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Abstract

�e paper describes the ozonation (O
3
) and 

H
2
O

2
/O

3
 process as two e�cient methods for 

cleaning textile e�uents. �e composition and 

characteristics of di�erently coloured dyebath 

e�uents and wastewaters, as well as conven-

tional processes and their disadvantages are 

stated. �e presentation of the ozonation and 

H
2
O

2
/O

3
 process reactions and a review of ap-

plications for textile dyebath e�uents loaded 

with di�erent dye types of various chromophore 

groups are given precisely. 

Furthermore, the paper states the ozonation 

and H
2
O

2
/O

3
 process e�ciency for the remov-

al of various dye types at di�erent experimen-

tal conditions. �e literature review shows that 

the ozonation and H
2
O

2
/O

3
 process are main-

ly used for reactive, acid and direct dyes treat-

ment. Less information is available on basic, 

disperse and metal-complex dyes.

Keywords: textile coloured wastewater, dyes, 

cleaning e�ciency, ozonation, ozone, H
2
O
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njevanje raztopljenih ali koloidnih organskih snovi, glede na izvor 
-

-

novih, težje razgradljivih barvil in dodatkov v barvalnih odplakah 

izbrani in pravilno vodeni postopki sanacije odpadnih voda so iz-

-
-

-
-

-
-

-

O  

 
O /O O /O  zagotavljata hitro razgradnjo 

-
padkov  

O  -
-

-

-

1 Introduction

�e textile industry is one of the largest consum-

ers of fresh water, dyes, auxiliaries and chemicals 

[1]. �e largest amount of wastewater is pro-

duced in wet treatments, esp. in the dying proc-

esses [2]. With the technological process optimi-

zation in the textile treatment, the use of fresh 

water has reduced from 120‒280 L/kg under 100 

L/kg of fabric [3, 4], despite small amounts of dye 

still remaining in the wastewater, causing visible 

colouration [5]. �e dyed wastewater is from an 

aesthetic and ecological viewpoint unacceptable, 

as it prevents the light penetration into the water 

environment and can contain toxic organic and 

inorganic components [6]. In order to protect 

the environment from hazardous pollution, the 

wastewater needs to be treated properly before 

the disposal into the environment [3]. Conven-

tional treatment processes, e.g. sedimentation, 

"otation, and #ltration (i.e. primary treatment), 

only remove the suspended substances, e.g. oils 

and fats [4]. A further biological cleaning (i.e. 

secondary treatment) is used to remove the dis-

solved or colloidal organic substances. Depend-

ing on the e�uent source, there is also the pos-

sibility of a tertiary treatment for the removal of 

colouration, surfactants and/or to decrease the 

salt content [7]. �e mentioned treatments o$en 

do not su�ciently remove the dyes from waste-

water [5], which is visible as excess colouration 

[8]. Technological developments and consumer 

demands have brought about the development of 

new substances and additives into dye e�uents, 

which are degradable with more di�culty (e.g. 

those resistant to microbiological degradation). 

Carefully selected wastewater treatment proc-

esses and appropriate management are of cru-

cial importance for the adherence of demands 

imposed by the existing legislation for the protec-

tion of underground and surface waters. Recent-

ly, the trend has been to lover the limit values for 

the treated wastewaters discharged into the sew-

age system and directly into natural waters [9, 

10]. �e existing conventional processes that as-

sure colour reduction are not economical, nor 

are they always e�cient [11]. Among the priori-

ties of the textile industry, there are sustained ef-

forts to develop ecologically more suitable treat-

ment processes [12]. 
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-

-
-

iz barvarn, tiskarn in pripadajočih barvnih kuhinj, vsebujejo več 
-

-
-
-

jejo se po obarvanosti, količini in vsebnosti razgradnih produktov 
-

-
vi, težko razgradljivi dispergatorji in tenzidi, nevezana barvila in iz 

-

-
-
-

 – letalna 

-
-

se uporabljajo kot tenzidi, dispergirna sredstva, soli, polnila in go-

 veliko bolj 

vrednostjo in nihajočo vsebnostjo suspendiranih snovi, odvisno od 

 – /l, 
 – /l ali 
 –

�e reverse osmosis, ultra #ltration or any oth-

er membrane technology in combination with 

the absorption to active carbon are all e�cient 

technologies [11, 13‒18]. Due to the high op-

erational costs and costs caused by e�uents, 

the chemical oxidation processes are still worth 

considering, esp. the so-called advanced oxida-

tion processes (AOPs), which do not produce 

solid waste or sewage sludge [3, 7, 19]. AOPs 

comprise all the processes that use H
2
O

2
, where 

H
2
O

2
 is activated with various catalysts (e.g. Fe3+ 

salts, UV, O
3
 etc) [20]. �ey dissolve dyes and 

other pollutants in wastewater; however, they 

rarely completely mineralise them into carbon 

dioxide and water [7, 21]. �e O
3
 and H

2
O

2
/O

3 

process as listed in the existing literature [3, 7, 

10, 11, 22‒24] present another e�cient alterna-

tive to decolourization and biological degrada-

tion improvement of textile wastewaters. Both 

O
3
 and H

2
O

2
/O

3
 processes ensure a fast degra-

dation of various organic substances in the wa-

ter systems. No solid waste is produced [2] and 

265‒520 times less energy and chemicals are re-

quired for a 95% decolourization than with the 

UV/H
2
O

2
 process [11, 23]. �e process e�cient-

ly decolourizes even the intensively coloured 

dyebath e�uents from the textile industry [1, 

25], which contain various dye classes (e.g. acid, 

reactive, direct, metal-complex, disperse etc). 

Despite ozone being toxic by itself, the uncon-

trolled exhaust into the atmosphere can be pre-

vented by applying modern technological proc-

ess performance. Since the ozone is unstable in 

water, it decomposes within 20 minutes. 

2 Composition and characteristics 
 of dyebath wastewaters 

�e e�uents from the #nishing processes con-

tain diverse impurities, which di�erently load 

the waters. �ese can be divided from less 

threatening dyes (i.e. acid, reactive, direct, ba-

sic, disperse dyes), which in"uence the water 

appearance only visually, to the more danger-

ous substances, e.g. toxic heavy metals. Waste-

waters from dyehouses, printing works and dy-

ing kitchens contain over 90% of all dye residue. 

As a consequence of inexhaustible dyebaths, the 

wastewater from printing pastes, from clean-

ing the dying and printing machines, tools and 
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Table 1: Degree of #xation between dye and #bre, and degree of un-

bound dye in coloured wastewater [41, 42]

unbound 

Cellulose

Wool

Reactive Cellulose

Sulphuric Cellulose

Cellulose

Table 2: Properties of textile industry wastewater [30, 48]

packaging [4], from washing, cleaning and 

rinsing baths do not return to the dying kitch-

en [26]. �eir composition is very complex and 

changes constantly [27]. �ey di�er in colour, 

amount and content of the degradation products 

[28]. A$er the dyeing process, such wastewa-

ters also contain a large amount of salt, sodium 

chloride, sulphate and sulphide, toxic carriers 

and retarders, reduction and oxidation agents, 

phosphates and other complex substances, not 

readily degradable dispergation agents and sur-

factants, un#xed dyes and heavy metal ions de-

riving from the latter. In particular heavy met-

als, e.g. chrome, copper, nickel etc, halogenated 

hydrocarbons, total residual chlorine, carriers 

etc, hinder the wastewater treatment process-

es [4]. �ese pollutants also in"uence the odour 

change of dyebath wastewaters [2]. For the pol-

lution evaluation of loaded dyebath wastewa-

ters with organic and inorganic substances, the 

ecological parameters, e.g. colouration, COD 

– chemical oxygen demand, BOD
5
– biological 

oxygen demand, TOC – total organic carbon, 

AOX – adsorbable organic halogens and LD
50

 – 

lethal dose, are commonly used in practice. �e 

colouration or the so-called spectral absorption 

coe�cient (SAC) is a primarily visible indica-

tion standard for the pollution load, while the 

toxicity of dyes with metal ions substance is de-

scribed with the LD
50

 value. Dyes also contrib-

ute to the wastewater pollution with ingredients 

added by manufacturers during the dye syn-

thesis. While only general information on such 

substances is available, their chemical composi-

tion is rarely listed. �ese substances are used as 

surfactants, dispergation agents, salts and thick-

ening agents, anti-dusting, anti-foaming, anti-

freezing substances etc. �e chemicals pollute 

wastewater and increase the values of ecological 

parameters such as COD, BOD
5
, TOC, AOX in 

LD
50

 far more than dyes. �erefore, the waste-

water treatment processes are limited [4]. Minor 

load is caused by liquid dyes or dyes in a paste 

form as well as by highly concentrated dyes (e.g. 

200% dyes).

Dyebath wastewaters are polluted with di�er-

ent initial dye concentrations (from 10‒70 g/L) 

[1]. �e COD values and content of suspend-

ed substances are changing; however, they de-

pend on the class and dye type. According to the 



288 Čiščenje tekstilnih odpadnih voda s postopkoma O
3
 in H

2
O

2
/O

3

Tekstilec, 2009, letn. 52, št. 10–12, str. 284–305 

-

 ta-

tekstilne industrije urejeno z „Uredbo o emisiji snovi in toplote pri 

odvajanju odpadne vode iz naprav za proizvodnjo, predelavo in ob-

delavo tekstilnih vlaken (Ur.l. RS, št. 7/2007)“

2.1 Barvila v tekstilnih barvalnih kopelih in odpadnih 
 vodah

-

-

-
aktivnih barvilih bakrovi in svinčevi ioni, prav tako so svinčevi 
ioni v direktnih in disperznih barvilih; v bazičnih barvilih pa cin-

-

 ton/leto 

-
-

jo se v barvnih raztopinah, črnilih, barvah, lakih, papirju, plastiki, 

-

-
 

-
-

nikelj, otežujejo odstranjevanje obarvanosti  

tonov 

-

-

COD value, colour and turbidity intensity, dye-

bath wastewaters can be subdivided into three 

groups [29]: 

lightly coloured dyebath wastewaters with  –

COD lower than 800 mg O
2
/l, 

medium coloured dyebath wastewaters with  –

COD between 800‒1600 mg O
2
/l, or 

intensively coloured dyebath wastewaters with  –

COD above 1600 mg O
2
/l. 

�e degree of dye #xation to a #bre is from 

40‒90%, and depends on the technological 

process and dye types used [1]. �e excess of the 

used dyes can remain in the dyebath wastewa-

ters in similar amounts as the #xation degree 

[13]. Table 1 displays the #xation degree be-

tween the dye and the #bre, and the percentage 

of non-#xed dye in the dyebath wastewaters.

�e use of various dye types and chemicals in 

the dyeing process causes considerable vari-

ations in the ecological parameters of textile 

wastewaters. For example, the composite tex-

tile industry wastewater characteristics and the 

variations of ecological parameters are shown 

in Table 2.

On average, coloured textile wastewaters from a 

typical industrial dye factory represent the pol-

lution potential for approx. 7,000 persons ac-

cording to the amount (i.e. hydraulic water ex-

haust) or approx. 20,000 persons according to 

the organic load [27, 28]. �e BOD
5
 concentra-

tion of such waters is mostly low, whereas COD 

can signi#cantly exceed 10,000 mg O
2
/l [29]. 

In Slovenia, the discharge of similarly pollut-

ed waters from the textile industry is regulated 

with the “Decree on the emission of substanc-

es in the discharge of waste water from plants 

and facilities for the production, processing and 

working of textile #bres”, published in the Of-

#cial Gazette of the Republic of Slovenia, No. 

7/2007 [30]. 

 and wastewaters

Commercial dyes are a mixture of coloured pig-

ments and additives, which di�er in their chem-

ical structures, chromogen and purpose of use 

[30, 32]. According to the applicable character-

istics and chemical composition, dyes are divid-

ed into direct, acid, basic, reactive, disperse, re-

duction, sulphuric, metal-complex, pigments 
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 zato je njihova razgradnja v okolju po-

-

 –

 –

 –

 –

-
-

-
-

-
-
-

-
-

-

 
-

dnih odpadkov, odpadnega blata ali koncentriranih raztopin, ki 
-
-

-

-
-
-

etc. [3, 25]. Various metal ions can be found in 

di�erent dye classes. Copper and chrome ions 

are present in reduction and acid dyes. In reac-

tive dyes, copper and lead ions occur, while di-

rect and disperse dyes mostly contain lead ions, 

and basic dyes zinc ions. Metals that are in fact 

toxic (e.g. arsenic, quicksilver, cadmium etc.) 

are present in dyes in the concentration un-

der 1 mg/l and in waters in negligible amounts. 

�erefore, they are not hazardous to the envi-

ronment. Wastewaters from dyehouses normal-

ly contain less than 1 mg/l of metal ions [4]. 

�e average world production amounts to 7 × 

105 tons per year of 100,000 various commer-

cially used dyes [32, 34]. A good half (60‒70%) 

is used in the textile and clothing industry for 

dying, i.e. for approx. 30 m tons of textile [1, 2, 

24, 33‒35]. Dyes are present in dying solutions, 

inks, paints, varnishes, paper, plastic, rubber, 

food, drugs and cosmetics [23], as well as in 

natural and synthetic applications [28]. 

�e main ecological problem of the textile in-

dustry is the simple production and a wide use 

of various azo dyes [13, 28]. Dyes have a high 

thermal and photo stability [36], easily accu-

mulate in water and are di�cult to decolour-

ize [34]. �e water soluble azo dyes can settle 

in living organisms and dissolve into toxic aro-

matic amines [37]. For example, high concen-

trations of dark anthraquinone dyes with the 

complex structure of aromatic rings and chelat-

ing bound metal ions, e.g. chrome, cobalt, cop-

per, iron and nickel, prevent the colouration re-

moval [34, 38]. Besides the light tones of acid 

dyes, water soluble reaction dyes are also prob-

lematic for decolourization [1, 34]. Certain hy-

drolysed reactive dyes (e.g. monochlorotri-

azine) have low biological degradation (BOD
5
/

COD) coe�cients (usually less than 0.1) [39], 

which is due to the low degree of #xation to #-

bres (80‒85%) the most common cause for dif-

#cult decolourization of dyebath wastewaters 

[4]. �e slow degradation at inappropriate op-

erating conditions [40], di�cult decolourization 

[34] and accumulation in water [33] is a con-

sequence of chemical composition, catalytic and 

microbiological stability of dyes [38]. �erefore,   

the decomposition of dyes in the environment is 

a slow and complicated process [36].
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-

-
-
-

O  
–, v pri-

 ion 

-

 radikali, ki lah-
ko povzročijo razbarvanje in razgradnjo prisotnih onesnaževal v 

-
jah, ki vključujejo O O -

-

Table 3: Advanced oxidation processes [20, 46]

O  
O O

O  O  
O O

O

O  
O O O

 O
O O

O O O

O

3 Decolourization procedures 
 of textile wastewaters

�e universal method which would ensure an 

e�cient decolourization of complex chemical 

structures of dyes and impurities is not on the 

market yet [28, 29]. Several physical, biologi-

cal and chemical processes and their combina-

tions are used for the decolourization of waste-

waters [4, 32]. 

Physical-chemical treatments include [32]: 

thickening method processes (coagulation,  –

"occulation, sedimentation); 

adsorption (to active carbon, biological  –

sludge, silica gel); 

membrane #ltration processes;  –

distillation and extraction (rarely). –

Inorganic coagulants and potentially toxic inor-

ganic polymers are used in the thickening proc-

esses (e.g. lime, magnesium and iron salts) and 

can obstruct the decolourization process [41]. 

�e adsorption to GAC ‒ granulated activat-

ed carbon or PAC ‒ powdered activated car-

bon is connected due to the quick absorption of 

GAC colonies with high costs of the GAC colo-

ny regeneration [32, 41]. Standard biological 

processes, such as aerobic (i.e. activation of bi-

ological sludge in aeration pool) and anaerobic 

treatment (i.e. degradation and decay in sta-

bilising lagoons) [32], are not e�cient for de-

colourization; nevertheless, large amounts of 

impurities bound to the biomass [42]. Mem-
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3.1 Postopek O
3
 in H

2
O

2
/O

3
 

O /
O -

-

O
-

-
-

 –

koncentracij barvil, 
 –

 –

 –

popolna razgradnja produktov,  –

 –

vodenje procesa je preprosto,  –

 –

 –

-

-

-
-
-

-
teri se cenovno ugodneje odstranijo lahko oksidirajoči produkti 

-

-
-

brane processes, e.g. micro#ltration, nano#ltra-

tion and reverse osmosis, are e�cient despite 

the large investment and operating costs, and 

certain application disadvantages. In compar-

ison to the reverse osmosis or adsorption pro-

cedure to active charcoal, micro#ltration is less 

e�cient, as it only partially removes dyes and 

impurities. Nano#ltration rejects the majori-

ty of pollutants and permeates small salt mole-

cules and organic substances. 

With reverse osmosis wastewater treatment 

process, the puri#cation e�ciency of 80% (incl. 

removal of dyes that contain chlorine and sur-

factants) can be achieved, whereas at least 20% 

of the sewage remains untreated [41].

One disadvantage of physical processes is the 

production of solid waste, sewage sludge or con-

centrated solutions, which raise the costs of ap-

propriate treatment process [23, 31, 33, 43] and 

e�uents disposal [2]. Complexometric meth-

ods are based on the degradation and removal 

of complex bound metal ions from the dye mol-

ecule (metal-complex, phthalocyanine dyes) by 

selective . Neutralization, ion ex-

change, catalysis, electrolysis etc. are generally 

used for wastewater treatment [4, 32] and less 

for decolourization.

Wastewater decolourization with powerful oxi-

dants, e.g. chlorine dioxide and chlorine, hydro-

gen peroxide and ozone is the main purpose of 

chemical processes [41]. �e most useful chemi-

cal decolourization processes are oxidation with 

air oxygen, ozone or oxidants (i.e. chlorine, so-

dium hypochlorite and hydrogen peroxide), and 

indirect oxidation with UV-beams. �e oxida-

tion partially or completely, quickly and e�-

ciently decolourizes all classes and dye struc-

tures already at room temperature.

Experiments have shown that the degrada-

tion of reactive and acid dyes with gas chlorine 

and sodium hypochlorite in an alkaline medi-

um (pH 9) and at temperature 40 °C is fast. �e 

decolourization is almost complete (98%). �e 

COD value decreases slightly, whereas AOX in-

creases. In contrast, direct and disperse dyes de-

colourize slowly and form yellow-coloured deg-

radation products in limited processes with 

chlorine and hypochlorite [4]. 

�e decolourization reactions with hydrogen 

peroxide take place at room temperature, in acid 
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O
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reakcij 

  
-

O –  + O  –      k s  

  O  – +

O  + O  –  O  –  + O       k s

O +       k s     

   + O       k s     

  + O        k s     

  + O       k s     

 O      

 O  + O  + O      

-
-

-

-

-
-
-

-

O /O -

O O – O+    

–  radi-

with pH 3, for approx. 20 minutes. H
2
O

2
 decays 

into hydroxyl radical OH  and hydroxyl ion OH- 

in the presence of divalent iron as a catalyst and 

to Fe3+ ion (Fenton reaction). Dyes decolour-

ize to a di�erent degree ‒ from barely noticea-

ble, over altered tones (disperse dyes), to almost 

complete decolourization (95%) when decolour-

izing reactive, direct, acid and metal-complex 

dyes, and less for pigments and vat dyes. 

From the economical point of view, the process 

with UV-beams is less appropriate due to op-

erational costs (UV light). �e reduction of so-

dium dithionite is limited to certain dyes (azo) 

and does not form sludge. �e process disadvan-

tage is also in the high consumption of chemi-

cals and energy.

All advanced oxidation processes have common 

chemical reactions. �e decolourization is accel-

erated with highly reactive OH  radicals, which 

can cause decolourization and degradation of 

pollutants present in wastewaters [44]. OH  

radicals are formed in chemical reactions which 

include O
3
, H

2
O

2
, TiO

2
, UV beams, ultrasonic 

waving, electronic radiation, either individual-

ly or in combinations. �e processes which e�-

ciently oxidize textile wastewaters are presented 

in Table 3 [20, 45, 46]. 

O /O  process

�e chemical methods for water purifying, i.e. 

ozonation (O
3
) and H

2
O

2
/O

3
 (Peroxone) process, 

e�ciently decolourize and reduce the amount 

of impurities in the dyebath wastewaters [19]. 

�e ozonation occurs in the presence of ozone 

(O
3
), which has an oxidation potential (E0 = 

2.07 V) 1.52-times higher [6, 34] than chlo-

rine (E0 = 1.36 V) and H
2
O

2
 (E0 = 1.78 V) [27, 

28]. It removes odour, taste and suspended sol-

ids, improves biological degradation [7, 12], re-

duces the colour of dye solutions, dyebaths and 

dyed wastewaters [2], toxicity. Furthermore, it 

partially reduces the ecological parameter val-

ues [1, 8, 25, 34, 43] and successfully degrades 

microorganisms, viruses and algae [1, 9], chlo-

rine phenols and aromatic hydrogen carbonate, 

chlorine benzenes, cyanides, alcohol, pesticides, 

aldehydes and sulphides [8, 10, 34, 39]. 

�e advantages of the ozonation process are [8]: 

e�cient decolourization (over 90%) of di�er- –

ent class and dye concentrations, 
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O –  + O– + O   

 radika-

O    

to je odvisno od tipa barvila in drugih onesnaževal, prisotnih v 

Oksidacijski potencial hidroksilnih radikalov je večji kot oksida-
-
-
 

 s  s

O  + –    – pK   

O –  O + O    k s   

O  + O    O   + O      k s   

O +        k s   

   O       k s   

O /O -

-
-

-
-
-

-
z raz-

-

Figure 1: Scheme of ozone reactivity in water [67]

partial removal of organic substances (COD)  –

(up to 60%), 

elimination of heavy metals from metal-com- –

plex dyes [31], 

biological degradation improvement [6, 47],  –

complete process products decomposition,  –

no waste sludge and slit by-products production,  –

simple process handling,  –

numerous application possibilities,  –

excess of ozone degrades into oxygen and wa- –

ter in only a few minutes [31]. 

Numerous applicative researches prove these ad-

vantages for dye decolourization in water [1, 8] 

and dyebaths [8, 11, 33, 45, 48, 49], as well as 

for industrial textile wastewaters [50‒52] per-

formed on pilot devices [14, 52] and in reactors 

[18, 38, 47, 54] at batch or semi-batch condi-

tions [5, 7, 15, 18, 25, 49, 55‒58]. 

Ozonation is used for disinfection and drink-

ing water cleaning [59], for treatment, purify-

ing and recycling [51‒53] of industrial waste-

water and washing (rinsing) water, agriculture 

wastewater, wastewater from packaging and 

food industry [60], cellulose and paper industry, 

pesticide production, dyes production, textile 

colouration processes, in antioxidants produc-

tion for tyres, as well as in the pharmaceutical 

industry [9]. Moreover, the ozonation process is 

very promising in the water bottling production, 

health treatments [10, 39, 59], for infected med-

ical wastewater cleaning, deactivation of viral 

and microbiological infections [47]. Economi-

cally speaking, it is less suitable for the waste-

water treatment with a high content of suspend-

ed solids and high BOD, COD or TOC values 

[61]. Latest research shows that it is o$en used 

as a pre-treatment step followed by a biolog-

ical treatment for a cheaper removal of oxida-

tion products [9, 10]. �e success rate of such 

systems is shown by decolourization studies of 

acid red [62] and direct black dyes [43]. Ozone 

is intensively used as a disinfectant, detoxi#ca-

tion agent to reduce mutagenicity in farming 

and food industry [54]. 

4 Chemistry of O
3
 and H

2
O

2
/O

3
 

 process

Pollutants in water are instantly oxidised by 

ozone (O
3
) or with the help of hydroxyl radicals 
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Figure 2: Scheme of ozone in"uence on a model azo dye [42]

-
-

Figure 3: Phenole ozonation by-products [42]

O /O  pri različnih pogojih odstranjevanja najpogosteje upo-

je glede na različne kategorije porabe O  podana v različnih eno-
-
-

tovanje porabe ozona je odvisno od začetne koncentracije barvila 
-
-

(OH ) formed during the initiation (cf. Equa-

tions 4.1‒4.2), propagation (cf. Equations 4.3 

‒4.7) and termination (cf. Equations 4.8‒4.9) 

reactions. �e reaction constant rates (k
1-6

)
 
for 

the 2nd order reactions are given in the units of 

concentration/time (M–1 × s–1), where M stands 

for molarity or concentration in mol/L [63, 64]. 

Reaction times are short (approx. 10‒30 sec-

onds) [61].

Ozone is stable in water only for 20 minutes 

and in the presence of dyes, that time shortens. 

�e initial decolourization reactions are fast re-

actions of the 1st order [5, 48, 57], depending on 

the initial dye concentration in the water [1, 2, 

13, 43, 65]. Due to the dye and impurities re-

actions, ozone is manufactured from dry air or 

oxygen in-situ (maximal concentration 4‒8%). 

�e input energy consumption is only 5‒10% 

[9]. �ere are many variables a�ecting the de-

colourization process with ozone, i.e. pH value, 

concentration or ozone "ow, initial dye concen-

tration, velocity and ozonation time, tempera-

ture [24], presence of salt [66], catalysts [9] etc. 

�e latter is con#rmed with researches of the 

importance of individual variables and optimal 

conditions of ozonation with various models, 

namely the Taguchi method and orthogonal-

ly distributed L
18

 (21 × 37) experimental design 

[26], with 3 × 3 factor design [6], modi#ed 25-1 

factor design [47] and combined central design 

Box Hunter [66]. 

When hydrogen peroxide is added into water, 

the so-called Peroxone process (H
2
O

2
/O

3
) is ac-

tivated. Hydrogen peroxide in water dissociates 

according to the following mechanism (Equa-

tion 4.9).

�e emerged HO–
2
 ion reacts with ozone, creat-

ing OH  radicals (Equation 4.10). 

At least two molecules of O
3
 are required for the 

emergence of two OH  radicals (Equation 4.11). 

Only these have high electric potential and are 

one of the most powerful oxidation agents. 

Radical activation takes place at various reac-

tion mechanisms, depending on the dye type 

and other pollutants present in the wastewater 

[46].

�e oxidation potential of hydroxyl radicals is 

higher than the oxidation potential of ozone 

molecules; therefore, direct oxidation is slower 

than the oxidation with free radicals. �e di�er-
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 process at di�erent conditions for removing di�erent classes 

of textile dyes
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-
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-

-
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-

O /O  sta 
-

-

-
-
-

-

-
-

četne vrednosti in je odvisno tako od začetne koncentracije barvila 

Za direktna, bazična in disperzna barvila je bil do zdaj v najdeni li-
teraturi opisan le postopek O -

O /O

-
-
-

-

ence in the reaction is visible from the values of 

constants of reaction rates of order 109‒1010 M–1 

s–1 (cf. Equations 4.14 and 4.15) and 106 M–1s–1 

(cf. Equations 4.13 and 4.16) [26].

�e advantage of the O
3
 and H

2
O

2
/O

3
 process 

over other AOPs is the decolourization abili-

ty of di�erent organic components dissolved in 

the water, acid, neutral and/or basic pH medi-

um [13, 33, 55, 67]. In a basic pH (7‒8), indi-

rect reactions with OH  radicals and other rad-

ical compounds take place. �e dye molecule 

partially oxidizes all sites, and a$er the ozona-

tion degradation, the products remain in the 

water [6]. �e incompletely oxidised compo-

nents can cause toxicity and mutagenicity of 

treated wastewaters. Recently, most research-

ers have stated that a$er the ozonation, the dye-

bath wastewaters from the textile industry are 

less toxic and more biodegradable [56]. In an 

acid pH (under 6), the molecular ozone is stable 

and reacts directly with organic substances or 

unsaturated chromophore dye bonds as an elec-

trophyl or electronic acceptor [6, 33, 67]. �e di-

rect reactions of hydroxyl radicals OH with dif-

ferent impurities (M) in water are very selective 

and slow [33], whereas the indirect ones have a 

non-selective character [55] (cf. Figure 1), they 

are slow and take place faster when increasing 

the pH value. Usually, all of the mentioned re-

actions take place simultaneously. During direct 

reactions, the decomposition of aromatic rings 

with cycloaddition of ozone is performed, while 

the indirect reactions cause mineralisation of 

organic components, which contains carbon (re-

duction of TOC) [33].  

�e decolourization e�ciency of ozone is in"u-

enced by the chemical structure of dyes [2]. �e 

#rst decomposition level is a rapid and selective 

oxidation of chromophoric azo groups or multi-

plied unsaturated double azo bonds (– C  = C  –, 

– C  = N – ali – N = N –), bound to the aromat-

ic ring of water soluble dyes [9, 41]. �e more 

frequently used polyazo dyes are more di�cult 

to decolourize than monoazo dyes. Intermedi-

ate products, the so-called precursors (e.g. ele-

mentary nitrogen, phenols, quinones) [42] are 

formed when ozonating azo dyes [2] (cf. Fig-

ure 2). 

�e formed precursors react into end products 

[2], both organic and inorganic [1, 2, 23, 33, 39, 
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-
ti, prevodnost se poveča kot posledica nastanka produktov razgra-

-
rektnih, bazičnih in disperznih barvil je dovolj učinkovit postopek 

-
-

O /O

-
-

-
-

„Operacijo delno #nancira Evropska unija, in sicer iz Evropskega so-

cialnega sklada. Operacija se izvaja v okviru Operativnega programa 

razvoja človeških virov za obdobje 2007–2013, 1. Razvojne priorite-

te: Spodbujanje podjetništva in prilagodljivosti, prednostne usmeri-

tve 1.1.: Strokovnjaki in raziskovalci za konkurenčnost podjetij.“

43], predominantly to simple carboxylic acid 

(oxalic, maleic [42] and formic, muconic [50]) 

(cf. Figure 3) [12]. Consequently, the pH value 

decreases and conductivity increases.

An overview of articles which deal with the e�-

ciency of the ozonation and H
2
O

2
/O

3
 process at 

various conditions for colour removal of com-

mercial textile dyes is noted in Table 4. �e use 

of ozone depends on various categories of use of 

O
3
 given in di�erent units ("ow velocity in mg/

min or mg/ (l×min) or l/min; ozone production 

in g/h or %; ozone concentration in mg/l or %). 

�e ozonation addition to the process depends 

on the initial dye concentration in the dyebath 

and on the machine equipment characteristics, 

which is described in more details in the cited 

references. Similar is true for the hydrogen per-

oxide, mostly given in units ml/l, mol, g/l. 

Table 4 clearly shows that most treatments of 

textile dyebaths containing reactive dyes were 

performed with the O
3
 and H

2
O

2
/O

3
 process. 

For the removal of acid, direct, basic, and dis-

perse dyes, there are fewer references; howev-

er, among them, the ozonation process studies 

dominate. �e e�ect of decolourization depends 

mostly on the experimental conditions, e.g. dye 

type, dye concentration, reaction time and pH 

value. Both processes successfully degrade and 

decolourize reactive, acid, direct, metal-com-

plex and basic dyes, and a little less e�ciently 

disperse dyes. When comparing the decolouri-

zation e�ect according to the chromophore col-

our, among yellow, orange, blue, and black dyes, 

less decolourization is achieved for red dyes, esp. 

disperse (Disperse Red 354), direct (Isma Fast 

Red 8B), metal-complex dyes (Bomaplex Red 

CR-L) and certain red acid dyes (Procion Red 

MX-5B), most of all in an alkaline pH (between 

9 and 11).

Among reactive dyes, the Reactive Black 5 dye 

was most frequently the subject of research [1, 

25, 71] in comparable initial dye concentrations 

(200‒300 mg/l). �e decolourization e�ciency 

was in all experiments between 99 and 100%, 

the COD values decreased by 27 to 87% and 

TOC by 25%. 

Regarding the ozonation time and ozone ap-

plication, the O
3
 and H

2
O

2
/O

3
 process are also 

suitable for other reactive dye tones (e.g. orange, 

blue, red) [8, 27, 39, 69, 70, 68]. In comparison 
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with the results for Reactive Black 5, in these 

cases, the decolourization e�ciency is between 

90 and 100%, and the COD and TOC values 

are adequately lowered.

Among acid dyes, the Acid Red 88 [65, 71], 

Acid Red 151 [73], Acid Red 27 [74] and Pro-

cion Red MX-5B [75] are mostly treated. �e 

listed red dyes have excellently decolourized (the 

decolourization e�ciency is between 90 and 

99.9%) in acid pH (between 2.5 and 4), where-

as in an alkaline medium (pH 9 to 11), only 

87% decolourization is achieved. Orange acid 

dyes [13, 47, 74] were treated in acid and alka-

line media. �e decolourization e�ciency (from 

95 to 98%) in both media is comparable. Due 

to the initial value, the reduction of COD was 

from 50 to 60% and depends on the initial dye 

concentration and treatment conditions. �ere 

is less information on TOC reduction; howev-

er, some results indicate a TOC reduction by 20 

to 45%. An exception is Procion Red MX-5B, 

where the TOC value reduced by 75%. 

�e most commonly applied decolourization 

process for direct, basic, and disperse dyes in lit-

erature has been the O
3
 process, while no data 

has been obtained for the H
2
O

2
/O

3
 process. 

Among direct dyes, two blue [50, 78], one red 

[22] and one black dye [23, 43] were treated. 

�e results show that the decolourization e�ect 

between 97 and 99.9% depends on the initial 

dye concentration, time and ozonation condi-

tions. An exception is the Isma Fast Red 8B dye 

that decolourized a$er 10 minutes by less than 

55%. While there are no listed data for COD, 

the TOC values have decreased by 33 to 60%.

Among the metal-complex dyes, only the dye 

Bemaplex Red CR-L [18, 21, 79] was investi-

gated. �e dye decolourized a$er 30 minutes by 

99% when applying both treatments (i.e. H
2
O

2
/

O
3 
and O

3
). �e COD value decreased by 50%, 

whereas no information on TOC is available.

From basic and disperse dye classes, experi-

ments with four red dyes [19, 33, 54] at di�er-

ent ozonation conditions (pH 5 and 9.2) were 

performed. �e decolourization e�ciency for 

basic dyes was between 93 and 100%, and for 

disperse dyes only 29.3%. �e lack of decolour-

ization derives from the chemical properties of 

disperse dyes. Regarding its initial value, the 

COD value of the disperse dye decreased a$er 
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the ozonation only by 14.2%, while in the case 

of the basic dye Basic Red 9, the COD value in-

creased [54]. �ere is no TOC data available 

for the mentioned dye, whereas for one basic 

and one disperse dye, the TOC value decreased 

from 6 to 35%.

5 Conclusion 

In the 21st century, it is becoming clearer and 

clearer that the ozone is widely applicable, 

which has been con#rmed in di�erent scientif-

ic #elds by numerous publications [54]. �e de-

colourization e�ect of the ozone is mostly in"u-

enced by: a) initial dye concentration, b) ozone 

"ow c) pH medium, d) decolourization time, e) 

temperature, f) salt addition (electrolytes) and 

g) hydrogen peroxide addition in case of the 

H
2
O

2
/O

3
 process. �e advantage of the ozona-

tion and H
2
O

2
/O

3
 process is predominantly the 

decolourization e�ciency (more than 90%) of 

various dye types and concentrations [31]. Only 

the COD and TOC removal with both process-

es (O
3
 and H

2
O

2
/O

3
) is limited. During the ozo-

nation process, the COD value lowers on aver-

age by 40‒60%. �e mineralisation, expressed 

as TOC, is in fact usually incomplete (10‒30%); 

however, the decolourization of direct, acid and 

basic dyes enables the #nal oxidation products 

being more biologically degradable. During the 

decolourization process, the pH value decreas-

es approximately by two units, and the conduc-

tivity increases as a result of the degradation 

products, predominantly acids. �e ozonation 

in acid or alkaline pH su�ces for the decolour-

ization of acid, direct, basic, and disperse dyes, 

whereas for the removal of reactive and metal-

complex dyes, the H
2
O

2
/O

3 
process and alkaline 

pH is recommended (9‒12).

An overview of many existing literature sources 

has shown numerous advantages of both treat-

ment processes for textile dyebaths and waste-

waters. However, at the same time, both proc-

esses do have some disadvantages deriving from 

the chemical diversity within and among indi-

vidual dye classes. In conclusion, for the most 

e�cient performance of the technological proc-

ess, an optimisation according to the speci#c 

textile dyebath wastewaters is required.
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