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bstract

The present work evaluates pre-ozonation for removal of acute toxicity, color and COD as well as reduction of inert soluble COD fractions in
wo wastewater samples (S1 and S2) taken from a textile finishing industry, located in Istanbul (Turkey). The wastewater samples were oxidized
t original pH of 8.6–8.8 under 18.5–24 mg/L of applied ozone doses. Acute toxicity was monitored using Daphnia magna.

The results showed that pre-ozonation improved the biodegradability and reduced the acute toxicity. Acute toxicity in raw wastewaters was
educed by 80–90% using 129–200 mg/L transfered ozone (TrO3) concentrations. At this point, 86–96% of color, 33–39% of soluble COD and

7–64% of total COD were removed from wastewaters. Both color and COD parameters were found related to the acute toxicity of the wastewater.
re-ozonation decreased the inert soluble COD fraction (SI) of raw wastewater while soluble product formation (SP) increased slightly (5–10 mg/L).
owever, residual COD (the sum of SI and SP) remained below discharge limit.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The complex character of textile industry wastewater com-
osed of dyestuff, surface-active materials and textile addi-
ives used in the processes needs to be handling carefully
or both effluent toxicity and aesthetic problems. Textile
astewater treatment plant effluent [1–3] and many azo dyes

3–6] which cause the effluent color, have been found muta-
enic/carcinogenic and toxic to aquatic life. Because the recal-
itrants resist in biological treatment, many advanced oxidation
rocesses (AOPs) such as photocatalytic oxidation [7], ultra-
ound [8], Fenton’s oxidation (FO) [5,6,9] and photo-Fenton
xidation [10] and ozone oxidation have been attempted indi-

idually or combined with UV/H2O2 oxidants to decolorise,
etoxicify and enhance the biodegradability of textile wastew-
ter and dyes [11–17]. Ozone oxidation being the most used

∗ Corresponding author. Tel.: +39 089 96 4016/39 333 193 11 42;
ax: +39 089 96 4100.
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rocess, successfully enhanced the biodegradability of different
ecalcitrant/toxic pollutants [18,19].

O3 can react with several classes of compounds through direct
r indirect reactions (mainly, OH radical). Electrophilic attack
y O3 molecules may occur at atoms with a negative charge
ensity (e.g. N, P, O or nucleophilic carbons) or to double/triple
onds like carbon–carbon, carbon–nitrogen, nitrogen–nitrogen
7]. Indirectly, O3 can generate free hydroxyl radical (OH•) [20].
he hydroxyl radical is a powerful and non-selective oxidant

hat can react through three possible mechanisms: (i) hydrogen
bstraction, (ii) electron transfer or (iii) radical addition after
eing generated according to following reactions.

3 ↔ O + O2 (1)

+ H2O ↔ 2OH• (2)

oth reactions occur simultaneously. The chromophore groups,

bsorbing visible light, are generally organic compounds with
onjugated double bonds that can be broken by ozone (directly
r indirectly) forming smaller molecules resulting in color-
ess effluent [7,11]. The wastewater characteristics (i.e., pH,

mailto:smeric@tin.it
mailto:msureyya@unisa.it
dx.doi.org/10.1016/j.jhazmat.2006.01.055
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2% KI solution. Than, a sodium thyosulfite titration procedure
in the presence of starch as the indicator [26] was performed
to measure ozone concentration. Hence, the transferred ozone
H. Selçuk et al. / Journal of Haza

oncentration of initiators, promoters and scavengers) play
mportant role on the process efficiency, hence on the reaction
inetics.

Pre-ozonation was found to be effective to reduce inert COD
ractions which provides information on biological treatability
f textile industry wastewater because the type of the dyes and
extile additives change continuously in the process [14,15]. Par-
icularly, determination of soluble inert COD (SI) of influent
astewater and soluble inert metabolic products (SP) generated

n the biological treatment gains importance to meet the strin-
ent discharge limits and aquatic toxicity (>250 mg/L of COD
nd 3–4 dilution factor to fish defined in Turkey). A significant
ecrease in SI was reported by increasing pre-ozonation times
15]. Pre-ozonation was found to be effective also on the other
ypes of COD factions such as particulate inert COD (XI), slowly
iodegradable COD (SH) and particulate slowly biodegradable
XS) [15]. At a low ozone dose applied to textile industry wastew-
ter, SI removal remained limited and it was assumed that
zonation selectively favours the readily biodegradable COD
ompounds, as the ozone dose is increased, SI removal is accom-
lished together with breakdown of the slowly biodegradable
OD components [15].

The process efficiency of many different chemicals including
extile industry wastewater and dyes by AOPs, mainly ozone
hich are expensive, has been optimized by different organisms

uch as Vibrio fisheri or Microtox [13,19], Esherichia coli [7] and
aphnia magna [5,6,9,21–23] which is as a standard [24] and

eliable toxicity testing method while biodegradability depends
eavily on the biomass selected and the results obtained are
sually difficult for other researchers to reproduce [22].

This study investigates the effect of pre-ozonation on color
emoval, biodegradation and inert soluble COD fractions in
textile finishing industry wastewater at the conditions opti-
ized by means of acute toxicity reduction which was measured

sing D. magna. A part it contributes to knowledge on this sub-
ect, it differs from the previous studies by its multi-disciplinar
pproach to explain the wastewater characteristics, biodegra-
ation character and acute toxicity relations in textile industry
astewater. The results indicated the importance of toxicity-
ased optimization of pre-ozonation to prevent the aquatic envi-
onment for the case of discharge before submitted to biological
reatment of wastewater, and to comply with the stringenthen-
ng discharge limits for this widespread and essential industrial
ector.

. Materials and methods

.1. Characterization of the industry

In the industry, located in Istanbul (Turkey), cotton and
olyester fabrics are dyed using reactive, dispersive dyes. The
nnual capacity of the industry is 2020 tonnes of cotton and

olyester fabrics. One hundred and thirty employees work as
hree shifts a day, and 6 days a week. The wastewater resources
re the bleaching and dyeing units for cotton processing and
yeing of synthetic fabric. Total process wastewater originated
rom the industry is around 500 m3/day.
Materials B137 (2006) 254–260 255

.2. Sampling and conservation

Raw textile wastewater samples (S1 and S2) were taken from
he process wastewater balancing tank. The samples were deliv-
red to the laboratory cooled and kept at 4 ◦C during experimen-
al study. Toxicity tests were done within 1 day while chemical
nalyses were realized in 3 days after collection.

.3. Ozonation

Ozone was generated from air by ozone generator. A closed
ylindrical pyrex glass reactor with a diameter of 40 mm and
eight of 1100 mm was used in the ozonation experiments
Fig. 1). A tubular cylindrical porous diffuser was placed at the
ottom of the reactor to transfer input ozone gas into aqueous
olution at the regular intervals. Teflon tubing line was used
or the connection between ozone generator and the reactor.
he appropriate ozone concentrations were adjusted by chang-

ng the electrical current on the ozone generator. All exper-
ments were performed at room temperature (25 ◦C) and at
riginal pH of wastewater using 1 L aqueous solution [25].

foam preventer was added into the reactor to avoid from
oam forming during oxidation. An 18.5–24 mg/L of ozone dose
as applied for ozonation experiments with an air flow rate of
.566 m3/h.

After ozonation, the samples were aerated for 5 min to remove
ossible residual ozone because residual ozone could not be
easured in short ozonation period due to color problem. The

zone concentration in input gas and in off gas were destroyed by
wo sequential washing bottles containing 250 mL of acidified
Fig. 1. Experimental set-up.
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50 and 75% dilutions to evaluate the effectiveness of ozone
oxidation for reduction of toxic component in detail in the
wastewater.

Table 1
Raw wastewater characteristics of the textile industry

Parameter Sample 1 (S1) Sample 2 (S2)

COD (mg/L) 1600 1560
Soluble COD (mg/L) 950 900
BOD5 (mg/L) 150 170
TSS (mg/L) 750 250
VSS (mg/L) 330 190
TKN (mg/L) 70 16
NH3–N (mg/L) 45 5
Total P (mg/L) 30 14
Conductivity (mS/cm) 9400 12500
Chloride (mg/L) 1650 1750
Sulphate (mg/L) 525 590
Alkalinity (mg/L) 470
Color (Pt–Co) 3300 1000

Absorbance at
450 nm (cm−1) 0.91 0.28

−1
56 H. Selçuk et al. / Journal of Haza

TrO3) was calculated as:

rO3 (mg/L) = input O3 concentration

− O3 concentration in off gas (3)

o avoid dilution errors during kinetics experiments, ozonation
xperiment repeated a few times under same experimental con-
itions. The samples were withdrawn from the reactors at each
ime interval for COD, color, absorbance and toxicity measure-

ent after filtered through 0.45 �m Millipore micro filter.

.4. Determination of COD fractions

Four aerated cylindrical batch reactors, one fed with the unfil-
ered raw wastewater (R1, CTO), second with raw wastewater
STO) filtered through 0.45 �m filter paper (R2), third fed with
re-ozonated total wastewater (R3) after 30 min oxidation, and
he fourth fed with pre-ozonated filtered wastewater (R4), were
sed. The seed was obtained from a lab-scale fill-draw aerobic
eactor operated under steady-state with the same wastewater.
n initial biomass concentration of 50 mg VSS/L was sustained

n all reactors. Aliquots were removed periodically from the
ixed liquor and analyzed for total and soluble (filtered) COD.
ata were collected until the COD profiles reached a plateau.
ny water loss from the reactors by evaporation was replaced by

dding distilled water before measuring COD. The experiment
as concluded at a point where the threshold level was estab-

ished as less than 3–5% variation between consecutive samples
27,28]. At this stage the supernatant samples were also taken
rom both reactors to conduct the toxicity tests [28,29].

.5. Daphnia magna

The toxicity was measured using 24 h newborn D. magna
t different dilution rates [6,24]. Raw and pre-ozonated sam-
les were tested within 2 h. Daphnids were grown in the lab-
ratory at 16 h day light and 8 h dark periods supplying a
000 lux illumination. They were fed by Selenastrum capri-
ornutum (300,000 cells/mL) and baker’s yeast (Schizosaccha-
omyces cerevisiae, 200,000 cells/mL). All solutions were pre-
ared in bidistilled water at pH 8.0. Room temperature was kept
t 20 ± 1 ◦C and minimum 6 mg/L of dissolved oxygen was sup-
lied by air filtered through activated carbon. Experiments were
arried out quadruplicate and five daphnids were used in each
est beaker with 50 mL of effective volume. Results were eval-
ated on the basis of immobilization percentage obtained by
ividing the number of immobilized animals by total animals.

.6. Analytic measurements

The samples were filtered through 0.45 �m membrane fil-
er (Millipore) for measuring toxicity, COD, color in APHA
latinum–cobalt (Pt–Co) unit and absorbances at 450, 500 and

50 nm wave lengths which is a color measuring range of tex-
ile industry wastewater [6,7,25]. COD was measured according
o ISO6060 [30]. All other chemical parameters were measured
ccording to Standard Methods [31]. Absorbance measurements

p
I

Materials B137 (2006) 254–260

ere made using Pharmacia LKB-Novaspe II model spectropho-
ometer. HACH-Dr-B model spectrophotometer was used for
olor measurements. All chemicals used were of analytical
rade. KI solution used for residual O3 titration was prepared
aily.

Removal efficiency of COD and color parameters were
btained according to formula given below.

emoval (%) = C0 − C

C0
(4)

here C0 and C are the initial and final COD or color values of
astewater.

. Results and discussion

.1. General

The characteristics of the wastewater samples are given in
able 1. Color of S1 (3300 Pt–Co unit) was more intense

han S2 (1000 Pt–Co). The high conductivity (9400 and
2,500 �S/cm for S1 and S2, respectively) of both samples
as toxic to D. magna without dilution (effluent becomes toxic
ver 10,000 �S/cm [2]). Ammonia over 25 mg/L was found
o immobilize more than 50% of D. magna [21]. Because
oth samples resulted in 100% toxic even when they were
ested after 75% diluted at which the conductivity and ammonia
arameters were below the toxic limits, therefore, the ozone
xidation was applied to oxidize the toxic organic content
n the samples as well as for affecting the inert COD frac-
ions of wastewater. The toxicity tests were performed at both
500 nm (cm ) 1.04 0.32
550 nm (cm−1) 0.71 0.27

H 8.8 8.6
mmobilization at 75% dilution (%) 100 100
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ig. 2. Transferred ozone dose for S1 (initial ozone concentration = 24 mg/L-
in).

.2. O3 oxidation and raw wastewater toxicity removal

Fig. 2 displays the usage of ozone in S1 under 24 mg/L
pplied ozone dose. TrO3 dose increased linearly during first
0 min reaction period resulting in and 200 mg/L cumulative
rO3 and 9.5 mg/L-min of ozone transfer rate. TrO3 did not
hange much at the prolonged ozonation period and the cumu-
ative TrO3 concentration was found to be 227.52 mg/L up to
0 min. Absorbances at 450, 500 and 550 nm were reduced
t a range of 85–90% during 5 min when 68.5 mg/L of ozone
oncentration was transferred. In this reaction time period,
first-order reaction kinetic rate expression was applied for

he absorbance removal in raw wastewater. It was found that
bsorbance removals at 450, 500 and 550 nm obey first-order
inetic [23] which yielded 0.27 min−1 (R2 = 0.92), 0.39 min−1

R2 = 0.87) and 0.50 min−1 (R2 = 0.88) kinetic constants (k),
espectively. Absorbance removals were over 95–97% at the
nd of 20 min of ozonation period (Fig. 3).

Fig. 4 illustrates the removal of soluble COD, color (Pt–Co)
nd toxicity tested at 50 and 75% dilutions of pre-ozonated

astewater (S1). This sample displayed 100% immobilization

t both dilutions (Table 1). More than 95% of color was removed
uring 10 min by 140 mg/L of TrO3 concentration. During first
.5 min, soluble COD removal was insignificant and it remained

Fig. 3. Normalized absorbances at 450, 500 and 550 nm for S1.
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ig. 4. Color (Pt–Co), soluble COD and toxicity (at 50 and 75% dilutions)
emoval for S1 by ozone.

onstant (950 mg/L). It increased gradually up to 20 min of
xidation by increasing ozone dose and reached steady state
ondition at the end of 45 min with a 33% soluble COD removal.

hen the pre-ozonated S1 sample was tested at 50% dilution, its
oxicity (immobilization) decreased 40 and 50% at the end of 45
nd 90 min, respectively. However, an 80% of toxicity removal
lready obtained at the end of 20 min at 75% dilution that trans-
er of ozone was at the almost steady-state condition. Besides,
t the end of 30 min of oxidation 75% diluted sampled did not
isplay any toxicity (Fig. 4).

An 18.5 mg/L ozone dose was also applied for S2. As can
e seen in Fig. 5, TrO3 increased linearly in 30 min resulting
n 4.3 mg/L-min of ozone transfer rate (R2 > 0.94). The rate of
rO3 continued to increase up after 30 min ozonation period.
s can be seen from Fig. 6, not only the rate of TrO3 rate but

lso absorbance removals at 450, 500 and 550 nm were very
ow according to these reported for S1. The kinetic constants of
bsorbances at 450, 500 and 550 nm were found to be 0.08 min−1

R2, correlation constant = 0.96) 0.10 min−1 (R2 = 0.77) and
.10 min−1 (R2 = 0.87) in 20 min reaction time that they were
–5 times lower than those were achieved for S1. The different
rO doses for S1 and S2 can be explained by wastewater com-
3
osition and the color intensity and also other varying ozone
nitiators, promoters and scavengers in textile industry wastew-
ter. Consequently, 70–85% absorbance removals from S2 were

ig. 5. Transferred ozone dose for S2 (initial ozone concentration = 18.5 mg/L-
in).
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Fig. 6. Normalized absorbances at 450, 500 and 550 nm for S2.
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ing selective preference of ozone for simpler compounds [14].
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ig. 7. Color (Pt–Co), soluble COD and toxicity (at 50% dilution) removal for
2 by ozone.

chieved in 20 min ozonation time while 85–90% absorbance
emovals were reported in 5 min for S1 under same experi-
ental condition. Thirty minutes of ozone oxidation resulted

n high absorbance removal (>90%) at 450 nm. As illustrated
n Fig. 7, COD and color removals gradually increased. When
rO3 dose reached 47.52 mg/L (5 min) a 70% of color removal
as obtained. Maximum color removal (98%) was obtained at
193 mg/L of ozone dose at the end of 45 min of oxidation.
oluble COD removal continued to improve by 15% between
and 30 min when a 39% COD removal was obtained; how-

ver, between 30 and 45 min, it remained constant. A 20% of

H
c
f

able 2
eactor conditions for determination of inert COD fractions in raw wastewater

ample no. Raw total wastewater reactor (R1) (COD, mg/L)

Total COD, CT Total soluble COD,

1
Initial 1700 950
End of experiment 450 290
Duration (h) 816 816

2
Initial 1685 1000
End of experiment 360 265
Duration (h) 768 768
Materials B137 (2006) 254–260

oxicity was removed after 10 min while at the end of 15 min a
0% of toxicity removal was obtained for 75% diluted sample.
he toxicity of 75% diluted sample was removed completely
fter 45 min whereas a 50% of toxicity removal was recorded
or 50% diluted sample (Fig. 7). The reason of starting of color
nd soluble removal before toxicity can be explained by the toxic
olorless dye-ozonated by products formation [9,11] as well as
astewater characteristics (e.g. pH, concentration of initiators,
romoters and scavengers) which may play important role in
oxicity [32].

High toxicity removal (90%) obtained at higher dilution
75%) indicates that the composition of oxidized wastewater
s affecting the toxicity test. However, testing samples at 75%
ilution was indicative to evaluate the changes occurring in the
astewater composition. Thus, more than toxicity removal it
as useful to define the ozonation condition for investigating

he soluble inert COD fractions.

.3. Effect of ozone on soluble inert COD fractions

The experimental conditions of inert COD fractions deter-
ination performed on S1 and S2 samples are shown in
ables 2 and 3 for raw and pre-ozonated wastewater, respec-

ively. The calculation details of the inert COD fractions are
iven elsewhere [28,29]. The soluble inert fractions (SI) of raw
astewater samples were found to be in the order of 15–16%
f total COD. These values (280 and 255 mg/L, for S1 and S2,
espectively) were in the range found in the previous studies
14,15]. The soluble microbial products (SP) were found to be
ow as 10 mg/L for both samples (Fig. 8). In other words, the con-
ribution of microbial products on residual COD (SR = SI + SP)
hich varied in the range of 16–17% of the total COD, was not

ignificant.
The values of SI decreased by 33 and 32% for S1 and S2,

espectively, due to pre-ozonation as shown in Fig. 8. On the
ther hand, pre-ozonation providing 85% color removal, but
nly 19% COD reduction at optimum contact time of 15 min for
textile industry raw wastewater, reduced SI only at 7%, indicat-
owever, depending on wastewater characteristics, the ozone
onsumption and its effect on the removal of inert soluble COD
raction vary. In this study, at much lesser amount of consumed

Filtered raw wastewater reactor (R2) (COD, mg/L)

ST CT ST

1020 945
325 285
816 816

1070 995
305 260
768 768
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Table 3
Reactor conditions for determination of inert COD fractions in pre-ozonated wastewater after 30 min oxidation

Sample no. Pre-ozonated total wastewater reactor (R3) (COD, mg/L) Pre-ozonated filtered wastewater reactor (R4) (COD, mg/L)

Total COD, CT Total soluble COD, ST CT ST

S1
Initial 1100 850 920 850
End of experiment 330 210 250 205
Duration (h) 432 432 432 432

S2
Initial 1000 795 835 790
End of experiment 255 190 200 187
Duration (saat) 504 504 504 504

Table 4
Comparison of COD removal and inert soluble COD fraction obtained by pre-ozone oxidation in textile industry wastewater

O3 dose
(mg/min)

Time
(min)

TrO3 (mg/L) Initial total
COD (CT1)

Total COD
Rem. (%)

Soluble COD
(mg/L)

Soluble COD
Rem (%)

SI/CT1 (%) Reference

62 30 1385 (pH
final = 8.08)

955 32 675 29 34 [15]
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4 30 213 1600 35
8.5 30 129 1560 39

zone with respect to previous study [15] as seen in Table 4. The
ame removal of total COD was obtained. However, because its
I fraction was also too high (34% of total COD), higher ozone
ose should be needed to reduce SI effectively.

On the other hand, SP increased slightly in both pre-ozonated
amples (Fig. 8). It was explained that ozone prefentially attacks
eadily biodegradable COD, in other terms, pre-ozonation
esulted in a significant decrease of readily biodegradable COD
SS), generated a significant level of rapidly hydrolysable COD
14,15], thus, this causes increase in SP also. However, this slight
ncrease obtained in this study can be attributed to low soluble
OD removal due to oxidation pattern of applying lower ozone
ose than the literature [15]. Therefore, the decomposition of
rganic compounds to lower molecules took time and resulted
n prolonged biosynthesis time, sequentially lesser micro-

ial products are formed. This phenomenon can be assumed
lso an advantage of low ozone dose to meet the discharge
imits.

Fig. 8. Inert COD fractions variation in raw and ozonated samples.

f
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950 10 17 This study (S1)
900 11 18 This study (S2)

. Conclusions

This study was designed to evaluate pre-ozonation for
emoval of acute toxicity as well as removal of color and COD
n two textile industry raw wastewater samples (S1 and S2). The
ffect of pre-ozonation on inert soluble COD fractions which
re important to meet to discharge limits, is also investigated.
cute toxicity was monitored using Daphnia magna.
Transferred ozone dose rates of 9.5 and 4.3 mg/L-min were

chieved under the same applied ozone dose for S1 and
2 samples, respectively. A 30 min of ozone oxidation for
oth samples resulted in more than 80% toxicity removal at
5% dilution, >30% soluble COD, >85% color (Pt–Co) and
90% of absorbance removal. Pre-ozonation applied for 30 min
ecreased at the optimum doses decreased the inert soluble COD
raction (SI) of raw wastewater while soluble product formation
SP) for both samples increased slightly; however, residual COD
the sum of SI and SP) remained below discharge limit.

The results indicated that pre-ozonation effectively reduced
cute toxicity which should be removed completely by a sequen-
ial biological treatment. The following studies performed in the
ame industry wastewater also for different sampling times, sup-
orted this point well (data not shown).
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