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ABSTRACT
This is an experimental study on the decolorization efficiency and the degradation of organic com
pounds from textile wastewater by the ozonation process in a batch system. The effects of different 
sample volumes of textile wastewater over time were investigated. The experiments were performed in 
a 1 L glass reactor with a magnetic stirrer and a bubble diffuser at the bottom to feed the ozone. The 
applied cumulative ozone dosage varied at 120 gO3 L−1, 60 gO3 L−1, and 30 gO3 L−1, and the total 
interaction time for each test was 1 h. To investigate the physicochemical properties of the textile 
wastewater (solid and liquid phases) before and after the treatment, multiple analytical characterization 
methods were used: Thermal Gravimetric Analysis, Scanning Electron Microscopy coupled with Energy- 
Dispersive X-ray Spectroscopy, X-ray diffraction, Fourier Transform Infrared spectroscopy, and 
Spectrophotometer. The most perceptive change was observed in the color of the liquid medium, 
which turned from black to transparent, and a visual color number indicator known as 
DurchsichtFarbZahl (DFZ) was used for the evaluation of this process. Absorbance values decreased 
about 3.5 times after 5 min of treatment with a 0.15 L sample volume, and these values differed for tests 
with larger sample volumes. FTIR spectroscopy demonstrated that the bands’ intensities associated with 
the C − H, C − N, and C − O decrease during treatment. On the other hand, it was possible to conclude 
that combining treatment methods to improve the degradation of persistent compounds after the 
ozonation process is necessary. Finally, the ozonation of the textile wastewater proved to be effective at 
removing color due to its high reaction capacity.
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Introduction

The textile industry is one industrial sector that is con
stantly looking for new technological implementations on 
an industrial production scale. The main disadvantages of 

fabricating textiles are related to the consumption of water, 
dyes, and auxiliary chemicals and the significant produc
tion of wastewater (Mohan and Oke, 2021; Silva et al. 2018). 
In this sense, the average water consumption is about 100 

CONTACT E. S. P. Prado edu.petraconi@gmail.com National Institute of Space Research, Av. dos Astronautas, 1758 – Jardim da Granja, São José dos 
Campos, SP, Brazil

OZONE: SCIENCE & ENGINEERING                      
2023, VOL. 45, NO. 3, 276–290 
https://doi.org/10.1080/01919512.2022.2088470

© 2022 Society 

http://orcid.org/0000-0002-3727-2347
http://orcid.org/0000-0002-5012-4592
http://orcid.org/0000-0001-9961-4237
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/01919512.2022.2088470&domain=pdf&date_stamp=2023-05-04


liters for each kilo of the textile product (depending on the 
variety of fabric processed) (Silva et al. 2018; Vajnhandl and 
Valh, 2014). Furthermore, 90% of the water input is des
tined for treatment to be later discharged into water bodies 
following the current environmental laws for each location 
(Silva et al. 2018; Vajnhandl and Valh, 2014). Wastewater 
from textile industries contains different types of dyes with 
high molecular weight and complex structures, resulting in 
low biodegradability, and it cannot be treated efficiently by 
the activated sludge process or any combination of biolo
gical, chemical, and physical methods (Radetski, Rosa, 
Rosa, De Souza Sierra, Simionatto 2002; Sevimli, Sarikaya, 
Yazgan 2003; Verma, Dash, Bhunia 2012). Textile waste
water (TW) problems mainly arise from three different 
sources (Bechtold, Burtscher, Hung 2004):

● dyestuff: colored effluents, adsorbable organic halo
gen (AOX), heavy metal content (Cu, Ni);

● dispersing agents in dyestuff formulation: chemical 
oxygen demand (COD), low biodegradability;

● auxiliaries, chemicals added: salt content (NaCl, Na2 

SO4), sulfide, pH value (NaOH, soda, silicates), COD 
(glucose, hydroxyacetone), nitrogen content (urea).

Most of these parameters are easily adjusted by conven
tional chemical coagulation and biological treatment 
methods, except for highly polymer structured colors 
(Selcuk 2005). Additionally, undesirable TW color 
changes caused by dyes reduce light penetration and 
inhibit photosynthetic activity, consequently reducing 
the amount of dissolved oxygen (Mcyotto et al., 2021).

Several recent review studies have reported the use of 
various techniques and systems for the treatment of TW 
(Alvares, Diaper, Parsons 2001; Behera, Nayak, Banerjee, 
Chakrabortty, Tripathy 2021; Holkar, Jadhav, Pinjari, 
Mahamuni, Pandit 2016; Ananthashankar, 2013; 
Samsami, Mohamadi, Sarrafzadeh, Rene, Firoozbahr 
2020; Yaseen and Scholz, 2019). Existing methods can be 
categorized into three major treatment categories: biologi
cal, chemical, and physical treatments. Advanced oxidative 
processes (AOP) (Alinsafi et al. 2007; Boczkaj and 
Fernandes, 2017; Deng and Zhao, 2015; Dias and 
Azevedo, 2009; Lučić Škorić et al. 2016; Neamtu, Yediler, 
Siminiceanu, Macoveanu, Kettrup 2004; Peik-See, 
Pandikumar, Ngee, Ming, Hua 2014; Perkowski, Kos, 
Ledakowicz 2000), biological treatment (Mcyotto et al. 
2021; Ghosh, Dastidar, Sreekrishnan 2018; Meerbergen 
et al. 2018; Wang, Li, Zhang, Yu, Zhu 2017), electrochemi
cal treatment (Martínez-Huitle and Brillas, 2009; Silva et al. 
2018; Torres et al. 2019), and membrane filtration (Erkanlı, 

Yilmaz, Çulfaz-Emecen, Yetis 2017; Wei et al. 2013) are 
some of the important methods commonly using for dye 
removal.

AOP is one of the most powerful methods for the 
decolorization of TW (Lin and Liu, 1994; Neamtu, 
Yediler, Siminiceanu, Macoveanu, Kettrup 2004; Sevimli 
and Sarikaya, 2005; Tehrani-Bagha, Mahmoodi, Menger 
2010). It produces direct and selective oxidation and 
reacts preferably with the ionized and dissociated forms 
of organic compounds (Collivignarelli, Abbà, Miino, 
Damiani 2019; De Araujo et al. 2020). One of the most 
promising AOP is the process with ozone, which is 
a powerful oxidant with a high redox potential of 2.08 V 
(Collivignarelli, Abbà, Miino, Damiani 2019).

Today, as a result of increasingly demanding regula
tions, especially concerning the removal of organic sub
stances and the decolorization due to dyes, treatment 
processes of TW that involve ozonation are among the 
most studied methods (Baban, Yediler, Lienert, 
Kemerdere, Kettrup 2003; Hassan and Hawkyard, 2002; 
Hsu, Chen, Yang, Chen 2001; Konsowa 2003; Ledakowicz 
and Solecka, 2001; Ledakowicz, Solecka, Zylla 2001; 
Muthukumar, Sargunamani, Senthilkumar, Selvakumar 
2005; Sevimli and Sarikaya, 2002; Soares, Órfão, Portela, 
Vieira, Pereira 2006; Wu and Wang, 2001). In this regard, 
high values of decolorization but low mineralization have 
been observed. The application of ozonation in the pro
cess of decolorization of wastewater is characterized by 
the following advantages: (1) it does not increase the 
volume of wastewater and sludge; (2) it removes color 
and reduces the organic matter in one step; (3) it needs 
little space, and it is easily installed in a site; (4) it is less 
harmful than other oxidative processes since no stock 
hydrogen peroxide or other chemicals are required in 
a site; (5) residual ozone can be easily decomposed into 
oxygen (Chu and Ma, 2000; Shu 2006; Tehrani-Bagha, 
Mahmoodi, Menger 2010).

Several studies have been carried out to confirm the 
effectiveness of ozone in the decolorization of TW and to 
optimize the experimental ozonation conditions such as 
pH, contaminant concentration, and applied ozone dose. 
However, the impact of the sample volume on the process 
efficiency is not evident. To evaluate the practical applica
tion of this treatment process in industrial TW, the present 
work aimed to study the ozonation of different volumes of 
TW for a fixed concentration of ozone in a batch system. 
Parameters, such as pH and changes in the chemical struc
ture of TW, were studied in each working condition, and 
the effects of these operating parameters on decolorization 
were analyzed using several analytical procedures such as 
spectrophotometry, Fourier Transform Infrared (FTIR) 
Spectroscopy, and visual color number indicators known 
as DeutscheFarbZahl (DFZ).
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Materials and methods

Textile wastewater

TW resulting from dyeing black was obtained from large 
textile industry in São Paulo, Brazil. Raw TW was initi
ally conditioned in 20 liters barrel and stored at room 
temperature. Before conducting the experiments, the 
samples were separated into 0.15, 0.3, and 0.6 L fractions 
for ozone treatment. No pH adjustments were made 
during the treatment. The TW used in this study was 
collected before the filtration columns, and its charac
terization is presented in Table 1.

Ozonation batch system

The system employed to conduct the experiments is 
depicted in Figure 1 (De Araujo et al. 2020). The com
ponents included the following: feeding ozone (A), glass 

reactor (B) with a capacity of 1 L, bubble diffuser (C), 
sampling point (D), a magnetic stirrer (E), a reservoir 
(E), and finally, the gas escape (G). Ozone was generated 
using the Ozone Solution equipment model VMUS-4 
coupled with a Millenium M10 Respironics oxygen con
centrator. The operating parameters of the ozone treat
ment were fixed at a feed flow rate of 12 L min−1 and 
a gas-phase concentration of 25 mg L−1. The ozone 
concentration of the gas phase at the inlet and outlet 
was measured using an ozone gas analyzer (model 106- 
H, Ozone Solutions). For calculating ozone dosage, the 
methodology described by (van Leeuwen 2015), was 
followed. First, the ozone feed rate was calculated by 
multiplying the gas-phase concentration and the feed 
flow rate, resulting in 0.3 g min−1. In short, four experi
mental conditions were employed: one control (only 
oxygen – 0.15 L), and three sample volumes (0.15, 
0.30, 0.60 L) for the ozone treatments, namely control 
test (CT), N1, N2, and N3, respectively. Aliquots were 
collected every 5, 10, 15, 20, 25, 30, 45, and 60 min for 
further analyses. The applied cumulative ozone dosage 
for each test was N1 – 120 gO3 L−1; N2 – 60 gO3 L−1; and 
N3 – 30 gO3 L−1, which were calculated by multiplying 
the total period of the ozonation process by the applica
tion rate and dividing by the total volume of the sample. 
Furthermore, ozone losses were measured throughout 
the ozonation period, and the unused ozone was sub
tracted from the ozone applied over the same period for 
calculating the ozone consumption rate.

Table 1. Main physicochemical characterization of the TW 
sample.

Parameter Value

Conductivity 68.7 mS cm−1

pH 10.3
A0 λ=650 nm 2.08
aDFZ436 216 m−1

aDFZ525 205 m−1

aDFZ620 190 m−1

aDFZ-Visual color number (German abbreviation of DurchsichtFarbZahl), 
determined according to DIN ISO 7887:2012 (2012a) (DIN EN ISO 7887 
(2012–04) Water Quality – Examination and Determination of Color).

Figure 1. The ozonation experiments used the experimental setup (De Araujo et al. 2020).
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Analytical methods

Thermal Gravimetric Analysis (TGA) measurement of 
the TW was performed in a nitrogen atmosphere. The 
analysis was carried out with a simultaneous thermal 
analyzer (Netzsch STA 449 F3 Jupiter) in 
a temperature range from 30 to 300 °C for the liquid 
phase and from 30 to 800 °C for the solid phase. The 
nitrogen flow rate was set at 0.04 L min−1 with a heating 
rate of 10 °C min−1.

For morphology analysis, samples of the TW were 
dried in an oven at 80 °C and ground. The techniques 
employed were Scanning Electron Microscopy (SEM) 
and Energy-dispersive Spectroscopy (EDS). The analysis 
was performed in electron microscopy Vega 3 XMU 
(Tescan). X-ray diffraction (XRD) analyses of the solid 
portion were performed using a PANalytical Empyrean 
diffractometer (Cu-Kα–λ = 1.5406 Å) with 2θ varying 
from 15 to 90° with a step size of 0.02°, at room tem
perature and step time of 10s.

The functional groups’ variation of the TW was 
observed using FTIR spectroscopy analyses on a Perkin 
Elmer Frontier apparatus in mode universal attenuated 
total reflectance (UATR) by collecting 32 scans at 
a 4 cm−1. The spectrum was analyzed in the region 
from 400 to 4000 cm−1.

The spectra of the samples collected at specified time 
intervals were measured by a spectrophotometer 
(Evolution 220, Thermo Scientific). The absorbance 
values were collected in the visible absorption region 
(range 420 nm – 650 nm). The DFZ indicators were 
used to obtain quantitative color measurements. In this 
regard, the estimation of DFZ allows the evaluation of 
the effluent coloration as a function of process time by 
considering different characteristic wavelengths, 
λ = 436 nm, λ = 525 nm, and λ = 620 nm from 
Equation. [1].. 

DFZ ¼
A
D

½1�

where A is the absorbance and D is the optical path 
length of the cuvette expressed in meters. Based on the 
German TW discharge norms, to properly discharge 
these effluents, the maximum permitted DFZ values 
are 7 m−1 for 436 nm, 5 m−1 for 525 nm, and 3 m−1 for 
620 nm, respectively (DIN EN ISO 7887 (2012–04) 
Water quality – examination and determination of 
color; Dos Santos, Costa, da Silva, Garcia-Segura, 
Martínez-Huitle 2018). The percentage of color removal 
or decolorization efficiency was then calculated by 
Equation. [2] (Dos Santos, Costa, da Silva, Garcia- 
Segura, Martínez-Huitle 2018; Florenza et al. 2014; 
Martínez-Huitle and Brillas, 2009): 

%Color removal ¼
A0 � At

A0
� 100 ½2�

where A0 and At are the absorbance at the initial time 
and time t at λmax = 650 nm, respectively.

Results and discussion

Characterization of the tw before the ozonation 
process

The characterization of the TW before the ozone treat
ment was performed in the liquid and solid phases. 
Figure 2 shows the TGA for the liquid and solid phases 
as a function of temperature.

The main decomposition process took place 
below 100 °C, taking up at least 93% of the total 
conversion in the nitrogen atmosphere. Therefore, 
the sample of the TW used in this work has 7% total 
solids (organic and inorganic). No significant mass 
loss was observed at higher temperatures, from 100 
to 300 °C (maximum temperature analyzed for the 
liquid phase). The TGA analysis for TW solid-phase 
highlighted the prominent presence of inorganic 
compounds once only 3% of mass loss was pre
sented, even for temperatures reaching 800 °C. 
This result demonstrates that all organics com
pounds are presented in the liquid phase.

The morphology and the elemental composition of 
the TW investigated by SEM/EDS analysis are shown in 
Figure 3. The solid sample is heterogeneous, and the 
presence of the Na, Cl, O, C, S, and Al can be noted. 
These results are in line with those obtained by XRD, 
which ensures the correct identification of the main 
components of this sample.

According to Figure 3 (b), the chemical composition 
of the TW sample presents sodium (30.9 ± 0.3%), chlor
ine (27.4 ± 0.3%), oxygen (25.6 ± 0.2%), carbon 
(15.3 ± 0.7%), sulfur (0.5%), and aluminum (0.4%), 
which are considered common elements in the process 
of textile dyeing using reactive organic dyes as reported 
by Holkar et al. (2016); Ananthashankar and G (2013); 
Sevimli and Sarikaya (2002); Yaseen and Scholz (2019).

The XRD pattern of the solid part of TW is 
presented in Figure 4. It shows the presence of 
sodium chloride (NaCl) cubic phase and aluminum 
oxide (Al2O3) in its cubic phase. The identification 
of the main diffraction peaks was made with the 
HIGHSCORE software. It is noteworthy that no 
changes occurred in the XRD patterns of TW after 
ozonation, which confirms the finding of the study 
reported by Allègre et al. (2004) that it is possible to 
recycle mineral salt in the dyeing process.
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In the case of TW after dyeing operations, the 
most important characteristic is the presence of 
NaCl and Na2SO4. They can act as exhausting as 
well as retarding agents. For example, they act as 
exhausting agents in the application of direct dyes 
on cellulosic fibers, acid milling dyes on wool, and 
reactive dyes on cotton, and as retarding agents in 
the application of leveling acid dyes on wool and 
basic dyes on acrylic (Bilińska, Gmurek, Ledakowicz 
2017; Muthukumar and Selvakumar, 2004).

Several authors have investigated the influence of 
salts or alkalines on the ozone treatment (Bamperng, 
Suwannachart, Atchariyawut, Jiraratananon 2010; 
Colindres, Yee-Madeira, Reguera 2010; Muthukumar 
and Selvakumar, 2004) all reported that the decoloriza
tion performance of dye solution with the presence of 

NaCl has no significant efficiency changes. Muthukumar 
and Selvakumar (2004) were the only authors who have 
made a detailed study about the effect of salt during 
ozone decolorization of TW. At higher pH levels, the 
presence of salt lowers the decomposition of reactive 
dyes; in addition, complete decolorization time is the 
lowest when the effluents contain no salt content in 
them, irrespective of their pH levels.

Characterization of textile effluent after ozonation

Effect of ozone treatment on pH
The initial pH measurement of TW is 10.23 and there
fore of an alkaline nature. Figure 5 shows that while no 
pH variation was observed in CT, there was a significant 
pH decrease after 5 min of ozone treatment. The final 

Figure 2. TGA pyrolysis curves of TW samples. Liquid phase (a) and solid-phase (b).

Figure 3. Micrograph (a) and energy-dispersive X-ray spectra (b) of the solid part of the TW sample.
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Figure 4. X-ray diffractogram of the solid part of the TW sample.

Figure 5. Temporal evolution of pH during the ozonation process.
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pHs were 9.59 (N1), 9.70 (N2), and 9.74 (N3), indicating 
no significant variation regardless of the initial waste
water volume treated.

Perkowski et al. (2000) and Sevimli and Sarikaya 
(2002) reported that under alkaline conditions, the 
decomposition of pollutants by ozonation occurs from 
their reactions with highly reactive intermediates, such as 
•HO2 and •OH radicals. In the ozonation process, the pH 
parameter influences the oxidation efficiency. The pH of 
the solutions decreases due to the production of organic 
and inorganic acids during the oxidation of the TW solu
tions (Tehrani-Bagha, Mahmoodi, Menger 2010). As 
soon as these acids are formed, they may also be degraded 
and fully mineralized to CO2 and H2O, resulting in a pH 
increase (Goulart de Araujo, Santos, Teixeira 2017).

Effect of sample volume variation on consumed ozone 
dose
Ozone inputs and losses over the reactor were measured, 
and the ozone consumed in the reactor was related to the 
ozone applied dose as a function of ozonation time, as 
shown in Figure 6.

As the applied ozone dose increases, in this case, 
due to the variation in sample volume, consequently 
color removal efficiency increases (Sevimli, Sarikaya, 
Yazgan 2003). On the other hand, when the applied 
ozone dose was increasing, the dose of ozone con
sumed reached a threshold and decrease; besides, in 
the experiments, N1, and N2, the saturation of the 
ozonation process occurred in 30 min and 50 min, 
respectively, this indicates a depletion of substances 
that can react with ozone. Experimental results 
showed that the major part amount of applied 
ozone is lost, in view of this, it is possible to con
clude that high doses of ozone are not necessary, 
but what determines the effectiveness of the treat
ment is the residence time of the ozone in the TW 
in function the volume sample. At the same time, 
the consumed ozone dose in experiments N1 and 
N2 reached 13.9 and 17.2 gO3 L−1, respectively, and 
then decreased, whereas the N3 experiment with 
a sample volume of 0.6 L obtained an ozone con
sumption rate in relation to the applied ozone dose 
higher and constant during the 60 min of treatment. 
In the experimental configuration implemented in 
this work, the most effective ozone utilization was 
obtained in larger sample volume applications. 
These results might be similarly explained by the 
works of (Sevimli, Sarikaya, Yazgan 2003) and 
(Alvares, Diaper, Parsons 2001) the mass transfer 
of ozone from the gaseous to aqueous phase can 

be inefficient due to gas/liquid ratios, causing 
a proportion significant of applied ozone to be lost 
in the off-gas. Decreasing the feed flow of the ozone 
gas phase should enhance the mass transfer causing 
an increased contact time with the TW sample. 
However, such an overestimation of ozone dosage 
may be insignificant compared to the amount of 
ozone used during the experiments performed in 
this work for decolorization.

Therefore, the focus of this work is to demonstrate in 
detail the physicochemical modifications in the solid 
and liquid phases during the ozonation process.

Characterization of tw after ozonation process

The ozonation process fostered significant changes in 
the color of the treated TW samples, visually highlight
ing the decomposition of compounds via oxidation, as 
shown in Figure 7. Color changed with increasing oxi
dation times and, as expected, larger sample volumes 
resulted in longer times (60 min; 0.6 L) to achieve about 
the same visual appearance obtained with the lowest 
sample volume (15 min; 0.15 L). The higher the organic 
content, the longer the process will take to reach 
a similar outcome. Furthermore, as the sample volume 
increases, there is a decrease in gas interacting with the 
TW, hampering the process efficiency.

The changes related to the color of the TW samples are 
consequences of composition changes during AOP treat
ment. Figure 8 shows the absorbance spectra in the visible 
range (425–650 nm) for variations of sample volumes. The 
raw TW absorbance is also presented for comparison.

The temporal evolution of the absorbance curve for 
the three experimental runs confirms the visual obser
vation (Figure 7). The absorbance value decreased 
significantly in the treated samples compared to the 
raw TW in the visible range studied for all experi
ments. A comparative analysis of the absorbance pro
file of each experiment spotlights that for the lowest 
sample volume (0.15 L), 5 min was enough to 3-fold 
decrease the absorbance of the chromophoric species. 
On the other hand, it took longer for the intermediate 
and largest sample volumes to reach that same level, 
with 15 min for the former and about 20 min for the 
latter level. The spectrum of the initial solution exhib
ited a visible bandwidth of a strong peak centered at 
λ = 506 nm. According to Florenza et al. (2014) and 
Pinheiro et al. (2004), this band may be associated 
with the azo dye and other possible organic aromatic 
products that absorb in the region of similar 
wavelength.
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The presented results indicate that the azo dye is the 
principal species present in the TW sample during the 
decolorization process. The azo group may be bonded to 
benzene rings, naphthalenes, aromatic heterocycles, or 
enolizable aliphatic groups. These are essential to give the 
color of the dye, with their shades of different intensities. In 

general, the chemical structure of an azo dye is represented 
by a backbone, the auxochrome groups, the chromophoric 
groups, and the solubilizing groups; according to Figure 9, 
the color of the azo dyes is determined by the azo bonds 
and their associated chromophores and auxochromes 
(Benkhaya, M’rabet, El Harfi 2020).

Figure 6. Relationship between consumed ozone dose and the applied ozone dose.

Figure 7. The color change of the TW samples during the ozonation process.
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Reported by van Leeuwen et al. (2009), the decolor
ization analysis does not indicate all changes in the 
ozonation process, as the first reactions of the azo dye 
with ozone produce by-products that still obtain color; 
because of this, the chemical structure and composition 
of the untreated and ozone-treated TW samples were 
determined by using FTIR. The results may be explained 
by the production of small organic molecular fragments 
and the partial destruction of the azo dye, not being 
utterly mineralized under the prevailing oxidation 
conditions.

Figure 10 depicts few changes in the bands’ intensities 
even under an oxygen-only – CT run. These small 
changes are indications of the interaction between the 
ozone and the degradation of the organic content of the 
samples; therefore, it is possible to confirm that would 
still require another biological stage to degrade the inter
mediates (formed upon ozonation). In this present 
work, was performed only the evaluation ozonation 
process. The identification in the spectrum, assigned 
vibrations, and wavelength are listed in Table 2.

TW has many functional groups. The bands at 
3424 cm−1 in the spectrum of the samples could be 
assigned to the axial stretching vibrations of OH groups 
superimposed on the N − H stretching bands (Lučić 
Škorić et al. 2016). The two peaks (2919 and 
2850 cm−1) are aliphatic C − H peaks (Kaçan and 
Kütahyali, 2012). It is noteworthy that, for N1, there 
was a complete disappearance of these bands, probably 

due to a more significant degradation of organic com
pounds with a lower sample volume. The bands at 1638 
and 1431 cm−1 reflect the carbonyl group stretching 
(amide) and N − H bending, respectively. For these 
bands, no difference was observed for any of the runs 
performed. Bands at 1248 and 1054 cm−1 correspond to 
C − N and C − O stretching vibrations, respectively 
(Mahmoodi, Arami, Bahrami, Khorramfar 2011). 
Figure 10(b) indicates the disappearance of these bands 
in N1. In the case of N3 and CT, there is no clear 
distinction between these bands compared to TW. The 
small peak at 893 cm−1 is attributed to the C − H bend
ing owing to aromatic groups (Vasantharaj et al. 2019). 
For N1, most of the identified peaks in the pre-treated 
wastewater (TW) disappeared. On the other hand, peak 
C (λ = 1638 cm−1), assigned as C − O, was kept unal
tered. The presence of NaCl (Figure 4) in the solutions 

Figure 8. Absorbance analyses for samples of the raw TW and after ozonation process for times up to 60 min and sample volumes of (a) 
0.15, (b) 0.30, and (c) 0.60 L.

Figure 9. Structure of the azo dye (Benkhaya, M’rabet, El Harfi 2020).

Table 2. List of assigned vibrations and their respective 
wavelength.

Identification Assignment Wavelength (cm−1)

A C − H 2919
B C − H 2850

C C − O 1638
D N − H 1431
E C − N 1248

F C − O 1054
G C − H 893

H MAS* 605

*Monosubstituted Aromatic Structures
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Figure 10. FTIR spectra of the TW before and after the ozonation process. TW: textile wastewater; CT: control test; N1 to N3: the 
experimental runs (a) transmittance of each solution. (b) another view of the FTIR spectra.

Figure 11. Evolution with ozonation of textile wastewater, with DFZ determined at (a) 436 nm, (b) 525 nm, and (c) 620 nm. (black 
square) N1, (red circle) N2, and (blue triangle) N3.
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may have contributed to the formation of products with 
oxygen. One possible reason is that, in solutions con
taining only NaCl, the decomposition of ozone is only 
followed by the formation of products containing oxy
gen (Razumovskii, Konstantinova, Grinevich, Korovina, 
Zaitsev 2010), which may have kept high the intensity of 
the C − O even under oxidation. The fingerprint region 
of the peaks at 605 and 440 cm−1 indicates monosubsti
tuted aromatic structures (MAS) (Kaçan and Kütahyali, 
2012).

Figure 11 shows the changes in color over time con
sidering the parameter DFZ. Most of the experimental 
conditions resulted in suitable values for effluent release 
after 60 min of treatment. For N1 (0.15 L), the values 
after 60 min were: <limit of detection (LOD) for 436, 525 
and 620 nm. For N2 (0.30 L), the values were: 2.66 for 
436 nm, 0.30 m−1 for 525 nm, and 0.05 m−1 for 620 nm. 
For N3 (0.60 L), the values were: 8.91 m−1 for 436 nm, 

2.15 m−1 for 525 nm, and 1.56 m−1 for 620 nm. The only 
not acceptable value was observed for N3 at 436 nm, 
with 8.91 m−1, higher than the established value of 
7 m−1. According to the literature, N1 and N2 possess 
the appropriate experimental conditions (DIN EN ISO 
7887 (2012–04) Water quality – examination and deter
mination of color; Dos Santos, Costa, da Silva, Garcia- 
Segura, Martínez-Huitle 2018).

The dark-colored TW was treated with different 
volumes of TW and consequently the different applied 
ozone doses. Figure 12 shows the color removal (%) 
through this variation regarding the volume in function 
of the time and applied ozone dose. N1 demonstrated 
the fastest color removal rate, reaching more than 80% 
removal in the first 5 min. N2 and N3 took between 15– 
20 min to reach a similar value, presenting similar beha
viors. These results confirm the visual observations 
shown in Figure 7 that, although longer times were 

Figure 12. Color removal by employing ozonation in three different experimental conditions.
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necessary for N2 and N3 to reduce color, all experimen
tal conditions reach similar values after 60 min. 
However, care must be taken since the DFZ value 
obtained by N3 at 436 nm was superior (~8.91 m−1) 
than it should have been (7 m−1).

Conclusion

In this work, the application of ozone with different 
volumes (0.15, 0.30, 0.60 L) in a batch system perfor
mance was evaluated concerning decolorization effi
ciency and proved to be an effective decolorization 
method for textile wastewater was performance evalu
ated for the liquid product during its process.

The TGA analysis indicated that the liquid sample 
contained about 7% of non-degradable compounds. The 
presence of Cl, O, Na, C, S, and Al in the solid samples 
was confirmed by XRD and SEM/EDS analysis.

FTIR spectrometry indicates that ozone promoted 
alterations in the bonds and structure of the samples. 
A slight degradation of organic compounds with a lower 
sample volume was observed after ozone treatment indi
cating that it is necessary to combine treatment methods 
to improve the degradation of persistent compounds 
after the ozonation process. The appreciable reduction 
of the ozonation performance can also be related to the 
formation of complexes with the degradation by- 
products, such as carboxylic acids, enhancing the para
sitic reactions that consume the •OH competitively and 
consequently reducing the overall process efficiency.

Slight modifications were observed by the volume 
variation of liquid samples in the final tests; all experi
mental conditions resulted in a decrease in absorbance 
with the decrease of the sample volume, as confirmed by 
spectrophotometric analyses. Considering the applica
tion of the process on an industrial scale, these modifi
cations must be considered mainly due to the significant 
increase in the volume of wastewater to be treated.

Acknowledgments

The authors acknowledge the fellowship awarded by the 
National Council for Scientific and Technological 
Development (CNPq) to Eduardo Sant’Ana Petraconi Prado 
[grant number 141130/2021-0]. We also thank the support 
given by the National Institute for Space Research (INPE) 
and Plasmas and Processes Laboratory of the Aeronautics 
Institute of Technology (LPP-ITA).

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the National Council for 
Scientific and Technological Development (CNPq) [141130/ 
2021-0].

ORCID

E. S. P. Prado http://orcid.org/0000-0002-3727-2347
F. S. Miranda http://orcid.org/0000-0002-5012-4592
G. Petraconi http://orcid.org/0000-0001-9961-4237

Data availability statement

The authors confirm that the data supporting the findings of 
this study are available within the article.

References

Ajaz, M., A. Elahi, and A. Rehman. 2018. “Degradation of Azo 
Dye by Bacterium, Alishewanella Sp. CBL-2 Isolated from 
Industrial Effluent and Its Potential Use in 
Decontamination of Wastewater.” Journal of Water Reuse 
and Desalination 8 (4): 507–15. doi:10.2166/wrd.2018.065.

Alinsafi, A., F. Even, E. M. Abdulkarim, M. N. Pons, 
O. Zahraa, A. Benhammou, A. Nejmeddine, and 
A. Nejmeddine. 2007. “Treatment of Textile Industry 
Wastewater by Supported Photocatalysis.” Dyes and 
Pigments 74 (2): 439–45. doi:10.1016/j.dyepig.2006.02.024.

Allègre, C., P. Moulin, M. Maisseu, and F. Charbit. 2004. 
“Savings and re-use of Salts and Water Present in Dye 
House Effluents.” Desalination 162 (1–3): 13–22. 
doi:10.1016/S0011-9164(04)00022-0.

Alvares, A. B. C., C. Diaper, and S. A. Parsons. 2001. “Partial 
Oxidation by Ozone to Remove Recalcitrance from 
Wastewaters - a Review.” Environmental Technology (United 
Kingdom) 22 (4): 409–27. doi:10.1080/09593332208618273.

Ananthashankar, R, and A. G. 2013. “Production, 
Characterization and Treatment of Textile Effluents: 
A Critical Review.” Journal of Chemical Engineering & 
Process Technology 05 (1). doi:10.4172/2157-7048.1000182.

Baban, A., A. Yediler, D. Lienert, N. Kemerdere, and 
A. Kettrup. 2003. “Ozonation of High Strength Segregated 
Effluents from a Woollen Textile Dyeing and Finishing 
Plant.” Dyes and Pigments 58 (2): 93–98. doi:10.1016/ 
S0143-7208(03)00047-0.

Bamperng, S., T. Suwannachart, S. Atchariyawut, and 
R. Jiraratananon. 2010. “Ozonation of Dye Wastewater by 
Membrane Contactor Using PVDF and PTFE Membranes.” 
Separation and Purification Technology 72 (2): 186–93. 
doi:10.1016/j.seppur.2010.02.006.

Bechtold, T., E. Burtscher, and Y. T. Hung. 2004. Treatment of 
Textile Wastes Handbook of Industrial and Hazardous Wastes 
Treatment, Second. Florida, USA: CRC Press 379–414

Behera, M., J. Nayak, S. Banerjee, S. Chakrabortty, and 
S. K. Tripathy. 2021. “A Review on the Treatment of Textile 
Industry Waste Effluents Towards the Development of 

OZONE: SCIENCE & ENGINEERING 287

https://doi.org/10.2166/wrd.2018.065
https://doi.org/10.1016/j.dyepig.2006.02.024
https://doi.org/10.1016/S0011-9164(04)00022-0
https://doi.org/10.1080/09593332208618273
https://doi.org/10.4172/2157-7048.1000182
https://doi.org/10.1016/S0143-7208(03)00047-0
https://doi.org/10.1016/S0143-7208(03)00047-0
https://doi.org/10.1016/j.seppur.2010.02.006


Efficient Mitigation Strategy: An Integrated System Design 
Approach.” Journal of Environmental Chemical Engineering 
9 (4): 105277. doi:10.1016/j.jece.2021.105277.

Benkhaya, S., S. M’rabet, and A. El Harfi. 2020. 
“Classifications, Properties, Recent Synthesis and 
Applications of Azo Dyes.” Heliyon 6(1). doi: 10.1016/j. 
heliyon.2020.e03271.

Bilińska, L., M. Gmurek, and S. Ledakowicz. 2017. “Textile 
Wastewater Treatment by AOPs for Brine Reuse.” Process 
Safety and Environmental Protection 109:420–28. doi:  
10.1016/j.psep.2017.04.019

Boczkaj, G., and A. Fernandes. 2017. “Wastewater Treatment 
by Means of Advanced Oxidation Processes at Basic pH 
Conditions: A Review.” Chemical Engineering Journal 
320:608–33. doi: 10.1016/j.cej.2017.03.084

Chu, W., and C. W. Ma. 2000. “Quantitative Prediction of 
Direct and Indirect Dye Ozonation Kinetics.” Water 
Research 34 (12): 3153–60. doi:10.1016/S0043-1354(00) 
00043-9.

Colindres, P., H. Yee-Madeira, and E. Reguera. 2010. 
“Removal of Reactive Black 5 from Aqueous Solution by 
Ozone for Water Reuse in Textile Dyeing Processes.” 
Desalination 258 (1–3): 154–58. doi:10.1016/j. 
desal.2010.03.021.

Collivignarelli, M. C., A. Abbà, M. C. Miino, and S. Damiani. 
2019. “Treatments for Color Removal from Wastewater: 
State of the Art.” Journal of Environmental Management 
236(November): 2018. 727–45. doi:10.1016/j. 
jenvman.2018.11.094.

De Araujo, L. G., E. S. A. P. Prado, F. De Souza Miranda, 
R. Vicente, A. S. Da Silva Sobrinho, G. P. Filho, and 
J. T. Marumo. 2020. “Physicochemical Modifications of 
Radioactive Oil Sludge by Ozone Treatment.” Journal of 
Environmental Chemical Engineering 8 (5): 104128. 
doi:10.1016/j.jece.2020.104128.

Deng, Y., and R. Zhao. 2015. “Advanced Oxidation Processes 
(Aops) in Wastewater Treatment.” Current Pollution 
Reports 1 (3): 167–76. doi:10.1007/s40726-015-0015-z.

Dias, M. G., and E. B. Azevedo. 2009. “Photocatalytic 
Decolorization of Commercial Acid Dyes Using Solar 
Irradiation.” Water, Air, and Soil Pollution 204 (1–4): 
79–87. doi:10.1007/s11270-009-0028-6.

Dos Santos, A. J., E. C. T. de A. Costa, D. R. da Silva, 
S. Garcia-Segura, and C. A. Martínez-Huitle. 2018. 
“Electrochemical Advanced Oxidation Processes as 
Decentralized Water Treatment Technologies to 
Remediate Domestic Washing Machine Effluents.” 
Environmental Science and Pollution Research 25 (7): 
7002–11. doi:10.1007/s11356-017-1039-2.

Erkanlı, M., L. Yilmaz, P. Z. Çulfaz-Emecen, and U. Yetis. 
2017. “Brackish Water Recovery from Reactive Dyeing 
Wastewater via Ultrafiltration.” Journal of Cleaner 
Production 165:1204–14. doi: 10.1016/j.jclepro.2017.07.195

Florenza, X., A. M. S. Solano, F. Centellas, C. A. Martínez- 
Huitle, E. Brillas, and S. Garcia-Segura. 2014. “Degradation 
of the Azo Dye Acid Red 1 by Anodic Oxidation and 
Indirect Electrochemical Processes Based on Fenton’s 
Reaction Chemistry. Relationship between Decolorization, 
Mineralization and Products.” Electrochimica Acta 
142:276–88. doi: 10.1016/j.electacta.2014.07.117

Ghosh, A., M. G. Dastidar, and T. R. Sreekrishnan. 2018. 
Bioremediation of Chromium Complex Dye by Growing 
Aspergillus Flavus (Singapore: Springer). 81–92. doi:10.1007/ 
978-981-10-5795-3_8

Goulart de Araujo, L., F. da S. Santos, and A. C. S. C. Teixeira. 
2017. “Degradation of Bisphenol A by the UV and UV/ 
H2O2 Processes: Evaluation of Process Variables through 
Experimental Design.” Canadian Journal of Chemical 
Engineering 95 (12):2278–85. doi:10.1002/cjce.22997.

Hassan, M. M., and C. J. Hawkyard. 2002. “Ozonation of 
Aqueous Dyes and Dyehouse Effluent in a Bubble Column 
Reactor.” Journal of Environmental Science and Health - 
Part A Toxic/Hazardous Substances and Environmental 
Engineering 37 (8):1563–79. doi:10.1081/ESE-120013277.

Holkar, C. R., A. J. Jadhav, D. V. Pinjari, N. M. Mahamuni, 
and A. B. Pandit. 2016. “A Critical Review on Textile 
Wastewater Treatments: Possible Approaches.” Journal of 
Environmental Management 182:351–66. doi: 10.1016/j. 
jenvman.2016.07.090

Hsu, Y. C., J. T. Chen, H. C. Yang, and J. H. Chen. 2001. 
“Decolorization of Dyes Using Ozone in a gas-induced 
Reactor.” AIChE Journal 47 (1):169–76. doi:10.1002/ 
aic.690470116.

Kaçan, E., and C. Kütahyali. 2012. “Adsorption of Strontium 
from Aqueous Solution Using Activated Carbon Produced 
from Textile Sewage Sludges.” Journal of Analytical and 
Applied Pyrolysis 97 (September):149–57. doi:10.1016/j. 
jaap.2012.06.006.

Konsowa, A. H. 2003. “Decolorization of Wastewater 
Containing Direct Dye by Ozonation in a Batch Bubble 
Column Reactor.” Desalination 158 (1–3):233–40. 
doi:10.1016/S0011-9164(03)00458-2.

Ledakowicz, S., and M. Solecka. 2001. “Influence of Ozone and 
Advanced Oxidation Processes on Biological Treatment of 
Textile Wastewater.” Ozone: Science and Engineering 
23 (4):327–32. doi:10.1080/01919510108962015.

Ledakowicz, Stanislaw, M. Solecka, and R. Zylla. 2001. 
“Biodegradation, Decolourisation and Detoxification of 
Textile Wastewater Enhanced by Advanced Oxidation 
Processes.” Journal of Biotechnology 89 (2–3): 175–84. 
doi:10.1016/S0168-1656(01)00296-6.

Lin, S. H., and W. Y. Liu. 1994. “Treatment of Textile 
Wastewater by Ozonation in a packed-bed Reactor.” 
Environmental Technology (United Kingdom) 15 (4): 
299–311. doi:10.1080/09593339409385433.

Lučić Škorić, M., I. Terzić, N. Milosavljević, M. Radetić, 
Z. Šaponjić, M. Radoičić, and M. Kalagasidis Krušić. 2016. 
“Chitosan-based Microparticles for Immobilization of TiO2 
Nanoparticles and Their Application for Photodegradation 
of Textile Dyes.” European Polymer Journal 82:57–70. doi:  
10.1016/j.eurpolymj.2016.06.026

Mahmoodi, N.M., M. Arami, H. Bahrami, and S. Khorramfar. 
2011. “The Effect of pH on the Removal of Anionic Dyes from 
Colored Textile Wastewater Using a Biosorbent.” Journal of 
Applied Polymer Science 24. doi: 10.1002/app.33406.

Martínez-Huitle, C. A., and E. Brillas. 2009. “Decontamination 
of Wastewaters Containing Synthetic Organic Dyes by 
Electrochemical Methods: A General Review.” Applied 
Catalysis. B, Environmental 87 (3–4): 105–45. doi:10.1016/ 
j.apcatb.2008.09.017.

288 E. S. P. PRADO ET AL.

https://doi.org/10.1016/j.jece.2021.105277
https://doi.org/10.1016/j.heliyon.2020.e03271
https://doi.org/10.1016/j.heliyon.2020.e03271
https://doi.org/10.1016/j.psep.2017.04.019
https://doi.org/10.1016/j.psep.2017.04.019
https://doi.org/10.1016/j.cej.2017.03.084
https://doi.org/10.1016/S0043-1354(00)00043-9
https://doi.org/10.1016/S0043-1354(00)00043-9
https://doi.org/10.1016/j.desal.2010.03.021
https://doi.org/10.1016/j.desal.2010.03.021
https://doi.org/10.1016/j.jenvman.2018.11.094
https://doi.org/10.1016/j.jenvman.2018.11.094
https://doi.org/10.1016/j.jece.2020.104128
https://doi.org/10.1007/s40726-015-0015-z
https://doi.org/10.1007/s11270-009-0028-6
https://doi.org/10.1007/s11356-017-1039-2
https://doi.org/10.1016/j.jclepro.2017.07.195
https://doi.org/10.1016/j.electacta.2014.07.117
https://doi.org/10.1007/978-981-10-5795-3_8
https://doi.org/10.1007/978-981-10-5795-3_8
https://doi.org/10.1002/cjce.22997
https://doi.org/10.1081/ESE-120013277
https://doi.org/10.1016/j.jenvman.2016.07.090
https://doi.org/10.1016/j.jenvman.2016.07.090
https://doi.org/10.1002/aic.690470116
https://doi.org/10.1002/aic.690470116
https://doi.org/10.1016/j.jaap.2012.06.006
https://doi.org/10.1016/j.jaap.2012.06.006
https://doi.org/10.1016/S0011-9164(03)00458-2
https://doi.org/10.1080/01919510108962015
https://doi.org/10.1016/S0168-1656(01)00296-6
https://doi.org/10.1080/09593339409385433
https://doi.org/10.1016/j.eurpolymj.2016.06.026
https://doi.org/10.1016/j.eurpolymj.2016.06.026
https://doi.org/10.1002/app.33406
https://doi.org/10.1016/j.apcatb.2008.09.017
https://doi.org/10.1016/j.apcatb.2008.09.017


Mcyotto, F., Q. Wei, D. K. Macharia, M. Huang, C Shen, and 
C. W. K Chow. (2021). Effect of Dye Structure on Color 
Removal Efficiency by Coagulation. Chemical Engineering 
Journal, 405(January 2020). doi:10.1016/j.cej.2020.126674

Meerbergen, K., K. A. Willems, R. Dewil, J. Van Impe, 
L. Appels, and B. Lievens. 2018. “Isolation and Screening 
of Bacterial Isolates from Wastewater Treatment Plants to 
Decolorize Azo Dyes.” Journal of Bioscience and 
Bioengineering 125 (4): 448–56. doi:10.1016/j. 
jbiosc.2017.11.008.

Mohan, S., and N. Oke. 2021. “Application of the Optimized 
Pre-ozonation Treatment for Potential Resource Recovery 
from Industrial Textile Effluent.” Ozone: Science and 
Engineering 1–14. doi:10.1080/01919512.2021.1911621.

Muthukumar, M., and N. Selvakumar. 2004. “Studies on the 
Effect of Inorganic Salts on Decolouration of Acid Dye 
Effluents by Ozonation.” Dyes and Pigments 62 (3): 
221–28. doi:10.1016/j.dyepig.2003.11.002.

Muthukumar, M., D. Sargunamani, M. Senthilkumar, and 
N. Selvakumar. 2005. “Studies on Decolouration, Toxicity 
and the Possibility for Recycling of Acid Dye Effluents 
Using Ozone Treatment.” Dyes and Pigments 64 (1): 
39–44. doi:10.1016/j.dyepig.2004.03.012.

Neamtu, M., A. Yediler, I. Siminiceanu, M. Macoveanu, and 
A. Kettrup. 2004. “Decolorization of Disperse Red 354 Azo 
Dye in Water by Several Oxidation Processes - 
a Comparative Study.” Dyes and Pigments 60 (1): 61–68. 
doi:10.1016/S0143-7208(03)00129-3.

Peik-See, T., A. Pandikumar, L. H. Ngee, H. N. Ming, and 
C. C. Hua. 2014. “Magnetically Separable Reduced 
Graphene oxide/iron Oxide Nanocomposite Materials for 
Environmental Remediation.” Catalysis Science and 
Technology 4 (12): 4396–405. doi:10.1039/c4cy00806e.

Perkowski, J., L. Kos, and S. Ledakowicz. 2000. “Advanced 
Oxidation of Textile Wastewaters.” Ozone: Science and 
Engineering 22 (5): 535–50. doi:10.1080/01919510009408795.

Pinheiro, H. M., E. Touraud, and O. Thomas. 2004. “Aromatic 
Amines from Azo Dye Reduction: Status Review with 
Emphasis on Direct UV Spectrophotometric Detection in 
Textile Industry Wastewaters.” Dyes and Pigments 61 (2): 
121–39. doi:10.1016/j.dyepig.2003.10.009.

Radetski, C. M., S. M. C. Rosa, E. V. C. Rosa, M. M. De Souza 
Sierra, and E. L. Simionatto. 2002. “Ozonation of Textile 
Wastewater: Physico-chemical and Phytotoxic Aspects.” 
Environmental Technology (United Kingdom) 23 (5): 
537–45. doi:10.1080/09593332308618392.

Razumovskii, S. D., M. L. Konstantinova, T. V. Grinevich, 
G. V. Korovina, and V. Y. Zaitsev. 2010. “Mechanism and 
Kinetics of the Reaction of Ozone with Sodium Chloride in 
Aqueous Solutions.” Kinetics and Catalysis 51 (4): 492–96. 
doi:10.1134/S0023158410040051.

Samsami, S., M. Mohamadi, M. H. Sarrafzadeh, E. R. Rene, 
and M. Firoozbahr. 2020. “Recent Advances in the 
Treatment of dye-containing Wastewater from Textile 
Industries: Overview and Perspectives.” Process Safety and 
Environmental Protection 143:138–63. doi: 10.1016/j. 
psep.2020.05.034

Selcuk, H. 2005. “Decolorization and Detoxification of Textile 
Wastewater by Ozonation and Coagulation Processes.” 
Dyes and Pigments 64 (3): 217–22. doi:10.1016/j. 
dyepig.2004.03.020.

Sevimli, Mehmet F., and H. Z. Sarikaya. 2002. “Ozone 
Treatment of Textile Effluents and Dyes: Effect of Applied 
Ozone Dose, pH and Dye Concentration.” Journal of 
Chemical Technology and Biotechnology 77 (7): 842–50. 
doi:10.1002/jctb.644.

Sevimli, Mehmet F., H. Z. Sarikaya, and M. S. Yazgan. 2003. 
“A New Approach to Determine the Practical Ozone Dose 
for Color Removal from Textile Wastewater.” Ozone: Science 
and Engineering 25 (2): 137–43. doi:10.1080/713610668.

Sevimli, M. F., and H. Z. Sarikaya. 2005. “Effect of Some 
Operational Parameters on the Decolorization of Textile 
Effluents and Dye Solutions by Ozonation.” 
Environmental Technology 26 (2): 135–44. doi:10.1080/ 
09593332608618573.

Shu, H. Y. 2006. “Degradation of Dyehouse Effluent 
Containing C.I. Direct Blue 199 by Processes of 
Ozonation, UV/H2O2 and in Sequence of Ozonation with 
UV/H2O2.” Journal of Hazardous Materials 133 (1–3): 
92–98. doi:10.1016/j.jhazmat.2005.09.056.

Silva, L. G. M., F. C. Moreira, A. A. U. Souza, S. M. A. G. U. Souza, 
R. A. R. Boaventura, and V. J. P. Vilar. 2018. “Chemical and 
Electrochemical Advanced Oxidation Processes as A Polishing 
Step for Textile Wastewater Treatment: A Study regarding the 
Discharge into the Environment and the Reuse in the Textile 
Industry.” Journal of Cleaner Production 198:430–42. doi:  
10.1016/j.jclepro.2018.07.001

Soares, O. S. G. P., J. J. M. Órfão, D. Portela, A. Vieira, and 
M. F. R. Pereira. 2006. “Ozonation of Textile Effluents and 
Dye Solutions under Continuous Operation: Influence of 
Operating Parameters.” Journal of Hazardous Materials 
137 (3): 1664–73. doi:10.1016/j.jhazmat.2006.05.006.

Tehrani-Bagha, A. R., N. M. Mahmoodi, and F. M. Menger. 
2010. “Degradation of a Persistent Organic Dye from 
Colored Textile Wastewater by Ozonation.” Desalination 
260 (1–3): 34–38. doi:10.1016/j.desal.2010.05.004.

Torres, N. H., B. S. Souza, L. F. R. Ferreira, Á. S. Lima, 
G. N. Dos Santos, and E. B. Cavalcanti. 2019. “Real Textile 
Effluents Treatment Using coagulation/flocculation 
Followed by Electrochemical Oxidation Process and 
Ecotoxicological Assessment.” Chemosphere 236. doi:  
10.1016/j.chemosphere.2019.07.040.

Vajnhandl, S., and J. V. Valh. 2014. “The Status of Water 
Reuse in European Textile Sector.” Journal of 
Environmental Management 141:29–35. doi: 10.1016/j. 
jenvman.2014.03.014

van Leeuwen, J., A. Sridhar, M. Esplugas, S. Onuki, L. Cai, and 
J. A. Koziel. 2009. “Ozonation within an Activated Sludge 
System for Azo Dye Removal by Partial Oxidation and 
Biodegradation.” Ozone: Science and Engineering 
31 (4):279–86. doi:10.1080/01919510902907720.

van Leeuwen, J. (Hans). 2015. “Proposed OS&E Requirement: 
Measuring Ozone Dosage.” Ozone: Science and Engineering 
37 (2):191–92. doi:10.1080/01919512.2015.1006467.

Vasantharaj, S., S. Sathiyavimal, M. Saravanan, P. Senthilkumar, 
K. Gnanasekaran, M. Shanmugavel, A. Pugazhendhi, and 
A. Pugazhendhi. 2019. “Synthesis of Eco Friendly Copper 
Oxide Nanoparticles for Fabrication over Textile Fabrics: 
Characterization of Antibacterial Activity and Dye 
Degradation Potential.” Journal of Photochemistry and 
Photobiology. B, Biology 191(December 2018):143–49. 
doi:10.1016/j.jphotobiol.2018.12.026.

OZONE: SCIENCE & ENGINEERING 289

https://doi.org/10.1016/j.cej.2020.126674
https://doi.org/10.1016/j.jbiosc.2017.11.008
https://doi.org/10.1016/j.jbiosc.2017.11.008
https://doi.org/10.1080/01919512.2021.1911621
https://doi.org/10.1016/j.dyepig.2003.11.002
https://doi.org/10.1016/j.dyepig.2004.03.012
https://doi.org/10.1016/S0143-7208(03)00129-3
https://doi.org/10.1039/c4cy00806e
https://doi.org/10.1080/01919510009408795
https://doi.org/10.1016/j.dyepig.2003.10.009
https://doi.org/10.1080/09593332308618392
https://doi.org/10.1134/S0023158410040051
https://doi.org/10.1016/j.psep.2020.05.034
https://doi.org/10.1016/j.psep.2020.05.034
https://doi.org/10.1016/j.dyepig.2004.03.020
https://doi.org/10.1016/j.dyepig.2004.03.020
https://doi.org/10.1002/jctb.644
https://doi.org/10.1080/713610668
https://doi.org/10.1080/09593332608618573
https://doi.org/10.1080/09593332608618573
https://doi.org/10.1016/j.jhazmat.2005.09.056
https://doi.org/10.1016/j.jclepro.2018.07.001
https://doi.org/10.1016/j.jclepro.2018.07.001
https://doi.org/10.1016/j.jhazmat.2006.05.006
https://doi.org/10.1016/j.desal.2010.05.004
https://doi.org/10.1016/j.chemosphere.2019.07.040
https://doi.org/10.1016/j.chemosphere.2019.07.040
https://doi.org/10.1016/j.jenvman.2014.03.014
https://doi.org/10.1016/j.jenvman.2014.03.014
https://doi.org/10.1080/01919510902907720
https://doi.org/10.1080/01919512.2015.1006467
https://doi.org/10.1016/j.jphotobiol.2018.12.026


Verma, A. K., R. R. Dash, and P. Bhunia. 2012. “A Review on 
Chemical coagulation/flocculation Technologies for 
Removal of Colour from Textile Wastewaters.” Journal of 
Environmental Management 93 (1): 154–68. doi:10.1016/j. 
jenvman.2011.09.012.

Wang, T., J. Li, L. H. Zhang, Y. Yu, and Y. M. Zhu. 2017. 
“Simultaneous Heterotrophic Nitrification and Aerobic 
Denitrification at High Concentrations of NaCl and 
Ammonia Nitrogen by Halomonas Bacteria.” Water 
Science and Technology 76 (2): 386–95. doi:10.2166/ 
wst.2017.214.

Wei, X., X. Kong, S. Wang, H. Xiang, J. Wang, and J. Chen. 
2013. Removal of Heavy Metals from Electroplating 
Wastewater by Thin- Film Composite Nano Filtration 

Hollow-Fiber Membranes Industrial & Engineering 
Chemistry Research 52 :17583–17590 doi:10.1021/ 
ie402387u .

Wu, J., and T. Wang. 2001. “Effects of Some water-quality and 
Operating Parameters on the Decolorization of Reactive 
Dye Solutions by Ozone.” Journal of Environmental 
Science and Health - Part A Toxic/Hazardous Substances 
and Environmental Engineering 36 (7): 1335–47. 
doi:10.1081/ESE-100104882.

Yaseen, D. A., and M. Scholz. 2019. “Textile Dye Wastewater 
Characteristics and Constituents of Synthetic Effluents: 
A Critical Review.” International Journal of Environmental 
Science and Technology 16 (2):1193–226. doi:10.1007/ 
s13762-018-2130-z.

290 E. S. P. PRADO ET AL.

https://doi.org/10.1016/j.jenvman.2011.09.012
https://doi.org/10.1016/j.jenvman.2011.09.012
https://doi.org/10.2166/wst.2017.214
https://doi.org/10.2166/wst.2017.214
https://doi.org/10.1021/ie402387u
https://doi.org/10.1021/ie402387u
https://doi.org/10.1081/ESE-100104882
https://doi.org/10.1007/s13762-018-2130-z
https://doi.org/10.1007/s13762-018-2130-z

	Abstract
	Introduction
	Materials and methods
	Textile wastewater
	Ozonation batch system
	Analytical methods

	Results and discussion
	Characterization of the tw before the ozonation process
	Characterization of textile effluent after ozonation
	Effect of ozone treatment on pH
	Effect of sample volume variation on consumed ozone dose

	Characterization of tw after ozonation process

	Conclusion
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Data availability statement
	References

