
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 9
:5

1:
36

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Enhancing acid o
aCenter for Advanced Technology Developm

Ward, Thai Nguyen City, Vietnam
bFaculty of Natural Resources and Environ

Thinh Ward, Thai Nguyen City, Vietnam
cThai Nguyen University, Tan Thinh War

hoangvanhung@tnu.edu.vn
dFaculty of Agriculture and Forestry, TNU –
eDepartment of Infectious Diseases, Faculty o

of Medicine and Pharmacy (TNUMP), No. 28

City, Vietnam
fDepartment of Environmental Science a

Program, TNU – University Agriculture an

Thai Nguyen City, Vietnam
gLaboratory of Magnetism and Magnetic Ma

Institute, Van Lang University, Ho Chi Minh
hFaculty of Applied Technology, School of T

Minh City, Vietnam

Cite this: RSC Adv., 2023, 13, 28753

Received 10th July 2023
Accepted 15th September 2023

DOI: 10.1039/d3ra04553f

rsc.li/rsc-advances

© 2023 The Author(s). Published by
range II degradation in ozonation
processes with CaFe2O4 nanoparticles as
a heterogeneous catalyst

Huu Tap Van, ab Van Hung Hoang,*cd Thi Cuc Luu,d Thuy Linh Vi,b

Luong Thi Quynh Nga,e Gio Serafin Ivan Jimenez Marcaidaf and Truong-Tho Phamgh

This study used CaFe2O4 nanoparticles as a catalyst for ozonation processes to degrade Acid Orange II

(AOII) in aqueous solution. The study compared heterogeneous catalytic ozonation (CaFe2O4/O3) with

ozone treatment alone (O3) at different pH values (3–11), catalyst dosages (0.25–2.0 g L−1), and initial

AOII concentrations (100–500 mg L−1). The O3 alone and CaFe2O4/O3 systems nearly completely

removed AOII's color. In the first 5 min, O3 alone had a color removal efficiency of 75.66%, rising to 92%

in 10 min, whereas the CaFe2O4/O3 system had 81.49%, 94%, and 98% after 5, 10, and 20 min,

respectively. The O3 and CaFe2O4/O3 systems degrade TOC most efficiently at pH 9 and better with

1.0 g per L CaFe2O4. TOC removal effectiveness reduced from 85% to 62% when the initial AOII

concentration increased from 100 to 500 mg L−1. The study of degradation kinetics reveals a pseudo-

first-order reaction mechanism significantly as the solution pH increased from 3 to 9. Compared to the

O3 alone system, the CaFe2O4/O3 system has higher k values. At pH 9, the k value for the CaFe2O4/O3

system is 1.83 times higher than that of the O3 alone system. Moreover, increasing AOII concentration

from 100 mg L−1 to 500 mg L−1 subsequently caused a decline in the k values. The experimental data

match pseudo-first-order kinetics, as shown by R2 values of 0.95–0.99. AOII degradation involves

absorption, ozone activation, and reactive species production based on the existence of CaO and FeO in

the CaFe2O4 nanocatalyst. This catalyst can be effectively recycled multiple times.
Introduction

Along with numerous industrial pollutants, textile dyes are
highly toxic and potentially carcinogenic.1 Dye pollution is
a signicant environmental problem that can negatively impact
human health and ecosystems. Discharging highly toxic and
possibly carcinogenic textile dyes into water bodies causes water
pollution.1–3 The textile industry signicantly contributes to
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water pollution because of its high water consumption and
discharge of coloring materials.2 Dye contamination can inhibit
microalgae growth and disrupt trophic interactions.3 Synthetic
dyes in the textile industry, dyeing and printing industry,
tannery and paint industries, paper and pulp industry, and
cosmetic and human health industries can have catastrophic
effects on human health and the environment.2

It has been determined that azo dyes are deleterious to
aquatic organisms and carcinogenic and mutagenic for
humans. As a result, it is of the utmost importance to develop
efficient techniques for removing azo dyes from the effluent
before discharge into the environment. Due to stringent envi-
ronmental regulations, the signicance of dye removal tech-
nology has increased. Physical adsorption, chemical
coagulation, advanced oxidation, membrane ltration, adsorp-
tion, photocatalysis, and biologically based technology have all
been investigated for dye removal.4–6 The technique of lm-
supported catalysts attracts considerable interest.7 Physical
adsorption is generally regarded as an efficient technique for
rapidly reducing the concentration of dissolved dyes, and acti-
vated carbon is the most commonly used adsorbent for dye
removal.8 Dye removal technologies based on biopolymers can
potentially become viable alternatives for the remediation of
industrial dye effluents and contaminated water bodies.8 Using
RSC Adv., 2023, 13, 28753–28766 | 28753
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Fig. 1 Chemical structure of AOII.
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agro/industrial waste residues for dye adsorption has been
highlighted as a possible alternative material for dye removal.4

Membrane technology incorporating an electric eld has
demonstrated good dye removal performance and is believed to
have a promising future.5 Nonetheless, most of these methods
are limited by the production of toxic sludge and high opera-
tional and maintenance costs.6 Advanced oxidation technology
is one of the most effective methods for dye removal among
these technologies.9

In the advanced oxidation processes (AOPs), ozonation is
one of the techniques used to degrade azo dyes.10–12 Due to their
complex structure, azo dyes resist ozone, light, biodegradation,
and other environmental conditions.13 Nanocatalysts have been
used to degrade azo dyes, including acid orange II, in catalytic
ozonation. The application of nanocatalysts can signicantly
boost the degradation and mineralization of dyes. Fe3O4/multi-
walled carbon nanotubes have been used to catalyze the ozon-
ation of p-hydroxybenzoic acid.14 In another study, using iron
oxide as a catalyst in ozonation to degrade sunset yellow dye was
proposed.15 Nanocatalysts of the spinel-type ZnAl2O4 have also
been used in catalytic ozonation for wastewater treatment.16 The
nano-ZnO/perlite catalyst has been used for catalytic ozonation
of azo dyes, signicantly improving the dye's mineralization.17

In addition, Fe–Ni bimetallic nanoparticles have been utilized
as a catalyst for the degradation of orange G dye by ozone.18 In
a recent study conducted by Meng et al. (2022),19 an assessment
was carried out regarding the advancements and obstacles
encountered in the electro- and photocatalytic oxidation of
hydroxymethylfurfural derived from biomass. This oxidation
process aims to convert hydroxymethylfurfural into valuable
chemicals, notably 2,5-formylfuran (DFF) and 2,5-fur-
andicarboxylic acid (FDCA). Solid catalytic materials with
bifunctional properties were employed in the sequential
conversion of biomass into biofuels and associated chemicals.20

Also, a Mn/Mg/Ce ternary ozone catalyst was used to degrade
printing and dyeing wastewater.21 It has been discovered that Ag
and Au nanoparticles decorated on chitosan-functionalized
graphene oxide exhibit excellent catalytic activity for reducing
aromatic nitroarenes and degradation of azo dyes.22 Under
ambient conditions, magnetically recyclable CoFe2O4/ZnO
nanocatalysts have been utilized for the efficient catalytic
degradation of acid blue 113.23 For the photocatalytic degrada-
tion of methyl orange, methylene blue, and rhodamine B, the
AgCl nanocatalyst synthesized from its bulk material in the
ionic liquid trihexyl(tetradecyl)phosphonium chloride has been
used.24 These studies reveal the potential of nanocatalysts for
the ozone-based treatment of wastewater containing azo dyes.
Therefore, ozone catalytic oxidation improves dyeing waste-
water treatment aer catalyst addition. Consequently, nano-
catalysts enhance the efficiency of ozone degradation of azo
dyes.

CaFe2O4 nanoparticles are a novel catalyst for the ozone
degradation of Acid Orange II (AOII). While other nanocatalysts,
such as Fe3O4/multi-walled carbon nanotubes and CoFe2O4/
ZnO, have been studied for the degradation of azo dyes using
ozone, the use of CaFe2O4 nanoparticles for this purpose is
uncommon. The mechanism of the catalytic ozonation process
28754 | RSC Adv., 2023, 13, 28753–28766
with the CaFe2O4 nanocatalyst to enhance the production of
hydroxyl radicals, which are responsible for the degradation of
the dye, was also investigated in this study. Consequently, using
the CaFe2O4 nanocatalyst as a catalyst for the ozone degradation
of acid orange II is a promising strategy that merits further
investigation.

This research aims to synthesize CaFe2O4 nanocatalysts and
examine their potential as a catalyst for the ozone-mediated
degradation of AOII in aqueous solutions. This study aims to
determine the effect of solution pH and nanoparticle amount
on the degradation of AOII. In addition, the effect of initial AOII
concentration on the degradation process will be investigated.
In addition, the study will determine the reaction rate constant
to evaluate the degradation process's efficacy. By examining
these factors, this study aims to shed light on the usefulness of
CaFe2O4 nanoparticles as a catalyst for the degradation of AOII.
The ndings will ultimately contribute to developing effective
and sustainable methods for treating wastewater containing
dyes.

Materials and methods
Chemicals

Acid Orange II (AOII) dye, with the formula 26H17ClN7Na3O10S3
(Fig. 1), was imported from Tianjin De Sheng Wang Chemical
Trade Co., Ltd., China, and utilized without further purication.
CaCO3, Fe2O3, H2SO4, and NaOH chemicals were obtained from
Merck & Co., Inc. To prepare a laboratory-synthesized AOII dye
solution, 1.0 g of AOII was dissolved in 1 L of deionized water to
obtain a 1000 mg L−1 concentration. The stock AOII solution
was diluted with distilled water to produce synthetic wastewater
samples with AOII concentrations ranging from 100 to
500 mg L−1. Ozone (O3) was produced to remove AOII using the
NextOzone ozone generator model Next 10P, which has
a maximal ozone production capacity of 10 g O3 per h. The
ozone was introduced through the bottom inlet of the reactor.

Synthesis of catalyst materials

Synthesis of CaFe2O4 nanoparticles. CaFe2O4 nanoparticles
were prepared through a two-step fabrication method consist-
ing of a conventional solid-state reaction process and a high-
energy ball milling process. The synthesis process involved
high-purity CaCO3 and Fe2O3 oxides as starting materials. First,
the polycrystalline CaFe2O4 sample was obtained by subjecting
the mixture of CaCO3 and Fe2O3 to a solid-state reaction at
1000 °C. The resulting sample was then annealed for 2 h.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04553f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 9
:5

1:
36

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Subsequently, the annealed sample was pelletized and sintered
in air at a temperature of 1200 °C to obtain CaFe2O4 nano-
particles.25 This fabrication method ensures the formation of
ultra-ne particles of CaFe2O4, which is crucial for their
enhanced catalytic properties.

Experimental setup

The ozone treatment system employed a tubular borosilicate
glass reactor with a volume of 1.2 L (height = 450 mm, inner
diameter = 60 mm).26 The reactor had a gas inlet, outlet ports,
and sampling accessories. To investigate the effects of AOII
solution pH and CaFe2O4 nanoparticle dosage (in uidized
status), CaFe2O4 nanoparticles were introduced into the reactor
along with 500 mL of AOII solution at the desired concentra-
tion. Ozone was generated from pure oxygen using an ozone
generator (NextOzone 20P, International Ozone Generator
Company, Vietnam). The ozone production rate wasmaintained
at 15 mL min−1, and regulated by a ow meter, and ozone was
introduced into the reactor from the bottom through a diffuser.
The reactor, containing 500 mL of AOII solution, ensured
uniform distribution of CaFe2O4 nanoparticles throughout the
solution using a porous glass diffuser. Each ozonation cycle
lasted for 5 min, with a total treatment time of 50 min.

Analytical methods

The degree of mineralization of AOII following degradation was
assessed by measuring the concentration of total organic
carbon (TOC) using a TOC analyzer (Multi N/C 3100, Germany).
Additionally, the color change was analyzed using a double-
beam UV/vis spectrophotometer (Shimadzu, Model Z2000,
Japan) at a wavelength of 483 nm.

The pore volume and surface area of CaFe2O4 nanoparticles
were determined using the Brunauer–Emmet–Teller (BET)
method on an SA 3000 instrument (Coulter, USA). The
morphology of the CaFe2O4 nanoparticles was observed using
a transmission electron microscope (SEM) equipped with TEM,
JEOL JEM-2100 Plus, Hillsboro, USA. The X-ray diffraction (XRD)
pattern of the CaFe2O4 nanoparticles was recorded using
a Siemens D5005 X-ray diffractometer with Cu Ka radiation (l =
1.5417 Å).

Results and discussion
Characteristics of CaFe2O4 nanoparticles

CaFe2O4 nanoparticles as a catalyst for the degradation of acid
orange II dye with ozone have the following characteristics:
average pore volume of 0.011 cm3 g−1, average surface area of
379 m2 g−1, and average particle size of 11.63 nm. The TEM
analysis of CaFe2O4 nanoparticles from Fig. 2a reveals their
rough surface texture and a variety of structures with varying
sizes. These structures have an uneven distribution and
a propensity to clump together. Amorphous CaFe2O4 nano-
particles are distinguished by their irregular shapes and lack of
uniformity. The average diameter of CaFe2O4 particles ranges
from 500 to 1000 nm, and they form clusters of varying sizes.
The SEM analysis reveals a broad size distribution within these
© 2023 The Author(s). Published by the Royal Society of Chemistry
clustered structures, whose dimensions are relatively homoge-
neous. While maintaining their anisotropic shape, the particles
exhibit interconnected irregular and porous structures. Indi-
vidual particle sizes range from 70 to 300 nm, while the
maximum length of the anisotropic nanostructures is 650 nm.
Remarkably, the particles exhibit remarkable interconnectivity
and cohesion while retaining an open structure, which
enhances their capacity for efficient substance absorption.
These porous structures provide favorable conditions for
adsorption processes in aqueous environments.

The EDS analysis of CaFe2O4 nanoparticles (Fig. 2b) veries
the presence of oxygen (O), calcium (Ca), and iron (Fe) elements,
which account for 46.10%, 13.53.3%, and 40.30%, respectively,
of the total weight. These elements have respective atomic
weight percentages of 73.10%, 8.56%, and 18.34%. EDS analysis
provides information about the percentage composition of
chemical elements present in the material. In the case of the
CaFe2O4 nanocatalyst, EDS results reveal the presence of
calcium (Ca), iron (Fe), and oxygen (O). These elements play
a crucial role in the ozone degradation process of azo dyes.
Therefore, this demonstrates that CaFe2O4 is a potential catalyst
for ozonation to degrade various azo dyes. Therefore, the nano
CaFe2O4 nanoparticles can be utilized as a catalyst for the
ozonation of AOII.

X-ray diffraction (XRD) analysis was used to examine the
phase composition of the CaFe2O4 nanocatalyst material. Fig. 2c
demonstrates the XRD analysis results of the CaFe2O4 nano-
catalyst. The X-ray diffraction pattern provides insight into the
nanoparticle crystallinity of the CaFe2O4 nanocatalyst. The nano
CaFe2O4 nanocatalyst phase can be seen in Fig. 2c with major
and low-intensity peaks. The crystalline structure of CaFe2O4

nanoparticles can be deduced using the widely employed XRD
measurement technique. The (302) and (210) planes at 2q
angles of 33.6° and 35.41°, respectively, account for the former
peak. Additionally, notable peaks (102) at 2q = 19.25°, (113) at
2q= 40.39°, (311) at 2q= 42.1°, (214) at 2q= 49.71°, and (512) at
2q = 61.23° have been observed. These XRD patterns of the
CaFe2O4 nanocatalyst display multiple peaks, each corre-
sponding to a distinct crystallographic plane within the crystal
structure. The XRD results of CaFe2O4 from this study are
similar to the ndings reported by Alhassan et al.,27 showing
that the planes (102), (202), (302), (210), (113), (311), (214), and
(512) correspond to the 2q angles of 19.2°, 25.7°, 33.6°, 35.6°,
40.4°, 42.8°, 49.6°, and 61.4°, respectively. Understanding
materials' physical and chemical characteristics using the data
from XRDmeasurements is useful for creating new applications
in sensing, energy storage, and catalysis.

The FTIR spectrum of CaFe2O4 nanoparticles exhibits
various absorption peaks corresponding to distinct vibrational
modes of the chemical bonds inherent in the nanoparticles.28 A
broad absorption peak is evident within the 3402 to 3851 cm−1

range, indicative of the O–H stretching mode.29 Peaks at 1081
and 1635 cm−1 signify the elongation of C–O bonds.30 A peak at
1779 cm−1 suggests the existence of C]O functional groups,
potentially resulting from the establishment of hydrogen bonds
between water groups and silanols. The absorption peaks at
2849 and 2916 cm−1 exhibit lower intensity, implying the
RSC Adv., 2023, 13, 28753–28766 | 28755
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Fig. 2 TEM (a), EDX (b), XRD (c) and FTIR (d) graph of CaFe2O4 nanoparticles.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 9
:5

1:
36

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
reduced stretching of C–H bonds. The FTIR spectrum offers
insights into the calcium (Ca) and iron (Fe) bonds within the
CaFe2O4 nanoparticles. Peaks at wavelengths of 466 and
566 cm−1 correspond to the Ca–O and Fe–O bonds, respec-
tively.31 Moreover, peaks at 856 and 896 cm−1 emerge from
bending Fe–O–H bonds, while peaks at 714 and 759 cm−1 arise
from the elongation of Fe–O bonds.28
The effect of solution pH on AOII degradation

The details offered make it clear how pH affects the concen-
tration and rate of disintegration of AOII during the ozonation
process. This dramatically impacts how quickly azo dyes react
and how well they degrade. The pH of the solution directly
inuences the rate at which hydroxyl radicals are produced and
the availability of the iron catalyst inside the reactor.

Experiments were carried out to determine the effect of
solution pH on the decolorization and total organic carbon
(TOC) degradation effectiveness of AOII. The pH ranged from 3
to 11, with variations. The catalyst dosage was 1.0 g L−1, the
starting concentration of AOII was xed at 200 mg L−1, and the
contact times for AOII were 0–50 min, respectively (Fig. 3).

According to the data shown in Fig. 3, both ozone alone (O3

alone) and CaFe2O4 nanocatalytic ozone (CaFe2O4/O3) systems
demonstrate distinct patterns in the decolorization and total
organic carbon (TOC) degradation of AOII at various pH levels.
28756 | RSC Adv., 2023, 13, 28753–28766
From pH 3 to pH 9, the decolorization and TOC degradation
rates of AOII typically decrease, with a minor fall at pH 11
(Fig. 3a and c).

For both O3 alone and CaFe2O4/O3 systems, the decoloriza-
tion rate of AOII advanced quickly, reaching approximately
100% in a short reaction time of 25 min. However, the efficiency
of TOC decomposition varied. When the pH rose from 3 to 9, the
efficiency of O3 alone ranged between 49% and 59%. It slightly
decreased to 57% aer 40 min of reaction time (Fig. 3b). The
TOC degradation efficiency in the CaFe2O4/O3 system varied
from 58% to 75% when the solution pH increased from 3 to 9. It
dropped to 72%when the pH was further raised to 11 within the
same 40 min reaction period (Fig. 3d). Therefore, the ndings
shown in Fig. 3 reveal that both O3 alone and CaFe2O4/O3

systems achieve their maximum AOII degradation efficiency
under alkaline conditions (pH 9), with the CaFe2O4/O3 system
demonstrating a higher efficiency than O3 alone by a margin of
10% to 16%. It is noteworthy that, compared to ozone alone (O3

alone), the CaFe2O4/O3 system's usage of CaFe2O4 nanocatalytic
ozone exhibits the most effective AOII degradation. It is essen-
tial to note that pH levels over 11 did not improve AOII treat-
ment efficiency in this investigation compared to pH 9.

Acid orange II can be directly attacked by ozone through
electrophilic reactions in an acidic environment.32 Peroxyni-
trous acid attacks acid orange II using a radical cage solvent
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Color and TOC degradation efficiency for AOII by ozone alone (a and b) and CaFe2O4 nanocatalytic ozone (c and d) at various solution pH
values. Conditions: [AOII] = 200 mg L−1, catalyst dosage = 1.0 g, contact time = 50 min, and reaction temperature = 25 ± 2 °C.
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during this chemical process. Previous research33 has examined
the oxidation of orange II with ozone and H2O2/O3 oxidation
systems. In addition, orange II has been observed to undergo
decolorization under various conditions.34 The production of
isocyanates via the nucleophilic or electrophilic reaction of
ozone with isonitriles has also been reported35 as a reaction
involving ozone. In previous literature,36 the electrophilic attack
of ozone on aromatic bonds has also been discussed.

According to the well-established Criegee mechanism of
ozonation, the dominant mechanism for the oxidation of acid
orange II by O3 molecules37 will be direct ozonation. However,
due to the formation of aldehydes and carboxylic acids that do
not react continuously with ozone, the reaction rate is sluggish
and selective, resulting in incomplete degradation of organic
matter.38 The reaction between hydroxide ions (–OH) and ozone
(O3) results in the formation of superoxide (O2

−) and hydro-
peroxide ðHO�

2Þ radicals, according to several investigations.39–41

The hydroxide ions catalyze ozone decomposition, and the
concentration of hydroperoxide and superoxide radicals
increases with increasing pH. Ozone then continuously reacts
with superoxide radicals to produce highly reactive hydroxyl
(cOH) radicals, effectively oxidizing organic and inorganic
compounds in water. Several studies39,40 corroborate that an
increase in ozone degradation rates occurs as pH increases. Due
to ozone's lower oxidation potential than hydroxyl radicals,
direct oxidation by ozone is slower than radical oxidation.42
© 2023 The Author(s). Published by the Royal Society of Chemistry
In one study, however, pH levels greater than 11 did not
enhance the treatment efficiency of AOII compared to pH 9.43

The study examined the decomposition of AOII using ozone and
hydrogen peroxide (H2O2) in a batch reactor under varying pH
conditions. Aer 60 min of treatment, the highest degradation
efficiency was observed at pH 9, with a rate of 98.5%. At pH
levels greater than 11, however, the degradation efficiency
dropped to 92.5% aer 60 min of treatment. The study sug-
gested that the decrease in degradation efficiency at high pH
levels may be attributable to the formation of hydroxide ions,
which can compete with AOII for ozone and H2O2, thereby
decreasing the concentration of reactive species available for
AOII degradation. According to additional studies, the optimal
pH range for the degradation of various organic compounds
using ozone and H2O2 is 7–9.44–46

The CaFe2O4 nanocatalyst is a variety of catalyst that has
demonstrated great promise for enhancing the removal of AOII
from aqueous solutions by catalytic ozonation. In catalytic
ozonation systems, using the CaFe2O4 nanocatalyst as
a heterogeneous catalyst has increased the generation of cOH
radicals. The primary mechanism underlying the activation of
catalytic ozonation is that the catalyst accelerates the produc-
tion of hydroxyl radicals cOH, which result from the decompo-
sition of ozone by the catalyst. This increases the oxidation
potential, thereby accelerating the degradation of AOII. Due to
its ability to support substantially as an ozonation catalyst
RSC Adv., 2023, 13, 28753–28766 | 28757
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(CaFe2O4/O3) and enhance the removal of AOII from aqueous
solutions, the CaFe2O4 nanocatalyst is considered the most
intriguing catalyst. Nanocatalysts were discovered to increase
the production of cOH radicals in catalytic ozonation systems.47

Another study mentioned using a manganese catalyst in
heterogeneous catalytic ozonation, indicating that hydroxyl
radicals play a signicant role in the oxidation process.48

Shokrollahzadeh et al.17 also reported that adding a nano-ZnO/
perlite nanocatalyst increased the degradation rate during the
catalytic ozonation of an azo dye. Overall, these references
demonstrated that nanocatalysts improved the performance of
catalytic ozonation systems by producing hydroxyl radicals.

The comparison between heterogeneous catalytic ozonation
(CaFe2O4/O3) and O3 alone revealed that catalytic ozonation
systems were more effective at TOC degradation than non-
catalytic ozonation systems (O3 alone). Catalytic ozonation is
a technology for the non-selective degradation of organic matter
in water utilizing active free radicals produced by ozone
degradation.49 The AOII degradation by CaFe2O4/O3 and O3

alone was more efficacious as the solution pH rose from 3 to 9.
Notably, the AOII degradation efficiency, as measured by the
removal of TOC, was lower than that of AOII decolorization.
This disparity results from AOII's distinct contributions to color
and TOC. The main source of color is dyed with complete
chromophores, and the destruction of the dye chromophore
through the cleavage of the –N]N– group in AOII is more
accessible than the degradation of AOII into CO2, H2O, and
other byproducts. The color disappeared when the molecular
structure of AOII was broken down by the direct or indirect
reaction with O3, either through cOH radicals. Still, the
complete conversion of organic matter into CO2 and H2O had
not yet occurred. As a result, the efficiency of TOC degradation
was lower than the decolorization rate. Ozonation resulted in
a greater decolorization than TOC degradation efficiency.50 In
phosphate- and bicarbonate-buffered solutions, the compar-
ison between conventional ozonation and heterogeneous cata-
lytic ozonation processes revealed that catalytic ozonation
systems exhibited superior decolorization and TOC degradation
efficiency compared to non-catalytic ozonation systems.51
The effect of CaFe2O4 nanocatalyst mass on AOII degradation

Experiments were conducted at pH 9 with an ozone generation
rate of 3.038 g h−1 for both O3 alone and CaFe2O4/O3 systems.
The study examined the decolorization and degradation of AOII
via color and TOC elimination and varying the dosage of the
CaFe2O4 nanocatalyst (0.25 to 2.0 g L−1) at an initial AOII
concentration of 200 mg L−1, solution pH of 9 and contact time
of 0–50 min. The results are shown in Fig. 4.

Fig. 4a illustrates the color removal efficiency of AOII via
ozone catalysis under various conditions: ozone alone and
CaFe2O4/O3 with variable amounts of CaFe2O4 nanocatalyst.
Both processes degraded AOII, resulting in rapid color reduc-
tion within ve to ten minutes of the reaction. When consid-
ering ozone alone, the color removal efficiency for a 5 min
contact time began at 75.66%. With extended contact times, the
efficiency increased progressively, reaching 92% aer 10 min of
28758 | RSC Adv., 2023, 13, 28753–28766
contact. The color removal efficacy remained constant at 92%
until the 50 minute period. In the CaFe2O4/O3 system, adding
0.25 g per L CaFe2O4 nanocatalyst increased the color removal
efficiency to 81.49% aer 5 min of reaction, 94% aer 10 to
20 min and 98% aer 50 min. The color removal efficiency
gradually improved as the dosage of the CaFe2O4 nanocatalyst
increased from 0.5 g L−1 to 2 g L−1. Aer 20 min of reaction with
the CaFe2O4 nanocatalyst ranging between 0.5 g L−1 and 2 g L−1,
the color removal efficiency reached a maximum of 98%. The
swi progression of AOII decolorization in the O3 and CaFe2O4/
O3 systems arises from the catalytic breakdown of dye mole-
cules.52 When AOII exists in its initial colored form, its molec-
ular structure is disrupted, causing an instant loss of color.
Particularly in the O3 system, O3 acted as a potent oxidizing
agent, directly breaking down the structure of dye molecules
and swily diminishing AOII color within a 10 minute period.
The presence of CaFe2O4 nanoparticles in the CaFe2O4/O3

system enhanced decolorization further. These nanoparticles
served as catalysts, promoting the degradation process of dye
molecules by O3, aided by their high adsorption capacity,
enabling effective interaction between dye molecules and O3,
thereby accelerating the decolorization process. The synergistic
strength between O3 and CaFe2O4 nanoparticles even acceler-
ates the rate beyond that of O3 alone, manifested by a higher
decolorization rate in the CaFe2O4/O3 system due to increased
adsorption surface area, intensifying the catalytic degradation
efficiency.

Fig. 4b displays the inuence of CaFe2O4 nanocatalyst
dosage on the TOC removal efficiency of AOII using O3 alone
and CaFe2O4/O3 systems over time. For a contact time of 5 min,
the TOC removal efficacy for O3 alone began at 34%. The effi-
ciency progressively increased as the contact time increased,
reaching 58% aer 30 min. Aer 40 min and 50 min of reaction,
the efficiency increased insignicantly. Regarding the CaFe2O4/
O3 systems, when 0.25 g per L CaFe2O4 nanocatalyst was added,
the TOC removal efficiency began at 38% aer 5 min and
increased steadily to 61% aer 25 min, without further
improvement with extended reaction times. Upon increasing
the amount of CaFe2O4 nanocatalyst from 0.25 g L−1 to 1.0 g
L−1, the efficiency of TOC treatment exhibited an ascending
trend, reaching a maximum of 83.38% aer 40 min of reaction,
and then remained stable for the next 50 min. Increasing the
CaFe2O4 nanocatalyst dosage to 1.5 g L−1 and 2.0 g L−1 leads to
a minor decrease in efficiency. The results demonstrate that
adding the CaFe2O4 nanocatalyst improves the efficiency of TOC
elimination compared to O3 alone. The CaFe2O4 nanocatalyst at
a dosage of 1.0 g L−1 provides the most outstanding efficiency,
with a maximal efficiency of 83.38% aer 40 min, which is
maintained until 50 min. However, a minor decrease in effi-
ciency is induced by surpassing the dosage of the CaFe2O4

nanocatalyst.
The CaFe2O4 nanocatalyst substantially enhanced the treat-

ment efficiency of AOII from aqueous solution and processed
83.38% of the TOC in 40 min with CaFe2O4/O3 systems. At the
same time, the TOC processing efficacy with O3 alone was only
58%. A synergistic combination of the gas phase (O3), liquid
phase (AOII solution), and solid phase (CaFe2O4 nanocatalyst)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Color and TOC degradation efficiency by CaFe2O4 nanoparticle catalytic ozonation (a and b) at various dosages of CaFe2O4. Conditions:
[AOII] = 200 mg L−1, initial pH = 9, contact time = 50 min, and reaction temperature = 25 ± 2 °C.
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occurred when the CaFe2O4 nanocatalyst was introduced into
the reactor in the presence of ozone (O3).26 This conguration
allowed for the simultaneous interaction of O3 and the azo dye
(AOII) on the nanocatalyst's surface. Direct interactions
between O3 molecules and AOII resulted in the oxidation of
AOII. Moreover, the cOH radicals generated by catalytic ozona-
tion processes contributed to the oxidation of AOII.

The CaFe2O4 nanocatalyst was indispensable to the system.
First, it acted as an adsorbent, facilitating contact between the
reactants and enhancing the overall process efficacy. It also
provided sites where O3 and cOH radicals could react with AOII
molecules, thereby enabling their oxidation. This cooperative
action of the nanocatalyst, O3, and cOH radicals effectively
removed color from the azo dye solution. There are also several
plausible explanations for why the CaFe2O4/O3 system was able
to process a higher percentage of TOC than O3 alone: (1)
synergistic effect: the combination of the CaFe2O4 nanocatalyst
and O3 may have a synergistic effect in which the two compo-
nents enhance the treatment efficacy of AOII. This may result
from CaFe2O4's ability to function as a catalyst to promote the
decomposition of AOII by O3 alone. The CaFe2O4 nanocatalyst
has a high surface area, which can provide more active sites for
the AOII and O3 reactions. This can increase the reaction rate
and enhance the treatment's efficacy. This may explain why
CaFe2O4/O3 could metabolize a more signicant percentage of
TOC than O3 alone. However, it is essential to evaluate the
optimal CaFe2O4 nanocatalyst dosage. Exceeding the optimal
dosage may result in an inhibitory effect, reducing the decol-
orization and total organic carbon (TOC) removal effectiveness.
Several factors can explain this phenomenon. For instance, an
excessive quantity of the nanocatalyst may lead to the saturation
of active sites on its surface, thereby reducing the availability of
reactive sites for O3 and cOH radicals. In addition, at higher
concentrations, the nanocatalyst may promote unintended side
reactions, thereby reducing the efficiency of AOII oxidation and
TOC removal.

According to previous investigations, an ozone (O3) catalyst
can be more effective at degrading azo dyes than O3 alone.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Using a catalyst in conjunction with ozone, catalytic ozonation
is effective for degrading azo dyes. For instance, a study
discovered that combining ozone and ZnO catalysts effectively
degraded azo dyes.53 According to another study, using a Ni-
containing layered double hydroxide nanocatalyst in conjunc-
tion with ozone effectively degrades an azo dye.54 The presence
of Au/TiO2 increased the corona discharge's sterilization effi-
ciency from 73% to 91%. It decreased the O3 concentration
from 0.38 ppm to 0.04 ppm, whereas the presence of TiO2

decreased the sterilization efficiency and O3 concentration to
66% and 0.17 ppm, respectively.55
The effect of initial AOII concentration

Exhaustive experiments were conducted under tightly regulated
conditions to evaluate the efficacy of the heterogeneous cata-
lytic ozonation process (CaFe2O4/O3 system) for varying
concentrations of AOII. Experiments were conducted at pH 9,
ambient temperature (26± 2 °C), and a discharge rate of 3.038 g
h−1. Adjusting the initial AOII concentration within the range of
100 to 500 mg L−1 corresponding to TOC concentrations
ranging from 16.89 to 82.94 mg L−1 was required for the
ozonation process. Fig. 5 depicts the effect of the initial AOII
concentration on the removal of color and degradation graph-
ically. As shown in Fig. 5, increasing the AOII concentration
reduced the efficacy for color removal and TOC degradation,
regardless of whether the CaFe2O4/O3 system was used. When
the AOII concentration was increased from 100 mg L−1 to
500 mg L−1, a signicant reduction in color was observed
between 10 and 30 min later (Fig. 5a). When the AOII concen-
tration increased from 100 to 500 mg L−1, the TOC removal
efficiency decreased from 85% to 62% (Fig. 5b). However,
extending the treatment duration did not result in a signicant
improvement in TOC removal efficiency. Previous studies have
also demonstrated that the efficiency of azo dye degradation by
nano-catalyzed ozone decreases as the initial concentration of
azo dyes increases.56 Lowering the concentration of azo dyes,
utilizing extreme pH conditions, and employing higher ozone
concentrations have been identied as more advantageous for
RSC Adv., 2023, 13, 28753–28766 | 28759
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Fig. 5 The effect of AOII concentration on color (a) and TOC (b) degradation by CaFe2O4 nanoparticle catalytic ozonation processes.
Conditions: CaFe2O4 dosage = 1.0 g, initial pH = 9, contact time = 50 min, and reaction temperature = 25 ± 2 °C.
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dye degradation.15 In addition, as previously mentioned, adding
iron oxide as a catalyst does not result in a substantial reaction
acceleration. Another study focusing on the degradation of acid
red 18 dye using ZnO immobilized on a stone surface as
a catalyst reveals a decrease in the rate constant as the initial
dye concentration increases.57

The relative distribution of O3, CaFe2O4 nanocatalyst, and
cOH radicals is signicantly inuenced by the concentration of
AOII in the solution. With an increase in AOII concentration,
the proportion of O3, nanocatalyst, and cOH radicals decreased
compared to AOII. This observation revealed that as the
concentration of AOII increased, the concentration of cOH
radicals remained unchanged. This phenomenon can be
attributed to more AOII molecules occupying active sites on the
catalyst's surface, inhibiting the production of cOH radicals.58

The occupation of active sites by AOII ions inhibited the
production of cOH radicals on the catalyst's surface, reducing
their availability for degradation. The degradation efficiency of
azo dyes also decreased due to the consumption of hydroxyl
radicals by higher concentrations of organic dyes while the
concentration of the oxidizing agent remained constant.59 This
observation illuminates the complexities of the catalytic ozon-
ation process and highlights the importance of contemplating
concentration-dependent phenomena for efficient pollutant
removal.
Reaction rate constant and mechanism in AOII degradation
by catalytic ozonation processes

Considering a distinct rst-order reaction, the degradation rate
is proportional to the removal of TOC.26 In this regard, the
following equation can be used to describe the kinetics of the
reaction:

Ln
C

C0

¼ �Kt

Here, C0 and C represent the concentration of AOII in the
aqueous solution at the start of the reaction and aer t min,
respectively. The data align with a straight line when ln(C/C0) is
28760 | RSC Adv., 2023, 13, 28753–28766
plotted against time, and k (the rst-order rate constant)
corresponds to the slope of this line. The rate constant was
calculated by plotting ln(C/C0) against time (t). With a coeffi-
cient of determination (R2) ranging from 0.95 to 0.99, the line-
arity of these graphs validates the pseudo-rst-order kinetics of
the degradation process.

Fig. 6 and 7 illustrate the ndings of plotting ln(C/C0) against
time (t) and calculating k values. In determining the reaction
kinetics for TOC degradation by CaFe2O4/O3 systems, the loga-
rithmic transformation of the C/C0 ratio against time is
commonly employed. The determined rate constant, k, is
consistent with a pseudo-rst-order reaction. Fig. 6 depicts the
inuence of pH on k values, indicating that the degradation rate
of TOC increased with increasing pH from 3 to 9 and then
reduced slightly as the pH rose to 11. The k values for the O3

alone system in AOII degradation ranged from 0.0146 min−1 to
0.017 min−1 as the pH of the solution increased from 3 to 9 and
then decreased slightly to 0.0162 min−1 at pH 11 (Fig. 6a and c).
As the pH of the AOII solution increased from 3 to 9, the k values
for the CaFe2O4/O3 system increased from 0.025 min−1 to
0.0311 min−1 and then decreased to 0.0302 min−1 at pH 11
(Fig. 6b and d). The obtained reaction rate constants corre-
spond to the TOC degradation efficiency inuenced by the AOII
solution's pH. In addition, the results indicate that the k values
for the CaFe2O4/O3 system are substantially greater than those
for O3 alone. At a solution pH of 9, the k value for the CaFe2O4/
O3 system is 1.83 times that of O3 alone. This further demon-
strates that the CaFe2O4 nanocatalyst signicantly enhanced
the ozone degradation process of AOII. Except for the pH 5
condition in the CaFe2O4/O3 system, where the R2 value reached
0.927, most R2 values fall between 0.9649 and 0.9959. Most
treatment experiments exhibit linearity and are consistent with
the pseudo-rst-order kinetics of the degradation process, as
indicated by the results.

Similarly to the pH effect, the plot of ln(C/C0) and the reac-
tion rate constant of TOC degradation using the CaFe2O4/O3

system exhibits an increase in k values from 0.015 min−1 to
0.0361 min−1 when the amount of CaFe2O4 increased from
0.025 g L−1 to 1.0 g L−1, followed by a decrease to 0.031 min−1
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04553f


Fig. 6 The plots of ln(C/C0) and reaction rate constant of TOC degradation by ozone alone (a and c) and CaFe2O4 nanoparticle catalytic
ozonation processes (b and d) at various solution pH values.
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and 0.0253 min−1 when the amount of CaFe2O4 was further
increased to 1.5 and 2.0 g L−1 (Fig. 7a and c). The R2 values were
more signicant than 0.95, except for the condition containing
1.5 g per L CaFe2O4. Fig. 7b and d illustrate a decreasing trend
in the reaction rate constant (k) from 0.0643 min−1 to
0.0294 min−1 as the AOII concentration increased from
100 mg L−1 to 500 mg L−1, which corresponds to TOC concen-
trations from 16.89 mg L−1 to 82.94 mg L−1. The R2 values for
the conditions evaluating the effect of AOII concentration on
TOC removal efficiency using the CaFe2O4/O3 system were also
greater than 0.99. The k values calculated correspond to the
TOC treatment efficacy of the CaFe2O4/O3 system when the
CaFe2O4 and AOII concentrations were varied. These ndings
reaffirm the applicability of the reaction rate constant (k)
according to a pseudo-rst-order equation and by the treatment
model.

According to numerous investigations, most treatment
experiments are linear and consistent with the pseudo-rst-
order kinetics of the degradation process. According to Olea-
Mejia et al.,60 Fe nanoparticles can substantially accelerate the
degradation of phenolphthalein. The degree of phenolphtha-
lein mineralization was also determined by measuring the total
organic carbon (TOC) concentration. Brito et al.61 demonstrated
that using a continuous reactor for the catalytic ozonation
© 2023 The Author(s). Published by the Royal Society of Chemistry
process and devising a kinetic model can provide the required
technical data to support the scaling up of the process for the
degradation of organic carbon in landll leachate. Franco
et al.62 reported that the degradation rate of textile dyes evalu-
ated by total organic carbon is substantially more inuenced by
pH and ozone exposure time than by dye composition.

Several stages compose the mechanism of AOII degradation
by the CaFe2O4 nanocatalytic ozone process (Fig. 8). The initial
phase was absorption: the CaFe2O4 nanocatalyst has a high
affinity for organic molecules and a large surface area (379 m2

g−1). This nanocatalyst's high surface area was ascribed to its
small size, which was typically on the order of tens of nano-
meters. This compact size increases the number of sites on the
surface that can interact with reactant molecules, resulting in
more signicant activity. The subsequent step was ozone acti-
vation: ozone (O3) is introduced into the system and activated in
the presence of the CaFe2O4 nanocatalyst. The catalyst's surface
contains active sites where ozone molecules can endure partial
decomposition to form reactive oxygen species, such as hydroxyl
radicals (cOH) and superoxide radicals (cO2

−). Phase three was
the production of reactive species: the activated ozone and
reactive species generated from the catalyst surface, such as
cOH and cO2

−,63 were essential for the degradation of AOII.
These highly reactive species attacked the adsorbed AOII
RSC Adv., 2023, 13, 28753–28766 | 28761
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Fig. 7 The plots of ln(C/C0) and reaction rate constant of TOC degradation by CaFe2O4 nanoparticle catalytic ozonation processes at various
amounts of CaFe2O4 (a and c) and AOII concentration (b and d).
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molecules, causing chemical bonds to dissolve and the dye to
degrade. Phase 4 consists of degrading reactions: various
chemical reactions, including oxidation, hydroxylation, and azo
bond cleavage,31 contribute to the degradation of AOII. The
reactive species attacked the molecular structure of AOII,
Fig. 8 Schematic diagram of the degradation mechanism of AOII using

28762 | RSC Adv., 2023, 13, 28753–28766
resulting in the formation of organic compounds that are
smaller and less complex. These degradation products are
frequently less environmentally harmful than the original
pigment molecule. As the degradation reactions proceed, the
degraded molecules desorb from the catalyst's surface, allowing
the CaFe2O4 nanocatalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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new AOII molecules to adsorb and continue the degradation
process. In subsequent reactions, such as mineralization, the
degradation products are transformed into simpler inorganic
compounds, such as carbon dioxide (CO2), water (H2O), and
intangible ions.64

The CaFe2O4 nanocatalyst, composed of CaO and FeO,
exhibits dual functionality as an adsorption and heterogeneous
catalyst in ozone oxidation reactions. The material analysis
results from EDX, XRD, and FTIR data (Fig. 2) conrm the
presence of CaO and FeO on the surface of the nano CaFe2O4

nanocatalyst during the ozonation processes, which enhances
the decomposition of O3 and leads to the generation of cOH
radicals. The CaFe2O4 nanocatalyst provides active sites on its
surface, allowing for the participation of both the catalyst and
cOH radicals in the ozone oxidation reaction for the degradation
of AOII. The responses that predominantly yield cOH radicals in
the ozonation processes follow three mechanisms: H atom
abstraction, cOH addition to C]C, and cOH interaction with S
and N atoms from AOII. The CaFe2O4 nanocatalyst, with its CaO
and FeO structure, plays a crucial role in efficiently adsorbing
O3 and surface pollutants, thereby accelerating the O3 decom-
position process and increasing the production of hydroxyl
(cOH) radicals, which are essential for the degradation of AOII.
The fragmentation of AOII through the intervention of cOH
radicals is achieved through the heterogeneous catalysis
mechanism inherent in the ozone oxidation process. The
CaFe2O4 nanocatalyst, with its CaO and FeO composition,
contributes to the catalytic performance of the catalyst in the
ozone oxidation process. The activities of FeO and CaO are
essential factors in the catalytic activity of the CaFe2O4 nano-
catalyst. Previous studies showed that the Co2+–HCO3

− system
can efficiently degrade the cationic dye methylene blue (MB).65

However, when both AOII and MB are present in the solution,
most of the Co2+ ions will form stable complexes with AOII,
hindering the degradation of MB. The application of heteroge-
neous catalytic ozonation, such as using catalysts like alumina,
has been explored for treating refractory organics in waste-
water.66 This demonstrates the broader application of stimuli in
the degradation of organic compounds, similar to the role of the
CaFe2O4 nanocatalyst in the ozonation processes.
Comparing azo dye degradation using heterogeneous
ozonation processes

Table 1 presents the AOII removal capacity comparison of the
CaFe2O4/O3 system with other systems. Among the studies
highlighted, the utilization of nano CaFe2O4 as the catalyst in
conjunction with ozone for AOII degradation was undertaken in
our ongoing research. The optimized parameters included
maintaining a pH of 9, applying a catalyst dosage of 1.0 g per L
CaFe2O4 nanocatalyst, and varying AOII initial concentrations
from 100 to 500 mg L−1. This conguration resulted in the
attainment of a substantial 85% efficiency in the removal of
TOC. Notably, the study demonstrated signicant prowess in
the degradation of AOII.

The current study observed a signicant efficiency
enhancement compared to Hassani et al.'s (2019)54 ndings for
© 2023 The Author(s). Published by the Royal Society of Chemistry
employing dual-layered nickel hydroxide (Ni-LDH) to degrade
methyl orange. This improvement became particularly evident
when contrasted with the reported 72% COD removal efficiency.
The discoveries in this investigation also demonstrate superior
effectiveness compared to the removal efficacy of active brilliant
red X-3B using ozonation catalyzed by the natural mineral
brucite, as conducted by Dong et al. (2007),67 achieving a COD
degradation efficiency of 32% under experimental conditions of
pH 9.24, catalyst dosage of 0.5 g L−1, active brilliant red X-3B
concentration of 500 mg L−1 and a reaction time of 30 min
(Table 1).

In the context of Shokrollahzadeh et al. (2019)17 research
concerning nano-ZnO/pearl stone use for reactive blue 5
degradation, a higher efficacy was demonstrated, surpassing
the 92% TOC removal efficiency. Compared to Zhang et al.
(2022),68 who focused on methyl orange degradation by utilizing
nano MnO2 particles, the current study showed slightly lower
degradation efficiency. This is emphasized by the outstanding
removal efficiency of 98.37% for methyl orange. Similarly, in
contrast to the results of Bagheri et al. (2021),69 where Fe2O3/
MoS2 nanocomposites were employed for acid blue 113 degra-
dation, achieving a removal efficiency of 99.0%, our study
exhibited slightly lower efficacy. Similarly, compared to Van
et al. (2019),26 targeting reactive red 24 degradation through iron
slag, the present study showed similar effectiveness. This
achievement corresponds to a COD removal efficiency of 84%.
Reusability of the catalyst

The signicant role of wastewater removal applications,
encompassing general and specic instances such as textile dye
effluent, is underscored by the vital importance of stability and
reusability exhibited by the CaFe2O4 nanocatalyst in the cata-
lytic ozonation processes. Consequently, aer each reaction
cycle, the solid residue underwent collection via ltration and
thorough rinsing with distilled water and was subjected to
drying at 80 °C for 12 h. This treated residue was redeployed in
consecutive cycles to evaluate its stability and reusability. The
experimental conditions entailed maintaining the pH of 9,
utilizing the catalyst dosage of 1 g L−1, applying the initial AOII
concentration of 200 mg L−1, and employing the reaction time
of 40 min. Fig. 9 presents the results thus obtained. The nd-
ings illustrate insubstantial uctuations in AOII degradation
across ve successive operations. The efficiency of AOII degra-
dation experienced a slight reduction from 85% to 69% aer
ve consecutive cycles, indicating the non-signicant degrada-
tion of the nano CaFe2O4 catalyst during the ozonation process
and the continual preservation of its notable stability. The
diminished catalytic effectiveness of the CaFe2O4/O3 system
potentially stems from catalyst attrition during the reusability
experiments, aligning with prior research ndings. Nguyen
et al. (2023)71 documented a decline in treatment efficacy
throughout ve consecutive runs while employing a biochar-
supported NiFe2O4 composite as a catalyst for the ozone/
Fenton treatment of moxioxacin in wastewater. Another
study also revealed that the efficacy of the cyclic hydrothermal
conversion of ethyl levulinate (EL) into g-valerolactone (GVL),
RSC Adv., 2023, 13, 28753–28766 | 28763

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra04553f


Table 1 Comparing the degradation of azo dyes through heterogeneous ozonation processes using different catalysts

Dyes Catalyst
Optimal processing
conditions Degradation efficiency References

AOII CaFe2O4 nanoparticles pH 9, CaFe2O4: 1.0 g L−1,
AOII concentration: 100–
500 mg L−1

85% TOC removal This study

Methyl orange Ni-based layered double
hydroxides (Ni-LDHs)
nanomaterials

Reaction time: 60 min, pH 9;
ozone ow rate: 109 mg h−1;
catalyst dosage: 1 g L−1;
initial COD: 620 mg L−1

72% COD removal 54

Methyl orange MnO2 nanoparticles Initial pH 5.8, reaction time:
60 min, methyl orange
concentration: 90 mg L−1,
catalyst dosage: 20 mg L−1

98.37% methyl orange
removal

68

AOII ZnO nanoparticles pH range: 4.6–9.6, ZnO
nanoparticle: 1.0 g L−1, AOII:
50–200 mg L−1

90% TOC removal 70

Acid blue 113 Fe2O3/MoS2 nanocomposite Initial pH 6.4,
nanocomposite: 20 mg,
ozone ow: 0.2 g L−1 h−1,
and reaction time: 45 min

99.0% AOII removal 69

Reactive blue 5 Nano-ZnO/perlite pH 11, reaction time:
60 min, dye concentration:
100 mg L−1, initial TOC:
31.45 mg L−1, catalyst
dosage: 12 mg L−1

92% TOC removal 17

Reactive red 24 Iron slag pH 11, catalyst dosage: 1.5 g
L−1, initial reactive red 24
concentration: 300 mg L−1,
inlet O3: 3.038 g h−1, H2O2

concentration: 100 mg L−1,
reaction time: 40 min

84% COD removal 26

Active brilliant red X-3B Natural mineral brucite pH 9.24, catalyst dosage:
0.5 g L−1, active brilliant red
X-3B: 500 mg L−1, reaction
time: 30 min

32% COD removal 67

Fig. 9 Reusability of CaFe2O4 nanoparticles for catalytic ozonation
processes at solution pH 9, the catalyst dosage of 1.0 g L−1, initial AOII
concentration of 200mg L−1, reaction time of 40min and temperature
of 25 ± 2 °C.
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utilizing a layered Ov-WO3@CB catalyst, exhibited a marginal
decline from 98% to 91% aer undergoing ve recycling cycles,
thereby emphasizing the intricate nature of catalytic responses
28764 | RSC Adv., 2023, 13, 28753–28766
over repeated operations.72 The results indicated that the
CaFe2O4 nanocatalyst could potentially eliminate azo dyes from
wastewater.
Conclusion

This study investigated the degradation of AOII via the CaFe2O4

nanocatalytic ozonation approach. Experimental results
revealed the factors affecting AOII degradation efficiency and
kinetics. O3 alone and CaFe2O4/O3 systems remove AOII color
nearly perfectly in experiments. Degradation was found to
depend on the solution pH. The degradation of AOII increased
with pH 3 to 9, while pH 11 slightly decreased it. AOII concen-
tration also affected the degradation efficiency. AOII degrada-
tion was also examined with CaFe2O4 nanocatalyst mass. The
main catalyst portion was crucial to degradation, according to
the results. As the amount of the nanocatalyst increased from
0.025 g L−1 to 1.0 g L−1, k values increased from 0.015 min−1 to
0.0361 min−1. However, increasing the amount of the catalyst to
1.5 and 2.0 g L−1 decreased the reaction rate constant to
0.031 min−1 and 0.0253 min−1, respectively. The ndings also
indicate that the efficiency of TOC removal decreased from 85%
to 62% as the initial concentration of AOII increased from 100
© 2023 The Author(s). Published by the Royal Society of Chemistry
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to 500 mg L−1. Determining the reaction rate constant
conrmed pseudo-rst-order degradation kinetics. At pH 9, the
rate constant (k) of the CaFe2O4/O3 system ranged from
0.025 min−1 to 0.0311 min−1, depending on catalyst quantity.
Ozone alone had a rate constant of 0.0146 min−1 to 0.017 min−1

at the same pH. These results show that the CaFe2O4 nano-
catalytic ozonation degrades AOII. Degradation efficiency and
rate depended on pH, AOII concentration, and catalyst dosage.
CaFe2O4 nanoparticles catalyzed degradation faster than ozone
alone. The CaFe2O4/O3 system outperformed ozone at pH 9. The
CaFe2O4 nanocatalytic ozonation process can remediate waste-
water containing AOII and other azo dyes. Its use in water
treatment and environmental remediation requires optimiza-
tion and scaling-up research. This study illuminates catalytic
ozonation kinetics and mechanisms and lays the groundwork
for future research.
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