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a b s t r a c t
Calcium peroxide (CaO2) is an environmentally friendly oxidant and can be used to decolorize tex-
tile wastewater. In this study, CaO2 was used directly without any activator to degrade Basic blue 
41 (BB41) from simulated textile wastewater (STW), including auxiliary production chemicals. The 
characterization of the synthesized CaO2 was investigated by scanning electron microscopy, ener-
gy-dispersive X-ray, X-ray diffraction and Fourier-transform infrared spectroscopy analyses. The opti-
mum pH was found to be 7 for the degradation of the BB41. Thermodynamic studies showed that 
the degradation of the BB41 by CaO2 is endothermic and spontaneous. The activation energy for the 
oxidation reaction was found 52.954 kJ mol–1. 0.4 g CaO2 was found to be sufficient for the removal 
of BB41 with 99.6% removal efficiency. The experiments showed that the CaO2 can effectively oxidize 
organic-based auxiliary chemicals in STW. Over 80% chemical oxygen demand removal efficiency 
from STW was obtained with 2.0 g CaO2. The study results showed that CaO2 can be used as an 
effective and environmentally friendly oxidant for the decolorization of the textile wastewater.
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1. Introduction

The textile industry produces large amounts of waste-
water, including dyes, due to the dyeing of fabric in the 
dyeing unit. Since the dye is not entirely fixed on the fab-
ric, about 10%–15% of the dye transfers to wastewater [1]. 
Discharge of the textile wastewater without treatment with 
an appropriate method causes the transfer of dyes to aquatic 
environments [2]. The presence of dyes in the water bod-
ies have adverse effects on ecosystems, such as decreasing 
dissolved oxygen levels, lowering the gas transfers, reduc-
ing light penetration and toxicity to aquatic organisms [3]. 
Most dyes are recalcitrant to biodegradation due to their 
aromatic structures [4]. Different technologies are used to 
remove dye-containing wastewaters, such as membrane 

filtration, adsorption, and advanced oxidation processes 
[5–7]. Advanced oxidation processes (AOP) stand out 
among the dye removal processes due to the mineraliza-
tion of the dye molecules to non-toxic products. Hydrogen 
peroxide (H2O2) based AOP such as Fenton and Fenton-like 
process are widely used to oxidize dye molecules. The use 
of catalysts such as UV, iron element and special metal com-
plexes is required to oxidize dye molecules with Fenton 
and Fenton-like processes. The use of catalysts enhances 
the oxidation efficiency but increases the operating costs of 
the processes and reveals the potential for metal pollution. 
In addition, Fenton and Fenton-like processes are usually 
effective in a narrow acidic media [8–11]. H2O2 is a pow-
erful oxidant that produces the hydroxyl radical (•OH). 
However, H2O2 is unstable and decomposes rapidly [12].
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CaO2 is an innovative environment-friendly strong oxi-
dant (E0 = 2.01 V) and is also known as a solid form of H2O2. 
CaO2 slowly releases O2 and H2O2. Oxidizing radicals, •OH, 
•HO2 and •O2, are produced by the H2O2, which is released 
from the surface of CaO2 [Eqs. (1)–(5)]. According to the 
stoichiometric equation, 1.0 g of CaO2 can produce a max-
imum of 0.47 g of H2O2 [12,13]. CaO2 has some advantages 
such as a long lifetime, easy transport, and high stability 
compared to H2O2 [14].
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H O e OH OH2 2 � � �� � �  (3)
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Some activators such as Fe0, Fe+2, Fe3+ are used to enhance 
the production of oxidizing radicals released from CaO2 
[12,13,15,16]. However, iron pollution potential, disposal 
of the iron sludge, cost of catalysts are the disadvantages 
of using CaO2 with activators. Calcium is an essential ele-
ment for living organisms and CaO2 has no toxic potential. 
CaO2 is one of the safest metal oxides among other metal 
oxides. [17,18]. On the other hand, the use of a catalyst to 
enhance the oxidation capacity of CaO2 undermines the 
CaO2 process’s potential to be environmentally friendly. 
The studies based on CaO2 oxidation focus on the reme-
diation of the polluted soils, groundwater, and activated 
sludge biomass [16,19–21]. The lack of studies on remov-
ing specific pollutants such as dyes from industrial waste-
water with CaO2 in the literature draws attention. Since 
CaO2 is a strong and environmentally friendly oxidant, the 
potential of CaO2 for the removal of specific pollutants from 
industrial wastewater should be investigated extensively.

Generally, distilled water was used as an aqueous phase 
in the studies based on removing textile dyes by AOP 
[7,10,22,23]. However, textile wastewater contains differ-
ent salts and organic substances together with dyes. The 
complex structure of textile wastewater affects the removal 
of dyes in the oxidation processes. It is considered that 
the data obtained from working with a meticulously pre-
pared simulated textile wastewater containing production 
chemicals is more suitable for evaluating the performance 
of oxidants in real-scale plants.

The study’s objective is to investigate the potential 
use of CaO2 without any activator to remove a textile dye 
Basic blue 41 (BB41) from simulated textile wastewater 
(STW) containing auxiliary production chemicals. Also, 
understanding the effects of some independent parame-
ters such as pH, CaO2 dosage and temperature on the oxi-
dation of the BB41 by CaO2 were aimed. Using directly 

inactivated CaO2 in the oxidation process without metal or 
metal complex activators is an environmentally friendly 
approach as it will not cause metal pollution.

2. Material and methods

2.1. Characterization of the CaO2

Scanning electron microscopy (SEM) (FEI, Quanta 650 
Field Emission SEM, USA) was used to investigate the sur-
face morphology of the synthesized CaO2 with 5,000 and 
10,000x magnification. The elemental analysis of the CaO2 
was determined by energy-dispersive X-ray (EDX) analysis 
(FEI, Quanta 650 Field Emission SEM, USA). Identification 
of the crystalline structure of CaO2 was carried out by 
X-ray diffraction (XRD) analysis in 2θ scan range of 10°–90° 
(PANalytical Empyrean XRD, UK). Fourier-transform infra-
red spectroscopy (FTIR) (Jasco, FT/IR-6700, USA) was used 
in the range of to investigate associated functional groups 
of CaO2. FTIR spectrum is recorded between 4,000 and 
400 cm–1.

2.2. Synthesis of CaO2

In this study, the synthesis of the CaO2 particles was 
carried out by precipitation with H2O2 at alkaline condi-
tions. 8 g of calcium chloride (Merck, 99.5%, CaCl2·2H2O) 
was dissolved in 40 mL deionized water. 120 mL polyeth-
ylene glycol (Merck, PEG200) was added to the solution as 
a surface modifier. 25 mL of 35% H2O2 (Merck) was added 
at 1 mL min–1 to the solution and mixed for 30 min at 20°C. 
Then 60 mL (1 N) KOH (Merck) was added to the solution 
to obtain the precipitate. The final volume of the mixture 
was adjusted to 200 mL by deionized water. The mixture 
was stirred within 2 h at 20°C to obtain a yellowish solu-
tion. The mixture was centrifuged to separate the solid 
phase. The solid phase was washed with distilled water 
several times to remove the KOH residuals and dried at 
70°C for 24 h.

2.3. BB41 oxidation experiments

BB41 oxidation studies were carried out with STW. 
The composition of the STW was determined according 
to the process of a textile facility located in Adana/Turkey. 
The auxiliary chemicals used in production stages were 
obtained from the facility. The concentrations of the aux-
iliary chemicals in STW were determined according to the 
amount of usage dosage in production stages and dilution 
factor from production to wastewater generation in the 
facility. The STW composition is given in Table 1.

BB41 oxidation studies were performed as batch exper-
iments with 200 mL STW at 300 rpm in a temperature con-
trolled orbital shaker. The effect of pH (4–9), CaO2 dosage 
(0.1–0.5 g) and temperature (5°C–30°C) were studied onto 
oxidation of a constant 200 mg L–1 BB41 concentration. 
Chemical oxygen demand (COD) removal studies were 
performed with different dosages of CaO2 (0.2–2.0 g). The 
reuse of CaO2 after BB41 oxidation was investigated in 
4 cycles. Control groups were performed without CaO2 
under the same conditions.
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2.4. Analytical methods

Analysis of residual dye concentrations were per-
formed with a calibration curve prepared at 609 nm (Perkin 
Elmer Lambda 35 UV/VIS, USA, spectrophotometer). The 
COD analyses of the samples were conducted by Closed 
Reflux Method (Standard Methods, 5220 C).

2.5. Statistical analysis

All dye degradation experiments were carried out in 
triplicate. The statistical evaluations of the data obtained 
from dye oxidation experiments were conducted by SPSS 
Statistics 20.0 with a confidence interval of 95% (p ≤ 0.05).

3. Results and discussion

3.1. Characterization of the CaO2

The SEM analysis showed that the CaO2 particles gen-
erally have irregular shapes and different congregate struc-
tures (Fig. 1). The agglomeration of the CaO2 particles is 
caused by the high surface energy of the CaO2 [24]. The 
Oxygen and Calcium weight percent of the synthesized 
CaO2 was determined as 52.76% and 43.45%, respectively, 
by analysis of EDX (Fig. 2). The carbon weight percent was 
determined as 3.79%, which belongs to the PEG200 surface 
stabilizer. The untitled peaks belong to Au element, which 
was used as a coating material before the EDX analysis.

The dominant peaks (2θ = 29.2°, 30.0°, 35.6°, 47.2°, 
51.2°, 52.7°, 60.6°, 62.3°, 73.9°, 75.4°, 76.6°, 82.8°, 83.2°, 
84°, 8°, 86.3°) obtained from the XRD analysis strongly 
matched with the molecule of CaO2 (Reference code: 98-061-
9462) (Fig. 3). The XRD patterns confirmed the tetragonal 
structure of CaO2 [24,25].

The FTIR analyses were carried out for BB41, CaO2 
before and after degradation experiments. The peaks 
that appeared at the 3,337; 2,922 and 1,605 cm–1 for the 
FTIR of BB41 are related to –OH, –CH3, –N=N– stretching 
(Fig. 4a). The peaks appeared between 1,000–1300 cm–1 and 
400–800 cm–1 bands correspond to –S=O– vibration and 
aromatic rings of the BB41, respectively. [26]. The broad 
weak signal appeared at 3,000–3,600 cm–1 in the FTIR 
spectrum of the unused CaO2 belongs to the –OH bond 
stretching due to adsorption of water molecules onto CaO2 

Table 1
Composition of the simulated textile wastewater

Production chemical Description Conc. in STW

BB41 Dye 200 mg L–1

Modified starch Sizing agent 1,000 mg L–1

NaCl Dyeing promoter 3,000 mg L–1

NaHCO3 Dyeing promoter, pH 
adjuster

1,500 mg L–1

Acetic acid pH adjuster 0.11 mL L–1

%10 NaOH Mercerization 0.57 mL L–1

H2O2 Bleaching agent 0.18 mL L–1

Stabilol ZM Stabilizer 0.60 mL L–1

Cottoclarin TR Wetting agent 0.40 mL L–1

Serawet CAS Rapid wetting agent 0.20 mL L–1

Perlavin SRD Soaping agent 0.50 mL L–1

Securon 1420 Complexing agent 
for dyeing

0.20 mL L–1

Locanite CNT Washing agent 60 mg L–1

Seragal MIP-O2 Dyeing auxiliary 125 mg L–1

Serocon MLU Dyeing auxiliary 50 mg L–1

Colorfix NF2P Dyeing auxiliary 50 mg L–1

Setasil KF-1920 Softening agent 50 mg L–1

Tubingal MAC Sanforizing auxiliary 125 mg L–1

Belsoft 200 Softening agent 50 mg L–1

COD 2,050 mg L–1

Conductivity 11,455 µs cm–1

pH 8.05

Table 2
Constants of pseudo-first-order model for different temperatures

Temperature, °C kobs, min–1 R2

5 0.0161 0.985
10 0.0262 0.989
15 0.0422 0.991
20 0.0611 0.990
25 0.0817 0.992
30 0.105 0.991

 
Fig. 1. SEM images of CaO2.
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(Fig. 4b). The typical signal detected between 1,200 and 
1,400 cm–1 is related to the bending vibration of O–Ca–O 
[27,28]. The signal appeared at 871 cm–1 belongs to O–O 
stretching vibration of peroxide [27,29]. The peak detected 
2,900–2,990 cm–1 band related to C–H stretching belongs 
to the surface stabilizer PEG200 [30]. It was found that 
the density of the peaks correspond to O–Ca–O bending 
vibration and O–O stretching decreased after the oxida-
tion experiments due to consumption of CaO2 during the 
degradation of the BB41 (Fig. 4c). The signals belonging 
to the BB41, such as –CH3, –N=N– and –S=O– were not 
detected in the FTIR analysis of CaO2 after the BB41 deg-
radation. The FTIR analysis showed that the surface of 
CaO2 did not contain BB41 molecules after the oxidation 

process. The BB41 molecules may be degraded in the liq-
uid phase and on the surface of CaO2. The main removal 
mechanism of BB41 by CaO2 is the oxidation process.

3.2. BB41 oxidation experiments

3.2.1. Effect of pH on degradation of BB41 by CaO2

H2O2 based oxidation processes are greatly affected 
by the pH of the solution [31]. The effects of four differ-
ent pH values (4, 5, 6, 7, 8 and 9) on the degradation of 
200 mg L–1 by 0.5 g CaO2 were carried out at 20°C (Fig. 5). 
It was found that the pH had a significant effect on the 
oxidation of the BB41 by CaO2 (p < 0.05). The experiments 

 
Fig. 2. EDX of CaO2.

 
Fig. 3. XRD analysis of CaO2.
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showed that the degradation efficiency of BB41 signifi-
cantly decreased below pH 6. The low degradation effi-
ciency at acidic pH can be explained by the increase of 
CaO2 solubility and decreasing H2O2 production due to the 
reaction of excessive H+ ions with CaO2 directly [32,33]. 
While the degradation efficiency reached over 99.5% 
within 60 min for pH 7, it reached over 99.5% within 150 
and 180 min for pH 8 and 9, respectively. The peroxide 
ions (O2

–2) released from CaO2 react with H+ ions pro-
duced from water molecules to form H2O2. OH– ions can 
neutralize H+ ions at alkaline conditions. The oxygen 
production increases and the H2O2 production decreases 

with increasing pH. Therefore oxidation rate decreased 
in high pH levels due to decreasing H2O2 production 
by CaO2 [33–35]. Further experiments were performed  
at pH 7.

3.2.2. Effect CaO2 dosage on the degradation of BB41

Determining the optimum oxidant dosage is an import-
ant parameter for operating real-scale applications under 
optimum conditions. The influence of the CaO2 dosage (0.1, 
0.2, 0.3, 1.0, 0.4, 0.5 g) on the oxidation process was per-
formed with 200 mg L–1 BB41 at 20°C. It determined that 

 

 

 
Fig. 4. FTIR for BB41 (a), unused CaO2 (b) and used CaO2 (c).
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the CaO2 dosage had a significant effect on the oxidation 
of the BB41 by CaO2 (p < 0.05). Over 99% BB41 decoloriza-
tion was obtained for all CaO2 dosages at different times 
(Fig. 6). The times to reach decolorization of BB41 efficien-
cies above 99% for 0.1 and 0.5 g CaO2 were determined 240 
and 60 min, respectively. The BB41 removal efficiency was 
calculated as 99.75% within 90 min for 0.4 g CaO2 dosage. 
High BB41 degradation efficiencies at high amounts of 
CaO2 can be explained by the increasing oxidizing radi-
cals released from CaO2 [36]. Large volumes of tanks with 
high contact time will be needed to achieve dye removal 
efficiencies of over 99% for doses below 0.4 g in possible 
real-scale applications. While this situation provides an 
advantage in operating costs due to low oxidant dosages, it 
will cause an increase in investment costs for large volume 
tanks requirement. 0.4 g CaO2 was found to be sufficient to 
remove BB41 under optimum conditions. Further experi-
ments were performed with 0.4 g CaO2 dosage.

3.2.3. Effect of temperature on the degradation of BB41

Temperature plays an important role and can alter 
the efficiency of oxidation processes. Influence of tem-
perature (5°C, 10°C, 15°C, 20°C, 25°C and 30°C) on the 

degradation of BB41 was carried out with 0.4 g CaO2 for 
200 mg L–1 dye concentration. It was found that the tem-
perature of the STW had a significant effect on the oxida-
tion of the BB41 by CaO2 (p < 0.05). It can be seen from 
Fig. 7 increasing the temperature has a positive impact on 
the degradation of the BB41. The BB41 degradation effi-
ciency within 60 min for 5°C, 10°C, 15°C, 20°C, 25°C and 
30°C was found to be 67.2%, 84.6%, 95.7%, 98.11%, 99.15% 
and 99.6%, respectively. High dye removal efficiencies at 
higher temperatures can be explained by the increase in 
the decomposition of the H2O2 with increasing tempera-
ture. Thus, more oxidizing radicals are released by H2O2. 
Also, high temperatures give more energy to reactants 
to overcome the activation energy [37].

3.2.4. Kinetics and thermodynamics of the BB41 
degradation by CaO2

Linear form of pseudo-first-order reaction model was 
used to determine the degradation rates of 200 mg L–1 BB41 
with 0.4 g CaO2 for different temperatures [Eq. (6)].

ln
C
C

k tt

0

�

�
��

�

�
�� � � obs  (6)

where Ct is the residual dye concentration (mg L–1), C0 is 
the initial dye concentration (mg L–1), kobs (min–1) is the 
rate constant of pseudo-first-order model and t is time 
(min.). kobs can be calculated from the plot of ln(Ct/C0) vs. t 
(figure not shown here) [38]. The R2 values obtained from 
the pseudo-first-order kinetic model analysis ranged from 
0.985 to 0.991. High R2 values showed that the data fit pseu-
do-first-order kinetic models well. Many studies reported 
that the degradation kinetics of the textile dye based on 
H2O2 is described by the pseudo-first-order model [39–42]. 
It was found that the kobs value increased with increasing 
temperature. Increasing in rate constants with rising tem-
perature can be explained by the increase in molecular 
collision frequency with increasing temperature [43]. The 
maximum kobs (0.105 min–1) were obtained at 30°C. High 
rate constant values showed that the mineralization of 
the BB41 occurred within a short time.
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The reaction’s activation energy (Ea) is a crucial param-
eter for H2O2 based oxidation processes to understand 
how fast the reaction is completed. The linear form of the 
Arrhenius equation [Eq. (7)] was used to calculate the 
activation energy [44].

ln lnk A
E
RT
a� �  (7)

where A is the frequency factor, Ea is the activation energy 
(kJ mol–1), R is the ideal gas constant (0.0083 kJ mol–1 K–1), 
T is the absolute temperature (K) and k is the pseu-
do-first-order rate constant (min–1). Ea can be calculated 
from the plot of lnk vs. 1/T [45]. The thermodynamic 
parameters including standard free energy (ΔG°), enthalpy 
(ΔH°), and entropy (ΔS°) were calculated using the 
following equations:

�G RT KC� � � ln  (8)

The value of KC can be calculated from Eq. (9).

K
C
CC
D

T

=  (9)

where CD is the amount of BB41 concentration at equilib-
rium time (mg L–1), CT is the BB41 residual concentration 
in liquid phase at equilibrium (mg L–1). Van’t Hoff equa-
tion was used to calculate the thermodynamic parameters 
(Fig. 8). ΔH°, and entropy ΔS° can be obtained from the 
slope and intercept of the lnKC vs. 1/T plot [Eq. (10)] [37].

lnK H
RT

S
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� �
�
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The Ea value was calculated as 52.954 kJ mol–1 with a 
0.9883 R2 value (Fig. 9). The activation energy for the deg-
radation of the BB41 by CaO2 is greater than the diffu-
sion-controlled (~29 kJ mol–1) reaction. It is thought to be 
the rate-limiting step of the BB41 oxidation by CaO2 is a 
surface-chemical reaction [46,47]. The negative ΔG° val-
ues were obtained for all studied temperatures (Table 3). 
Negative ΔG° values showed that the degradation of BB41 
by CaO2 is spontaneous and the extent of the spontaneity 

increases with increasing the temperature. The posi-
tive value of ΔH° indicates the endothermic nature of 
the BB41 degradation by CaO2. A positive value of ΔS° 
(0.498 J mol–1 K–1) indicates to the increase the randomness 
in the degradation of the BB41 by CaO2 [9].

3.3. Reuse of CaO2

Investigating the reuse potential of an oxidant is an 
essential step towards reducing operating costs on an 
industrial scale. Four cycles were performed for the inves-
tigation of the reusability of CaO2. The experiments on 
reuse of CaO2 were performed with 200 mg L–1 BB41 and 
0.4 g CaO2 at 20°C. Before the cycles, the CaO2 particles 
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Fig. 9. Arrhenius plot.
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Table 3
Thermodynamic parameters

Temperature, °C Ea, kJ mol–1 ΔG°, kJ mol–1 ΔH°, J mol–1 ΔS°, J mol–1 K–1

5

52.954

–1.662

1.367 0.498

10 –4.060
15 –7.425
20 –10.188
25 –11.507
30 –14.055
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were separated by centrifuging then added to fresh STW. 
The BB41 degradation efficiencies within 90 min by CaO2 
for 1st, 2nd, 3rd and 4th cycle were determined as 99.75%, 
92.5%, 79.4% and 57.2%, respectively (Fig. 10). It was found 
that the BB41 degradation efficiencies are at acceptable 
levels within 3rd cycle. On the other hand, decoloriza-
tion efficiency dramatically decreased in 4th cycle due to 
consumption of oxidizing radicals produced by CaO2.

3.4. COD removal from STW by CaO2

The specific COD sources of textile wastewater are 
modified starch, dyes and organic-based other auxiliary 
chemicals. COD removal experiments from STW by CaO2 
were carried out to understand the oxidation potential of 
CaO2 for BB41 and the other organic molecules. The exper-
iments were performed with STW containing 200 mg L–1 
BB41 and different CaO2 dosages (0.2, 0.4, 0.8 1.0, 1.5 and 
2.0 g). COD removal efficiencies with different amounts of 
CaO2 were evaluated for three different reaction times (240, 
360 and 480 min.). The initial COD value of STW contain-
ing 200 mg L–1 BB41 was calculated as 2,180 mg L–1. The 
COD value of separate 200 mg L–1 BB41 in distilled water 
was determined as 292 mg L–1. Modified starch and organ-
ic-based auxiliary chemicals are the other COD sources 
of the STW. It was found that the COD removal efficiency 
increased with increasing CaO2 dosage (p < 0.05) (Fig. 11). 
COD removal efficiency with 0.2 and 2.0 g CaO2 for 480 min 
were determined 46.58% and 80.73%, respectively. While the 
BB41 was completely removed by 0.4 CaO2 within 240 min, 
the COD removal efficiency was found to be 35.1%. For 
an effective COD removal, a CaO2 dose of over 0.8 g and 
a reaction time of over 360 min are required. The COD 
removal experiments showed that the CaO2 oxides BB41 
molecules along with organic-based substances in STW.

An extensive literature review including experimental 
variables was conducted on the degradation of the BB41 
by H2O2-based oxidation processes (Table 4). Duc [48] and 
Solomon et al. [49] used the Fenton process with Fe2+ cata-
lyst and reported over 97% BB41 decolorization efficien-
cies. While Duc [48] reported 120 min to reach equilibrium 
with 0.025 g L–1 Fe2+ and 386 mg L–1 H2O2 concentrations, 
Solomon et al. [49] reported the equilibrium time as 60 min 
with 0.6 g L–1 Fe2+ and 1,055 mg L–1 H2O2. It is seen that high 
doses of chemicals are needed to reach high BB41 removal 
efficiency in a shorter time. High reaction times with low 
chemical doses will require large tank volumes in real-scale 
applications. On the other hand, high iron concentrations 

cause high amounts of sludge. The pH parameter is crucial in 
the Fenton process. Generally, an acidic medium is required 
to generate oxidizing radicals by the reaction of H2O2 with 
Fe ions [66]. pH adjustment in large amounts of wastewa-
ter volumes causes an increase in operating costs. Also, the 
final neutralization of the wastewater may produce large 
amounts of iron-containing sludge, contributing to metal 
pollution [67]. It can be seen from Table 4 studies on BB41 
degradation have focused on photocatalytic processes. Some 
independent parameters such as initial dye concentration, 
irritation intensity and type, catalyst dose, and type signifi-
cantly affect the degradation of textile dyes by photocatalytic 
processes [68]. Researchers other than Kartiko et al. [57] and 
Rapsomanikis et al. [58] used low concentrations of BB41 in 
catalytic processes. Initial dye concentration is an important 
parameter that affects the removal rates. Removing pollut-
ants in high concentrations requires large catalytic doses 
or irritation times [69]. High operational cost due to UV 
irradiation is the main disadvantage of the photocatalytic 
processes. Energy efficiency for converting photons to oxi-
dizing radicals ranges between 0.0002%–5%. Therefore effi-
cient catalysts are required to enhance the efficiency of the 
process [70]. Titanium dioxide (TiO2) is widely used in pho-
tocatalytic processes due to its photoactivity, stability, opti-
cal and electronic properties [69]. On the other hand, many 
studies reported the toxic effects of nano-TiO2 on aquatic 
organisms and mammals [71–74]. Over 20 mg L–1 TiO2 exhib-
its significant toxic effects on ovarian cells of Bombyx mori 
[75]. The potential toxic effects of TiO2 on living organisms 

 
Fig. 10. Reuse of CaO2 for BB41 degradation.
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raise doubts about the environmental friendliness of using 
this catalyst in the photocatalytic wastewater treatment pro-
cesses. The liquid phase of the studies given in Table 5 is 
distilled water. Doubtlessly using distilled water, including 
only dye molecules, is important to understand the specific 
interactions between dye molecules and oxidants. However, 
it is hard to understand the potential use of the oxidant in 
real applications by evaluating the results of these studies. 
We did not find a study using real textile wastewater or 
simulated textile wastewater in the H2O2-based oxidation 

of BB41 in the literature. The presence of anions such as Cl– 
and HCO3

– can cause the consumption of oxidizing radicals. 
•Cl2

– radical can be formed by the reaction of Cl– with •OH 
formed •Cl2

– which has less oxidation potential than the •OH. 
HCO3

– causes •OH consumption due to •HCO3 formation 
[76]. In addition, the presence of organic substances, unlike 
the dye molecules, will cause the consumption of oxidiz-
ing radicals, which causes a decrease in dye removal effi-
ciencies. In this study, 99.6% BB41 removal efficiency from 
STW, including textile production auxiliary chemicals, was 

Table 4
Comparison of H2O2-based oxidation processes for the degradation of the BB41

Oxidation 
process

Catalyst BB41 
conc. 

Aqueous 
phase

Catalyst 
dose, 
g L–1

UV H2O2 dose, 
mg L–1

pH Time, 
min

Dye 
removal, 
%

Reference

Fenton Fe2+ 200 mg L–1 Distilled 
water

0.025 – 386 3.2 120 97.8 [48]

Fenton Fe2+ 135 mg L–1 Distilled 
water

0.60 – 1,055 <7 60 97.2 [48,49]

Photocatalytic MIL-100 (Fe) (Metal–
organic framework)

20 mg L–1 Distilled 
water

0.040 UV-C – 5 90 >99 [50]

Photocatalytic Palygorskite/TiO2 
film reactor

12 mg L–1 Distilled 
water

– UV-A – 6.5 90 >99 [51]

Photocatalytic TiO2-ZnO 20 mg L–1 Distilled 
water

10 Solar 
radiation

– 6.21 60 99.16 [52]

Photocatalytic CoCr2O4 10 mg L–1 Distilled 
water

0.50 Visible 
light

– 9 180 95 [53]

Photocatalytic Activated carbon/
TiO2

54.8 Pt.Co Distilled 
water

5.2 UV-C – 6 45 96 [54]

Photocatalytic TiO2 film reactor 25 mg L–1 Distilled 
water

– UV-C – 7 100 98.7 [55]

Photocatalytic TiO2/calcium alginate 30 mg L–1 Distilled 
water

0.10 Solar 
radiation

– 7 180 ~96 [56]

Photocatalytic TiO2-Fe3O4-bentonite 
film reactor

200 mg L–1 Distilled 
water

– Mercury 
lamp

– 5.5 161 42.26 [57]

Photocatalytic Halloysite/TiO2 film 
reactor

120 mg L–1 Distilled 
water

– UV-C – Natural 140 ~99 [58]

Photocatalytic Zn:SnO2/Al2O3 NT 20 mg L–1 Distilled 
water

0.50 Visible 
light 

– Natural 100 98.2 [59]

Photocatalytic Fe2O3/TiO2 10 mg L–1 Distilled 
water

– Visible 
light

Natural 240 97.54 [60]

Photocatalytic Pyritic coal 20 mg L–1 Distilled 
water

1.0 Solar 
radiation

6 180 99.5 [61]

Photocatalytic ZnO 20 mg L–1 Distilled 
water

0.020 UV-C 4 180 72.36 [62]

Photocatalytic CaFe2O4 film reactor 20 mg L–1 Distilled 
water

– Solar 
radiation

– ~6.4 180 85 [63]

Sonochemical TiO2 15 mg L–1 Distilled 
water

1,000 – 250 8 180 89.5 [64]

Sonochemical TiO2 30 mg L–1 Distilled 
water

0.20 – 250 8.5 180 82.2 [65].

Separate CaO2 
(2.0 g L–1)

– 200 mg L–1 STW – – – 7.0 60 99.6 This 
study
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obtained with direct use of CaO2. It can be seen from Table 4 
BB41 oxidation studies were performed with different cata-
lysts. On the other hand, the direct use of a metal oxide with-
out any activator for the oxidation of the BB41 can be more 
cost-effective and environmentally friendly.

In the study, CaO2 was used without any activator 
to remove the BB41 in the STW. CaO2 releases H2O2 in an 
aqueous solution and H2O2 generates non-selective oxidiz-
ing radicals species such as •OH, •HO2 and •O2, which are 
responsible for the degradation of the BB41 molecules. The 
oxidation of the BB41 can be occurred in the STW and on 
the surface of the CaO2. The FTIR analysis showed that the 
peaks belonging to the BB41 molecule were not detected in 
the FTIR analysis of CaO2 after oxidation. The FTIR anal-
ysis showed that the BB41 molecules are not present on 
the surface of the CaO2 after the oxidation process. It is 
thought to be the possible removal mechanism of BB41 from 
STW is oxidation as a result of the production of the oxi-
dizing radicals by CaO2.

4. Conclusion

In this study, CaO2 was directly used to degrade BB41 
from STW containing auxiliary textile production chemi-
cals. The study results showed that the inactivated CaO2 is 
an effective oxidant and can be directly used for the degra-
dation of BB41. The use of CaO2 without any activator can 
be an environmentally friendly process. The optimum pH 
was found to be 7 for the decolorization of the BB41. The 
experiments showed that the temperature has an important 
effect on the degradation of the BB41 by CaO2. The oxida-
tion of the BB41 is an endothermic reaction. 99.6% deg-
radation efficiency was obtained with 0.4 g CaO2 within 
60 min. CaO2 oxidizes BB41 along with the other organ-
ic-based substances in STW. It was found that 2.0 g CaO2 is 
required to achieve COD removal efficiency over 80%.
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