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Abstract

The paper describes the ozonation (O,) and
H,0,/0, process as two efficient methods for
cleaning textile effluents. The composition and
characteristics of differently coloured dyebath
effluents and wastewaters, as well as conven-
tional processes and their disadvantages are
stated. The presentation of the ozonation and
H,0,/0, process reactions and a review of ap-
plications for textile dyebath effluents loaded
with different dye types of various chromophore
groups are given precisely.

Furthermore, the paper states the ozonation
and H,0,/0, process efficiency for the remov-
al of various dye types at different experimen-
tal conditions. The literature review shows that
the ozonation and H,0,/O, process are main-
ly used for reactive, acid and direct dyes treat-
ment. Less information is available on basic,

disperse and metal-complex dyes.
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lzvlecek

V ¢lanku sta predstavljena postopka ozoniranje (OB) inH,0./0,, kot
dva izmed ucinkovitejsih postopkov za ciscenje tekstilnih voda.
Podane so razli¢ne sestave in lastnosti barvalnih kopeli in odplak,
predstavljeni so konvencionalni postopki ¢is¢enja ter njihove sla-
bosti. Poglobljieno sta prikazana in razloZzena postopka ozoniranja
in H,0,/0, ter pregled literature, ki se nanasa na ozoniranje in H O /
O, postopek cis¢enja tekstilnih barvalnih kopeli, ki vsebujejo barvi-
la z razli¢nimi kromofornimi skupinami.

V nadaljevanju ¢lanka je podana ucinkovitost postopka ozoniranja
in H,0,/0, pri razli¢nih eksperimentalnih pogojih za razbarvanje in
znizevanje ekoloskih parametrov. Iz pregleda literature je razvidno,
da se postopka ozoniranje in H,0 /O, veliko uporabljata za odstra-
njevanje reaktivnih, kislih in direktnih barvil. Manj podatkov je o ba-

zi¢nih, disperznih in kovinsko-kompleksnih barvilih.

Klju¢ne besede: tekstilne obarvane vode, barvila, u¢inkovitost ¢i-
sCenja, ozoniranje, H,0,/0,

1 Uvod

Tekstilna industrija je med najve¢jimi porabniki sveze vode, bar-
vil, pomoznih sredstev in kemikalij [1]. Najve¢ odpadnih voda
nastaja pri procesih mokrega plemenitenja, posebno pri procesih
barvanja [2]. Poraba sveze vode v plemenitilnicah tekstilij se je z
optimizacijo tehnoloskih procesov sicer zmanjsala s 120-280 L/
kg pod 100 L/kg tkanine [3, 4], $e vedno pa ostanki Ze majhnih
koli¢in barvil v odpadnih vodah povzroéijo vidno obarvanje [5].
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1 Introduction

The textile industry is one of the largest consum-
ers of fresh water, dyes, auxiliaries and chemicals
[1]. The 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]. The 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, eg. sedimentation,
flotation, and filtration (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 effluent 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]. The mentioned treatments often
do not sufficiently 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 effluents,
which are degradable with more difficulty (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]. The existing conventional processes that as-
sure colour reduction are not economical, nor
are they always efficient [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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Obarvane odplake so z estetskega in ekoloskega vidika nespreje-
mljive, ker preprecujejo prodiranje svetlobe v vodno okolje in lah-
ko vsebujejo toksi¢ne organske in anorganske komponente [6]. Da
bi obvarovali okolje pred tveganim onesnazenjem, je treba odpa-
dne vode obdelati $e pred izpustom v okolje [3]. S konvencionalni-
mi postopki ¢is¢enja, kot so sedimentacija, flotacija in filtracija, se
odstranijo le suspendirane snovi, olja in mas¢obe (primarna obde-
lava) [4]. Sledi biologko ¢is¢enje (sekundarna obdelava) za odstra-
njevanje raztopljenih ali koloidnih organskih snovi, glede na izvor
odplake pa je mogoca $e terciarna obdelava za odstranitev obarva-
nosti, detergentov in/ali zmanjsanje vsebnosti soli [7]. Omenjeni
postopki ¢is¢enja pogosto iz odpadne vode ne odstranijo barvil v
zadostni meri [5], kar se odraza kot ¢ezmerna obarvanost [8]. Teh-
noloski napredek in zahteve potro$nikov so pripeljali do razvoja
novih, tezje razgradljivih barvil in dodatkov v barvalnih odplakah
(npr. takih, ki so odporne na mikrobiolosko razgradnjo). Ustrezno
izbrani in pravilno vodeni postopki sanacije odpadnih voda so iz-
jemnega pomena za izpolnjevanje zahtev obstojece zakonodaje
za varstvo podtalnih in povrsinskih voda, katerih trend so strozje
mejne vrednosti za odvajanje obremenjenih voda v kanalizacijo in
neposredno v vode [9, 10]. Obstoje¢i konvencionalni postopki za
zagotovitev zmanj$anja obarvanosti niso ekonomsko ugodni, tudi
ne vedno ucinkoviti [11], zato je pospe$eno iskanje ekolosko pri-
mernej$ih postopkov obdelave obarvanih odplak med prednostni-
mi nalogami tekstilne industrije [12].

Reverzna osmoza, ultrafiltracija ali katerakoli membranska teh-
nologija v kombinaciji z adsorpcijo na aktivno oglje so u¢inkovi-
te tehnologije [11, 13-18]. Zaradi visokih obratovalnih stroskov in
stroskov, ki jih povzrocajo njihovi odpadki, so $e vedno zelo aktu-
alne in zanimive kemijske oksidacije, predvsem pa napredni oksi-
dacijski postopki (AOP), pri katerih ne nastajajo trdni odpadki
ali odpadno blato [3, 7, 19]. Med AOP-postopke (angl. za napre-
dni oksidacijski postopki) pristevamo vse postopke, ki uporabljajo
H,0,, katerega aktivirajo s pomocjo razli¢nih katalizatorjev (Fe’*
soli, UV, O, ...) [20]. Barvila in druga onesnazevala v odpadni
vodi razgrajujejo, vendar jih redko popolnoma mineralizirajo v
ogljikov dioksid in vodo [7, 21]. V obstojeci literaturi [3, 7, 10, 11,
22-24] je kot ucinkovita alternativa za razbarvanje in zagotavljanje
bioloske razgradnje tekstilnih odplak pogosto naveden proces O,
in H,0,/0,. Postopka O, in H,0,/O, zagotavljata hitro razgradnjo
razli¢nih organskih snovi v vodnih sistemih, ne puscata trdnih od-
padkov [2], za 95-odstotno razbarvanje pa porabita 265-520-krat
manj energije in kemikalij kot postopek UV/H,O, [11, 23]. Posto-
pek ozoniranja ucinkovito razbarva tudi mocno obarvane odpa-
dne vode iz industrije [1, 25], ki so obremenjene z razli¢nimi tipi
barvil (kisla, reaktivna, direktna, kovinsko-kompleksna, disper-
zna ...). Ceprav je ozon sam po sebi toksi¢na substanca, s sodobno
tehnolosko izvedbo procesa prepre¢imo nekontroliran izpust le-te-
ga v ozra¢je, medtem ko je ozon v vodnem mediju nestabilen in se
po 20 minutah razgradi.
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The reverse osmosis, ultra filtration or any oth-
er membrane technology in combination with
the absorption to active carbon are all efficient
technologies [11, 13-18]. Due to the high op-
erational costs and costs caused by effluents,
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,0,, where
H,0, is activated with various catalysts (e.g. Fe**
salts, UV, O, etc) [20]. They dissolve dyes and
other pollutants in wastewater; however, they
rarely completely mineralise them into carbon
dioxide and water [7, 21]. The O, and H,0,/O,
process as listed in the existing literature [3, 7,
10, 11, 22-24] present another efficient alterna-
tive to decolourization and biological degrada-
tion improvement of textile wastewaters. Both
O, and H,0,/0, 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,0, process [11, 23]. The process efficient-
ly decolourizes even the intensively coloured
dyebath effluents from the textile industry [I,
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

The effluents from the finishing processes con-
tain diverse impurities, which differently load
the waters. These can be divided from less
threatening dyes (i.e. acid, reactive, direct, ba-
sic, disperse dyes), which influence 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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2 Sestava in lastnosti odpadnih barvalnih voda

Izpusti plemenitilnic vsebujejo raznovrstne nedistoce, ki v razli¢-
ni meri obremenjujejo vode. Razvrstijo se lahko od manj nevarnih
barvil, ki motijo samo estetski videz voda (kisla, reaktivna, direk-
tna, bazi¢na, disperzna barvila), do bolj nevarnih snovi, ki spada-
jo med toksi¢ne snovi (tezke kovine). Odpadne vode, ki izvirajo
iz barvarn, tiskarn in pripadajoc¢ih barvnih kuhinj, vsebujejo ve¢
kot 90 odstotkov vseh ostankov barvil. To je posledica neiz¢rpa-
nih barvalnih kopeli in tiskarskih barvnih gos¢, ki se ne vracajo
v barvno kuhinjo, voda od ¢i$¢enja barvarskih in tiskarskih stro-
jev, orodij in embalaze [4], pralnih in izpiralnih kopeli [26]. Njiho-
va sestava je zelo kompleksna in se ves ¢as spreminja [27]. Razliku-
jejo se po obarvanosti, koli¢ini in vsebnosti razgradnih produktov
[28]. V odpadnih vodah po barvanju ostaja velika koli¢ina soli, na-
trijevega klorida, sulfata in sulfida, strupena tekstilna pomozna
sredstva, reducenti in oksidanti, fosfati in druge kompleksne sno-
vi, tezko razgradljivi dispergatorji in tenzidi, nevezana barvila in iz
njih izhajajo¢i ioni tezkih kovin. Predvsem kovine, kot npr. krom,
baker, nikelj itd., halogenirani ogljikovodiki, prosti klor, strupena
tekstilna pomozna sredstva itd., ovirajo sam proces ¢iS¢enja voda
[4]. Omenjene nedistoce vplivajo tudi na spremembo vonja odpa-
dnih kopeli [2].

Za vrednotenje obremenjenosti barvalnih odplak z organskimi in
anorganskimi snovmi se v praksi najpogosteje uporabljajo ekolo-
$ki parametri, kot so obarvanost, KPK - kemijska potreba po ki-
siku, BPK, - biokemijska potreba po kisiku, TOC - skupni organ-
ski ogljik, AOX - adsorbljivi organski halogeni in LD, - letalna
doza. Merilo obremenjenosti odpadnih voda z barvili predvsem
nakazuje obarvanost oz. spektralni absorpcijski koeficient (SAK),
medtem ko se za barvila z vsebnostjo kovinskih ionov uporablja
vrednost LD, ki je merilo strupenosti barvil. Barvila pripomore-
jo k onesnazenosti voda tudi s sestavinami, ki jih izdelovalci doda-
jo barvilom pri sintezah. O njih imamo le splosne informacije, saj
njihova kemijska sestava praviloma ni navedena. To so snovi, ki
se uporabljajo kot tenzidi, dispergirna sredstva, soli, polnila in go-
stila, sredstva proti prasenju, penjenju, zmrzovanju itd. Navedene
kemikalije obremenjujejo odpadne vode in povecujejo vrednosti
ekoloskih parametrov KPK, BPK,, TOC, AOX in LD, veliko bolj
kot sama barvila ter s tem omejujejo nadaljnje ¢i$¢enje odpadnih
voda [4]. Manj obremenilna so tekoca barvila ali barvila v obliki
testa ter visoko koncentrirana, npr. 200-odstotna barvila.

Odpadne barvalne kopeli so obremenjene z razlicnimi zacetnimi
koncentracijami barvil (od 10 do 70 g/L) [1], s spreminjajo¢o se KPK-
vrednostjo in nihajo¢o vsebnostjo suspendiranih snovi, odvisno od
vrste in tipa barvil. Glede na vrednost KPK, obarvanost in intenziteto
motnosti se obarvane vode lahko razdelijo v tri skupine [29]:

- manj obarvane vode s KPK, nizjim od 800 mg O_/1,

- srednje obarvane vode s KPK med 800 in 1600 mg O,/1 ali

- mocno obarvane vode s KPK nad 1600 mg O,/1.
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packaging [4], from washing, cleaning and
rinsing baths do not return to the dying kitch-
en [26]. Their composition is very complex and
changes constantly [27]. They differ in colour,
amount and content of the degradation products
[28]. After 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, unfixed 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]. These pollutants also influence 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 - biological
oxygen demand, TOC - total organic carbon,
AOX - adsorbable organic halogens and LD_ -
lethal dose, are commonly used in practice. The
colouration or the so-called spectral absorption
coefficient (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 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. These substances are used as
surfactants, dispergation agents, salts and thick-
ening agents, anti-dusting, anti-foaming, anti-
freezing substances etc. The chemicals pollute
wastewater and increase the values of ecological
parameters such as COD, BOD5, TOC, AOX in
LD,, far more than dyes. Therefore, 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 differ-
ent initial dye concentrations (from 10-70 g/L)
[1]. The COD values and content of suspend-
ed substances are changing; however, they de-

pend on the class and dye type. According to the
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Stopnja vezanja barvil na vlakna se giblje med 40 in 90 odstot-
ki, kar je odvisno od tehnoloskega postopka in vrste uporabljenih
barvil [1]. Prebitek uporabljenih barvil lahko tudi v podobnih ko-
licinah, kot je stopnja fiksiranja, ostaja v odpadnih barvalnih vo-
dah [13]. V preglednici 1 je prikazana stopnja vezave med barvi-
lom in vlaknom ter delez nevezanega barvila v odpadni barvalni

kopeli.

Table 1: Degree of fixation between dye and fibre, and degree of un-
bound dye in coloured wastewater [41, 42]

Degree of
Degree of
Dye class : unbound
fixation (%)
dye (%)
Acid Polyamide 80-95 5-20
Basic Polyacrylnitril | 95-100 0-5
Direct Cellulose 70-95 5-30
Disperse Polyester 90-100 0-10
Metal - complex | Wool 90-98 2-10
Reactive Cellulose 50-90 10-50
Sulphuric Cellulose 60-90 10-40
Vat Cellulose 80-95 5-20

Uporaba razli¢nih vrst barvil in kemikalij pri barvanju je vzrok za
znatne variacije ekoloskih parametrov tekstilnih odpadnih voda.
Primer lastnosti tekstilne odpadne vode prikazuje preglednica 2.

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

Parameters Values

pH value 7.0-9.0
BOD - Biological Oxygen Demand (mg O,/1) 80-6,000
COD - Chemical Oxygen Demand (mg O,/1) 150-12,000
Total Suspended Solids (mg/1) 15-8,000

Total Dissolved Solids (mg/1) 2,900-3,100

Chloride content (mg Cl/1) 1,000-1,600

Total Kjeldahl Nitrogen (mg N/I) 70-80

Colour (Pt-Co) 50-2,500
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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 /I,
- medium coloured dyebath wastewaters with
COD between 800-1600 mg O /1, or
- intensively coloured dyebath wastewaters with
COD above 1600 mg O./L.
The degree of dye fixation to a fibre is from
40-90%, and depends on the technological
process and dye types used [1]. The excess of the
used dyes can remain in the dyebath wastewa-
ters in similar amounts as the fixation degree
[13]. Table 1 displays the fixation degree be-
tween the dye and the fibre, and the percentage
of non-fixed dye in the dyebath wastewaters.
The 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]. The BOD, concentra-
tion of such waters is mostly low, whereas COD
can significantly exceed 10,000 mg O,/ [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 fibres”, published in the Of-
ficial Gazette of the Republic of Slovenia, No.
7/2007 [30].

2.1 Dyes in textile dyebaths
and wastewaters

Commercial dyes are a mixture of coloured pig-
ments and additives, which differ 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

Ciscenje tekstilnih odpadnih voda s postopkoma 0,inH,0,/0,

V povpredju obarvane tekstilne odpadne vode iz tipi¢ne industrij-
ske barvarne pomenijo potencial onesnazevanja okrog 7000 oseb
glede na koli¢ino (hidravli¢ni izpusti vode) ali okrog 20.000 oseb
glede na organsko obremenitev [27, 28]. Koncentracija BPK, ta-
ksnih voda je ve¢inoma nizka, KPK pa lahko krepko presega
10.000 mg O, /1 [29].

V Republiki Sloveniji je odvajanje podobno onesnazenih voda iz
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, $t. 7/2007)“ [30].

2.1 Barvila v tekstilnih barvalnih kopelih in odpadnih
vodah

Trzna barvila so mes$anice barvnih pigmentov in aditivov, ki se
razlikujejo po kemijski strukturi, kromogenu in namenu upora-
be [30, 32]. Glede na uporabne lastnosti in kemijsko zgradbo so
barvila razvr§¢ena na: direktna, kisla, bazi¢na, reaktivna, disper-
zna, redukcijska, zveplena, kovinsko-kompleksna, pigmentna,...
[3, 25]. V razli¢nih vrstah barvil se nahajajo ioni razli¢nih kovin.
V redukcijskih barvilih so bakrovi in kromovi ioni, v kislih in re-
aktivnih barvilih bakrovi in svincevi ioni, prav tako so svincevi
ioni v direktnih in disperznih barvilih; v bazi¢nih barvilih pa cin-
kovi ioni. Odpadne vode iz barvarn ponavadi vsebujejo manj kot
1 mg/1 kovinskih ionov. Kovin, ki so dejansko strupene (npr. ar-
zen, zivo srebro, kadmij, ...), je v barvilih manj kot 1 mg/l, v vodah
pa zanemarljivo majhna koli¢ina, zato niso dejavnik tveganja za
okolje [4]. Povprecna svetovna proizvodnja znasa 7 x 10° ton/leto
100.000 razli¢nih komercialno uporabnih barvil [32, 34]. Dobra
polovica (60-70 %) se jih porabi v tekstilni in obladilni industri-
ji za barvanje okrog 30 mio ton tekstilij [1, 2, 24, 33-35]. Nahaja-
jo se v barvnih raztopinah, ¢rnilih, barvah, lakih, papirju, plastiki,
gumi, hrani, zdravilih in kozmetiki [23] ter naravnih in sinteti¢nih
aplikacijah [28].

Najvedji ekologki problem sta v tekstilni industriji preprosta pro-
izvodnja in Siroka uporaba razlicnih azo barvil [13, 28]. Barvila
imajo visoko termi¢no obstojnost in fotostabilnost [36], se akumu-
lirajo v vodi in se tezko razbarvajo [34]. Topna azo barvila lahko
preidejo v telo zivih organizmov in se razgradijo v toksi¢ne aro-
matske amine [37]. Na primer visoke koncentracije temnih an-
trakinonskih barvil z zapleteno strukturo aromatskih obrocev in
s kelatno vezanimi kovinami, kot so krom, kobalt, baker, Zelezo in
nikelj, otezujejo odstranjevanje obarvanosti [34, 38]. Poleg svetlih
tonov kislih barvil so za razbarvanje problemati¢na tudi vodotopna
reaktivna barvila [1, 34]. Dolocena hidrolizirana reaktivna barvila
(npr. monoklorotriazini) imajo nizke vrednosti koeficientov bio-
loske razgradljivosti BPK /KPK (ponavadi manj kot 0,1) [39], kar
je ob nizki stopnji fiksiranja na vlakna (80-85 %) najveckrat vzrok
tezjega razbarvanja neiz¢rpanih kopeli [4]. Poc¢asna razgradnja pri
operativnih pogojih [40], tezko razbarvanje [34] in akumulacija v
vodi [33] je posledica kemijske sestave, kataliticne in mikrobiolo-
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etc. [3, 25]. Various metal ions can be found in
different 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.
Therefore, they are not hazardous to the envi-
ronment. Wastewaters from dyehouses normal-
ly contain less than 1 mg/l of metal ions [4].
The average world production amounts to 7 X
10° 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].

The 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 difficult to decolour-
ize [34]. The 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/
COD) coefficients (usually less than 0.1) [39],
which is due to the low degree of fixation to fi-
bres (80-85%) the most common cause for dif-
ficult decolourization of dyebath wastewaters
[4]. The slow degradation at inappropriate op-
erating conditions [40], difficult decolourization
[34] and accumulation in water [33] is a con-
sequence of chemical composition, catalytic and
microbiological stability of dyes [38]. Therefore,
the decomposition of dyes in the environment is

a slow and complicated process [36].
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$ke stabilnosti barvil [38], zato je njihova razgradnja v okolju po-
Casen in zapleten proces [36].

3 Postopki razbarvanja tekstilnih odpadnih
voda

Univerzalne metode, ki bi zagotavljala ucinkovito razbarvanje
kompleksnih kemijskih struktur barvil in necisto¢, $e ni na trgu
[28, 29]. Za razbarvanje odpadnih voda se uporabljajo fizikalni, bi-
oloski in kemi¢ni postopki ter njihove kombinacije [4, 32].
Fizikalno-kemijski postopki obdelave vkljuc¢ujejo [32]:

- metode zgo$c¢evanja (koagulacijo, flokulacijo, sedimentacijo);

- adsorpcijo (na aktivno oglje, biolosko blato, silikagel);

- membranske filtracije;

- destilacijo in ekstrakcijo (redko).

Za zgo$Cevalne metode se uporabljajo anorganski koagulanti
(apno, magnezij in Zelezove soli) in potencialno toksi¢ni organski
polimeri, ki lahko zavirajo proces razbarvanja [41]. Z adsorpcijo
barvil na granulirano (ang. GAC - Granulated Activated Carbon)
ali pragkasto aktivno oglje (ang. PAC - Powdered Activated Car-
bon) so zaradi hitrega nasicenja absorpcijske kolone povezani vi-
soki stroski regeneriranja GAC kolon [32, 41]. Standardni bioloski
postopki, t. i. aerobna obdelava (aktivacija bioloskega blata v aera-
cijskih bazenih) in anaerobna obdelava (razkrajanje in gnitje v sta-
bilizacijskih lagunah) [32] obarvanosti ne odstranijo, se pa velika
koli¢ina nedisto¢ veze na biomaso [42]. Membranske tehnike, kot
so mikrofiltracija, nanofiltracija in reverzna osmoza, so u¢inkovi-
te kljub velikim investicijskim in obratovalnim stroskom ter neka-
terim aplikativnim pomanjkljivostim. Mikrofiltracija je v primer-
javi z reverzno osmozo ali postopkom adsorpcije na aktivno oglje
manj ucinkovita, saj le delno odstrani barvila in necistoce. Nano-
filtracija zadrzi ve¢ino onesnazevalcev, prepus¢a pa majhne mole-
kule soli in organskih snovi. Z reverzno osmozo lahko pri ¢is¢enju
odpadnih voda, ki poleg barvil vsebujejo klor, kationsko povrsin-
ske aktivne snovi, dosezemo najvec¢ 80-odstotno ucinkovitost, vsaj
20 odstotkov odplak pa ostane neocis¢enih [41].

Pomanjkljivost fizikalnih postopkov je nastanek velikih koli¢in tr-
dnih odpadkov, odpadnega blata ali koncentriranih raztopin, ki
zvi$ujejo stroske primerne predelave [23, 31, 33, 43] in njihove-
ga odlaganja [2]. Kompleksometri¢ne metode temeljijo na razpa-
du in odstranitvi kompleksno vezanih kovinskih ionov (kovinsko
kompleksna, ftalocianinska barvila) v molekuli barvila s pomo¢jo
selektivnih kompleksantov. Nevtralizacija, ionska izmenjava, ka-
taliza, elektroliza itd., so namenjeni za splosno ¢iS¢enje odpadnih
voda [4, 32], manj za razbarvanje.

Razbarvanje odpadnih voda z mo¢nimi oksidanti, kot so klorov
dioksid in klor, vodikov peroksid in ozon, je cilj kemijskih postop-
kov [41]. Najuporabnejsi kemi¢ni postopki razbarvanja so: oksi-
dacija z zra¢nim kisikom, ozonom ali oksidanti (klor, natrijev hi-
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3 Decolourization procedures
of textile wastewaters

The universal method which would ensure an
efficient 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,
flocculation, sedimentation);
- adsorption (to active carbon, biological
sludge, silica gel);
- membrane filtration 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].
The 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 efficient for de-
colourization; nevertheless, large amounts of

impurities bound to the biomass [42]. Mem-
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poklorit in vodikov peroksid) ter posredna oksidacija z UV-zarki.
Hitra in u¢inkovita oksidacija ze pri sobnih razmerah delno ali po-
polnoma razbarva vse vrste in strukturne oblike barvil.
Eksperimentalno je dokazano, da razgradnja reaktivnih in kislih
barvil s plinastim klorom in z natrijevim hipokloritom v alkalnem
mediju pri pH 9 in temperaturi 40 °C poteka hitro. Razbarvanje je
skoraj popolno (98-odstotno), KPK-vrednost rahlo pade, AOX na-
raste. V nasprotju s tem se direktna in disperzna barvila v omenje-
nih postopkih s klorom im hipokloritom razbarvajo pocasi in tvo-
rijo razkrojne produkte rumene barve [4].

Reakcije razbarvanja z vodikovim peroksidom potekajo pri sobni
temperaturi, v kislem mediju pri pH 3, priblizno 20 minut. H,0,
razpade na hidroksilni radikal OH* in hidroksilni ion OH", v pri-
sotnosti dvovalentnega Zzeleza kot katalizatorja pa $e na Fe’* ion
(Fentonova reakcija). Barvila se razbarvajo do razlicne stopnje,
od komaj opaznega razbarvanja nekaterih disperznih barvil, prek
spremenjenih odtenkov, do popolnega (95-odstotnega) razbarva-
nja reaktivnih, direktnih, kislih in kovinsko kompleksnih barvil, v
manj$i meri tudi pigmentnih in redukcijskih barvil.

Postopek s pomocjo UV-zarkov je zaradi stro$kov obratovanja
(UV-zarnica) manj primeren s stali§¢a ekonomic¢nosti. Redukcija z
natrijevim ditionitom je omejena le na doloc¢ena barvila (azo), pri
¢emer ne nastaja odpadno blato. Pomanjkljivost je v veliki porabi
kemikalij in energije.

Vsem naprednim oksidacijskim postopkom so skupne kemijske
reakcije, v katerih so udeleZeni zelo reaktivni OH" radikali, ki lah-
ko povzrocijo razbarvanje in razgradnjo prisotnih onesnazeval v
odpadnih vodah [44]. OH" radikali nastajajo pri kemijskih reakci-
jah, ki vkljucujejo O,, H,0,, TiO,, UV-Zarke, ultrazvocno valova-
nje, elektronsko zarcenje, posamezno ali v medsebojnih kombina-
cijah. Postopki, ki so u¢inkoviti za oksidacijo tekstilnih odpadnih
voda, so zbrani v preglednici 3 [20, 45, 46].

Table 3: Advanced oxidation processes [20, 46]

(Advanced) oxidation processes

O y - Gama beams

3
(Ozonation) H,0,/UV 0,/UV (Radiolysis)
HO H O,/UV/Fe* H O, + y beams

272 272 272
(Hydrogen peroxide) (foto Fenton) O,/H,0, (Peroxone)
uv H O /Fe*

272
(Ultraviolet beams) (Fenton) 0,/UV/H,0, O,+y beams
TiO 0./TiO,/ Irradiation
2 1 3 2
(Photo-catalysis) UVITiO, with electronic beams O,+H,0,+y beams
US (ultrasound) . 2
(Ultrasonic waving) 0,/US O,/TiO,/H,0, Fe* + UV
. - -
Irradiation with electronic beams O, + Irra.idlatlon with Fe" +y beams
electronic beams
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brane processes, e.g. microfiltration, nanofiltra-
tion and reverse osmosis, are efficient 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, microfiltration is less
efficient, as it only partially removes dyes and
impurities. Nanofiltration rejects the majori-
ty of pollutants and permeates small salt mole-
cules and organic substances.

With reverse osmosis wastewater treatment
process, the purification efficiency 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
effluents 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 complexants. 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]. The 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. The oxida-
tion partially or completely, quickly and effi-
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. The
decolourization is almost complete (98%). The
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].

The decolourization reactions with hydrogen

peroxide take place at room temperature, in acid
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3.1 Postopek O, in H,0,/0,
Kemijski metodi ¢i$¢enja voda, ozoniranje (O,) in postopek H,O,/
O, (Peroxone), uc¢inkovito razbarvata in zmanjsata koli¢ine neci-
sto¢ v odplakah iz barvarn in plemenitilnic tekstilij [19]. Ozonira-
nje poteka v prisotnosti ozona (O,), katerega oksidacijski potencial
(E°=2,07 V) je 1,52-krat vedji [6, 34] od klorovega (E° = 1,36 V) in
H,0, oksidacijskega potenciala (E’ = 1,78 V) [27, 28]. Odstranjuje
vonj, okus in suspendirane trdne snovi, izboljSuje biolosko razgra-
dljivost [7, 12], zmanjSuje obarvanost barvnih raztopin, barvalnih
kopeli in obarvanih odplak [2], toksi¢nost ter delno zniZuje vre-
dnosti ekoloskih parametrov [1, 8, 25, 34, 43]. Uspesno razgraju-
je mikroorganizme, viruse in alge [1, 9], klorirane fenole, klorirane
in aromatske hidrogenkarbonate, klorobenzene, cianide, alkohole,
pesticide, aldehide in sulfide [8, 10, 34, 39].
Prednosti ozoniranja so [8]:
- u¢inkovito razbarvanje (ve¢ kot 90-odstotno) razli¢nih vrst in
koncentracij barvil,
- delna odstranitev organskih snovi (KPK) (do 60-odstotno),
- izlo¢anje tezkih kovin iz kovinsko-kompleksnih barvil [31],
- izboljsanje bioloske razgradljivosti [6, 47],
- popolna razgradnja produktov,
- v procesu ne nastajata odpadni mulj in blato,
- vodenje procesa je preprosto,
- obstajajo $tevilne mozZnosti aplikacij,
- prebitek ozona se razgradi v kisik in vodo Ze v nekaj minutah
[31].
Omenjene prednosti dokazujejo stevilne aplikativne raziskave raz-
barvanja barvil v vodnem mediju [1, 8] ter v barvalnih [8, 11, 33,
45, 48, 49] in industrijskih tekstilnih odplakah [50-52], izvedene
na pilotnih napravah [14, 52] in reaktorjih [18, 38, 47, 54] v raz-
merah batch ali semi-batch [5, 7, 15, 18, 25, 49, 55-58].
Ozoniranje se uporablja za dezinfekcijo in ci$cenje pitne vode
[59], za obdelavo, ¢iS¢enje in recikliranje [51-53] industrijskih
odpadnih in pralnih voda, odpadnih voda iz kmetijstva, pakira-
nja, zivilske [60], celulozne in papirne industrije, proizvodnje pe-
sticidov, barvil, barvanja tekstilnih materialov, v proizvodnji an-
tioksidantov za gume, v farmacevtski industriji [9]. Obetaven je
na podrodju steklenicenja vode, medicinske terapije [10,39,59],
¢is¢enju inficiranih medicinskih odpadnih voda in deaktivacije
viroznih in mikrobiologkih infekcij [47]. Z ekonomskega vidika
je manj primeren za ¢i$¢enje odpadnih voda z veliko vsebnostjo
suspendiranih trdnih snovi, visokimi vrednostmi BPK, KPK ali
TOC [61]. Novejse raziskave kazejo, da se pogosto uporablja le
$e kot stopnja predobdelave, kateri sledi biolosko ¢is¢enje, pri ka-
teri se cenovno ugodneje odstranijo lahko oksidirajo¢i produkti
[9, 10]. Uspesnost taks$nih sistemov nakazujejo $tudije razbarva-
nja kislih rdecih [62] in direktnih ¢rnih barvil [43]. Ozon se kot
dezinfekcijsko, detoksifikacijsko in sredstvo za zmanj$evanje mu-
tagenosti veliko uporablja tudi v kmetijstvu in zivilski industri-
ji [54].
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with pH 3, for approx. 20 minutes. H,0, decays
into hydroxyl radical OH" and hydroxyl ion OH
in the presence of divalent iron as a catalyst and
to Fe’* ion (Fenton reaction). Dyes decolour-
ize to a different 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). The reduction of so-
dium dithionite is limited to certain dyes (azo)
and does not form sludge. The process disadvan-
tage is also in the high consumption of chemi-
cals and energy.

All advanced oxidation processes have common
chemical reactions. The 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 0, H,0, TiO, UV beams, ultrasonic
waving, electronic radiation, either individual-
ly or in combinations. The processes which effi-
ciently oxidize textile wastewaters are presented
in Table 3 [20, 45, 46].

3.10,and H,0,/0, process

The chemical methods for water purifying, i.e.
ozonation (O,) and H,0,/O, (Peroxone) process,
efficiently decolourize and reduce the amount
of impurities in the dyebath wastewaters [19].
The ozonation occurs in the presence of ozone
(03), which has an oxidation potential (E° =
2.07 V) 1.52-times higher [6, 34] than chlo-
rine (E° = 1.36 V) and H,0, (E’ = 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].

The advantages of the ozonation process are [8]:
- efficient decolourization (over 90%) of differ-

ent class and dye concentrations,
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4 Kemizem postopka O, in H O /O,

Ozon (O,) onesnazevala v vodnem mediju oksidira direktno ali s
pomodjo nastalih hidroksilnih radikalov, ki nastajajo pri reakciji
iniciacije (enacbi 4.1-4.2), propagacije (enacbe 4.3-4.7) in termi-
nacije (enacbi 4.8-4.9). Konstante reakcijskih hitrosti (k, ) reakcij
2. reda so podane v enotah koncentracija/¢as (M x s7'), kjer po-
meni M molarnost oz. koncentracijo v mol/L [63, 64]. Reakcijski
Casi so kratki (priblizno 10-30 sekund) [61].

O,+OH — OH; + O;° k =70 M's™! (4.1)
HO; <> O; + H*

0,+0;—0; +0, k,=1,6 x 10° M's™! (4.2)
0, + H" <> HO; k,=52x10°M's"! (4.3)
HO;— HO" + O, k,=1,1x10°M's™! (4.4)
HO"+ 0,— HO; k, =2,0x10° M's™! (4.5)
HO; — HO; + O k, =2,8 x 10* M's"! (4.6)
HO; + HO, — H,0, + 20, (4.7)
HO; + HO;— H,0,+ O, + O, (4.8)

Ozon je v vodi obstojen le 20 minut, ¢as obstojnosti se v prisotno-
sti barvil $e skraj$a. Zacetne reakcije razbarvanja so hitre reakci-
je 1. reda [5, 48, 57], odvisne od zacetne koncentracije barvila in
ozona v vodi [1, 2, 13, 43, 65]. Zato se ozon za reakcije z barvi-
li in necisto¢ami proizvaja sprotno (maksimalna koncentracija je
4-8 %) iz suhega zraka ali kisika ob izkoristku le 5-10 odstotkov
vloZene energije [9]. Na proces razbarvanja z ozonom vpliva ve¢
spremenljivk, in sicer: vrednost pH, koncentracija oz. pretok ozo-
na, koncentracija barvila, hitrost in ¢as ozoniranja, temperatura
[24], prisotnost soli [66], katalizatorjev [9], itd. To potrjujejo raz-
iskave pomembnosti posameznih spremenljivk in optimalnih po-
gojev ozoniranja z razli¢nimi modeli: metoda Taguchi in ortogo-
nalno razporejeni L , (2' x 37) eksperimentalni nacrt [26], s 3 x 3
faktorski nacrt [6], modificirani 2°! faktorski nacdrt [47] ter sesta-
vljenim centralnim naértom Box Hunter [66].

Kadar v vodo dodajamo vodikov peroksid, govorimo o postopku
Peroxone (H,0,/O,). Vodikov peroksid v vodi razpade po nasle-
dnjem mehanizmu (4.9):
H,0,+H,0—HO, + HO" (4.9)
Nastali HO; ion reagira z ozonom, pri ¢emer nastanejo OH" radi-
kali (4.10):
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- 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 often used
as a pre-treatment step followed by a biolog-
ical treatment for a cheaper removal of oxida-
tion products [9, 10]. The 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, detoxifica-
tion agent to reduce mutagenicity in farming
and food industry [54].

4 Chemistry of O, and H,0,/0,
process

Pollutants in water are instantly oxidised by

ozone (0,) or with the help of hydroxyl radicals
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O,+HO,—HO+0;+0, (4.10)
Najve¢ dve molekuli O, sta potrebni za nastanek dveh OH" radika-
lov (4.11). Le-ti imajo visok elektri¢ni potencial in veljajo za eno
najmocnejsih oksidacijskih sredstev.
H,0, + 20, —> 20H" + 30, (4.11)
Aktivacija radikalov poteka po razli¢nih reakcijskih mehanizmih,
to je odvisno od tipa barvila in drugih onesnazeval, prisotnih v
odpadni vodi [46].

Oksidacijski potencial hidroksilnih radikalov je ve¢ji kot oksida-
cijski potencial molekule ozona, zato je direktna oksidacija z ozo-
nom pocasnejsa kot oksidacija s prostimi radikali. Razlika v reak-

ciji je razvidna iz vrednosti konstant reakcijskih hitrosti reda 10°
210" M s (4.14 in 4.15) in 10° M* s (4.13 in 4.16) [26].

H,0, <> H* + HO; -pKa=118 (4.12)
0,+HO;—0,+ 05 +HO" k,=28x10°M"'s™ (4.13)
0,+0; —07+0, k,=1,6 x 10° Ms™! (4.14)
Oy + H'—> HO;, k,=52x10°"M's"! (4.15)
HO; — O, + HO" k,=1,1x10°M s (4.16)

Prednost O, in H,0,/O, pred drugimi AOP-postopki je sposob-
nost razbarvanja razli¢nih organskih komponent, raztopljenih v
vodi v kislem, nevtralnem in/ali v bazi¢cnem pH mediju [13, 33, 55,
67]. V bazi¢nem mediju (pH nad 7-8) potekajo indirektne reakcije
z OH radikali in drugimi radikalskimi spojinami. Povzrocajo del-
no oksidacijo vseh delov molekule barvila, ki po ozoniranju osta-
nejo v vodi [6]. Nepopolno oksidirane komponente so lahko vzrok
za toksi¢nost in mutagenost oc¢is¢enih odpadnih voda, vendar so
po mnenju vecine raziskovalcev obarvane odpadne vode iz tekstil-
ne industrije po ozoniranju manj toksi¢ne in bolj biolosko razgra-
dljive [56]. V kislem mediju (pH pod 6) je molekularni ozon stabi-
len in direktno reagira z organskimi substancami ali nenasi¢enimi
kromofornimi vezmi v barvilu kot elektrofil oz. elektronski akcep-
tor [6, 33, 67]. Direktne reakcije hidroksilnih radikalov OH'z raz-
licnimi nedisto¢ami (M) v vodi so selektivne in pocasne [33], in-
direktne pa imajo neselektivno naravo [55] (slika 1), so pocasne

Direct reaction

Reaction with free

> M o, radicals

Figure 1: Scheme of ozone reactivity in water [67]
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(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. The reaction constant rates (k, ) for
the 2" order reactions are given in the units of
concentration/time (M~ x s™'), 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.
The initial decolourization reactions are fast re-
actions of the 1+ 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%).
The input energy consumption is only 5-10%
[9]. There are many variables affecting the de-
colourization process with ozone, i.e. pH value,
concentration or ozone flow, initial dye concen-
tration, velocity and ozonation time, tempera-
ture [24], presence of salt [66], catalysts [9] etc.
The latter is confirmed 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, (2" x 3’) experimental design
[26], with 3 x 3 factor design [6], modified 2!
factor design [47] and combined central design
Box Hunter [66].

When hydrogen peroxide is added into water,
the so-called Peroxone process (H,0,/0,) is ac-
tivated. Hydrogen peroxide in water dissociates
according to the following mechanism (Equa-
tion 4.9).

The emerged HO; ion reacts with ozone, creat-
ing OH" radicals (Equation 4.10).

At least two molecules of O, 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].

The 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. The differ-

Ciscenje tekstilnih odpadnih voda s postopkoma 0,inH,0,/0,

in potekajo hitreje z naras¢anjem pH. Ponavadi omenjene reakci-
je ozoniranja potekajo so¢asno. Med direktnimi reakcijami prihaja
do razgradnje aromatskih obrocev s pomocjo cikloadicije ozona,
indirektne pa povzroc¢ajo mineralizacijo organskih komponent, ki
vsebujejo ogljik (znizevanje TOC) [33].

Na ucinkovitost razbarvanja z ozonom v veliki meri vpliva ke-
mijska struktura barvil [2]. Prva stopnja razgradnje je zelo hitra
in selektivna oksidacija posameznih kromof9rni|h azo Iskupin ali
veckratnih nenasic¢enih dvojnih azo vezi (-C=C -, -C=N- ali
-N=N-), vezanih na aromatski obro¢ vodotopnih barvil [9, 41].
Pogosteje uporabljena poliazo barvila se teze razbarvajo kot mo-
noazo barvila. Pri ozoniranju azo barvil nastajajo vmesni produk-
ti [2], imenovani prekurzorji (npr. elementarni dusik, fenol, kino-
ni) [42] (slika 2).

Degradation by-products:

O
N
NNAx Oy
—_— -
SO,H

Figure 2: Scheme of ozone influence on a model azo dye [42]

sulphate ions
nitrate ions

kinons

elementary nitrogen
phenole

maleic acid

oxalic acid

Nastali prekurzorji reagirajo v kon¢ne produkte [2], kot so organ-
ske in anorganske [1, 2, 23, 33, 39, 43], pretezno preproste karbo-
ksilne kisline (oksalna, maleinska [42] in mravljicna, mukonska
[50]) (slika 3) [12], posledica tega pa je zniZanje pH vrednosti in
povecanje prevodnosti.

e O
———

=~

OH (@]

Phenole
COOH o, ECOOH 0, CCOOH
COOH
COOH COOH =
Oxalic acid Maleic acid Muconic acid

Figure 3: Phenole ozonation by-products [42]

Pregled ¢lankov, ki obravnavajo u¢inkovitost postopka ozoniranja
in H,0,/0, pri razli¢nih pogojih odstranjevanja najpogosteje upo-
rabljanih tekstilnih barvil, je povzet v preglednici 4. Poraba ozona
je glede na razli¢ne kategorije porabe O, podana v razli¢nih eno-
tah (hitrost pretoka v mg/min ali mg/(l x min) ali I/min; proizvo-
dnja ozona v g/h ali %; koncentracija ozona v mg/l ali %). Nacr-
tovanje porabe ozona je odvisno od zacetne koncentracije barvila
v barvalni kopeli in od lastnosti strojne opreme, kar je podrobne-
je opisano v navedenih referencah. Enako velja za porabo vodi-
kovega peroksida, ki je najveckrat podana v enotah, kot so ml/l,
mol, g/L.
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Table 4: Efficiency of ozonation and H,0 /O, process at different conditions for removing different classes
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Table 4: Efficiency of ozonation and H,0 /O, process at different conditions for removing different classes

of textile dyes
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ence in the reaction is visible from the values of
constants of reaction rates of order 10°-10"° M~
s (¢f. Equations 4.14 and 4.15) and 10° M's™
(cf. Equations 4.13 and 4.16) [26].

The advantage of the O, and H,0,/O, process
over other AOPs is the decolourization abili-
ty of different 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. The dye molecule
partially oxidizes all sites, and after the ozona-
tion degradation, the products remain in the
water [6]. The incompletely oxidised compo-
nents can cause toxicity and mutagenicity of
treated wastewaters. Recently, most research-
ers have stated that after 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]. The 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].

The decolourization efficiency of ozone is influ-
enced by the chemical structure of dyes [2]. The
first decomposition level is a rapid and selective
oxidation of chromophoric azo groups or mullti—
pliled unsaturated double azo bonds (-C=C -,
-C=N-ali —-N=N-), bound to the aromat-
ic ring of water soluble dyes [9, 41]. The more
frequently used polyazo dyes are more difficult
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).

The formed precursors react into end products

(2], both organic and inorganic [1, 2, 23, 33, 39,

Ciscenje tekstilnih odpadnih voda s postopkoma 0,inH,0,/0,

Iz preglednice 4 je razvidno, da je bilo do zdaj najvec¢ obdelav od-
padnih tekstilnih barvalnih kopeli s postopkoma O, in H,0,/O,
narejenih na reaktivnih barvilih. Za odstranjevanje kislih, direk-
tnih, bazi¢nih in disperznih barvil obstaja manj referenc, med pro-
ucevanimi postopki pa prevladuje ozoniranje.

Ucinek razbarvanja je odvisen predvsem od eksperimentalnih po-
gojev, kot so: vrsta barvila, koncentracija barvila, reakcijski cas,
pH vrednost. Oba postopka uspesno razgradita in razbarvata re-
aktivna, kisla, direktna, kovinsko-kompleksna in bazi¢na, manj di-
sperzna barvila. Ce ucinek razbarvanja primerjamo glede na bar-
vo kromofora, se v primerjavi z rumenimi, oranznimi, modrimi
in ¢rnimi barvili slabse razbarvajo rdeca barvila, in sicer disper-
zno (Disperse Red 354), direktno (Isma fast Red 8B), kovinsko-
kompleksno (Bomaplex Red CR-L) ter nekatera rdeca kisla barvi-
la (Procion red MX-5B), predvsem v alkalnem mediju (pH med 9
in11).

Med reaktivnimi barvili je bilo najveckrat obravnavano barvilo
Reactive Black 5, sam [1, 25, 71] v primerljivih zacetnih koncen-
tracijah barvila (200-300 mg/l). U¢inek razbarvanja je v vseh pri-
merih med 99 in 100 odstotki, KPK vrednosti so se znizale v odvi-
snosti od ¢asa ozoniranja in porabe ozona med 27 in 87 odstotki;
TOC vrednosti pa za 25 odstotkov. Postopka O, in H,0,/0O, sta
primerna tudi za reaktivna barvila drugih odtenkov (oranzna, mo-
dra, rdeca) [8, 27, 39, 69, 70, 68], saj je ucinek razbarvanja v vseh
primerih med 90 in 100 odstotki, KPK in TOC pa se znizata pri-
merljivo z rezultati, podanimi za Reactive Black 5.

Med kislimi barvili so najpogosteje obravnavana rdeca, in sicer
Acid Red 88 [65, 71], Acid Red 151 [73], Acid Red 27 [74] in Pro-
cion red MX-5B [75]. Navedena rdeca barvila so se odli¢no raz-
barvala (uc¢inek razbarvanja je med 90 in 99,9 %) v kislem medi-
ju (pH med 2,5 in 4), medtem ko v alkalnem mediju (pH od 9 do
11) dosegajo najvec 87-odstotno razbarvanje. Oranzna kisla bar-
vila [13, 47, 74] so se ¢istila tako v kislem kot v alkalnem mediju.
Udinek razbarvanja v obeh medijih je primerljiv, med 95 in 98 od-
stotki. Znizanje KPK-vrednosti dosega od 50 do 60 odstotkov za-
Cetne vrednosti in je odvisno tako od zacetne koncentracije barvila
kot od pogojev ¢iscenja. Podatkov za TOC je manj, nakazujejo pa
zmanj$anje zacetne TOC-vrednosti za 20 do 45 odstotkov, izjema
je Procion red MX-5B, kjer se TOC zmanjsa za 75 odstotkov.

Za direktna, bazi¢na in disperzna barvila je bil do zdaj v najdeni li-
teraturi opisan le postopek O,, medtem ko nismo zasledili nika-
kr$nih podatkov za postopek H,0,/O,. Med direktnimi barvili sta
obravnavani dve modri [50, 78] ter po eno rdece [22] in ¢rno [23,
43] barvilo. U¢inek razbarvanja je odvisen od zacetne koncentraci-
je barvil, ¢asa in pogojev ozoniranja in znasa od 97 do 99,9 odstot-
ka; izjema je barvilo Isma fast red 8B, ki se je po 10 minutah raz-
barvalo manj kot 55-odstotno. Medtem ko podatki o KPK niso bili
navedeni, se vrednosti TOC zmanj$ajo za 33 do 60 odstotkov.

Med kovinsko kompleksnimi barvili je bilo obravnavano le barvilo
Bemaplex Red CR-L [18, 21, 79], ki se je po 30 minutah razbarva-
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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 effi-
ciency of the ozonation and H,0,/O, process at
various conditions for colour removal of com-
mercial textile dyes is noted in Table 4. The use
of ozone depends on various categories of use of
O, given in different units (flow velocity in mg/
min or mg/ (Ixmin) or [/min; ozone production
in g/h or %; ozone concentration in mg/l or %).
The 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, and H,0,/0, 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. The effect 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 efficiently
disperse dyes. When comparing the decolouri-
zation effect according to the chromophore col-
out, 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
9and 11).

Among reactive dyes, the Reactive Black 5 dye
was most frequently the subject of research [I,
25, 71] in comparable initial dye concentrations
(200-300 mg/l). The decolourization efficiency
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, and H,0,/O, process are also
suitable for other reactive dye tones (e.g. orange,
blue, red) [8, 27, 39, 69, 70, 68]. In comparison

Ciscenje tekstilnih odpadnih voda s postopkoma 0,inH,0,/0, 299

lo 99-odstotno po obeh postopkih (H,0,/0,in O,). KPK- vrednost
se je zmanj$ala za 50 odstotkov, podatkov za TOC ni.

V skupini bazi¢nih in disperznih barvil so bila obravnavana sti-
ri rdeca barvila [19, 33, 54] v razli¢nih razmerah ozoniranja (pH
vrednost med 5 in 9,2). U¢inek razbarvanja je pri bazi¢nih barvi-
lih med 93 in 100 odstotki, pri disperznem pa le 29,3 odstotka, kar
izhaja iz kemijskih lastnosti disperznega barvila. Skladno s tem se
je KPK-vrednost disperznega barvila glede na zacetno vrednost
zmanj$ala za 14,2 odstotka, medtem ko se pri bazi¢nem barvilu Ba-
sic red 9 po ozoniranju KPK celo poveca [54]. Za omenjeno barvi-
lo za TOC-vrednost ni podatka, pri preostalih, enem bazi¢nem in
enem disperznem, pa se TOC zmanjsa za 6 do 35 odstotkov.

5 Sklep

V 21. stoletju je ¢edalje bolj jasno, da je ozon vsestransko upora-
ben, kar potrjuje mnozi¢na objavljena literatura s podrocja raz-
li¢nih strok [54]. Na ucinek razbarvanja z ozonom vplivajo pred-
vsem: a) zaletna koncentracija barvila, b) pretok ozona c¢) pH
medija, d) ¢as razbarvanja, e) temperatura, f) dodatek soli (elek-
trolitov) in g) dodatek vodikovega peroksida pri postopku H,O,/
O,. Prednost postopka ozoniranja in H,0,/O, se kaze predvsem v
ucinkovitem razbarvanju (ve¢ kot 90-odstotno) razli¢nih vrst in
koncentracij barvil [31], le odstranitev KPK in TOC pri obeh po-
stopkih (O, in H,0,/O,) je omejena. Med ozoniranjem se KPK-
vrednost v povpredju zmanj$a za 40-60 odstotkov. Mineralizaci-
ja, izrazena kot TOC, je ponavadi nepopolna (10-30-odstotna),
predvsem pri razbarvanju direktnih, kislih in bazi¢nih barvil, ce-
prav so kon¢ni produkti oksidacije bolj biolosko razgradljivi. Med
procesom razbarvanja pH vrednost pade v povpredju za dve eno-
ti, prevodnost se poveca kot posledica nastanka produktov razgra-
dnje, med katerimi prevladujejo kisline. Za razbarvanje kislih, di-
rektnih, bazi¢nih in disperznih barvil je dovolj u¢inkovit postopek
ozoniranja v kislem ali alkalnem pH, medtem ko se za odstranje-
vanje reaktivnih in kovinsko-kompleksnih barvil priporocata po-
stopek H,0,/O, in alkalni pH-medij (9-12).

Pregled velikega Stevila obstojeCe literature je pokazal $tevilne
prednosti obeh obravnavanih postopkov za ¢is¢enje tekstilnih od-
padnih voda iz barvarn. Hkrati kaze tudi pomanjkljivosti tako ene-
ga kot drugega postopka, ki izhajajo iz velike kemijske raznolikosti
znotraj in med posameznimi skupinami barvil. Iz tega lahko po-
vzamemo, da je za najucinkovitej$e vodenje tehnoloskega postop-
ka potrebna optimizacija glede na specifi¢nost tekstilne odpadne
barvalne kopeli.

»Operacijo delno financira Evropska unija, in sicer iz Evropskega so-
cialnega sklada. Operacija se izvaja v okviru Operativnega programa
razvoja ¢loveskih virov za obdobje 2007-2013, 1. Razvojne priorite-
te: Spodbujanje podjetnistva in prilagodljivosti, prednostne usmeri-
tve 1.1.: Strokovnjaki in raziskovalci za konkurencnost podjetij.
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with the results for Reactive Black 5, in these
cases, the decolourization efficiency 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. The
listed red dyes have excellently decolourized (the
decolourization efficiency 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. The decolourization efficiency (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. There
is less information on TOC reduction; howev-
et, some results indicate a TOC reduction by 20
to 45%. An exception is Procion Red MX-5B,
where the TOC value reduced by 75%.

The most commonly applied decolourization
process for direct, basic, and disperse dyes in lit-
erature has been the O, process, while no data
has been obtained for the H,0,/0, process.
Among direct dyes, two blue [50, 78], one red
[22] and one black dye [23, 43] were treated.
The results show that the decolourization effect
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 after 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. The dye decolourized after 30 minutes by
99% when applying both treatments (i.e. H,0,/
0,and O,). The 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 differ-
ent ozonation conditions (pH 5 and 9.2) were
performed. The decolourization efficiency for
basic dyes was between 93 and 100%, and for
disperse dyes only 29.3%. The lack of decolour-
ization derives from the chemical properties of
disperse dyes. Regarding its initial value, the
COD value of the disperse dye decreased after
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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]. There 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 21 century, it is becoming clearer and
clearer that the ozone is widely applicable,
which has been confirmed in different scientif-
ic fields by numerous publications [54]. The de-
colourization effect of the ozone is mostly influ-
enced by: a) initial dye concentration, b) ozone
flow ¢) pH medium, d) decolourization time, e)
temperature, f) salt addition (electrolytes) and
g) hydrogen peroxide addition in case of the
H,0,/0, process. The advantage of the ozona-
tion and H,0,/O, process is predominantly the
decolourization efficiency (more than 90%) of
various dye types and concentrations [31]. Only
the COD and TOC removal with both process-
es (O, and H,0,/0,) is limited. During the ozo-
nation process, the COD value lowers on aver-
age by 40-60%. The mineralisation, expressed
as TOCG, is in fact usually incomplete (10-30%);
however, the decolourization of direct, acid and
basic dyes enables the final 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. The ozonation
in acid or alkaline pH suffices for the decolour-
ization of acid, direct, basic, and disperse dyes,
whereas for the removal of reactive and metal-
complex dyes, the H,0/O, process and alkaline
PpH 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
efficient performance of the technological proc-
ess, an optimisation according to the specific

textile dyebath wastewaters is required.
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