methodology (RSM)”.
The RSM is a combination of statistical and mathematical techniques
developed on multidimensional non-linear model. This model is used for
the determination of optimum values of independent variables to pro-
duce maximum value of dependent or response variable in wastewater
treatment processes (Khataee et al., 2013).

2. Material and methods
2.1. Chemicals

All the materials and reagents used in this research were of analytical
grade and used as obtained. The FeCl3.6H20 (reagent grade, >98%),
CoCl,.6H20 (ACS reagent, 98%), H202 (30% w/w), HCI (35% w/w), and
NaOH (>98% BioXtra anhydrous pellets) were bought from Sigma-
Aldrich. Ethanol (96%) was obtained from Merck. The sample of CFA
was collected from Century paper and Board Mill Lahore. Distilled water
was used throughout the experimentation. The methylene blue dye was
chosen as representative pollutant.

2.2. Synthesis strategies

2.2.1. Synthesis of CoFe304

Hydrothermal synthesis process was used for cobalt ferrite and its
respective CFA composites. In a detailed process, the precursors
CoCl,.6H-0 and FeCl3.6H50 were taken into 1:2 mol ratio (0.01 and
0.02 M respectively) and dissolved into 30 mL of distilled water. The
mixture was stirred magnetically for 15 min to make it homogenous.
Then 3 M NaOH was added dropwise into the above solution until the
pH of solution reaches 10. After doing so, the obtained solution was
ultrasonicated for 20 min in Digital Ultra Sonicator. The precursors were
transferred into Teflon-lined stainless-steel autoclave reactor (250 mL
capacity) and place in heating oven at 180 °C for 14 h. After hydro-
thermal treatment the precipitated were washed for multiple times with
the mixture of distilled water and ethanol to remove excess of NaOH.
The washed magnetic precipitates of CoFe;04 were then air dried in
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Fig. 1. A schematic illustration for the synthesis of CFA-CoFe,O,4 composites.

oven at 60 °C until dried. The chemical reactions involved during the
synthesis of CuFe;O4 nanoparticles is as below:

2CoCl.6H,0 + 4NaOH—""""C, Co(OH),~C00 + H,0 )

2FeCly.6Hy0 + 6NaOH— """ ) Fo(OH),—Fe,05 + 3H,0 )
Thermal treatment

CoO + Fe;0;—""""",CoFe, 04 (€))

2.2.2. Synthesis of CFA- CoFe;04 composites

The CFA chemical composition was determined and categorized as F-
type sample (i.e. Alp03+SiO2+Fe03>70%) (Nadeem et al., 2021c¢). The
sample of CFA was first thoroughly washed and activated, detailed
method is provided in supplementary information, before using in this
study. To synthesize composite photocatalysts (CFA-CoFey04), the
weighed amount of CFA (for 1:2 and 1:1 wt ratio of CoFe;04) was added
into the step 2 (section 2.2.1) of the process described for the synthesis of
CoFey04 following rest of the synthesis protocol same. The CFA com-
posite owed large specific surface area with micro-pore, large enough to
house the dye molecules. The flow chart for synthesis process is
described in Fig. 1.

2.3. Characterizations

The as synthesized CoFe;O4 NPs and composite photocatalysts (CFA-
CoFes04(1:2) and CFA-CoFey04(1:2)) were well characterized with
different analytical techniques. The CFA chemical composition was
determined using XRF analysis and reported previously (Nadeem et al.,
2021c). The phase analysis of synthesized catalysts was done using X-ray
diffractometer (XRD, Rigaku) with source of Cu-Ka radiation (A =
0.154056 nm) at an operating current of 40 mA and voltage of 45 kV.
The identification of surface functional groups of catalysts was carried
out using Fourier-transform infrared (FTIR) spectroscopy (PerkinElmer
spectrum 100 spectrometer). The elemental analysis and surface
chemical composition was determined using X-ray photoelectron spec-
troscopy (XPS; XPS; Escalab 250 XPS system, Thermo Fisher Scientific
UK). The surface morphology was determined using Scanning electron
microscope (SEM JSM-7000 F, ACCEL VOLT 10.0) and near surface

elemental analysis were done by energy dispersive spectroscopy (EDS)
attached with SEM. Shimadzu RF-5301 was used to acquire the charge
recombination ratio prepared composites. To check the percentage
degradation of dyes the UV-Visible spectrophotometer (CECIL CE
7200).

The surface properties of a photocatalysts plays vital role in the
adsorption of pollutants molecules. The effective adsorption assures
enhanced photocatalysis of adsorbate. Therefore, the surface charge of
the photocatalysts was determined using pH drift method. The detailed
process is described in the supplementary document of this article.

2.4. Photocatalytic degradation experiments

Photocatalytic degradation was carried out under UV 254 nm light
source. The detailed description about the light source and methodology
to treat the dye solution is provided in the supplementary information
document.

2.5. Kinetic study

The Fenton processes are complicated and multistep processes and
therefore their kinetic study is important for the complete understanding
of reaction mechanism. The kinetics of dye degradation is usually
described by different kinetic models. For present research three
different kinetic model namely 1st order reaction kinetic model Eq. (4),
2nd order reaction kinetic model Eq. (5), and Behnajady-Modirashahla-
Ghanbery kinetic models Eq. (6) were selected for MB degradation re-
action mechanism study. The best suited model was proposed for the
reaction mechanism of dye degradation for each catalyst.

C,
1* order kinetics In = k.t )
t

1 1
2™ order kinetics — — — = ky.t 5)

t o

C
Behnajady — Modirashahla — Ghanbery kinetics ¢ = (l - é) =m+b.t

o

(6)
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Fig. 2. XRD pattern of CoFe;O4 and CFA-CoFe;O4 composites.

2.6. Response surface methodology

Response Surface Methodology (RSM) is a statistical tool to optimize
the process like photocatalytic oxidative degradation of organic pollut-
ants. It is a mixture of mathematical and statistical techniques which
offer improved way of interactions among controllable experimental
factors with reliable results. This methodology helps in the prediction of
two or above two variables at once by executing statistical experimental
design. The efficient evaluation of model and cumulative response can
be predicted using RSM.

In this research, the central composite design (CCD)-under RSM-was
used. The advantage of CCD is the enough information provided by the
design at relatively less experimental runs. In this way providing overall
cost-effectiveness with experiments. The goodness of fit was obtained,
running 23 factorial CCD with three variables (dye dose, oxidant dose,
and catalyst dose) by running 20 experiments with 8 factorial, 6 axial,
and 6 central replicates using following formula;

N=2"4+2n+n=2+2x3+6=20

where.

N = the total number of experiments to be performed
n = the number of factors to be studied

The independent variables were dye dose (A), oxidant dose (B), and
catalyst dose (C) whereas percentage degradation of MB was the
response variable at constant pH, reaction time, and light source (UV).

The five levels for every independent variable were X; = —1.68, —1,
0, 1, and 1.68. Least square test using second order model was selected
for the interpretation of the correlation between three independent
variables (dye dose, oxidant dose, and catalyst dose) while response
variable was percentage degradations. The equation for second order
model is as below (Eq (7));

k k Kk
Y=P,+ 3 BXit D _pXii+Y Y BXX+e )
i=1 i=1

=1 iAj=1

Here Y is the response variable (i.e., % degradation), g, is the nu-
merical coefficient and g; is the coefficient of linear effects, f;is for
quadratic effects, and f;is the coefficients related with interaction ef-
fects. k is the numeral of independent variables and Epsilon (¢) is the
random error. The pure error estimation in CCD is done performing
three replicate experiments at central point. Incomprehensible vari-
ability on response was abated by performing random experiments.
Response surfaces and contour plots were produced for MB dye degra-
dation using CFA-CoFe;04(1:1) in the given range of condition using
“Design Expert 7.0.0” software. The suitability and validity of models
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Fig. 3. FTIR of CoFe;04 and CFA-CoFe,0, composites.

was determined as per their significance by calculating F-values statis-
tically at probability factor (p) of 0.05 (F-test) and goodness of fit R? by
analysis of variance (ANOVA).

3. Results and discussion
3.1. Structural, functional, compositional, and optical analysis

The XRD pattern of CFA, CoFe;04 and it composites with CFA (CFA-
CoFey04 (1:2), CFA-CoFe204 (1:1)) is shown in Fig. 2. The XRD of CFA
displays the characteristic peaks of quartz (Q), mullite (M), calcite
(CaCOs), hematite (FepO3), magnetite (Fe3O4). The crystalline planes in
the diffraction pattern of CoFeyO4 are labelled as (220), (311), (400),
(511), and (440) as described previously (Gastelo et al., 2019) (JCPDS:
Card # 22-1086) which are the representation of spinel structure of
CoFe304. The composites of CoFe;04 with CFA showed characteristics
peaks corresponding to both CFA and CoFe;O4 which reflect the suc-
cessful synthesis of CFA-CoFe;04 nanocomposites (Fig. 2).

The crystal size, dxgrp of prepared materials were calculated using the
Debye-Scherrer equation

_ Ki
" Peost

®

Here, K is the Scherrer constant (value 0.94), 1 is the X-ray wave-
length (0.154 nm), f is the FWHM (full width at half maximum) of
photocatalysts, D is calculated crystalline size and 6 is the diffraction
angle. The average crystallite size of CoFe304, CFA-CoFep04 (1:2), CFA-
CoFey04 (1:1), and CFA was estimated to be 15.4 nm, 22.8 nm, 23.5 nm,
and 29.4 nm respective. The little enhancement in crystalline size of
CFA- CoFe;04 as compared to pristine CoFeyOy4 is attributed to the
incorporation of CFA particles (Nadeem et al., 2021c) whereas, reduc-
tion in crystalline sized of composite as compared to pristine CFA is due
to the insertion of smaller dimensional CoFe;04 nanoparticles (Nadeem
et al., 2021a).

The surface functional groups of CFA, CoFe;04 and its composites
with CFA were characterized using FTIR spectroscopy and resultant
spectra’s are presented in Fig. 3. The FTIR of CFA exhibits asymmetric
stretching vibrations at 1041 cm ™! accredited to Si-O-Al that shifted at
lower values of 965 cm ™! in composite photocatalysts. The high intense
peak at ~580 cm™! is attributed to the Fe-O stretching vibration in
CoFey04 and CFA-CoFey04 composite photocatalysts (Nadeem et al.,
2020; Zhao et al., 2005). The existence of an absorption band corre-
sponding to the stretching vibration of the Fe-O bond confirms the
successful loading of CoFeyO4 on CFA. The band at ~3390 em™! and
peaks at1645 cm™! were attributed to the bending and stretching vi-
brations of OH groups and surface adsorbed H2O molecules. In CFA
composites, the peaks around 1400-1500 cm ™! is due to the carbonated
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Fig. 4. XPS survey scans of CoFe;04 and its CFA composites.
Table 1

Detected composition of CoFe,04 and its composites with coal fly ash through
XPS survey spectra.

Sample detail Composition (Atomic %)

Ols Co2p3 Fe2p3 Cls Si2p Al2p
CoFey04 71.8 16.8 11.4 - - -
CFA-CoFe304 (1:1) 62.6 12.7 3.7 9.8 8.0 3.0
CFA-CoFej04 (1:2) 57.6 14.3 9.4 8.3 10.4 -
304 CoFe,0,
———CFA -CoFe, 0 (1:1)
. 254 ——CFA -CoFe,0,(1:2)
=
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=
.| 54
o
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Fig. 5. PL spectra of CoFe,04 and CFA-CoFe;O,4 composites.

species (CaCO3) which is originated due to the reaction of calcium hy-
droxide with atmospheric CO, (Clara and Sugirtha, 2016; Mozgawa
et al., 2014).

The catalytic activity of nanocomposites catalysts may be effected by
its elemental composition (Jilani et al., 2020) therefore X-ray photo-
electron spectroscopy was employed to reveal the composition of cobalt
ferrite and its composites. The surface compositional analysis are pre-
sented in Fig. 4. The main composition of cobalt ferrite consisted of Ols,
Co2p3 and Fe2p3 having around 71.8%, 16.8 and 11.4% respectively.
This also affirms the accuracy of synthesis procedure. In case of CFA--
CoFe04 (1:1 and 1:2) additional peak of Cls was noticed which was
attributed to the presence of coal fly ash in the composites. However,
some additional peak of Al2p and Si2p was also observed which is the
constituent of coal fly ash. Further, the atomic percentage of Cls was
changed which was expected due to the change in ratio i.e. 1:1 and 1:2.
The atomic percentage of all the elements for the prepared samples is
shown in Table 1.

Fig. 5 shows the photoluminescence spectra of cobalt ferrite and its
CFA composites recorded at the excitation wavelength of 330 nm.
Emission of PL means the recombination of electron hole pair. Higher
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the PL emission higher is the recombination of charge carries. This poor
charge separation retards the photocatalysis process (Choi et al., 2015).
The PL of cobalt ferrite was recorded quite different from that of its CFA
composites with the reduction in PL intensity in the order of
CoFe0,4>CFA-CoFe304(1:2)>CFA-CoFey04(1:1). The bandgap edge
shifts to the longer wavelength with the insertion of CFA into CoF204.
This shifting of band edge to longer wavelength attributed to the rapid
charge carries movement with sluggish recombination ratio, which is
preferable for the enhanced photocatalytic activity of the subjected
material. Therefore, the PL finding order CoFeo04>CFA-CoFe204(1:2)>
CFA-CoFep04(1:1) is also consistent with our photocatalytic results.

The surface morphological survey of the catalysts and composite
photocatalysts was examined using SEM imaging (Fig. 6). The SEM
revealed cubic morphology of CoFep04 particles with regular structure.
The composites provide irregular morphology. The improved roughness
and irregular surfaces in the composite photocatalysts are responsible
for the well performance of the composites. The improved surface
roughness results improved fractional dimensions which provide high
surface interaction compared to even surfaces (Venkatakrishnan and
Kuppa, 2018).

The EDS of cobalt ferrite and its CFA composites provide clear
indication for elemental distribution. The existence of Al and Si
(important constituents of CFA) along with other elements is evident in
composite photocatalysts.

The results of pHpzc are presented in Fig. 7 and showed that pHpzc
increases with the insertion of CFA into copper ferrite. The reason of this
could be explained based on the negative surface groups present on CFA
in aqueous solutions.

3.2. Photocatalytic study

3.2.1. Effect of pH

The effect of pH on percentage degradation of MB was checked and
the results are presented in Fig. 8(a). The graphs clearly demonstrate
that pH plays important role on the degradation of MB dye by all the
catalysts. The pH of initial dye solution is the driving factor in adsorp-
tion process which influence the functional groups located on the sur-
face of catalyst and degree of ionization of pollutants. The best
degradation potential of CFA-CoFe»04 nanocomposites was observed at
pH 7. The effective degradation at pH 7 is attributed to the negative
surface charge groups of CFA at pH 7. Further, the results of pH effect
can be corelated with the results of pHy, (Fig. 7). The result makes good
correlation agreement as the CFA-CuFe;O4 nanocomposites exhibits
best performance at pH > pHy, of the material. At higher value i.e., pH
> pHy, the surface of the composites becomes negatively charges which
attract the adsorption of cationic MB therefore betterer adsorption with
enhanced photocatalytic degradation was achieved.

In the case of cobalt ferrites, the possible reason for lower degrada-
tion under alkaline condition of dye solution, may be attributed to the
reaction between Fe?" ions and OH radicals Eq. (13). The reaction is
followed by the generation of Fe(OH) (a yellowish-brown sludge)
Eq. (14). The generation of sludge at higher pH cover the surface of
catalysts and reduces the interaction of targeted pollutant molecule with
the surface of catalyst by blocking the active sites.

The change in behavior under alkaline condition was observed with
CFA composites. In alkaline conditions the new active sites (= SiO~)and
(= AlO™)develop on the surface of FA which promote the adsorption of
cationic MB dye Egs. (9) and (10).

2 surface

2(= Si0™) + MB*—( = Si — 0),MB 9)
2(= AlO™) + MB*—( = Al — 0),MB (10)
3.2.2. Effect of catalyst dose

Determining the amount of catalyst dose plays crucial role for the
economic assessment and efficiency of the material. Therefore, a range
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of catalysts dose (20-260 mg/L) was chosen for selecting the optimized

concentration of catalysts for current study. The results obtained are
presented in Fig. 8(b).

The results present the effective increase in the photocatalytic
degradation of MB dye with the increase in the catalyst dose up to
certain limit. For example, as the catalyst dose increases from 2 to 12
mg/100 mL the value of percentage degradation increases from ~50 to
87% and 53-99% using CFA-CoFe;04(1:2) and CFA-CoFe;04(1:1),
respectively (see Fig. 8(b)). This potential increase in the degradation
efficiency of CFA composite photocatalysts is attributed to the increase
in the adsorption capacity of composites (high active adsorption sites)
which improves the photocatalytic degradation of adsorbed MB. Addi-
tionally, it promote the generation of hydroxyl radicals in Fenton-like
reaction see Eq (11)(12), and e /h™ pair (Huang et al., 2008; Shaban
etal., 2017, 2018a) which accelerate the photo-Fenton reaction (Shaban
et al., 2018b).

Fe** + H,0,—»Fe*" + OH™ + OH an

Fe*™ + H,0,—>Fe* + HO, + H* 12)

On the other hand, the degradation potential of pristine cobalt ferrite
also increases from 31% to 62% when catalyst dose increases from 2 mg/
100 mL to 10 mg/100 mL. Interestingly, the degradation achieved using
cobalt ferrite dose not exceeds from ~65% even when catalyst dose
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increased further. This saturation towards degradation efficiency may
be due to the limitations offered by metal ferrites when used in pristine
form (Zahid et al., 2019). However, the addition of CFA into CoFe;04
improves the efficiency remarkably. This better performance of com-
posite photocatalysts is due to the enhanced adsorption efficiency which
is due to increase in surface roughness of composites (as the SEM im-
aging indicates Fig. 6). Increasing the roughness implies the increase in
surface defects and possible increase in high energy active sites. These
high energy active sites are responsible for the promotion of the
adsorption capacity of CFA based cobalt ferrites followed by rapid
photocatalytic degradation of adsorbed pollutants.

Additionally, the lower values of %degradation was observed by
increasing the catalysts dose above optimized values. This behavior is
due to the disturbance of balance between catalyst to dye ratio, the
reactive oxygen species (OH) is scavenged by the excess Fe>" ions as
presented in Eq (13). Further, the Fe®* will react with HO™produced in
Eq (13) to generate sludge (Fe(OH), gz EQ. (14).

OH +Fel ..~ Fep ., +HO™ 13)
2HO™ + Fe:;face_)Fe(OH)Z surface (14)

3.2.3. Effect of oxidant dose

Addition of hydrogen peroxide results boost in photocatalytic
degradation of MB dye. The hydrogen peroxide is responsible for the
generation of hydroxyl radicles which results in surface activation of
catalysts. This surface activation promote the affinity for dye molecules
to be adsorbed (Visa et al., 2015; Zuorro and Lavecchia, 2014). All the
experiments were conducted under optimized conditions of contact
time, solution pH, substrate concentration, and initial dye
concentration.

The results obtained for the optimization of HyO, dose are presented
in Fig. 8(c). Effective increase in response variable was observed with
the increase in the oxidant dose. This increase is due to the hydroxyl
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radicals generated during reactions presented in eq. (18)(19). The
detailed mechanism for oxidative photocatalytic degradation of MB has
been presented in Fig. 8(b) it was observed that the further increase in
oxidant dose (i.e. above the optimized values) pose negative impact of
dye degradation (Enesca et al., 2014; Visa et al., 2015). It has been re-
ported that, the overdosage of hydrogen peroxide results in the gener-
ation of hydrogen peroxide radical (HO;) which are the less reactive
radical than HO radicals and it also act as HO scavenger according to eq.
(15)(16). Therefore, results in deactivation of effective OH radicles
present in reaction system.

H,0, + OH—H,0 + HO, 15)

HO, + OH—H,0 + 0, (16)

The h' also plays positive role in degradation as the results of
scavenging experiment indicates (Fig. 8(a)). The overdosage of H,O, can
react with holes (from valance band) on catalyst surface results in ox-
ygen formation and ‘OH inhibition. This promotes the overall reduction
in degradation efficiency eq. (17).

H,0, +2h},~0, + 2H" 17

Here is the detail which presents the potential role of hydrogen
peroxide in generation of effective radicles. The role of hydrogen per
oxide in radicle generation followed well known mechanism in dye
degradation. The high concentration of HO produced in eq. (18) also act
as electron acceptor which promote charge separation (eq. (19)) (Chu
et al., 2007):

H,0,+0;,—HO™ + OH + 0, 18)

Hy0; + €0 ~HO™ + OH 19

Besides, the low or unavailability of hydrogen peroxide in the lo-
cality of the photocatalyst, the e /h" recombination increases, and the
absorbed energy is dissipated as heat. However, the excess availability of
hydrogen peroxide supports the decomposition of hydrogen peroxide
into water and oxygen up to certain limit. Therefore, the optimum dose
of hydrogen peroxide is crucial in achieving best photocatalytic effi-
ciency (Chu et al., 2007).

3.2.4. Effect of dye concentration

The effect of different dye concentration in simulated wastewater
was studied. The different concentration solutions in ppm level were
selected for photocatalytic oxidative degradation study by keeping rest
of the parameters (i.e. pH, catalyst does, oxidant dose, irradiation time)
constant. The 2-15 ppm solutions of MB were used for photocatalytic
degradation. The results obtained are presented in Fig. 8(d).

The results reflect that, the 10 ppm solution of MB was effectively
degraded within 60 min of reaction time using all catalysts. The com-
plete degradation of dyes below 10 ppm concentration could justify by

the fact that excessive catalytic active sites were available for limited
targeted dye molecules. However, as the concentration reached their
optimum values the balance between active sites and dye molecules was
achieved above which increasing the dye concentration showed no
effective response. The lower degradation with increasing the dye load
in due to the disturbance caused by the unavailability of active sites for
degradation.

Further, the lower degradation at higher dye concentration is due to
the affected transparency of solution. Further, increasing the dye con-
centration results reduction in oxidant to dye ration which pose negative
impact on photocatalysis (Nidheesh et al., 2013).

3.2.5. Effect of irradiation time

Optimization of reaction time is crucial for effective implementation
of any chemical process. Therefore, the effect of different time intervals
(10-120 min) was observed (Fig. 8(e)) for MB degradation. After
starting the photocatalytic reaction under the aliquots were withdrawn
from the reaction mixture with subsequent intervals and reduction in
dye concentration was checked using a UV-Visible spectrophotometer.
At the start of reaction, the considerable enhancement in degradation
was observed wich slowdown over time. The maximum photocatalytic
degradation of MB using CoFe;O4 and CFA-CoFe;0O4 composites was
reached within 60 min of reaction times.

3.2.6. Stability/reusability analysis of catalysts

The advantage of heterogeneous photocatalysts is their facile sepa-
ration from reaction mixture and multiple reusability potential. There-
fore, stability analysis of catalysts was checked in term of their
reusability. The results obtained for five successive reusability runs are
presented in Fig. 8(f). The results showed considerable efficiency of
photocatalysts even used after multiple times. To effectively predict the
better efficiency performance of catalysts, AAS (atomic absorption
spectroscopic) analysis was conducted.

The Fe element is the main component of active sites of prepared
catalysts (Hu et al., 2018; Leifeld et al., 2018; Messele et al., 2018; Xu
et al., 2018). Several other metallic elements like Mn, Zn, Pb, Cu etc also
exhibited enhanced catalytic potential and CFA contains multiple
metallic elements such as Fe, Mn, Zn, Cu, Pb and others (Wang et al.,
2018, 2019). So, the catalytic performance of all the proposed com-
posites (CFA based metal ferrite) is promoted by the co-catalysis of
metallic elements present on the surface of CFA.

The Fe leaching test results showed 0.99, 0.74, and 0.49 ppm Fe
leached after 5th reusability run using CoFe204, CFA-CoFe204(1:2), and
CFA-CoFeg04(1:1) respectively. However, the current work suggests
that the AAS analysis confirm the low leaching of Fe into treated solution
even after 5 reusability runs. Further, the stability comparison between
pristine cobalt ferrite and CFA-CoFe;0O4 composites revealed that the
immobilized cobalt ferrites over CFA show minimum leaching. The
immobilization not only improves the photocatalytic performance but
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Table 2
Values of co-efficient of correlation and rate constant of MB degradation using cobalt ferrites and their CFA composites.
Catalyst 1st order 2nd order BMG model
R? K; (min™1) R? K, (L pmol’lmin’l) R? m (min™ ) B
CoFe;04 0.89 0.009 0.89 0.0002 0.96 61.48 0.91
CFA-CoFe204(1:2) 0.95 0.244 0.92 0.0009 0.95 31.67 0.79
CFA-CoFe304(1:1) 0.94 0.977 0.72 0.4044 0.99 13.29 0.87
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Fig. 10. Kinetic models for the degradation of MB (a,b,c) 1st order, (d,e,f) 2nd order, and (g,h,i) BMG using (a,d,g)CoFe;04, (b,e,h) CFA-CoFe,04(1:2), and (c,f,i)

CFA-CoFe,04(1:1).

also resist the leaching of Fe into water. Therefore, the CFA based copper
ferrite composites were found to be the stable photocatalysts for the
treatment of wastewater even after 5 reusability runs. Besides, the
magnetic character of composite helped in achieving fast separation of
photocatalyst from the reaction material (Fig.S-2).

3.2.7. Radical scavenging experiment and proposed degradation
mechanism using CFA-CoFe304(1:1)

The radicals play important role in photocatalytic degradation pro-
cess, therefore, the effective radicals were determined. In this respect,
radical scavenging experiment was performed to find out the potential
radicals (holes, and electron etc.) involved in photodegradation of dye
(Shao et al., 2017, 2018, 2020; Sharma et al., 2018). The 10 mM

solutions of DMSO (dimethyl sulfoxide) to scavenge OH radicals, EDTA
(ethylene-diamine-tetra-acetate) to scavenge holes, and KoCry07 (po-
tassium dichromate) to scavenge electrons were used (Nadeem et al.,
2021a). The UV accelerated experiments were conducted under opti-
mized conditions of other parameters. The results are presented in Fig. 9
(a). The results showed that DMSO was the primary radical scavenger in
photocatalysis process. The addition of DMSO results decrease in the
degradation values from 99% to 41% using CFA-CoFey04(1:1) com-
posite photocatalyst. Similarly, the results showed effective contribution
of holes as the EDTA reduces the degradation of MB from 99% to 66%.
Whereas, the addition of KyCry0 found no considerable decrease in
response variable. This confirm the very small contribution of electrons
in photodegradation.
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Considering the effectiveness of hydroxyl radicals and holes the
proposed degradation mechanism is presented in Fig. 9(b). It can be
described as: In general process, an electron hole pair is produced under
light source with excitation energy > the energy bandgap of the mate-
rial. The ferrite nanoparticles have the disadvantage of rapid charge
recombination as can be seen in the PL spectra of CoFy04 (Fig. 5)
showing high emission intensity. While compositing CoF204 with CFA
provides considerable reduction in emission intensity which is a strong
evidence of efficient creation of trapping sites (heterojunction) for
reactive species. The important constituent of CFA that take part in
prevention in charge recombination may include FeyOs3, Fe3Oa, etc
(Nadeem et al., 2021c). The holes (h™) take part in OH radical forma-
tion. These strong oxidizing species are efficient to degrade the adsorbed
dye molecules (near the surface of the photocatalyst) into smaller
fragments, which can be further adsorbed on the substrate active sites
where they may degrade up to mineralized products eq. (20).

OH + Dye —CO, + H,0 + mineralization products (20)

3.3. Kinetic study

In proposed project, 1st order, 2nd order, and BMG reaction kinetics
were employed to investigate the degradation kinetics of MB dyes by
Fenton Oxidation process (FOP). The individual expressions are pre-
sented in Table 2. The K; and K, are the kinetic rate constants for 1st
order and 2nd order reactions, respectively. The regression analysis for
1st order and 2nd order reactions was conducted and presented in
Table 2 and Fig. 10.

The results demonstrate that, the 1st order and 2nd order regression
co-efficient and rate constants increase with the insertion of CFA into
cobalt ferrites. Considering the values for the 2nd order kinetic model
similar trend was observed among the native metal ferrites and their
CFA composites. However, the comparison of rate constants for the 1st
order and 2nd order kinetic models provides clear evidence that the 1st
order kinetic model is more suitable for FOP. On the other hand, Guedes
and coworkers (Guedes et al., 2003) proposed that FOP is a 2nd order
reaction. Anyhow, the information about kinetic study for the degra-
dation of organic pollutants by FOP was limited before the development
of BMG kinetic model. Which was specifically designed for the oxidative
degradation of organic pollutants following FOP.

Considering the correlation coefficient values of the reaction kinetic
containing CFA-M-Fe;04(1:1), the BMG kinetic model was best fitted to
the experimental data as the highest R? values were observed as
compared to the 1st order and 2nd order kinetic model.

The degradation process using heterogeneous photo-Fenton process
proceeds by two steps. 1st: the reaction between Fe?* and H,0, Eq. (11),
2nd: the slow stage attributed to the accumulation of ferric (Fe®*) ions
and low Fe?* recovery by HyO, (Barreto et al., 2016; Malik and Saha,
2003; Santana and Aguiar, 2015). Chu and coworkers reported the
similar performance for 2,4-dichlorophenoxyacetic acid degradation by
Fe?"/H0, (Chu et al., 2004). The reaction goes with very fast stage
followed by slower one, therefore, not 1st nor 2nd order could be
modeled perfectly. Hence, BMG kinetic model was chosen to present the
kinetic of Fe?>*/H,0, system. The highest goodness of fit to the model
was achieved using CFA-CuFe204(1:1) composite (Fig. 10). This suggest
that CFA composite photocatalyst exhibit improved FOP.

3.4. Response surface methodology for optimizing parameters using CFA-
CuFez04(1:1)

RSM was opted for parameter optimization and identification of
interaction among parameters. Three independent variables (i.e. com-
posite dose, HyO5 dose, and dye dose) were chosen and mutual inter-
action was studied using central composite design (CCD) (Sharma and
Satyanarayana, 2006). The Design Expert 7.0.0 software was used for
this purpose and optimization of parameters was done to understand the

10
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Table 3
ANOVA results of quadratic model for degradation of MB using CFA-CoFe,04
(1:1).

Source Sum of df  Mean F- p-value Remarks
Squares Square value Prob > F
Model 9728.74 9 1080.97 90.82 <0.0001 Significant
A- dye 4.27 1 4.27 0.36 0.5625
conc.
B-catalyst ~ 402.45 1 402.45 33.81 0.0002
dose
C-oxidant  1279.34 1 1279.34 107.48  <0.0001
dose
AB 0.13 1 0.13 0.011 0.9204
AC 78.133 1 78.13 6.56 0.0283
BC 78.13 1 78.13 6.56 0.0283
A? 2340.86 1 2340.86 196.67  <0.0001
B? 3261.15 1 3261.15 273.98  <0.0001
c? 3819.74 1 3819.74 320.91  <0.0001
Residual 119.03 10 11.90
Lack of 94.37 5 18.87 3.83 0.0835 Not
Fit significant
Pure 24.66 5 4.93
Error
Cor Total 9847.77 19
Std. Dev. 3.45 R-squared 0.9879
Mean 66.75 Adj. R-squared 0.9770
C.V. 5.17 Pred. R-squared 0.9226
Press 762.02 Adeq. Precision 25.548

possible combinational interactions and impact of individual parameter
on response variable. The independent variables were set “within range”
and “maximum value” for response variable (% degradation) was ob-
tained after experimentation. The CCD proposed 20 experimental trial
which were accomplished to produce response surfaces (3D and contour
plots). The ANOVA results delivers statistical assessment about the sig-
nificant factors with possible interactions. The ANOVA results and co-
efficient of distribution values along with R? values for the degradation
of MB using CFA-CoFep04(1:1) are presented in Table 3.

3.4.1. Optimization and interaction effects of influencing parameters

The combined effect of composite and H,O; dose is shown in Fig. 11
(a). The range of operating parameters for composite and oxidant dose
was selected keeping the rest of parameters constant. The maximum
value of response variable was found to be ~99% using CFA-
CoFey04(1:1) composite and is located somewhere in the middle of the
graphs. The strong correlation suggest that the values of response vari-
able increase considerably with the increase in the concentration of
oxidant dose at optimum catalyst dose and reached maximum. However,
the higher concentration above optimized one, does not support the
degradation even at high oxidant and catalyst dose (Yaqubzadeh et al.,
2016).

The combine effect of dye dose and H202 dose is shown in Fig. 11(b)
under constant composite concentration. The 3-D contour showed that
at low dye dose higher values of %age degradation was observed while
increasing the H205 dose up to specific value. The 10p pm MB was
degraded effectively at optimized HyO, dose, while reduction in %age
degradation was observed with the increase in dye dose. The reason of
this could be attributed to the reason already explained in section 3.2.4.

The mutual effect of composite dose and dye concentration on %age
degradation was studied at optimized oxidant dose constant and 3D and
contour graphs are presented in Fig. 11(c). The increase in oxidative
photocatalytic degradation potential of CFA-CoFe304(1:1) composite
was due to the increase in the composite concentration up to specific
value where it reaches a maximum at specific dye concentration.

The final equation in terms of coded factors (CFA-CoFe04 (1:1) for
MB degradation is given as:
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The percentage effect of regression parameters on response variable
was also determined and the results are presented in the form of pareto
chart (Fig. 12). The percentage effect of every individual parameter was
calculated using the formula (Khataee et al., 2013) given below:

b?
P = | x 100
L
Here, b is the regression coefficient of the respective parameter. The
results indicate that the oxidant-oxidant combination impart the most
significant parameter effect (33.26) on percentage degradation of MB
dye.

i£0 (22)
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4. Conclusions

The pristine cobalt ferrite and its coal fly ash composite photo-
catalysts were synthesized using facile hydrothermal approach. All the
catalysts were well characterized using FTIR, XRD, XPS, and SEM/EDS
analysis. All the analysis supports the successful insertion of CFA into
cobalt ferrite. The cationic dye (methylene blue) was chosen as model
pollutant to consider the response of CFA composites and pristine cobalt
ferrite. The result of surface charges of catalysts under acidic and basic
conditions of solution pH suggest that the CFA based cobalt ferrite
provide wider pH range for dye degradation as compared to pristine
cobalt ferrite. The improved performance of CFA based cobalt ferrite
composites is also attributed to the effective charge separations due to
engineered heterojunction. The kinetic analysis revealed BMG kinetic
model is the best suited for dye degradation study. Besides improved
photocatalysis, the composites assure the reclamation of coal fly ash into
value added products. The facile synthesis strategy and effective pho-
tocatalytic degradation potential of composite photocatalysts demon-
strated that this research can be extended to modify other catalytic
systems.
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